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inhabited by INVEIEDIAtES. ... e e e e e e e e e e e e 63

Figure 3.6Natural experiment, testing for effects thiva(U) attached taGracilariamimics (G) on the
abundance (A) and richness (B) of invertebrates in two habitats (Mudfizdsterabed) ancthree
estuaries (AvofHeathote, Delaware Bay, Nelson Haveitor bars = 1 SE, n S 6...............] 64

Figure 3. Natural experiment, testing for effects bivasp. (U)attached toGracilaria chilensisimics
(G) on multivariate invertebrate community structuretwo habitats (Mudflat vZosterabed) and
three estuaries (Avohleathcote, Delaware Bay, Nelson HavéDS plots were based on square
root transformed data ad the BrayCurtis similarity coefficient. A SIMPER analysis was used to
determine which species contributed up to 75% of the data variabilitylidrelenchus tenebrosus
2: errantia polychaetes, 3Spisula aequilaterad: Hemigrapsus crenulatuss: sedentaria
polychaetes, 6Notoacmeahelmsj 7: Halicarcinus whitei8: Macomonaliliana, 9: Anthopleura
aureoradiatg 10: Diloma subrostratg 11: Austrovenus stutchburyi Stress: 0.25. One outlier
sample was removed from the plot (AET with coordinges 8.0, 0.0)...........vvvvvevieeeieereereennnnd 65
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Figure 4.1Spatial survey, effects of secondary habitat former aclat#tsides Abundance (A, B, C) and
richness (D, E, F) of invertebrates in northern (A, D), central (B, E) and southern (C, F) latitudes in
absence or presence of primaZastera millerand seaweed alone) and secondary habitat former
(seaweed entrained iZosterabed). Seaweed species are represented mainlyJha sp. and
Gracilaria chilensisSampling core =0.00648% 9 NNEBNJ 6 N& I M {9 y I oOH
FYR WOt SOl iA2YQ ¢ Ioskra8Rspdwéer, BT asterd+ sedwzer. Diffétent
letters indicate significant differences as detected by pdge ttest comparisons. Capital letters
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Figure 4.2Spatial survey, effects of secondary habitat former across latitui#dDS plot of
community structure (based on Br&urtis similarityon square root transformed data) in northern
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(A), central (B) and southern (C) latitudes in absence or presence of primary habitat {dosterg

mdulleriand seaweed alone) and in absence or presence of secondary habitat former (seaweed
entrained inZosera bed). Seaweed species are represented mainlyJiwa sp. andGracilaria

chilensis For simplicity, data were split into northern, central and southern latitude but results are

from the same analysis and the three plots can be superimposed on each (atiektherefore

KIS G(KS alyS GFEIFI @SOG2NARO® y I ond ¢KS GSad
mud, Z =Zostera S = seaweed, ZZestera+ seaweed. Vectors were plotted for taxa contributing

up to 50% of the multivariate community stituce (1: Micrelenchugenebrosus 2: Macomona

liliana, 3: Austrovenus stutchbury#t: Zeacumantusubcarinatus 5: Potamopyrgusstuarensis6:

errant polychaetes, 7: sedentaria polychaetes, 8: polychaetes tub&ghies austral)s Stress:

Figure 4.3Feasonal survey, effects of secondary habitat former across seadsmnsdance (A, B) and
richness (C, D) of inveftrates in summer (A, C) and winter (B, D) in absence or presence of primary
habitat former Zostera millerandUlvasp. alone) and in absence or presence of secondary habitat
former Ulvasp. entrained irZosterabed). Sampling core = 0.0064.r&rror bas = 1 SE, n = 32.
¢KS GSad FILOG2NAR W, SN W{A{SzstdragyURUNMAGTU S DI (1A 2Y
Zostera+ Ulva Different letters indicate significant differences as detected by-waie ttest
comparisons. Capital letters referto8h WA SO2y RF NBE KFOoAGF G F2NXSND G
G2 GKS WLINAYFNE KF.oAdLG4 . F2NY.SNR..0.530...FL902 NAR ©

Figure 4.4Seasonalsurvey, effects of secondary habitat former across seasdidDS plot of
community structure (based on Br&urtis similarity on square root transformed data) in summer
(A) and winter (B) in absence or presence of primary habitat for@estéra mullerand Ulvasp.
alone) and in absence or presence of secondary habitat fortilgagp. entrained irZosterabed).
For simplicity, data were split into summer and winter but results are from the same analysis and
the two plots can be superimposed on each otfend therefore have the same taxa vectors). n =
oH® ¢KS GSad FTFrOUu2NABR W, SN WY{zZbsie@O=Uvg§ BU=WY9f SO 1
Zosterat+ Ulva Vectors were plotted for taxa contributing up to 50% of the multivariate community
structure (1: Micrelenchugenebrosus 2: Austrovenus stutchbury8: errant polychaetes). Stress:

Figure 4.5-ield experiment, effects of secondary habitat former type and bioma&bundance (A,
B) and richness (C, D) of invertebrates in samples with no seaweeds (Z) and samples with living
Ulvasp. (U) or mimic (M) in both low (L) and high (H) biomasses, in summer (A, Cheerd Byi
D). Sampling core = 0.0064.rhhe control treatment (Z, n = 8) was not included in the statistical
analysis because the objective here was testing for interaction effects between secondary habitat
former type and biomass. Errorbars=1SEyr= ¢ KS (GSad FIFOG2N WwW{AGSQ
indicate significant differences as detected by paiise ttest comparisons. Capital letters refers
G2 0KS WAaSO2YyRIFINEB KIFIOAUGIFG F2NN¥SN GelLSQ aGadSad Tt
foNYSNJ 6 A2 Yl &4.0.. 0S40 FLOL2 NI i, 94
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Figure 4.6-ield experiment leffects of secondary habitat former type and biomal$/DS plot of
community structure (based on Brayurtis similarity on square root transformed data) for samples
with livingUIvasp. (U) or mimic (M) in both low (L) and high (H) biomass, in summer (A) and winter
(B). The control treatment (Z, n = 8) was not includedhim s$tatistical analysis because the
objective here was testing for interaction effects between secondary habitat former type and
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biomass. For simplicity, data were split into summer and winter but results are from the same
analysis and the two plots can baperimposed on each other (and therefore have the same taxa
GSOG2NEOVD® y ' yod ¢KS (Sad FFLOG2NI W{AiSQ oI a
50% of the multivariate community structure (¥icrelenchugenebrosus?2: Dilomasubrostrag,

3: Austrovenus stutchburyd: Hemigrapsus crenulatisStress: 0.21.........cccccccvvvvvvvvvvennennnen. 95

Figure 4.7Field experiment 2effects of secondary Mmtat formers morphology across latitudes
Abundance (A, B, C) and richness (D, E, F) of invertebrates in northern (A, D), central (B, E) and

southern (C, F) latitudes in absence or presence of primary habitat fofosteramulleri(M vs Z,
where M: mud, ZZosterg, with two different mimics (Tw: twine; Ta: tape) in both low (L) and high
(H) biomasses. Sampling core = 0.0064 Time control treatments without secondary habitat
formers (M, n =12, and Z, n = 12) were not includebérstatistical analysis because the objective
here was testing for interaction effects between secondary habitat former type and biomass. Error

LJ2
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signifcant differences as detected by paiise ttest comparisons. Capital letters refers to the

WLINAYFNE KFEoAGIFEGO F2NNXSNR (Sad FIOG2NE f26SNI Ol

L= 11 (0] ST 96

Figure 4.8Field experiment 2effects of secondary habitat formers morphology across latitudes

NMDS plot of community structure (based on Bayrtis similarity on square rootansformed

data) for samples in absence or presence of primary habitat fordustera muller{M vs Z, where

M: mud, Z:Zosterg, with two different mimics (Tw: twine; Ta: tape) in both low (L) and high (H)
biomasses, in northern (A), central (B) and seuth(C) latitudes. The control treatments without
secondary habitat formers (M, n = 12, and Z, n = 12) were not included in the statistical analysis
because the objective here was testing for interaction effects between secondary habitat former
type and bomass. For simplicity, data was split into northern, central and southern latitudes but
results are from the same analysis and the three plots can be superimposed on each other (and
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pooled. Vectors were plotted for taxa contributing up to 50% of the multivariate community
structure (1. Micrelenchus tenebrosus 2: errant polychaetes, 3Spisula aequilaterg 4:
Zeacumantusubcarinatus5: Hemigrapsusrenulatus 6: Dilomasubrostratg 7: polychaete tubes,

Figure 4.9 ield experiment 3, effect of predators. Habitat occupancy of the gastriiocelenchus

tenebrosuswith (+) and without {) presence of demigrapsus crenulatugsrab. Only 3.2% of all
shails exposed to predatory crabs were consumed. Gastropods were counted as attached to either

mud (M),Ulvasp. (U). oZosteramillerz» y I c¢c® ¢KS {GSaid 7T.h.0882 NI V.

Figure 4.10PCO analysis of morphological traits of living (circles) or mimics (squares) of primary

(white: Zostera miullejiand secondary (blackaracilariachilensis grey:Ulvasp.) habitat formers.
n =10. SDw: surface area:dry; Db: fractal dimension; C: circularlgcunarity. Data were square
rooted and normalised Prior t0 @NAIYSIS..........cuuuriiiii i Q9

Figure 4.1IMorphological traits of primary habitat former (Zosteramiiller) and the secondary

habitat formers (UlUlvasp., G:Gracilaria chilensjdJm:Ulva mimic, Gm:Gracilariamimic). Error
bars 1 SE, n = 10. In most of cases, error bars are too small to be visible. Different letters indicate
significant differences as detected by paiise ttest COMPariSONS.........covvvvieviiiiiiieeeeeeeeen.. 100
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Figure 4.1XCorrelation between the biomass of primary habitat formgogtera mulleriA, C), the
secondary habitat former (the seaweetiva sp., Gracilaria chilensjd.ophothamnion hirtum,
Polysiphoniasp.; B, D) in relation to the abundance (A, B) and the taxonomic richness (C, D) of
invertebrates. Number of cores collected = 446. 257, 80 and 360 for the spatial survey, seasonal
survey, experiment 1 and experimentrgspectively. A few data outliers were removed for visual
clarity: 14.59 gDW vs 19 invertebrates and 14.59 gDW vs 8 taxa (both from experiment 2).
{LISFENXYIFYyQa NIyl O2NNBflFOGA2y Fylfearay !> NJLSH
0.001; C, rSarman =0.01, p = 0.7; D, rSpearman = 0.27, p=0.00L........ccccceeevvvrriirnnnnns 101

Chapter5

Figure 5.JExperiment 1, testing for the effects of sedimentation and fertilization on blackened length
of silver sticks (A¥ostera mullerieave biomass (B), shoot density (C), invertebrate abundance (D)
and richness (E) for four levels of sediments$SSand S = adding 0, 1, 2 and 4 cm sediments)
and fertilizers (i R, F, k= adding 0, 2, 4, and 8 fertilizer sticks). Sample s@©064 ni. Error
bars = 1 SE, n = 3. Different letters indicate significant differences as detected-bysgaitest
(070 ] 141 02T 1Yo 13 PR 117

Figure 5.2Experiment 1, testing for the effects of sedimentation and fertilizers on invertebrate
community structure. MDS plot was based on B@aytis sim#rity for four levels of sediments
(different grey scales: o, Sand S = adding 0, 1, 2 and 4 cm) and fertilizers (different symbols:

h, B, R, k= adding 0, 2, 4, and 8 fertilizer sticks). Data were sgr@retransformed prior to
analysis. n 3. A SIMPER analysis was used to determine which species contributed up to 50% of
the data variability (1: small juvenile crabsA2istrovenus stutchburyiStress: 0.26............. 118

Figure 5.FExperiment 2, testing for effects of adding sediments (+) anduintisp. (U) to muddy (M)
and Zostera muller{Z) habitats, on blackened length of silver stick®)Aosteraleave biomass
(GD)and shoot density ) and invertebrate abundance (G, H) and richness (I, J) in both summer
(left) and winter (right) seasons. Sample core = 0.0084zmor bars = 1 SE, n = 6. The test factors
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Figure 5.Zxperiment 2, testing for effects of adding sediments (+) anduivtsp. (U) to muddy (M)
and Zostera miller{Z) habitats, on invertebrate multivariate commitynstructure. MDS plot was
based on BraxCurtis similarity. For simplicity, data were split into July and November experiments
but results are from the same analysis and the two plots can be superimposed on each other (and
therefore have the same taxa \ecs). Data were squareoot transformed prior to analysis. The
G6Sad FTrOG2NI WotSOLHiA2yQ 6Fa LR2tSRd y ' cod | {
contributed up to 50% of the data variability (#licrelenchus tenebrosu®: Dilomasubrostrag,
3: Austrovenus stutchburyd: errant polychaetes, Blacomonadliliana, 6:Cominella glandiformj)s
Stress: 0.26. One outlier sample was removed from the B p#0¢9.75, 0.00)..........cccceeenne. 120

Figure 5.8Correlation between the biomass @bstera muller{A, C) and the seaweddlvasp. (B, D)
vs abundance (A, B) and taxonomic richness (C, D) of invertebrates. Experiment 1: n = 48,
Experiment 2: n = 96. Black and white points are samples with and without sediment addition
stress, respectively, whereas circles and squares represenplea from experiment 1 and
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Figure 6.1 Spatialusvey, effects of primary and secondary habitat formers across latitudes
Abundance (A) and richness {H) of gastropods associataesith three congeneric primary
habitat-forming seaweeds Qystophora retroflexaC. scalarisC. torulos@ with and without
attached secondary habitdbrming epiphytes collected at Cape Campbell (A, E), Kaikoura (B, F),

Pile Bay (C, G) and Moeraki (D, H}alvere standardized by dry weight of the total association of
habitat-forming species (primary + seconddrgbitat formel). Error bars = 1 SE, n = 8. The test
FIOG2N WwSSTFQ g1 a L22ft SR ¢KSNB Aa y2 SNNRNI ol
for data relative to the samples without associated epiphytes and Appen@i® ®or statistical

analyses. Different letters indicate significant differences as detected bywissr ttest
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Figure 6.5patial surveeffects of primary and secoady habitat formers across latitudeSIDS plot
of community structure (based on Br&urtis similarity) for three primary habitat formers (R:
Cystophora retroflexeS:C. scalarisT:C. torulosawith (+) and without-§ epiphytes. For simplicity,
data wae split into four locations but results are from the same analysis and the plots can be
superimposed on each other (and therefore have the same taxa vectors). n = 8. Data were square
(00 (=T IS 1= 1T S O S 143

Figure 6.Experiment leffects of primary and secondary habitat formexgoss seasongbundance
(A, B) and richness (C, D) of gastropods in three congeneric primary Habitats Cystophora
retroflexa C. scalaris C. torulosq with and without epiphytes (JJania micrarthrodia P:
Polysiphonia decipiehin summer (A, C) and winter (B, D). Data were standardized by dry weight
of the total seaweed associatioBrror barss 1 SE, n = 4. There is no error bar for samples with no
replicates. See Appendix-635 for statistical analyses. Different letters indicate significant
differences as detected by paiise t6 S& G O2YLI NRAazyad /FLAGEFE €Sdd
habitt & F2NXSNR GSad FFrOG2NE f2¢6SN) OFasS .£.840SNR G

Figure 6.4&xperiment 1effects ofprimary and secondary habitat formers across seashizS based
on community structure (based on Br&urtis similarity) for three primary habitat formers
(Cystophora retroflexeC. scalarisC. torulosgwith (+) and without) epiphytes (A) and for thee
different epiphyte levels (B; 0: no epiphyte,Jania micrarthrodiaP:Polysiphonia decipiehsPlot
A, n=12; Plot B, n = 24. Data were squa transformed prior to analysis. Stress: 0.20.145

Figure 6.9=xperiment 2, effects of secondary habitat former biomass and typg@ystophora scalaris
andHormosira banksiiAbundance (A) and richness (B) of gastropods in the two different primary
habitat formers without (0) and with living (L) and rlbring mimic (M) epiphytes in both low (1)
and high (2) biomasses. The living epiphyte weo&/siphonia decipierssid Nothea anomalafor
C. scalariand H. banksii respectively. Data were standardized by the dry weight of the total
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seaweed association. The control treatment without epiphytes (0, n = 4) was not included in the
statistical analysis because the objective heraswtesting for interaction effects between
ASO2YRIFNE KFIOAGIEG F2NXSNI GeLS YR 6A2YlF&aad 9NN
pooled. See Appendix@6 and 36.7 for statistical analyses Different letters indicate significant
differences as etected by paiwise ti S& 0 O2 YLI NRAaz2yad /[ FLIAGETE f
KFoAGEG FT2NN¥MSNI GealLlSQ GSad FrOd2NE t26SN OF &
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Figure 6.@&xperiment 2, effects of secondary habitat former biomass and typg@ystophora scalaris
andHormosira banksMDS plots of gastropod community structures associated with tvierdift
primary habitat formers (SS Gystophorascalarisin summer, WS €. scalarisn winter, SH =
Hormosira banksin summer) without (0) and with living (L) and Aldring mimic (M) epiphytes in
low both (1) and high (2) biomasses (based on Branfis similarity). The living epiphyte were
Polysiphonia decipieradNotheia anomaldor C. scalarigndH. banksiirespectively. n = 8. Data
were squareroot transformed prior to analysis. Stress: 0.14..............coooo i iiivcceicccccninnnns 147

Figure 6.7Correlation between the biomass of the prima@ygtophora retroflexaC. scalarisC.
torulosa Hormosira banksiiand secondaryJénia micrarthrodiaPolysiphoniadecipiens Notheia
anomalg mimic) habitat formers in relation to the abundance (A, B) and taxonomic richness (C, D)
of gastropods. Survey: n =189, Experiment 1: n = 72, Experiment 2a: n = 80, Experiment 2b: n = 40.
Ouitliers removed on graphs for clari#4: 43.17 gDW vs 9028 gastropods (survey), D: 13.45 gDW
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Figure 6.9PCO analysis of morphological traits of primagys(ophora retroflexa C. scalarisC.
torulosa Hormosira bankgiiand secondaryJania micrarthrodiaPolysiphonia decipienblotheia
anomalg epiphyte mimic) habitat formers. n = 15 for primary habitat formers, n = 10 for secondary
habitat formers. SDw: surface area:dry; Db: fractal dimension; C: circularitgcunarity. Data
were squarerooted and normalised prior t0 @NaAlYSIS..........ocuvviiiieiiiiiiiiiece e 150

Figure 6.1Morphological traits of primary (RCystophora retroflexaS:C. scalarisT:C. torulosaH:
Hormosira banksiiand secondaryJ: Jania micrarthrodiaP: Polysiphonia decipien®N: Notheia
anomalg M: epiphyte mimic) habitat formers. Error bars = 1 SE, n = 15 for primary habitat formers,
n = 10 for secondary habitat formers. In most of cases, error bars are too small to be. visib
Different letters indicate significant differences as detected by-pése ttest comparisons..151
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Figure 7.1Spatial survey, effects of primary and secondary habitat formers. Secondary production (mg
C day Seaweed) per latitude (A) and per primary habitat former (1ifystophora retroflexzC.
scalaris C. torulosy with and without epiphytes (2 HF, dominated bylania micrarthrodiaand
Polysiphonia decipiepgBF). Data were standardized by dry weight of primary and secondary
habitat formers (£+ 29HF)O9 NNE NJ o F N&B ' ™M {93 ySITC®HCR2NY R 0
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Figure 7.2Experiment 1, effect®f primary and secondary habitat formers. Secondary production
(mgC day Seaweed) per primary habitat former (1HRGystophora retroflexaC. scalaris C.
torulosg with and without epiphytes (J dania micrarthrodia P =Polysiphonia decipiehsn
summer (A) and winter (B). Data were standardized by dry weight of the total association of
primary and secondary habitat formers®(¢ 2@ HF).Error bars = 1 SE, n = 4 foiBfand n = 8 for
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Figure 7.Experiment 2, effects of secondary habitat former type and biomass. Secondary production
(mgC day Seaweed) associated withCystophora scalari¢S) with and without epiphytic
Polysiphonia decipier{®) and &olysiphoniamimic (M) in both low (1) and high (2) biomasses, in
summer (A) and winter (B). Data were standardized by dry weight of the total association of
primary and secondary habitat fmers (£ + 2¥ HF). The control treatment without epiphytes (S,
n = 4) was not included in the statistical analysis because the objective here was testing for
interaction effects between secondary habitat former type and biomass. Error bars =1 Steyn =4
ABandn=8forc® /I LIAGIE fSGGSNBR NBFSNE (2 GKF wasSl a:
HF Typex2l C . A2YIl 848 Q. . AY.0.SNL.OOA2Y. P, 174
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Figure 8.1 Magnification ratios relative to the abundance and richness of invertebrates for each main
habitat cascade investigated in Chapters 2, 4, and 6, using living (grey) or artificika(ey)
secondary habitat formersA: Austrovenusstutchburyj G: Gracilaria chilensjsU: Ulva sp., Z:
Zosteramdlleri, Ta: tape drifting seaweed mimic, Tw: twine drifting seaweed mimicy§tophora
spp., E: living epiphyte, Htormosirabanksij M: epiphyte mimic, S1: spatial survey, S2: seasonal
survey, E1, Experiment 1, E2: experimentData used for the calculation have not been
standardized. A value higher than 1 indicates the presence of a habitat cascade.......... 185

Figure 8.2PCO analysis (A) and morphological traitE)Bf the habitat formers investigated in this
thesis (R:Cystophora retroflexaS: C. scalaris,T: C. torulosa,H: Hormosira banksiiJ: Jania
micrarthrodia, P: Polysiphonia decipien®\: Notheia anomalaZ: Zostera miulleriG: Gracilaria
chilensisU: Ulvasp., A‘Austrovenustutchburyj Ep:Cystophorapiphyte, m: mimiy. In A, circles
represent living habitat formers whereas diamonds represent mimics. n = 10. SDw: surface area:dry
weight; Db: fractal dimension; C: circularity;: lacunarity. Data were squareoted and
normalised prior to analysis. In B (ratio S:Dw), C (fractal dimension), D (l&guerad E (circularity)
living habitat formers are in grey whereas artificial are in dark grey (and additionally identified with
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ABSTRACT

The important role of indirect facilitation, like trophic cascade and keystone predation,
structuring communitiesave been documented over many decades and across ecosystems. By
contrast, indirect facilitation mediated by habitat cascédesh e r e 0 iorgdmisrbsiatea nt s 0
facilitated through sequential higdd formation or modification) is lessustied, and these
processes areot covered in ecological text books or conservation practices. This could be
because habitat cascades are eco#dlgi unimportant, or, alternatively, highlights a major
research gap.

In this thesis, | investigated the core hypothesis that habitat caseadieskey drivers
of biodiversity in marine benthic ecosystenis test this hypothesis, | combined descriptive
and experimental field and laboratory studies aimed at improving our understanding of the
mechanisms underpinnirgabitat cascades vthree broad research objectivé$ quantiing
the variability in habitat cascades under different environmental conditidgnsteéing
mechanisms that increase or decrease habitat casaatiestng how habitat cascades can be
affected by human stressors.

In Chapter 2, | described two néabitat cacades from e | a tsimpledsédimerdary
estuarine shell beds, whesmall infaunal bivalvesAustrovenus stutchburyprimary habitat
former) provide substrate for large and fefanctionally different seaweed&)iva sp. and
Gracilaria chilensis secondary habitat formers)o date, most research on habitat cascades
has focused oimteractions between a single primary and secondary habitat former studied on
small spatietemporal scaleshereby questioningf habitat cascades hawoad ecological
relevancel tested if habitat cascades, when standardized by seaweed biomagsngerat
high than low abundances of the secondary habitat former and when the secondary habitat
former has highGracilaria) compared to low{lva) morphological complagy. | also tested
if habitat cascades are stronger at higher latitudd®re intertidal desiccation stress is
stronger, and when secondary habitat formers are alive compared to .rmromstrast to my
hypotheses, | found weaker habitat cascades at high abundances and for the coarsely branched
habitat formersand | found no patterns across latitudeswever, as expected | did find
stronger habitat cascades for living tmamic of secondary habitat formers.

Chapter 3 described, from the same estuarine sedimentary system, a rare example of a
digherlevel habitat cascade. Vi r t ual | y stadies havtssted iftardthowewoa s ¢ a d e
co-occurringhabitatforming speciesaffectbiodiversity compared to systems dominated by a
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single habitaforming speciesMy aimh er e was t o documdomtatiom new
C a s c a d ethe primarg bivalveAustrovenugprovides attachment space ftine secondary
seaweedsracilaria, that again providesubstratum fothe tertiary epiphytic seaweétlva. |

tested if this long bivalvseaweegeaweed cascade affectadbileinvertebratsand if it is a

general process operating acr@@scilaria biomassesseasons, elevation levelstesi and
estuaries.My study confirmed thatUlva increased invertebrate abundances and altered
community structures, whereas increases in taxonomic richness only was observed under a
smaller subset of environmental conditions. These positive effects were, however, not
supportedor nonliving Ulva mimics, suggesting that common invertebrates grazél\zam

In Chapter 4 described a new habitat cascade from a seagmafated system where
unattachedseaweedgUlva, secondary habitat former) can become entrapped and entangled
around seagrass leav@odera mulleri primary habitat former)l tesedthe hypotheses that
(i) the presence cdeaweeds entangled in estuarggagrass bedsodify biodiversity via
cascading habitat formatipfii) similar processes occur acraside range of spatial and
temporalconditions and(iii ) thebiomass anthestructural attributeef seaweedé&comparing
living vs artificial mimics) modify the strength ohabitat cascades$.found thatentangled
seaweedsacross latitudes, elevation levels and seasons, cotlyisteneasedhe abundance
andrichnesf invertebrateandl also foundstronger facilitation oinvertebratesn high than
low seaweed biomass and by live than mimic seawdadthermore, & experiment using
differentseaweednimicsshowedconsistent facilitation of invertebrates with increasing mimic
biomassbetween estuaries and acrteitudes therdy supportingall threehypothesesn a
single experimentl concludedthat entangled seaweeds, by adding biomass and different
physical stuctures, can support strong habitat cascadesdimentargstuarine seagrass beds.

In Chapter 5 | tested, again in a seag@®inated systenif, and howanthropogenic
stressorslike fertilization and enhanced sedimentati@ffect seagrass performancesd
seagrasseaweed habitat cascade®undthat fertilizationhad little impactvhereagven low
sedimentation levels had strong negative effectbaih seagrasand faunaFurthermore)
found strong negative effects of sedimgracrossseasos and elevation levs] but alsothat
negative effects of sediments on invertelgatas elevated in the presendetlte secondary
habitat formerThese results thereby provide rare evidence of how a habitat cascade can break
down under hig anthropogenic stress.

In Chapter 6, | studied habitat cascades from nadrerse rocky intertidal shores
Primary habitat formes with different morphologies affect secondary habitgbrming

epiphytes anepifaunadifferently. However, no studies havested the opposite hypothesis

XX



do morphologically&imilard congenericprimary habitat formersupport similarepiphytes

with similardirect and indireatascading effects on invertebrate commuritigss hypothesis

was testedby sampling ceexisting comgeneric habitatorming fucoid seaweed€ystophora
torulosa C. scalaris andC. retroflexa with and without epiphyteacrosseefs and latitudes

The survey was then followed figld experimentswheredefaunatedCystophoraspeciesand

the morphologically different fucoitiormosira banksj with and without living and mimics

of epiphyteswereouttransplantedo quantifytheimpact on colonizing gastropadsfound

that the thre€ystophoraspeciesuppored different gastropod commuieis anchaddifferent
cascading effectand that these results can be, in part, expldiyddeir physical structures

| alsofound that epiphytic biomass had strong positive effect on gastropods abundances, and
that artificial mimicsand live epiphytesvhere colonized by similar gastropod communities,
suggesting that structur al effects are more

In Chapter 71 tested, again from rocky intertidal systems, if habitat cascades affect
secondary (animafroduction. 8condary production of small mobile invertebratdsbiting
Cystophoraseaweed, with and without epiphytes, was estimated from published productivity
modek. More specifically, | tested (i) thethreeCystophoraspeciesupport similar secwlary
production (ii) finely branched epiphytes increasecondary productior(iii) productionis
greatesin warmerlocations and seasqgrend (iv) secondary production is highen living
epiphyteghan nonliving epiphyte mimicsThe firsttwo hypothesewererejectedasthethree
Cystophoraspecies supportatifferentsecondaryproductionand becausepiphytes, wheits
biomass was taken into consideration, did not increase secondary prodietierthelesghe
two latter hypothesawere bothsupportedasproductionwas highesin the northern location
and in summer monthend onliving than mimic epiphytesThus,similar looking congeneric
primary habitat formersuppored different secondary productioand epiphytedid not
increase secondary productiper seaweadbiomass, but wilincrease aredbased production
whenepiphytesenhance total standing plant biomass.

I conclude that poorly studied habitat cascades were ubiquitous in marine benthic
systems on the Soutkland of New Zealand, modifying animal biodiversity across habitats,
seasons, years, latitudes, sites and elevations levels. | also conclude that data on the
abundances, morphologies and types (live or not) @xsting habitat formers were strong
meclanistic descriptors of habitat cascades. | finally suggest that habitat cascades, like other
important indirect facilitation processes, should be covered in ecological text book and

conservation practices.
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CHAPTER 1: General introduction

1.1 Structuring ecological processeshabitat-forming speciesand habitat

cascades

Most classic ecological theory has focused on negafpeiesnteractionssuch as predation

and competitionGause et al. 1936, Paine 1966, Nagrrand Menge 199@jut positive
interactions, such as facilitatipnin particular throughhabitat forméon and habitat
modification have received increasing focustire last few decadgBertness and Callaway
1994, Callaway 1995, Power et al. 1996, Bertness and Leonard 1997, Hacker and Gaines 1997,
Jones et al. 1997, Stachowicz 2Q0A)though facilitation ecology has been conceptually
expandedsee previous referencett)e majority ofmodels of community organization do not
integrate positive interactior{®runo et al. 2003xand areusuallyfocused on resource levels,
physical stressemndnegative species interactiossich as predation and competitidvienge

and Sutherland 1976, Tilman 1982, Menge and Sutherland 1987, Tilman and Grace 1990, Holt
et al. 1994, Tilman 19943nd recruitment processédubbell 2001) To create conceptual
models more reflective of the full range of factors ttatshape natural systemse need to
incorporate and consider the relative role of positive interactiotesnms ofconceptual and
guantitative framework¢Bertness and Callaway 1994, Callaway 1995, Power et al. 1996,
Bertness and Leonard 1997, Hacker and Gaines 1997, Jones et al. 1997, StachowiEnr2001)
example,Bruno and colleague®runo and Bertness 2001, Bruno et al. 20@8)othesized

that the hierarchical structure of many communities is based on positive interactitweseln

type ofcommunities, facilitation byabitatforming speciegsuch askelps, corals, treesan

be the primary interactiomllowing a set of species to occupy a given habitat redutting
environmental stress (oxygenating the soil, buffetirgvave ation, cooling the substrate or
limiting predation). Secondary factors like competition, predation, disturbance, and
recruitmentthen further shape community organization within tegstemprovided by a
habitatforming speciesHierarchical organization of communitiean havea prominent role

in many systemsparticular when considering biogermabitatformation andmodification,

such as in submerged aquatic vegetativrere predators and prey rely on the refuge provided

by thevegetation(Heck Jr and Crowder 1991Altieri et al. (2007)tested thishierarchical
facilitation modelexperimentally, demonstrating that cordgrassiceslenvironmental stress

for mussels that in turn provide stable attachment structures for intertidal invertebrates and

seaweedsAltieri referred to this empirical example agfacilitation cascad® demonstrating
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that entirecommunities can be dependem both direct andndirect positive interactions.
Facilitation cascades refer here to a broad group of indirect facilitation processes, mediated by
a different facilitation processes, such lhabitat form#on, habitat modification and
mutualism. Moregenerally, ndirect effects occuwhen the effect of one species on another is
mediated by one or more additional specisl thee processes can pervasive in ecology
(Menge 1995, Abrams and Matsuda 1996, Stachowicz 2001, Wootton 2002, Werner and
Peacor 2003, Ohgushi 2008por this reasgrunderstanding indirect effectand in particular
indirect facilitation,can help us to create strong models that can predict and explain the
responses of ecosystems to perturbati®smne 1980, Dambacher et al. 2002, Bolker et al.
2003, Borer et al. 2005, Borrett et al. 2QIXH)e widespread occurrence of facilitation cascades

in a variety of ecosystensiggestshatthese pocesses are @eneralecologicalimportance
(Thomsen et al. 2010, Angelini et al. 2011, Thomsen et al. 26it8yever, ompared with

other types of indirect facilitationsike trophic cascades and keystone predatioey have

been poorly studiedAltieri et al. 2007, Thomsen et al. 2010, Bell et al. 20Tjere is
therefore agrowing interest inunderstandingwhen and where facilitation cascadase
ecologically important{Bruno and Bertness 2001, Bw et al. 2003, Altieri et al. 2010,
Angelini et al. 2011)

1.1.1 Habitat cascades

Among themanydifferent types of facilitation cascades, habitat cascades, Whbebitant

(organisms associated with a specific habitats o met i mes r ef er-u®edr ¢, a:
or 6 f o cpale fasilgatedcthroaigh 8equentihbitat forméon (Fig. 1.1-1.2), have been

studied mostprobablybecausetiis easier to documehabitda formaion than commensalism
habitatmodificationor mutualism (Thomsen et al. 201The main focusn my thesis ison

habitat casades, and | refer to the primary and secondary interacting organisms as the primary

and secondary habit&irming specieg¢ dargé and/or aggregated sedentary organismg tha
characterise a habitét; J ones a n.dNotédhodeves, that dti®eathors have used

related terminology to describe these ecologically important species, like primary and
secondaryd6 f oundat i @rspedgep abteite srdcture communities; Dayton 1972)

60 habi tmo disfpieeri séiter thedbphysicakswuctdre of the environntent Aubry an.
Raley 2002)or6 e csotseym e n(gspetieseablest@modulate the availability of resources

for other species via direct or indirect physical habitat modification; Jones et al. 1994, Wright

et al. 2002) The general dependence of species diversity and abundance on habitat created by

living organisms has long been recognigiddldridge 1947, MacArthur and MacArthur 1961,
2



Dayton 1972, Whittaker 1975, Huston and Huston 198d)most ecological models do not
explicitly recognize thevider importance ofmultiple caoccurrng habitatforming species,
instead beindocused on community interactions and ecosystem processes aisip@cific
habitatcreated bya single type of habitdbrming speciegBruno and Bertness 2001, Ellison
et al. 2005)but see Angelini et al. 2011Despite thisit has beensuggested that facilitation
among multiple cceoccurring habitaforming speciesis a widespread phenomenon of
fundamental importance to community structid@nes et al. 1997, Altieri at. 2007, Thomsen
et al. 2010, Angelini et al. 2011)

Habitat cascadesre likely to bepervasive ecologicaprocessesand should be
particularly common in ecosystems wheepibiosis( anon@&ymbiotic association between
6epi biont so, an organism growing attached t «
organisnd ;  Wa h Is wideSp8efd) such as in fore§®tz and Bader 20119nd marine
benthic system@NVahl 2009, Wernberg et al. 201®erhas that is why habitat cascades/e
mainlybeenstudied ina fewsystemslominated by large primahabitatforming species, such
astree stand¢Watson 2002, CruAngon and Greenberg 2005, Angelini and Silliman 2014)
saltmarshegAltieri et al. 2007, Angelini et al. 2015, van der Zee et al. 208grass€gdgar
and Robertson 1992, Thomsen 2010, van der Zee et al., 20BmangroveBishop et al.

2012, Bishop et al. 2013])t therefore emains an important goal to investigate if habitat
cascades are prevalent in other habitats and ecosystemesspecifically, both xperimental

and comparative studies haslgownthatthese critical organisatan have positive effects on
inhabitantdy creating unique refuges from biotic or abiotic stri@dtieri et al. 2007, Yakovis

et al. 2008, Thomsen et al. 2010, Bishop et al. 2012, Dijkstra et al. 2012, Thomsen et al. 2016a)
andby generating structures and conditions within which other species and their interactions
occur(Bruno and Bertnes2001, Stachowicz 2001, Bruno et al. 2003, Thomsen et al. 20164,
Yakovis and Artemieva 2017 onsequentlyco-occurring habitaforming speciesan affect
inhabitants byi) modifying the abundance of individuals in the local community, (ii) affecting

entireform-functional groups&ndbr (iii) having communitywide impactqPolis et al. 2000)

1.1.2Facilitation mechanisms of inhabitants

Biogenic habitat formes can facilitate inhabitants by providing food and attachment space
and/or reducing stress and predati®éior example,n intertidal communities in Oregon,
D6 Ant (@98%) demonstrated that epiphytestached tothe red algaRhodomelalarix
provided food for snails and amphipodsSimilarly, Bologna and Heck1999) compared

artificial mimics and live epiphytesto demonstrate thafThalassiatestudinund s edi bl e
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epiphytessuppored more invertebrates comparéal the mimic onesJones and Thornber
(2010)alsoreported trophic benefits for inhabitants in habitat cascades supported by invasive
seaweedswhere the abundance of the herbivorous shaduna vincta was positively
correlated to theiomass of thepiphyteNeosiphonia harveyi

In addition to trophic resources, biogehabitat formes also provide settlement space
and can reducenvironmentastress. Altieri et al2007)demonstratethat cordgrass stabilized
substrates for ribbed mussels and redwe/ironmental stresshfoughshadingwhereas the
musses provided stable attachment substrate barnaclesand seaweeds. Similarly, Bishop et
al. (2013)demonstratedtha mangr ov e s 6 p pedfloatmy matgpothecarogy t r ap
forming seaweetiormosirabanksiiwhich, in turn, suppoetda diverse communitgf snails
Bell et al. (2014) reported positive effects of the kelpcklonia radiata on the urchin
Holopneustespurpurascens(by providing food) which, in turn, modifiedhe physical
architecture of the kel protectthe snail Phasianotrochus eximidsom strong wave action.
Also in sedimentary estuaries, where haiibtic substratumsuch asocks and boulderss a
limited resource and at high risk of burial by sediments over timeesheltforming molluscs
can remain on the sediment surface and provide stable settlement structures for sessile
organismqGutiérrez et al. 2003, Gribben et al. 2009, Wahl 2086} example, Thyrring et
al. (2013)demonstrated that the invasive srizdltillaria australis throughout most oSwan
River Estuary in Australia, greatly increased substratum for sessile orgamtssgesulted in
almost50 times more sessile individuals associated thighsingleinvasive species compared
to all nativemolluscscombined.

Finally, refuge from predationan bea key benefitor inhabitants asemonstrated by
Leber (1985) who reported a reduced predation rate of the pink shifegneus duorarum
acrossavegetation gradient dominated by the seawé&edsencia poiteandDigenia simplex
on a Thalassia testudinumseagrass bed. Similarly, in Florida, Adams et @004)
demonstrated that drifting seaweeds entangladThalassiatestudinumseagrass leaves
effectively reduce the predation rate of pssttlement.agodon rhomboidby other predatory
fishes. Also in the previously mentioned facilitation kahlghin described by Bell et §2014)
thearchitecturamodification of the kelp structure by the urcisrikely to protect snails from

predators.



1.2Epibiosisand epiphytismas a commorpre-requisite for habitat cascades
Terrestrial piphytes areoften identified assecondary habitdbrming species that facilitate
communitieof birds andnvertebrategNadkarni andMatelson 1989, Nadkarni 1994, Watson
2002, Ellwood and Foster 2004, Dial et al. 2006, &ngon et al. 2009, Yanoviak et al. 2011,
Zytynska et al. 2011, Angelini and Briggs 201Similarly, in marine ecosystems, manyall
herbivoresare facilitated byepiphytesthat provide foodKristensen 1972, Kitting 1984, van
Montfrans et al. 1984, Nielsen and LethbridgeB9.9Klumpp et al. 1992, Conlan 1994,
Jernakoff et al. 1996, Alcoverro et al. 1997, Jernakoff and Nielsen,19&&ase the structural
complexity of theprimary habitafforming speciegHeijs 1987, Hall and Bell 1988, Schneider
and Mann 1991bjpnd provide additionalhabitat space and predation refugigpiAntonio
1985, Pavia et al. 1999 hese benefits are particulpr important for organismavho
preferentially select habitats with shelters that match their body @izeker andSteneck
1990, Schneider and Mann 1991a, B)any studies involving seagrasses aatlached
epiphyticmacroalgae have reported that an increment in habitat heterogeneity careincreas
species richness and density of organiépesvis Il and Stoner 1983, Stoner and Lewis 1985,
Edgar and Robertson 1992, Marmith 1993) The fact that epiphytes provide additional
structures suggests that their presence in these habitats would also increase the abundance of
other organism@ologna and Heck 1999yor exampleHall and Bell(1988)found onblades

of theseagras$ halassiaestudinumpositive correlations between tabundance ofpiphytic
algaGiffordia michelliaeas well as artificial epiphyte mimiesid theabundance of meiofauna.
This studyprovided edy evidence thathe purephysical structure of theecondary (epiphytic)
habitatforming species can b&n important driver of habitat cascadehortly after Edgar and
Robertson(1992) carried out an experiment removing epiphytiesn Amphibolisseagrass
leaves resulting iflewer species and lower abundanoésnhabitants Finally, Bologna and
Heck (1999)compared invertebrat@ssociated with haat mimics with and without natural
or artificial epiphytes in a mixed seagrass bed (i.e., using mimics to represent lpstimérg
andsecondanyhabitat former). Abundances of mamhabitantswere found to be higher on
mimics with natural epiphytes ogared to mimics with artificial ones, suggesting that food
subsidy forinhabitantsvas of some importance as a driver of this habitat castadddition

to experiments conducted in sandy seagrass beds, at least two studies have demonstrated the
existene of habitat cascades from seaweephytedominated rocky reefs. Marti@mith
(1993) experimentally removed epiphytes from ttypes ofSargassunseaweed mimics in

Queensland, Australia. The community composition differed between the epiolvged



and the clean mimicsyith higher abundances of crustaceans, polychaetes and gastropods in
the presence of the epiphyté&sis resit was supported byhomsen et a{2016b) whofound
increasing abundansandmore taxaf small mobileinvertebratesvith increasingpiomasof

theobligate epiphyt&otheiaanomalaattached tahefucoid seaweedHormosirabanksii

1.3 Research gaps,are hypothesis and broad objectives
Our knowledge about habitat cascades is limikeat.exampleThomsen et al(2010) in the
first review of habitat cascadesjggestethat more studies should téstpotheses to increase
our understanding of mechanisms umdlaning habitat cascades as well as document habitat
cascades from morsystemsand biogeographical regionSince this early review, many
studies have documented habitat casc@d&gson and Herring 2012, Angeliand Silliman
2014, Angelini et al. 2015, Watson 2015, Thomsen et al. 2016a, Yakovis and Artemieva 2017,
Thomsen et al. 2018)put despiteof an increasing number of studies documenting habitat
cascades, few have focused gng(antifyingspatietemporal variability of habitat cascades,
(i) underpinning mechanismsij | compaing habitat cascademmongdifferent systems,i\)
measuring theffects on other responses than biodiversityl ) how external stressors may
modify habitat casades.In this thesis,| address these research gafesting the core
hypothesis that habitat cascades are key drivers in controlling and maintaining biodiversity
in marine benthic ecosystems where epibiosis is prevaleatest this hypothesis, | combde
descriptive and experimental field and laboratory studies aimed at improving our understanding
of the mechanisms underpinning habitat cascatles. research will also help to improve
conservation efforts, and aid in creating realistic conceptual adicfive ecological models
that can be tested in other habitats, ecosystems and biogeographical régmnsore
hypothesisvastested through three broad research objectives, wherest&m(i) quantify
variability in habitat cascades under differemvéronmental conditionsjif test mechanisms
that increase or decreaghe strength ohabitat cascadesijii) test how habitat cascadese
modified by human stressors and how taigct secondary production

Theseobjectives werexamined irthreestudy systems characterized by fundamentally
different types of primary and secondary marine hafataihing species and widely different
environmental conditions (Figl.1-1.2): (i) sedimentary bivalvelominated estuariegii)
sedimentaryseagrassiominded estuariesand (iii) rocky shoreseaweed bed€achof the

three study systems described in two data chapters, where the first chapter provide detailed



information of spatigemporal variability and underlying mechanisms whereas the second

chapter ddresses a more specific research gap related to habitat cascade. ecology

1.4 Model systems, model organisms and case studies

1.4.1 Model systems

My research was carried out mertidalsedimentary mudflafseagrass beds and rocky shore
seaweed beds on the South Island of New Zealbntertidal systems are ideaiodelsto
guantifyspatial and temporal variation in species interact{besnard 2000pecause marine
organismsare sensitive tbtemperature and desiccation straed their communities can vary
widely across spatiemporal scalegLewis 1964, Wethey 1983, 1984)mportantly,
physiologicalintertidal stresgan often be alleviated by the presence of other species, such as
intertidal algal canopiewhich reduce desiccationrradiance and temperatuf@ayton 1971,
Menge 1978, Underwood and Denley 1984, Davison and Pearson 1996, Garbary 2007)
Furthermore, dueo the lack of hard substrates in sedinaepntestuaries, biogenicabitat
formers areoftenthemainstructural componeriatcreate benign microclimate forhabitants

and stable hard structures for settlementsetdie organisms Comparedio rocky shores,
estuariesgenerally have lover biodiversity and are environments where manipulative
experiments arsimpler to seup and maintain. Thus, estuaries are excellent systems for
studieson habitat cascadebly main estueneresearchvas carried out ithe AvontHeathcote
Estuary in Christchurch (43°33'8.014"S, 172°44'26.422"Bata from this estuary was
supported by an extensigpatial surveyhere | sampled5additionalestuaries along the East
Coast of the Soutlsland of New Zealanfrom 40 S to 46S), to testif my localfindingshave
broademyenerality and to testhe hypothesis wheréstuarywide replicatiodwas important

By comparisonrocky shoresare characterized blyigher biodiversity of both primargnd
secondanhabitat formes andinhabitants which make them excellesystemsto test more
complexhypothessrelated to habitat cascadetere habitat cascades dess likely to control
biodiversity because (abiotic) rocksth cracks and crevicgzovide a physical substrate for
sessile and mobile species to live on or aroand to ameliorate environmental streBer
example, if primaryhabitat formes arelost from a rocky system, secondangabitat formes

are likelyto attach torocks insteadthereby maintaining a habitat forhabitants(Wahl and
Mark 1999) For the rocky shoreesearch, most of my studiegere done at Kaikoura
(42°24'51.707"S, 173°42'18.472"But results from thistudyregionwere also compared to

broader survey data, collected aldsig0 km coastline along the eastern coast of the South



Island of New Zealand, from Cape Campbell (41°43'36.685"S, 174°16'31)a62Moeraki
(45°21'31.907"S, 170°51'43.823"E).

1.4.2Model organisms and habitat cascades
In this thesis, three different types of habitat cascadesti@dleedin detail (Fig. 1.1-1.2).

Among shelforming molluscs, the cockigustrovenustutchburyi(family Veneridae
hereafter Austrovenup often dominateshelteredsedimentary estuariesmm New Zealand
(Morton and Miller 1973) In someplacesAustrovenugeach 206800 per m and asthey
burrow to a depth of-2 cm(Jones et al. 2003hey often leave its apex above the sediment
surface providing attachment space for secondary hdbitaing sessile speciesThe
sculptured shelinakes it possible forthis bivalveto maintain its position just below the mud
surface,althoughsomeindividuals mayburrow deepefJones et al. 2005Jn many places,
Austovenusshelk representhe main hard substrate that sessile benthic invertebrates can
colonizeand some invertebrates are found almost exclusively on cockle shells, forming a
distinctive epibiontic assemblag@orton and Miller 1973, Mouritsen and Poulin 2003, Jones
et al. 2011)Thus,Austrovenusepresents the primahabitat formein bothChapter 2and3.

The seaweed&racilaria chilensis(hereafer Gracilaria) and Ulva spp. aretypical
biogenichabitat formes in sedimentary mudlominatedestuariesGracilaria is a coarsely
branched red alghat cangrowupto 25 cmlong, andcan be found itNew Zealandestuaries
yearround but often accumulates during spring in large mggdsees et al. 2005 Iva spp.
(excluding tubulaEnteromorphaspeciesparesheetforming green algaoften growing to 30
cm (particularly in drift populations) thamclude several species thggnerally require genetic
analysis to identifyUnfortunately, 1 was impossible to carry out detailed taxonomic and
genetic analysis of mylva spp.samples, and these taxa were therefore ¢nengpedasUIva
spp. (hereafterUlva). In spring,Ulva grows rapidly, and can form drifting mats on the mud
surface; on subsequent tides thesgsdrift to the margins and form dense aggregat{dngaes
et al. 2005) In this thesis Gracilaria is considerech secondaryabitat formerattached to
Austrovenusshells (Chapters 2B) whereasUlva has a more complex role & secondary
habitat formerattached tAustrovenushells(Chapters 2)(ii) tertiary habitat formeattached
to Gracilaria (Chapter 3) (iii) primaryhabitat formedrifting around on mudflats (Chapter 4
5), and (iv)secondaryabitat formeentangled among seagrass leavesraizdmeqChapters
4-5).

Seagrasseare ecologically very different from seaweeds, velitwer growth,clonal

architecture and lonlived perennial and persistestructures. The primary habiBtrming
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seagrasspeciesstudied here (Chapter5) is Zosteramilleri (hereafterZosterg the only
seagrass species in New Zeal@8dort et al. 2007)Zosterabeds argelatively common on
sandy substrates and in estuafi#sn Hartog 1970and aremportant for sediment deposition,
substrate stabilizatiorand as substrate for epiphytatgaeand micreinvertebrategHarlin
1980, Hall and Bell 1988)

On rocky shores, thre@ystophoraspeciesC. torulosa C. scalarisandC. retroflexa
can dominate lovshore algal assemblages in sqmotected areas, like tide pools and
channels. These specesngrow up to Im (but are more typical 480 cm longyand can create
a thick, cleed canopy with their buoyapheumatocysti®sn multibranched frond¢Schiel
2006) It has previously been shown that intertid@gystophoraspp. can facilitate other
intertidal understory species, largely by reducing desiccation stress during lo(&cluel
2006) In this thesisCystopnora species & considered as primahabitat formes whereas
epiphyticseaweeds are secondagbitat formes (Chapters4).

Among theinhabitantinvertebrates, | focuseparticularon snailsand crabsSnails
within the genudiloma and Micrelenchusare common between levand midtide level
throughout estuaries New Zealand and are oftéound around seaweedsvhich represent
their diet, orZostera(Jones et al. 2005 Crabs belonging to the genera télicarcinus
Hemigrapsus Helice, Cyclograpsusand Macrophthalmusare also common in estuaries
throughout New Zaland Crabs were sometimes reclassifiedwaseilesvs adults, because |
hypothesized that these two life stages inhabited diffenabitat formes. For example,
different crab specianay useseaweeds for fooor avoidng predators and intertidal stress and
this habitat usagenay change as the crab growth lardgenally, for the rocky shore habitat |
focused on invertebrates between -2800 um. | focused particular on snail communities
because these organisms are imparépifauna orseawees (Siciliano unpubldata, Taylor
1998a, b, Cowles et al. 2009, Thomsen et al. 20 H8ba heterogneous group with different
ecological functiondChapman and Underwood 200&yd representthe wider intertidal

invertebratecommunitieSmith 2005, Chapman and Underwood 2008)

1.5 Thesis overview

Thisthesis consists ofgeneralintroducton, sixdata chapters investigating the role of habitat
and facilitation cascaddsom three different ecosystemBig. 1.1-1.2), a generaldiscussion
and three appendtes The first two data chapters addrestatively simple low-diversity

sedimentary bivalvelominated estuaries (Chapters-3), followed by two chapters on



ecologically more diversseagrass beds (Chapters§)4 The final two data chapters explore
habitat cascades imgh-diversity rocky shoreseaweed bed<hapters &). Chapers 2, 4, 6
and 7 were written as traditional thesis chapters, whereas chapter 3 and 5 were written as
manuscripts and submitted @murnal of Experimental Marine Biology and Ecolofyn
18/03/2018) andarine Ecology(on 15/01/2018), respectively (witesnd and third authors
DR Schiel and MS Thomsen). The remaining four thesis data chapters will be shortened and
submitted to peereviewed journals at a later stag@ch chapter consists of gépatictemporal
surveys (e.g., acrogatitudes seasons ansites) providinga generabverview of the habitat
cascadedfor each system (ii) factorial experiments, testindor mechanismsand (iii)
morphological analysi®f the coeoccurring habitaforming speciesto examinepossible
linkage between structurebmplexity ofhabitat formes andfacilitation of inhabitants

Chapter 2 describes habitat cascades fimpographic simple sedimentaggtuarine
shell beds, whereelatively small infaunal bivalves (primaryabitat formes) provide
attachment substratior large and formfunctionally very diffeent seaweeds (secondary
habitat formes). The aim here is to testtlfis habitat cascads affected by theibmass of the
secondaryhabitat formerand if different secondary habiBirming species facilitate
invertebratedlifferently. A key characteristic of this cascaethe striking ecological and
morphological difference between thenpary and the secondahabitat formes (bivalvevs
seaweedsXtere | expected a strong cascade because the secondait-Faipning seaweed
provides novel functions that are absent from the printelitat formefe.g, sheltering within
seaweedronds, moisture retentioadditionalsettiement space, etc.).

Chapter Jlso addresssedimentary bivalvelominated estuaridsut describes eare
e x a mp | digherfevel ehabitat cascade w hthee rsecondaryabitatforming seaweed
provides attachment space for a tertiary habftaiming seaweed, with potentially more
complex effects on invertebratdderg | expected only minor additional facilitaticeffects
from the tertiary habitatorming seaweed because functions provided bydrgsnismare
likely to be partially redundant compared to the functions already provided by the secondary
habitatforming seaveed. To date, there are orthyee published case studed 61 ong habi
cascadesod6 but | bel i ev e and hewd beavestigatedmoremo n an d

Chapter 4 describes very different type of habitat cascade where secondary habitat
formingdrifting seaweed becormentangled irseagrasbeds.n this cascade the drift seaweed
is not physically attached to the seagrass. Interactions between seagrass and drift alga are
typically analysed within a context of competition, but could potentialbylt in facilitation

of invertebrates. Compared td&pter 2, te primary and secondahabitat formes are more
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similar (similar sizes and botbrimary producefs and therefore likely tgrovide relatively
similarlevelsof shelter, resources, and sgésiffering. lthereforeexpected less effects of the
secondary habitat former compared to Chapter 2.

Chapter Socuses on the same seagrasaweed habitat cascdule, more specifically,
provides a rare test of hoanthropogenicstressors r{utrient enrichment and sediment
pollution) can modify the impact of the habitat cascade on the associated inhabitant$
expected that anthropogenic stress would decrease the abundance of the primary and/or
secondanhabitat formeand thereby break down thabitat cascade.

Chapter @lescribes habitat cascades from highly diversgtidalrocky shore seaweed
beds where large canopiprming brown seaweeds provide habitat toafler epiphytic
seaweesd (representing primary and secondary habitat formerspeotisely). More
specifically, | take advantage dhe high diversity of ceexisting habitat formers to test if
facilitation frommorphologically and geneticalblosely related primarabitat formes have
similar impact on snatommunities (a diverse rdel community where morphiypes are
relatively easy to identify)and if thesehabitat cascade®gsult in weaker effects compared to
Chapter 25 (because of functional redundancy)

Finally, in Chapter 7 test, in the same rocky shore seawdethinated sstem, how
secondary (animalproduction (instead of biodiversity) is affected by habitat cascades
Compared to the previous chapters andphklishedliterature on habitat cascadeshere
typical responsgareanimalabundances, richness and multivariate community struc¢tere,
| estimatedheeffects on secondary productjoneasured aafunction ofanimalabundances,
body biomasswater temperature anuliblished allometric equationis contrast taChapter 6
(tha only examined impact on snabmmunity | estimate secondary production by including
all invertebrate taxadecausethe whole community offer a more realistic prediction of
secondary production compared to #imailcommunityalone

Three appendices syglement the six data chapteds. appendix1l | describe an
experiment where | tested how all the habitaiming species (living and mimics) studied in
chapters 2 affect abiotic variables (temperature, light and water loss) by simulating a falling
tide. This appendix thereby identifies potential underpinning mechanism to better understand
why inhabitants respond to different biogenic structufggendix 2 is a published paper,
where | described, with collaborators, a-sixer habitat cascade. This papeovides a rare
example of a habitat cascade composed of more than teccooring habitaftorming species

(see also Chapter 3) and supplements my independent Ph.D. research on habitat cascades,
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presented in Chapters& Finally, Appendix 3 contains spfemental material (tables, figures

and pictures) related to the 6 data chapters.
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Figures
Figure 11 Comparisons of biogenttabitat formes and habitat cascades studied in this thesissifaghtarrow represents the expected strength
of i nhabi t aQystopHorascpipl.iot aCtnetoflexadCedscalarisandC. torulosa(represented by the brown, blue and green colour

vari ati ons) wh e r eJama mrirthiogaiPelysigimia decimeasind athersmall seaweed epiphytes.
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Figure 12 Landscape photos and clegps of habitats and habitat cascadtudied in this
thesis: sedimentary mudflats withlva sp. (A, B), sedimentary seagrass beds ibistera

mulleri (C, D) and rocky shore seaweed beds Wigistophoraspp. (EF).
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CHAPTER 2: The role of multiple secondary habitatforming

seaweeds in facilitating estuarine invertebrate communities

2.1ABSTRACT

Sheltforming molluscs can be primary habifatming speciesvith wide-ranging effects on

the structure of invertebrate assemblages in sedimentary estliagssshells provide hard
substratunfor seaweed$o attach to, and thgeaweeds can subsequently proddecondary

habitat to seaweedgssociated invertebrates, giving rise to habitat cascades. To date, most
research on habitat cascades has focused on interactions between a single primary and
secondary habitat formeand ae typically studied on small spatiemporal scalesHere |
examine if thesehabitat cascades have broad ecological relevance uadérpinning
mechanismghatcontrolthem First, | tested if habitat cascades, when standardized by seaweed
biomass, are singer at high than low abundances of the secondary habitat former and when
the secondary habitat former has higbrdcilaria chilensi§ compared to low lva sp)
morphological complexity. | also tested if habitat cascades are stronger at higher latitudes
where intertidal desiccation stress is stronger, and when secondary habitat foeradrgear
compared to mimigsecause live habitat formers can provide both structural protection and
trophic subsidies. In contrast to my hypotheses, | found weaker thabgeades at high
abundances and for the coarsely branched habitat foraretsl found no patterns across
latitudes. However, as expected | did find stronger habitat cascades for living than abiotic
secondary habitat formers. My results confirm that tadlmascades are common within and
between estuaries and seasonshenSouth Island of New Zealand, but also that the strength

of specific habitat cascades can be idiosyncratic, vary widely between seasons and estuaries,
and vary depending on what typeilwvertebrates dominate in an estuary. Clearly, more work

is needed before the strength of estuarine habitat cascades can be predicted with confidence,
particularly in relation to how individual invertebrate species that dominate in specific estuaries

mayhave widely different affinities for primary and secondary habitat formers.

2.2INTRODUCTION

Sedimentargstuaries are simple but stressful ecosystesmasrebiogenic habitat formerdike

shells and seagrassreate hard structures for settlement of seaweeds and other sessile
organisms(Albrecht and Reise 1994, Bostrom and Bonsdorff 2000, Mouritsen and Poulin

2003, Kochmann et al. 2008, Thomssral. 2012h)Sheltforming molluscs are particularly
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importantbecause their shellgrovide long lasting physical structures to which epiphytic
seaweeds can attach. These seaweedpatantiallyfacilitate mobileinvertebrateshere also
referred aginhabitant§) by providing shelter from predators and abiotic stressaafabd
resourcgWilson et al. 1990b, Norkko et al. 2000, Nyberg et al. 2009, Thomsen et al. 2016a)
thereby giving rise to habitatascadegsensuThomsen et al. 2010 common form of
facilitation cascade that emphasize sequential biogenic habitat formiatleas previosly

been shown thdtivalvescanfacilitate seaweeds and invertebrates by providing hard substrates
in softbottom habitatgAlbrecht and Reise 1994, Kochmann et al. 2008, Thomsen et al. 2010,
Thomsen et al. 2016a, Yakovis and Artemieva 2017)New Zealand, for exampléhe
dominant cockleAustrovenus stutchburyfiacilitatesthe green shedbrming seaweedllva

sp. which in turn provides habitat for invertebrates, like snails and ¢f&mensen et al.
2016a)

There is growing interest in predicting the strength of habitat cascades, analogue to
research on trophic cascad@rer et al. 2005)For example, it has been suggested that the
strength of Abitat cascades increases with (i) the amount of the secondary habitat former, (ii)
its form-functional difference between the primary and secondary habitat faane(iii) the
affinity of clients for the secondary over the primary habitat for(akso referred to as the
AmountDifferenceAffinity hypothesis, ADAH; Thomsen et al. 2010, Angelini and Silliman
2014, Thomsen et al. 2016&urthermore, it has long been known that facilitatkamportant
at both high and low stress levels, through mechanisrhalofatamelioration and predator
protection, respectivelfalso réerred to as the Stress Gradient Hypothesis, SGH; Bertness and
Callaway 1994)Subsequently, the SGH has been adopted to explain habitat cqgdades
et al. 2007, McAfee et al. 201&pecifically, the SGH hypothesizes that under highly stressful
conditions facilitation is more important than negative species interactions, such as
competition or predatioriBertness and Shumway 1993, Bertness and Callaway .1994)
therefore expect that habitat cascades are stronger towards lower latitudas warmer
summer monthswhere intertidal mudflats experience more stressful temperature conditions
during low tide(McAfee et al. 2016)

Although many studies have compared different seawgedes to test how different
morphologies affect associated invertebratelecker and Steneck 1990, Chemello and
Milazzo 2002, Cacabelos et al. 2010, Wernberg et al. 2013, Veiga et al. 2014, Torres et al.
2015) few studies have compared habitat cascades from the same ecosystem and locality with
ecologically and morphologically different secondary halidatmers (Bishop et al. 2009,
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Hugheset al. 2014pr have used mimics of the habitat formers to test the effects of morphology
on local invertebrate@ut see Schneider aidbnn 1991b, Bologna and Heck 1999)

In this study, | compare two habitat cascades that can exist side by side in sedimentary
estuaries throughout the world, where bivalves may provide habitat to gfibetforming
seaweesd like Ulva sp. or morphologcally coarsely branched alga lik8racilaria spp.
(Scheibling et al. 1990, Terada and Ohno 2001, Nyberg et al. 2009, Thomsen et al. 2010, Muta
Harah et al. 2014, Seaborn 201Mpre specifically, in New Zealandustrovenus stutchburyi
(hereafterAustroveug is a dominant bivalve of sheltered ss#diment shore@viorton and
Miller 1973) and in some places its shell represents the loanlgt substrate on which benthic
organisms can settl&ustrovenuss often colonized by varioudlva species (hereaftéslva)
andGracilaria chilensighereafteGracilaria) (Rainer 1969, Hawes and Smith 1995, Thomsen
et al. 2007, Thomsen et al. 2018d)va is an opportunistiephemeral fasgrowing green alga
composed of only twoell layers capdle of rapid colonizatiobutalso considered susceptible
to grazing(Littler and Littler 1980, Rosenberg and Ramus 1982, Vermaat andJeasdn
1987) Gracilaria is a perennial red algdones et al. 2005yith slower growth and a more
complex multilayered cylindrical cortex and medull&racilaria is often more resistant to
environmental stress and less susceptible to grgZimgmsen and McGlathery 2007)

The aim of this study is tguantify the variability in habitat cascades supported by these
two morphologicallydifferent secondary habitat formers. More specifigallyested if: (i)
Gracilaria supports higher diversity and abundances of invertebrates becausteuictisrally
more complex thabllva; (i) herbivorous invertebrates are more abundant on the more edible
Ulva whereas species that are susceptible to predation (likenstoxing juvenile crabs) are
more often associated with the morphologically comgeacilaria; (iii) above effects are
stronger in warmer northern regions, in summer months and at higher eldgaéls because
intertidal desiccation stress is more severe under these conditions (and partly because metabolic
processes, feeding and predation rates are higher in avatroold temperate conditiongiy)
living secondary habitat formers have highlenradance and diversity than nrbiving habitat
formers (artificial mimics) because iing habitat formers simultaneously provide a food source
and a place to avoid predators and stress, whereasvimghmimics only provide habitab
avoid predators anstress|v) Gracilaria provides a better shelter from predation compared to
Ulva. The first two hypothesesgere tested with data from the Avbteathcote Estuary, in New
Zealand, based on a seasonal survey, where | collected samples from different locations and
elevation levels, and a field experimenhhe third hypothesis (and, again, the first jmwas

testedin a largespatial surveyn 16 estuaries scattered around three latitudinal bands on the
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South Island of New Zealand. Finaltpe fourth and fifth hypothesegere addressedith a
manipulativedmimicd experiment and a predation field experimeairriedout in the Avon

Heathcote Estuary.

2.3MATERIALS AND METHODS
2.3.1Study region

A large-scale spatial survey was conducted in 16 estuaries along a latitudinal gradient, spanning
6 degrees40 S to 46S) of the South Island of New Zealaf@ppendix3-2.1 for a list of
estuaries, geocoordinates, sample dates, and number of sampled replicates for different
treatments). This survey was supplemented by a seasonal survey and three experiments
conducted irthe AvonrHeathcote Estuary, whe@racilaria andUlva are commonly attached

to AustrovenusAustrovenusGracilaria andUlva were common in most of the 16 sampled
estuaries, except | did not findva in Dowling Bay orAustrovenugwith and without attached
seaweeds) in Portobello Bay, Papanui Inlet and Nis&rRn addition threeexperiments were
carried out in the AvoiHeathcote Estuary, on bameudflats in the midntertidal zone. Two
experiments testelinvertebratecommunities varied between species identities and biomass

of the secondary habitédrming seaweeds and whether primary and secondary habitat formers
were alive or not. These experiments were run instheghern part of the AveHeathcote
Estuary (Mount Pleasant suburb). A third experiment tested if seaweeds reduce predation by
crabs orgastropods. This experiment was carried out in the eastern area of theldaihicote

Estuary (Tern/Plover St.) away from public interference.

2.3.2Spatial survey: effects of seaweed species identity and biomass across latitudes

A large scale spatial segy was carried out in 16 estuaries of the South Island of New Zealand
between February and October 2016, representing three different latitudes: n@th1(%9),
central (43S) and south (45286 S) (Appendix3-2.1). The survey design was:sgecies of
secondaryhabitatforming seaweedUlva vs Gracilaria) x 2 biomasses othe secondary
habitat formers (lows high) x 2elevations (intertidal's shallowsubtidal) x Jatitudes (North

vs Centralvs South) x 46 estuaries per latitude x 3 replied samples within each estuary.
For each estuary andeehtion level | also collected ¢ o n AustmVedus without any
attached seaweed. Cockles wghwithout attached seaweeds were collected with a swift
movement(Baudrimont et al. 2003, Alkarkhi et al. 2008)d rapidly transferred to sealed

plastic bags, to minimize loss of mobile invertebrafdscockles with or withoutUlva and
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Gracilaria were collected in close proximgitto each other (20 m) to ensure associated
invertebrates had experienced similar environmental conditionsoigrigents, temperature and
salinity). Subtidal samples were colled just below the lowest low tide levelvhereas
intertidal samples wereotlected in the mididal region. High and low biomass of seaweeds
were collected by targeting seaweeds with large and dense frehds frond lengthUlva:
0.85+£0.07 gDW, n = §Zracilaria: 1.54 + 0.16 gDW, n = §br smalland sparse fronds§

cm frond length Ulva: 0.11 + 0.01 gDW, n = §%racilaria: 0.20 £ 0.02 gDW, n = 33

Samples were stored on ice in the field before being transported to the lab for processing.

2.3.3Seasonal survey: effects of seaweed species tigrand biomass across sesons

Samples were collected between March and Dece2lts from the southern part of the
Avon-Heathcote Estuary (Mount Pleasant suburb). | collected indivilustrovenusduried

in the sediment with attached seaweeds with the following sampling design: 2 species of
secondary habitat formerbliya vs Gracilaria) x 2 biomasse®f secondary habitat formers

(low vshigh) x 2elevationgintertidalvs subtidal) x 2seasongwam summews cold winter)

I 12 replicates. For each seasonAustownue!l evat
without any attached seaweed. Samples were collected using the same proceelsre s

for the survey.

2.3.4Experiment 1: effects ofseaweed species idéty and biomass across seasons
Austrovenuswas first collected with large fronds dfllva or Gracilaria attached Seaweed

fronds werethenpruned with a pair of scissors to represent diffeteoinass(0.5, 5 and 25

cm frond lengthUlva: ca 0.30, 0.34 and 0.90 gDMW&racilaria: 0.22, 0.50 and 1.32 gDW

Each cockle and seaweed frond was shaken and rinsed to remove mobile inhabitants before
being transplanted into plots surrounded by 20 cm deep metal frames that qut¢atenal
movenent (immigration and emigration) of cocki@e Montaudouin 1996 ransplantations

were done at different elevations, sites and seasons in the following orthegpaamental
design: 2species of secondary habitat formetdv@a vs Gracilaria) x 3biomass of secondary
habitat formers (low, medium, high) >e2vations (intertidav's shallow subtidal) x 2ites (ca

3.2 and 3.8 km from the AveHeathcote river mouth) x &asons (warmer month in March
2016vs colder month in May2015) x 5 replicates. Elevationadasites weg similar to the
seasonal survey. Eashbexperiment ran for 4 weeks and was maintained weekly by replacing

a few missing cockles or cockles with damaged seaweed fronds. At the end of the experiment,

all cackles were collected as the surveys.
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2.3.5Experiment 2: effecs of structure vsbeing alive

In the second experiment | tested if the invertebrate community were different between live
and nonliving analogues of thprimary habitaforming shell and secatary habitaforming
seaweed. The experimental desias 3types of primary habitat formers (alive cockle, cockle
shell, plastic mimic) x 2Zpecies of secondary habitat formeliva vs Gracilaria) x 2 types

of secondary habitat formers (living plastic mimics oUlva andGracilaria) x 3 replicates.
Living cockles, empty shells and live seaweeds were collected from the-Heathcote
Estuary. The empty shells (still connected with their hinge) were dried atté67€ h A 3D

model of a typicalile Austrovenushell (35 mm length) was created by taking 78 photos from
different angles covering the entire shell atitthing thephotosin Autodesk Memento. Plastic
mimics were printed with a Da Vinci 1.0A 3D printer (in 30, 32 and 35 mm lengthrtormi
small size variability observed for live cockles). These mimics are morphologically (and
colorwise) very similar to both live cockles and dead shells, but@rstructedrom plastic
instead of calcium carbonate. Seaweed mimics were constructedfeem plastic flagging

tape mimicking thesheetforming Ulva, and from red/white plastic twine, cut, twisted and
wrapped to provide a shape that mimicked the coarsely bratrhedaria (Appendix3-2.7).

Live and mimic seaweeds were attached to the shihsa piece of plastic twine glued on the
surface of each shell (Araldite Two Part Epoxy glue). An additional piece of plastic twine was
attached to a-bent 20 cm metal pegserted into the mud to prevent the loss of the samples
from tidal currents anavaves.A c. 20 cmlong seaweed frondas attached to each shell,
corresponding to 0.80 + 0.18 gDW foilva, 0.84 + 0.35 gDW foGracilaria, 1.60 + 0.00

gDW for Ulva mimic and 1.50 £ 0.01 gDW foGracilaria mimic. In the field, shells and
attached seaweeds were gently inserted into the sediment using a syringe with the apex cut to
make a little hole where the shell was placed and partially covered with 56eqtiment
(simulating the natural position in thediment of live cockles). The experiment ran for 3 weeks
(mid-January to mig-ebruary 2017) and was maintained weekly by replacing a few lost shells
and seaweed fronds. At the end of the experiment, shells and seaweed fronds were collected as

in the surves.

2.3.6 Experiment 3:effects of predators

Finally, a field experiment tested if seaweed redumrab predation on snails and, more
specifically, if predation deperahthe biomass and morphology of the seaweElisty cages
were set up on a mudflat the eastern part of the Avaiteathcote Estuary (Tern/Plover St.).

The experimental design was as followingar@dator levels (£ 1 adult crab) *h&bitats (mud
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alone and with eithedlva or Gracilaria in low and high biomass) x 3 replicates. The cages
were constructed from plastic containers (17x17x18 witf) the bottom cut off (so the cage
could be pushed 12 cm into the sediment, allowing 5 cm to protrude above the sediment
surface). | drilled 36 1 mm holes in the side walls of the containers, to allow water levels in the
cages tofollow the naturaltidal cycle. | added 13Micrelenchustenebrosusas the prey
gastropod (8.26 £ 0.15 mm length) to each cage anéiemggrapsus crenulatuss predatory

crab (25.89 = 0.49 mm carapace width) to the prededatments. Finally, ca 2.7 gWW and

ca 3.7 gWW ofUlva and ca6.0 gWwW and 10.0 gWW d&racilaria wereadded to low and

high biomasseseatments. Finallyjgages were covered with aim mesh to prevent predators

and prey escaping. The experiment ran for 5 days in January 2017 and treatments were checked
every 2 daysnonitoring if crabs and snails were alive or dead. At the end of the experiment,
the number of snails crushed and the positioaligE snailswere recordedattached to mud,

Ulva or Gracilaria; nosnails were attached to the cage walls).

2.3.7Morphological traits of habitat formers

| also quantified morphological traits dhe differenthabitatforming speciesTraits included

surface area:dry weight ratidsactal dimension, circularity a measur e of O6round
from O for an infinitely elongated polygon, to 1 for a perfect circle; Sedgewick 20%D)
lacunarity( an i ndex of O0gappinessd or O6visual text
Karperien 2007, Ferreira and Rasband 20I2) individuals of live and mimidustrovenus

Ulva and Gracilaria were blotted three times with paper towel and spread out on a white
background to enhance the contrast for subsedmage analysis. For eadamplea photo

was taken with a Canon PowerShot G7X Mark Il using flash and with ruler as a scaling
reference. Each frond was then dragb5°Cfor 48 hor until no further weight loss could be

detected and its dry weight measured on a scale with digés. Photosvere converted to

grey scaleand thresholded tbinary imagesn Photoshop wheegdter traits were calculated in
ImageJRasband 1992016)with the plugin FracLa¢Karperien 1992013)

2.3.8Laboratory analysis

Each sample was rinsed in a 280 sieve to retain invertebrates associated with the different
habitatforming species. Seaweeds were detached from the cockle and weighed after drying at
55°Cfor 48 hor until no further weight loss could be detected. Cockles were placed in foil
trays andweighted aftedrying at 55°Cfor 72 h A few invertebrates with high affinity for
cockle shells (barnacles, limpets amdeaanemone) were counted separately from mobile
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invertebratesConspicuoustaxa were identified to species whereasallerinconspcuous
speciesvere identified tdamilies under a dissecting microscope40x magnification and

preserved in 70% ethanol.

2.3.9Statistical analysis

| found very few invertebrates associated with cockles alone compared to cockles with attached
seaweedTable 2.2). Statistical and graphical analyses therefore antfudedthe cockle
seaweed sampleEreatment effects were tested ont¢tal abundanceii{ taxonomicrichness

and (ii) multivariate structure of invertebrate assemblages. Prior to amalgéa were
standardized to unit seaweed biomass to remove obvious Fakegatffect§Davenport et al.

1999, Wikstrom et al. 200&estoso et al. 2010, 2012; see Discussion for desaitssquare

root transformed to reduce the importance of a few highly abundant taxa and decrease variance
heterogeneity. | excluded the biomass of the leoitkelf from shtistical analyses because its

dry weight was order of magnitude higher than the seaveeeltecause, as noted above, very

few invertebrates were associated with codtdelf. Response variablesere analyzed with
permutationabased factorial analysis fo variance (PERMANOVA in the
PRIMERV6/PERMANOVA+ software package; Clarke and Warwick 1984%umptions of
normality and homogeitg of variances in the data sets were rktivariate and multivariate
variables wee analyzed wth Euclidean distance and Br&urtis similarity coefficient,
respectivelyFor the seasonal survey and experiments, all factorstreated asixed. For the

spatial survey, | included only one survey from the Attwathcote (the closest in time to the
spatial survey)All factorsweretreated afixed andE s t u a rnyeés t weadst i .tResdlte 6
were considered si gdfiritiesiwera calculated fromp su@eyDanditite. Ho
first experimentre-classifying abundances of different tafsiandardized to unit seaweed
biomass) ito seven groups with different ecologiggstropods other thanochids trochids,

crabs other thaRlalicarcinus whitej the cralHalicarcinus whitejjuvenile crabs (smaller than

5 mm),amphipods andopepods, andthersinvertebrategisopodsworms,bivalves,chitons,
ostracody These data were squammot transformed and analyzed with a single factor
PERMANOVA to compare invertebrates associated Wiltva vs Gracilaria. Data from the

field predation experiment (percentage of gastropodsumedindtheir habitat preferences)

were analyzedwith contingency tabkand chisquare test | also tested, using Spearméans

rank correlation coefficient, for relationships betwé#iwa and Gracilaria biomass, pooling

all survey and experimental data, with invertebrate abundances anesgdhe., this analysis

was not standardized by seaweed biomass). Finatlypmological trait data were analyzed
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individually with ANOVA andin concertwith PERMANOVA, to test if traits diffexdbetween
different primaly and secondaryabitatforming species All morphological data were square
root transformed and data for multivariate analysis were also normalized. Significant effects

from ANOVA were followed by poshoc pair-wiset-tests(Anderson et al. 2008)

2.4RESULTS

2.4.1Spatial survey: effects of seaweed species identity and biomass across latitudes
Invertebrate abundancdhe most abundant taxa in the spatial survey were amphip8as (3
individuals), followed by the two trochid gastropollscrelenchustenebrosug1,067) and
Dilomasubrostrata(274) and the crabalicarcinus whitei(262).

Eight higher order interactions were significant whlevation x Estuaryexplained
most of the dtavariability (h?= SSexplained SSrota; h%= 9%; p = 0.001, Table.1). Seaweed
species identity and biomass interacted \ighuary(p < 0.05,h? = 5%) andElevation(p <
0.05,h? = 1%) and, individually, interacted witBlevationandLatitude (h? = 4% total). The
Speciesx EstuaryandSpeciesx Latitudeinteractions were also significant (p < 0.6%= 7%
in total), highlighting that significantly more invertebrates were found associatedJwh
compared tdGracilaria in central and southerngins (Fig.2.1B-C) and, forUlva samples
only, more invertebrates wefeund in southern and central compared to northern regions
(South = Central > North, Fi@.1A-C). Among the single test factoestuary explained most
of the data variability(? = 11%). There were also significantly more invertebrates associated
with Ulva fronds tharGracilaria (68.29 + 7.26nd. gDW seaweedvs 39.35 + 3.74) and more
invertebrates in the subtidal compared to the intertidal zone (70.21 ¥s38%3 + 3.36)

Invertebrate richnessSix interactions were significant (Tal€l), including the highest-

factor interactior(p < 0.05,h? = 1.5%) and the threfactor interactiorSpeciesx Elevationx

Estuary (p < 0.05,h? = 2.4%). However, the Factorial Elevation x Estuary interaction
explained most of the data variabilifg = 0.001,h? = 5.6%). The interactionBiomassx
Estuarywas also significant (p < 0.08howing thaseaweeslin low biomassin most, but not

all, estuaries were inhabited by more taxa compared to sesiwvdegh biomassA significant
Speciesx Latitudeinteraction (p < 0.05h2 = 3%) showed that/lva was inhabited bynany

more taxa compared tGracilaria in southern and cerdl regions (Fig.2.1E-F) and that
Gracilaria samples from northern regions was inhabited by more taxa than central and southern

regions (Fig.2.1D-F). All single factors effects, minuBlevation, were significant with
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biomass explaining most of the datariability (h? = 25%). These results highlight tHalva
typically was inhabited by more taxa th@racilaria, and that seawesavith low biomasgper

gram seaweedyere inhabited by more taxa than large ones Eid-F).

Invertebrate communitgtructure Community structure was significantly affected by 11
interactions (Tabl@.1), wherethe 2factorial Speciesx Estuaryinteractionexplained most of
the data variability > = 6%). Both Speciesand Biomassinteracted significantly with
EstuariesElevationandLatitude(p < 0.05, buteach ofthese interactions explained vditie

of the data variabilityAll the singleest factors weralsosignificant (p = 0.001) whefestuary
(h? = 26%) and_atitude(h? = 7%) explained most of the data \aduility (Fig. 2.2). The MDS
ordination did not show a clear separation betwspaties andiomass treatmentdlost of
themultivariate variability was explained by amphipoliiscrelenchugenebrosusindDiloma
subrostrata(Fig. 2.2).

2.4.2Seasonaburvey: effects of seaweed species identity and biomass across seasons
Invertebrate abundancéllhe most abundant species wéderelenchustenebrosug1,613
individuals), amphipods (@37),Diloma subrostrata(405) andHalicarcinuswhitei (191).

There were no significant interactions, and the only single factor effectsSSpecees
(Table 2.1p = 0.001h? = 9.2%) andBiomass(p < 0.05h? = 3.4%) demonstrating thamore
invertebrateswere associate withUlva compared toGracilaria (39.10 + 3.05ind. gDW
seaweed vs 21.83 + 2.88) and with seawerdith low than high biomass (39.85 + 3.68
25.05 + 2.37) (Fig2.3A-B).

Invertebrates richnesShere were four significant interactions, whére Speciesx Season
interactionexplained most of the data variability (Tall&, h? = 3%). Specifically, | found a
significant interactiorbetween théhreekey factorgargetedn my mainhypothesis Biomass

x Elevationx Seasonp < 0.05h? = 1.4%). This interaction showed thé&) Ulva supported
more taxa tharGracilaria in summer, irrespective dhe biomass, (ii) seaweesdwith low
biomass werénhabited by more taxa than seaws®dth large biomass, irrespective of the
species identity and season, and that (flj)a was inhabitedy more taxa in summer than in
winter, irrespective ahebiomass (Fig2.3C-D). Season was not significant as a single factor,
butinteracted witltheseawee®peciesp < 0.01h? = 3%) andElevation(p < 0.05h? = 2%).

Similarly, Biomassinteracted withElevation (p < 0.05,h? = 1.5%) showing that more taxa
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were associated with seawead low biomasdrom the intertidal zone. Among the single test
factors, most data variability was explainedBigmass(p = 0.001,h? < 25%) wheremore
taxa was found associated with seaweed with low biomass (Eig§C-D). Furthermore,
relatively more taxa were found associated witba thanGracilaria and in the intertidal than
thesubtidal zones (p < 0.05

Invertebrate community structurelhere were four significant interactions (Talfel).
Biomass interacted witBeasonp < 0.01h? = 1.8%) andSpeciesnteracted wittElevation(p

< 0.01,h? = 1.7%) andBeason(p < 0.05h2 = 1.2%). Poshoc ttest showed that communities
differed betveen summer and winter fadlva samples, and betweddlva and Gracilaria
samples in the summer season. All single factors were signjfighate most variability was
explained byBiomass(h? = 4.5%), followed byElevation(h? = 3.3%), Species(h? = 2.3%)
and Season(h? = 1.6%) (Fig.2.4). The MDS plot showed thatlva samples were more
dispersed thafracilaria samples. Four taxa accounted for 50% ofdatavariability in the
MDS plot (Micrelenchustenebrosus Diloma subrostrata amphipods andHalicarcinus

whitei), all correlated positively witlthe presence obllva (Fig. 2.4).

2.4.3Experiment 1: effects of seaweed species identity and biomass across seasons
Invertebrate abundancd@s in the spatial survey, amphipod$289 individuals)Micrelenchus
tenebrosu$1,180) andDiloma subrostrata(846) dominated in the samples.

There were four significant interactions (Tal2lé). Species an8iomassinteracted
significantly with ElevationandSite (p < 0.05) but these interactions explained only little of
the data variability. Th8iomassx Seasoninteraction explained most of the data variability
(h? = 6.5%). Seaweeadvith mediumandhigh biomass were inhabited by more invertebrates
than seaweed with low biomass but only in winter (BigB). The most important significant
single factor effects as Season(h? = 10%) followed by Elevation(h? = 3%), showing that
more invertebrates we found in summer than in winter and in the subtidal than intertidal

elevation level (Fig2.5A-B).

Invertebrate richnessThere were three significant interactions (Tahl® whereBiomassx
Seasonexplained most of the data variabilith?(= 7.6%), showing relatively more taxa
associated with low seaweed biomass compared to large biomass in summer but not winter

(Fig. 2.5C). All single factors, excep$pecies were significant. Season explained most of the
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data variability (p = 0.001h? = 12%), with two timesmore taxa being found associated with
seaweed in summer than winter (R2¢pC-D). In addition, more taxa were found on low than
medium or large seaweed biomass (Bi§C-D), in the subtidal than intertidal zone and at the

site closesto the river mouth.

Invertebrate community structurefound 11 significant interactions (Tal®2€l). Biomass x
Seasonexplained most of the data variabilith?(= 4.5%) andpair-wise t-tests showed
significant communities between all téattor combinations (Fig2.6). All the single teis
factors were also significant, aSg¢ason(h? = 7%) andBiomass(h? = 5%) explained most of
the data variability. The MDS plot showed a separatiotllgh and Gracilaria samples, a
pattern that was more distinct in summer than winter (Bi§A). Fifty percent of the
multivariate community structure was explained by BteakereMicrelenchugenebrosusnd
Diloma subrostratawerecorrelated withthe presence obllva, whereas amphipods, copepods

and juvenile crabwerecorrelated more witkthe presence oGracilaria (Fig. 2.6).

2.4.4Experiment 2: effects of structurevs being alive
Invertebrate abundanceAmphipods (380 individualsMicrelenchustenebrosug341) and
Dilomasubrostrata(104) were again the dominant taxa.

Seaweedype was the only significant factor (p = 0.001, Tahlg, explaining >70%
of datavariability showing almost 2XYmore invertebrates in the living seaweeds compared to
the mimics (Fig2.7A-C).

Invertebrate richnessRichness was affected by tw@nificantinteractions (Tabl.1). The
highest 3factor interaction t{> = 7.8%) showed #it living Gracilaria supported more taxa
than theGracilaria mimic when attached ofustrovenusnimics,a result furthesupported by
the Type x Host interaction h? = 15%) (Fig.2.7D-F). In addition, the number of taxa
associated with living seaweedttached toAustrovenusmimics was significantly higher
compared to living seawegdttached to living and dead cockle ské¢Hig. 2.7D-F). Of the
single test factorsSeaweedh? = 20%) andHost Type(h? = 20%) were significant, showing
more invertebrates associated wWahacilaria compared tdJlva, and onAustrovenusnimics

compared to livé&ustrovenugandAustrovenushells
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Invertebrate community structurd@here were three significant interactions, including the
highest 3factorinteraction (Table2.1). Seaweedype interacted with botfSeaweedpecies
andHosttype (both individuallyand simultaneously.e., in 2 and 3factor interactions) and
was the oly significant single factor (p = 0.00h? = 29%, Fig.2.8). The MDS ordination
showed clear separation between living seawaad seaweed mimics (Fig.8) and 50% of
the multivariate data variability was explainleg amphipodsMicrelenchustenebrosusand

Diloma subrostratacorrelating positively with living seaweeds.

2.4.5Experiment 3: effects of predators

Only four snails (2.2%) wertoundé cr usheddé i n t hi s Hemigrapsus ment ,
have little direct predation effect dvicrelenchus Additionally, the habitat that snails were
observed in was not affected by the predator (ER). However, inthe cages with mud and

Ulva, snails were more often found attachetltea (59.5% and 73.6% with or without crabs,
respectively; Fig2.9, p <0.001, AppendiX2.6) than mud, whereas in cages with mud and
Gracilaria, snails were more common on the mud (26.3% and 38.0% with or without crabs,

respectively) than on the seaweed (Ri§, p < 0.001).

2.4.6Habitat-affinity and correlations acrosssurveys and experiments
Across data collections, samples were dominated by amphip&@s (@dividualscounted in
total), Micrelenchugenebrosu$4,201) Dilomasubrostrata(1,629), and the cradalicarcinus
whitei (731). The spatial survey showed tliiva was inhabited by more trochids (12.48 +
1.77ind. gDW seaweed vs 6.04 + 0.8QFig. 2.10A, amphipods and copepods (44.37 + 7.16
vs 20.00 + 3.48)compared toGracilaria, whereas the crablalicarcinus was much more
abundant orGracilaria (3.40 = 0.67vs 1.10 + 0.28). These results were supported by the
seasonal survey (Fig.10B), whereas Experiment 1 documented more gastropods (other than
trochids) and crabs (other thatalicarcinus whitei) associated witHJlva but still more
Halicarcinuson Gracilaria (Fig. 2.10C). Finally, results from experiment 2 showed significant
difference between living and mimic secondary habitat formers with larger abundances of
trochids, amphipods and copepods, crabs and spider crabs on living seewrapdsed to
mimic seaweed§éFig. 2.10D).

Finally, | foundstrong positive correlations between both living seaweeds biomass and
invertebrate abundanc@&x@acilaria: rspearmar= 0.69, p < 0.001LJIva: rspearmar= 0.71, p < 0.001;

Fig. 2.11A) and taxonomic richnes&facilaria: rspearmar= 0.53, p < 0.001Ulva: rspearman=
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0.52, p < 0.001; Fig2.11B) (but note that invertebrate data, in these analyses, were not
standardized by seaweed biomaSshce thenimicshad an extremely low biomass raragel

all of them werevirtually identical it wasnot possible to analyse these seawdadd| only

had a sample size 6}.

2.4.7Morphological traits of habitat formers

All morphological traits were significantly different betwebabitatforming species (p =

0.001, Fig.2.12-2.13). Pairwise ttests showed significant differences for all traits between
live Ulva andGracilaria (p = 0.001) Similarly, Ulva andGracilaria mimics had significantly
different traits (except for lacunarity, Fi@.13). Live Gracilaria and Ulva were also
significantly different from their abiotic mimics in certain traltdva and theUlva-mimic had
different surface area:dry weight ratios (p = 0.001) and fractal dimension (p = 0.009), whereas
Gracilaria and Gracilaria-mimic were different across all traits (p = 0.001). Finally, live
cockles were also different from their mimics (p = 0.001) and both seaweed species (p = 0.001)

across all traits.

2.5DISCUSSION

This study compared two estuarine habitat cascadiesongating how ecological and
morphological features of biogemsecondaryhabitatforming seaweed modify invertebrate
communities. In this system primahabitatforming cockles live burrowed just below the
sediment surface where the spatially limited aindcsurally simple shell providespace for
settlement of sessile organisms, such as cafmpyng seaweed¢Mouritsen and Poulin
2003) and a few small invertebrat¢¥homsen et al. 2016alolonization of the shell by
canopyforming seaweed, thatre fundamentally different in form and functsmompared to

the shell host, will thereby add not only more haksfzice but also new ecological niches, for
example, with new grazing opportuniti€Ehomas et al. 1998, Wernberg et al. 201®vel
habitats to escape predati@ohnston and Lipcius 2012, Wright et a8012) andbuffering of

abiotic stress during low tid®avison and Pearson 1996, Garbary 20bv¢stuarine systems,
these shelseaweed habitat cascades are therefore likely to be strong, compared to, for
example, habitat cascades in forests and on rocky shores (where primary and secondary habitat
formers typically are plants with relatively siani form-functional traits), and may even give

rise to higher order habitat cascades with many hierarchical layers-efistmg habitat

formers(Thomsen et al. 2016a)
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2.5.1Second habitat former species identity and biomasand invertebrate affinity
The twosurveyssupportedhe hypothesis thatllva andGracilaria are inhabited by different
assemblages. Howevan contrastto my expectationUlva was generallya better habitat
probably because it is easier to consume for herbivores (discussed in next.9datgryther
studies have also found differeimvertebrates associated with different seaweed species
(Colman 1940, Seed and O'Connor 1981, Taylar @ale 1994, Kostylev et al. 1997, Beck
1998, 2000, Chemello and Milazzo 200®ypically concluding thastructurally complex
seaweedsdst more diverse invertebrate communities than sinmpégphologiegHicks 1985,
Hull 1997, Chemello and Milazzo 2002, Cardoso et al. 2004, Hauser et al. RBOEsults
supportGee and WarwicK1994a) who showed thainvertebrate diversity increaseuth
increasing fractal dimensions. However, my results do not supyfiwatley and Wal(1975)
who found that seaweeds with large flat fronds would provide limited protection from
desiccation and wave actiody resultsalsocontrast with BaAkdah (2016)who found more
invertebrates associated wiBitacilaria thanUIva. Additionally, low seaweedbiomass hosted
proportionally morenhabitantsand taxa than largeiomassinitially, this contrasts wittpast
studiegColman 1940, Hagerman 1966, Zavodnik 1967, Nagle 1968, Kangas 1978, Gore et al.
1981, Gunnill 1982, Edgdr983, Gunnill 1983, Drouin et al. 2011, Byers et al. 2012, Thomsen
et al. 2013, Thomsen et al. 2016but the contradiction is largely an artefact because, in
contrast to past studidsstandardized abundances by seaweed biorras=ed, the correlation
analysis orun-standardized dasupported past studies, ldsund strong positive correlatian
between seaweed biomasd invertebrate abundas@nd richness

My results showhat Ulva was inhabited by more trochids, amphipods and copepods,
probably because they feed directly on its tissue as demonstrated in many other studies
(Hagerman 1966, Grahame 1973, McBane and Croker 1983, Pederson and Capuzzo 1984,
D'Antonio 1985, Watson and Norton 1987, Poore 1994, -Riuera and Hay 2001,
Kamermans et al. 2002)n addition,it has been shown thaheetforming seaweeslcan, for
some prey and predators, offer higher protection against predation compared to branched
seaweeds, particularly for amphipo@8oull and Wells 1983, Holmlund et al. 1990)
Neverthelessthe crabHalicarcinusgenerally preferre@racilaria. | am not aware of other
studies showing habitat preferences Hglicarcinus, but | suggest that theolour and
branching patteraf Gracilaria provide efftie nt camouf | age-mévimgcrabsc | i ngi
Other factors, not measured here, including phggical, biomechanical and chemical
attributes of the seaweed may also explain different host affi(fdiesberg et al. 1998, Dawes
et al. 2000, Bates 20Q09)
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2.52 Latitude and season

As expected, latitude had a strong effect omeslponseariablesput with different results for

the two seaweed species, whellga was inhabited bynore invertebrates ithe central and
southern regions where#&aracilaria hosted more taxa in northern locationsh#ts been
demonstrated thédtitudinal gradientaffectsinvertebrategHutchins 1947and thatat higher
latitudes invertebrates need to adapt to less stable climate compared to lower latitudes
(Dobzhansky 1950)Underthese conditiond/Jlva can represent a suitable habitat with its flat
fronds,perhapsstabilizingcold weathebetter tharGracilaria, which structee is less suitable

to shelter fromwind and low temperatures (Siciliano et al., unpdhata). On the other hand,
Gracilaria may be inhabited by more invertebrates at northern latitudes (as | originally
hypothesizeflbecause of a general higher invertédidiversity, warmer climate and stronger
intertidal desiccation streé@¢/allace 1878, Fischer 1960, MacArthur 1965, 1972, Spight 1976)
Nevertheless, it is not clear wHyfound latitudinal difference in taxonomic richnes$or
Gracilaria but notfor Ulva.

Similarly, seasonaéffects were also strongwith higher abundances and mdexa
found in summerprobably becauskuffering of temperaturand desiccation stress more
important under warm conditionglohnson and Scheibling 1987)hese results support
previous observation by Bakdah et al.(2016) which also found more invertebrates
associated wittUlva and Gracilaria during summerbut hereexplaineddue to changes in
predation pressure aridod availability and quality. Seasonal fluctuation in the invertebrate
assemblages in intertidaabitatsare well documente@Gunnill 1983, Johnson and Scheibling
1987) and are typically related tocenvironmentalconditions such as temperature and
desiccationstress(Colman 1940, Hagerman 1966, Gunnill 1983hysiological features of
seaweedfHagerman 1966, Mukai 1971, Gunnill 1983, Trotter and Webster E@@4gpecies
interactiors, such as predation and competitistagerman 1966, Hicks 1977980, Edgar
1983) Temperaturend degcation stressnay beparticularly important fosmall organisms
that lackstructuredo limit water loss, such as amphipadise most abundant invertebrates in
my study)which may therefore inhabit seawessdtliring low tide(McBaneand Croker 1983)

2.53 Types ofhabitat formers

My experimentshowed that living seaweedgnerally area betterhabitatfor invertebrates
than seaweedmimics regardless of their morphologgsall major taxonomicgroupswere
more abundant on tHeving habitatformers. This is consistent witlrther studiesthat have

shown higheepifaunalabundances on living rather than Aming seaweed suggesting that
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trophic subsidies to grazassimportant in benthic systeniBologna and Heck 1999, Bostréom
and Mattila 1999, Viejo 1999, Gartner et al. 2013)ill, structuraleffects are clearly also
important because myansplanted mimiceere all rapidly colonized by diverse invertebrate

communities.

2.54 Predation experiment

There is evidence thMicrelenchus dilatatuss consumed by crabs in New Zeald@alipes
catharus Wear and Haddon 198 Neverthelesd,found almost no predation dficrelenchus

in the AvonHeathcote, suggestirigat this gastropod is unlikely to inhabit seaweeds to avoid
predation.My predation experiments thereby contrast other studvbsgch found a lower
predation rate in presence of seaweg@ber 1985, Bostrom and Mattila 1999, Adams et al.
2004) also for the congeneric seawddda lactuca(Wilson et al. 1990b)

2.55 Habitat cascades

The habitat cascades documertiete appear to be relatively similar to othmluscseaweed
(Albrecht and Reise 1994, Koivisto and Westerbom 2010, Thomsen et a). T2tdfisen et

al. 2016a)pr plantmollusc(Valentine and Heck Jr 1993, Altieri et al. 2007, Altieri et al. 2010,
Angelini et al. 2015, Altierand Irving 2017ascadesA common featureof the® cascades

is the strongmorphologicaldifference betweethe primary and secondary habitat formers
which, theoretically should lead to stronger effects compared to cascades where habitat
formers are ecologically similgfhomsen et al. 2010, Angelini and Silliman 2014, Thomsen
et al. 2016a)By contrast, cascades where primary and secondary habitat formers are both
plants(Watson 2002, CruAngon and Greenberg 2005, Koh 2008, CAmgon et al. 2009)

or seaweedéWorm and Sommer 2008,ejo and Aberg 2003, Buzdacobucci and Pereira
Leite 2014, Thomsen et al. 2016re less differenand, consequentlyndirect facilitatiors

appear to béess strong.

2.5.6Conclusions

Seaweednvertebrate interactions can be strongly affected by several seaattebstes
(Wernberg et al. 2013)ot considered in this study, such as chemiatrgl palatability to
grazers(Haavisto et al. 2001, Hemmi and Jormalainen 2002, ®mta and Kotta 2004,
Kraufvelin et al. 2006pr the colour, texture and morphology if used for sheftéacker and
Madin 1991, OraaKotta and Kotta 2004, Thomsen et al. 201®) addition, $ructural
complexityand inhabitants habitat perception are strongly stapendentDibble et al. 2006,
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Hansen et al. 2011 My study should be supplemented with direct tests of how seaweed
attributes affect host affinities, and test how affinities may be modified by habitat complexity
and scale

This study reportedstrong positive effect ofsecondaryhabitatforming seawees
attachedo cockles insedimentarestuarieswhereUlva wasa better habitahanGracilaria,
probablyreducing temperature fluctuations and desiccation saresproviding food resources
for grazers. Theby, thee habitatforming seaweed$undamentdy change thenvertebrate

assemblagef®und insedimentarestuaries.

32



Tables

Table 21 Overview of PERMANOVA reporting the results of the factoaaalysis All factors

weretreated agsixed andéo Es t wasm ¢ t ed i n O Lrepresent thedcendributioia | u e s
of each test factor to the totalata variability of the PERMANOVA models(h? =

SSxplained SSrotal). Univariate and multivariate variables were analyzed with Euclidean distance

and BrayCurtis similarity coefficientyespectivelySee Appendi8-2.2, 3-2.3, 3-2.4 and3-2.5

for complete PERMANOVA tablesSignificant values are in bold (*: p = 04601, **: p =

0.01-:0.001, ***: p < 0.001).

Factors Abundance Richness Community
structure
Spatial survey: effects afeaweed species identity and biomass across latitudes
Seaweedpecie{Spe) 4.83%*** 4.38%*** 1.87%***
SeaweediomasyBio) 0.67% 24.34%*** 3.519%***
Elevation (Ele) 4.06%*** 0.08% 2.37%***
Latitude (Lat) 0.51% 2.59%** 6.929%***
Estuary(Latitude]Est(Lat)) 11.69%*** 6.83%*** 26.23%***
Spe x Bio 0.75% 1.02%* 0.29%
Spe x Ele 0.07% 0.09% 0.37%*
Spe x Lat 2.40%** 2.99%** 0.89%**
Bio x Ele 0.11% 0.06% 0.27%
Bio x Lat 1.00% 1.06% 1.15%***
Ele x Lat 0.87% 0.09% 1.83%***
Spe x Est(Lat) 4.74%** 2.53% 6.67%***
Bio x Est(Lat) 3.05% 4.59%* 3.01%**
Ele x Est(Lat) 9.09%*** 5.58%*** 4.82%***
Spe x Bio x Ele 1.02%* 0.02% 0.28%
Spe x Bio x Lat 0.43% 0.94% 0.53%
Spe x Ele x Lat 2.16%** 0.35% 0.72%*
Bio x Ele x Lat 1.59%* 0.57% 0.83%**
Spe x Bio Est(Lat) 5.06%* 2.71% 2.61%***
Spe x Ele x Est(Lat) 3.03%* 2.36%* 1.32%*
Bio x Ele x Est(Lat) 1.34% 1.19% 1.32%
Spe x Bio x Ele x Lat 0.89% 0.03% 0.30%
Spe x Bio x Ele x Est(Lat) 0.61% 1.52%* 0.41%
Seasonal survey: effects of seaweed species iderditgd biomass across seasons
SeaweedspecieqSpe) 9.21%*** 3.25%** 2.34%***
SeaweediomasyBio) 3.42%* 24.20%*** 4.49%***
Elevation (Ele) 0.16% 1.57%* 3.31%***
Season (Sea) 0.00% 0.72% 1.61%**
Spe x Bio 0.03% 0.53% 0.69%
Spe x Ele 0.74% 0.11% 1.72%**
Spe x Sea 0.37% 2.91%** 1.16%*
Bio x Ele 0.54% 1.67%* 0.44%
Bio x Sea 0.05% 0.03% 1.83%**
Ele x Sea 0.98% 1.86%* 0.72%
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Spe x Bio x Ele 0.95% 0.01% 0.30%
Spe x Bio x Sea 0.65% 1.36%* 0.41%
Spe x Ele x Sea 0.02% 0.16% 1.32%*
Bio x Ele x Sea 0.88% 0.61% 0.48%
Spe x Bio x Ele x Sea 1.54% 1.21% 0.63%
Experiment 1: effects of seaweed species identity and biomass across seasons
Seaweedspecie{Spe) 0.22% 1.08% 1.39%**
SeaweediomasgBio) 0.55% 2.66%* 5.15%***
Elevation (Ele) 3.24%** 3.82%** 2.20%0***
Site (Si) 0.56% 1.80%* 1.35%**
Season (Sea) 10.34%*** 12.05%*** 7.06%***
Spe x Bio 0.00% 0.07% 0.87%
Spe x Ele 0.93% 0.85% 0.88%**
Spe x Si 0.37% 1.23% 0.14%
Spe x Sea 0.02% 0.21% 0.22%
Bio x Ele 2.07% 1.08% 1.27%*
Bio x Si 1.57% 1.31% 1.36%**
Bio x Sea 6.50%0** 7.57%** 4.47%***
Ele x Si 0.24% 0.01% 2.14%0***
Ele x Sea 1.13% 2.01%* 0.80%**
Si x Sea 0.13% 0.65% 0.38%
Spe x Bio x Ele 0.89% 0.80% 0.82%
Spe x Bio x Si 2.66%* 1.53% 2.11%***
Spe x Bio x Sea 0.17% 0.17% 0.63%
Spe *Ele x Si 1.84%* 2.22%** 0.87%**
Spe x Ele x Sea 1.36% 1.11% 0.82%*
Spe x Si x Sea 0.00% 0.03% 0.16%
Bio x Ele x Si 0.70% 0.93% 0.53%
Bio x Ele x Sea 0.36% 0.23% 0.37%
Bio x Si x Sea 1.36% 0.48% 1.61%***
Ele x Si x Sea 0.12% 0.04% 0.65%*
Spe x Bio Ele x Si 2.29%* 1.81% 0.38%
Spe x Bio x Ele x Sea 0.73% 0.51% 0.51%
Spe x Bio x Si x Sea 0.32% 0.71% 0.94%*
Spe x Ele x Si x Sea 0.47% 0.19% 0.34%
Bio x Ele x Si x Sea 0.12% 0.21% 0.99%*
Spe x Bio x Ele x Si x Sea 0.05% 0.28% 0.02%
Experiment 2: effect of structur@sbeing alive
Seaweedpecie{Spe) 0.07% 3.34% 2.01%
Seaweedype (Typ) 72.50%*** 38.87%*** 29.04%***
Host type (Hos) 2.07% 19.57%** 4.38%
Typ x Spe 1.69% 1.33% 3.78%*
Typ x Hos 5.03% 15.37%** 7.30%*
Spe x Hos 1.16% 6.72% 5.04%
Typ x Spe x Hos 1.67% 7.77%* 8.37%**
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Table 22 Abundances ofnvertebratetaxa found associated withAustrovenus stutchburyi
without epibiota (A)vs with attachedGracilaria chilensis(AG), Ulva sp. (AU), Gracilaria
mimics (AGm), or Ulvamimics (AUmM). The most common taxa attached\astrovenushells
(with and withoutUlva or Gracilaria attached)were the anemoneAnthopleurasp. (81
individuals in tota), the limpetNotoacmednelmsi(40) and the barnacéhamaesipho columna
(37).

Amphipods,

n Snalils copepods, Crabs Polychaetes Sea Bivalves Other

) anemone

isopods

A 115 0.30 0.02 0.00 1.15 0.09 0.01 0.00
AG 287 7.17 10.53 1.75 2.70 0.25 0.31 0.05
AU 256 9.37 9.47 0.97 2.62 0.33 0.11 0.05
AGm 9 7.00 5.78 1.33 2.78 0.11 0.00 0.00
AUm 9 5.00 1.33 0.44 0.22 0.00 0.11 0.11
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Figures

Figure 21 Spatial surveyeffects of seaweed species identity and biomass across latitudes

Abundance (A, B, C) and richness (D, E, F) of invertebrates associatedsvetilaria

chilensis(G, dark grey) otJlva sp. (U, grey) at low (L) and high (H) biomass from northern
(A, D), central (B, E) and southern (C, F) latitudésllected seaweed we attached to the
cockleAustrovenustutchburyiResults fromAustrovenugollected without attached seaweed

were not shown because very few invertebrates inhabited the shells ZT3blbata were

standardized by seaweed dry weight. Error bars = hSB2 The testfactor6e Est uar i es 0

0 E| e vweteipaoledDifferent letters indicate significant differences as detected by pair

wise ttestcomparisos.
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Figure 22 Spatial surveyeffects of seaweed species identity and biomass across latitudes

MDS plot of community structurdbased on the Bra@urtis similarity coefficien) for

Gracilaria chilensigdark grey, Ulva sp. (grey) in low (circle) and high $¢quaré biomass from
northern(A), central (B) and southern latitudes (C). Results frdustrovenusstutchburyi
collected without attached seaweed were not shown because venyvétebrates inhabited
theseshells (Table2.2). For simplicity, data were split intamorthern, central and southern

latitudes but results are from the same analgsidthe threeglots can bsuperimposed on each

other @nd therefore have the sartexavectorg. Data were standardized lsgaweediry

weight and squareoot transformedn = 32 The test factor® Est uar y 6
pooled A SIMPER analysisvas used to determine which spedaestributed up to 50%f the

data variability(1: amghipods, 2:Micrelenchus tenebrosu8: Diloma subrostratq Stress:

0.22.
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Figure 23 Seasonal survegffects of seaweed species identity and biomass across seasons
Abundance (A, B) and richness (C, D) of invertebratesociated witlGracilaria chilensis

(black) andUlva sp. (grey) in high (H) and low (L)biomasan summer (A, C) and winter (B,

D). Results from collectedustrovenustutchburyiwithout attached seaweed were not shown
because few invertebrates inhabigiells (Table2.2). Data were standardized by dry weight

of the secondary habitédrmer.Error bars = 1 SEn = 24 The test factod El evat i ono
pooled. Different letters indicate significant differences as detected by-vpiae t-test
comparisoB. Capital letters refers to thépecieé test factor, lower case letters to the

Biomasstest factor.
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Figure 24 Seasonal survegffects of seaweed species identity and biomass across seasons
MDS based on communitgtructure (based on Bra&yurtis similarity coefficien) for
Gracilaria chilensis(black) andUlva sp. (grey) in low (circle) and high (square) biomass, i
summer (A) and winter (B). Results from collec#akstrovenustutchburyiwithout attached
seaweed were not shown because very few invertebrates infthbgeshells (Table.2). For
simplicity, data weresplit into summer and wintdyut results are from the same analysisl
the two plots can be superimposed on each ¢#rertherefore have the sartexavectors.
Data were stadardized by dry weight of the seaweed and squ@etransformed. n = 22 he
test factord EI ev at i o n A SIMRER analysiavhseused to determine which species
contributed up to 50% of the @avarability (1. Micrelenchus tenebrosu&: amphipods, 3:
Diloma subrostrata4: Halicarcinus white). Stress: 0.24.
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Figure 25 Field experiment leffects of seaweed species identity and biomass across seasons
Abundance (AB) and richnessQ, D) of invertebratesihabitingGracilaria chilensis(black)
andUIvasp.(grey) inlow (L), medium (M) and high (Hhiomass in summer (AG) and winter
(B, D). Data were standdized by dry weight seaweed. Error bars SH, n = 20 The test
factors6 Si t ed6 and 06 E| eifferdnt lettersindivate signifigard diflerendfes

the significan®® S p e cBii eosm aiteraction

160 {A: Summer | B: Winter = Gracilaria
—= Ulva

140
120
100 -
80 A

w0 T | T
> 10 mERE T

100 4 C: Summer | D: Winter

Abundance / gDW seaweed

a
80 A

60 - bc

40 -

c T w’ 1
T a ab ab a ab
20 + 1 T
ﬁ e all s
0 - 4 : ‘

GL GM GH UL UM UH GL GM GH UL UM UH

Taxa / gDW seaweed

40



Figure 26 Field experiment leffects of seawed species identity and biomass across seasons

MDS based on community structure (based on &astis similarity coefficien) for

Gracilaria chilensis(black) andUlva sp. (grey) in low (triangle @wvn), medium ¢ircle) and

high ¢riangleup) biomassn summer (A) and winter (BJ-or simplicity,data weresplit into

summer and wintebut results are from the same analyaisd the two plots can be
superimposed on each otlfand therefore have the satagavectorg. Data were standardized

by dry weightseaweed and squareot transformedThe test factor® Si t e6 and OEI e
were pooledn = 20 A SIMPER analysisvas used to determine which species contributed up

to 50% of the data variability(1: Micrelenchus tenebrosu®: Diloma subrstrata 3:

amphipods, 4: copepods, 5: juvenile crabs). Stress: 0.19.
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Figure 27 Field experiment 2effects of structure's being alive Abundance (A, B, C) and
richnes (D, E, F) of invertebrates i@racilaria chilensis(G) and its mimic (Gm)andUIva
sp. (U) and its mimic (Umkattached toive Austrovenusstutchburyi(A, D), to Austrovenus
mimics (B, E) or to Austrovenusshelk (C, F). Results fromAustrovenusollected without
attached seaweed were not shown because very few invertebraletedhtieese shells (Table
2.2). Data were standardized bgaweedlry weight.Error bars = 1 SF = 3 Different letters
indicate significant differences. Capital leteebrs t o t he 0 Sp lewer caed
lettersto thed B i o nestdastdr.
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Figure 28 Field experiment 2effects of structures being alive MDS based on community
structure (based dBray-Curtis similaritycoefficien) for living and mimics (m) oGracilaria
chilensis(G) andUIlva sp. (U). Data were standardized by dry weighiweed and squareot
transformed prior t@nalysis.The test factod Ho s t 6 wm@a=s9. Resultslfrendcollected
Austrovenusstutchburyi without attached seaweed were not shown because very few
invertebrates inhabitetheseshells (Table2.2). A SIMPER analysisvas used to determine
which species contributed up to 5@%the data variabtly (1: amphipods, 2Micrelenchus

tenebrosus3: Diloma subrostrata Stress: 0.16.
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Figure 29 Field experiment 3, testin§ the predatorycrab Hemigrapsus crenulatusodify
habitat occupancy of theherbivorous gastropod Micrelenchus tenebrosus +/-:
presence/absence of predator. Only 2.2% ofjaditropodsxposed to predatory crabs were
crushed. Gastropods wdoeind inhaltting mud or attached tdlva sp. orGracilaria chilensis
The t e sBti ofmeestpadiednsé 5.
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Figure 210 Hostaffinity of invertebrategquantified from aspatial survey (A)a seasonal

survey (B), and two fieléxperimens (C-D). Hosts were eitheGracilaria chilensisor Ulva

sp. (plain pattern, black and grey respectiyel@racilaria mimic or Ulva mimic (both white

but fine pattern with different orientation}sastropods, excludingdchids were mainly
Cellanasp.,Notoacmeasp.,Amphibolasp.,Cominellasp, trochids wereDiloma subrostrata

and Micrelenchustenebrosus crabs wereHemigrapsussp., Macrophthalmussp., Helice

crassg andCyclograpsus lavauxspider crabsveremainly Halicarcinus whiteja nd &ébot her s
were isopods polychaetes bivalves, chitons, and ostracods Data were standardized by
seaweedlry weight. Error bars =1 SB =9 *** =p <0.00% ** =p<0.0] * = p<0.05.
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Figure 211 Correlation between the biomasé secondaryhabitatforming seaweed(G:
Gracilaria chilensis U: Ulva sp.,Gm: Gracilaria mimic, Um: Ulva mimic) andthe abundance
(A) and richness (B) of invertebratédlva, n = 249 Gracilaria, n = 282 Ulva mimic, n = 9

Gracilaria mimic, n = 9.
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Figure 212 PCO analysis of wrphological traits ofiving (circles) and nosiving mimics
(squaresprimary habitatforming cockles(white: Austrovenustutchburyj A) and secondary
habitatforming seaweesd (black: Gracilaria chilensis G; grey:Ulva sp., U). n = 10. SDw:
surface area:dry; Db: fractal dimension; C: circularity;lacunarity. Data were squareot

transformecdand normalisegrior to analysis
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Figure 213 Morphological traits ofprimary habitatforming cockles (A: Austrovenus
stutchburyj Am: Austrovenusnimic) and secondgrhabitatforming seaweed@J: Ulva sp.,
Um: Ulva mimic, G: Gracilaria chilensis Gm: Gracilaria mimic). Error bars = 1 SE, n = 10.

In most of cases, error bars are too small to be visible. Different lettBcsite significant

different treatments
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CHAPTER 3: Are long habitat formation cascades common? A

test with an estwarine 4-level interaction chain

3.1ABSTRACT

Many studies have shown that two@ccurringhabitatforming species increase biodiversity
compared to systems dominated by a single hafioitating species. However, in some places,
three or morehabitatformers may ceoccur, perhaps causing complicated effects on local
communitiesMy aim is to document a nedvl dabijat forméion cascad@wheretheprimary

bivalve Austrovenus stutchburyprovides attachment space fathe secondaryseaweed
Gracilaria chilensisthat, again provides substratum fothe tertiary epiphytic seaweeddlva

sp. | tested if this long bivalveeaweedseaweed cascade affeciaslertebrate communities

and if it is a general process operating acfésacilaria biomass seasons, elewion levels,

sites and estuaries. An observational study and a natural experiment confirmbdvahat
generally increased invertebrate abundances and altered community structures, whereas
increases in taxonomic richness only was observed unsieabersubset of environmental
conditions. These positive effects were, however, not supported in an experimernit udeeie
nortliving Ulva mimics, suggesting thatommon invertebrates grazen Ulva. Finally,
analyses of allhedata in a single quantitative dfesis, confirmed thatresence of epiphytic

Ulva on Gracilaria significantly increased abundance whereas an observed net increase in
richness was not statistically significant from zdralso note that many results were variable
between elevation levelseasos sites and estuaries, demonstrating that conclusions derived
from singlesite data collections should be interpreted cautiously. Based on these results and a
growing number of observations from systems where epibiosis is common, like marine benth
habitats) suggest that many other long habitat cascades are likely to exist, and encourage more
research into these processed#ter understand how -@xisting habitaforming species

affect local communities.

3.2INTRODUCTION

Positive species interactions are ecologically important procéBsegiess and Callaway
1994, Callaway 1995, Bertness and Leonard 1997, Stachowicz 2001, Bruno et atha003)
occur through direct facilitation like mutualism, ahdbitat form#&on and modification, or
indirect facilitation arising through processes likeystone predation, trophic cascades or

facilitation andhabitat forméion cascadefaine 1969, Menge 1995, Jones et al. 1997, Levine
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1999, Mouritsen 2004, Borer et al. 2005, Yakatigl. 2008, Thomsen et al. 2010, Bishop et
al. 2012, Cordero et al. 2012, Johnston and Lipcius 20QP)these indirect facilitation
processeshabitat forma i on cascades (hereaft ersequemtialbi t at
biogenic habitat form#&on (Thomsen et al. 2010has received least research scrutiny.
Nevertheless, these processes have been documentetidsbmvater{Shannon et al. 1994,
Blanco et al. 2008, Mormul et al. 2010, Visconti et al. 20igrine(Schneider and Mann
1991b, Edgar and dbertson 1992, Mart#smith 1993, Bologna and Heck 1999, 2000,
Thomsen 2010, Thomsen et al. 2010, Thomsen et al. 2016a, Thomsen et al. 0tBajsh
and mangrovéAltieri et al. 2007, Bishoget al. 2009, Altieri et al. 2010, Bishop et al. 2012,
Dijkstra et al. 2012, Bishop et al. 2013, Angelini et al. 2015, McAfee et al. 20tiGgrrestrial
(Stuntz et al. 2003, Cru&ngon and Greenberg 2005, CrAngon et al. 2009, Diaz et al. 2012,
Angelini and Silliman 2014gcosystems. Taken in concert, these studies suggest that habitat
cascades can increase biodiveraityoss a variety of ecosystems, habitats and sgatiporal
scales

Almost all these studies have quantified facilitataorsing from 3tiered interaction
chai ns wh ehaleitat fopnesi nparroyvdéi d e h a b i haktdtforrhes,rthatd s e ¢ o n
again provide habitat for habitats i ng speci es (hereafter O0i nha
trophic cascade¢Tronstad et al. 2010)nalogue longer habitat cascades may exist, and
perhaps with more complex effects on inhabitant communities. Toldateaware of three
studies, all from marine sedimentary systems, that have quantified positive effects on
inhabitants arising from morthan two ceoccurring habitat formers. These studies have
documented long habitat cascades from seadpimat/e-seaweed Thomsen et al. 2013)
bivalve-seaweednailsseaweed(Thomsen et al. 2016a)and bivalvebarnacletunicates
(Yakovis and Artemieva 2017hteraction chainsAlthough these studies have documented
that long habitat cascades do exist, they were carried out on smalltspgpiaral scales
(Thomsen et al. 2013, Thomsen et al. 201@apnly reported impacts on a few targeted
inhabitant spaes(Thomsen et al. 2016a, Yakovis and Artemieva 20t #gmains unknown
whether long habitat cascades are unique or general processes that affect only a few species or
entire communities of inhabitants.

Here my aim isdescriling a new long bivalveseaweegeaweed habitat cascade and
test if (i) the third order habitat form@nodifiesentire communities (instead of only affecting
a few target speciesiii) the third order habitat formeéncreass biodiversity, and (iii) these
processe®perate across a range of environmental conditions (here, biomass levels of the

secondary Haitat formers, seasons, elevation levels, sites and estuartesye research
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guestions were addressed in estuaries onSthéh Islandof New Zealand, wheré had
observedthat thebivalve Austrovenus stutchburgian provide attachment substrate for the
coarsely branched seaweBthacilaria chilensisthat again can provide substrate for the sheet
forming seaweedUlva sp, that potentially further modify communities of small mobile
invertebrategHawes and Smith 1995, Thomsen et al. 2016a)

3.3MATERIALS AND METHODS

3.3.1 Observational study

An observational study was carried out to test if the abovementioned bsedweedseaweed

habitat cascade affect invertebrate communities across seasons and study sites and with
different biomass level®f the secondary habitat form&racilaria chilenss (hereafter
Gracilaria). Samples were collected at two sites (Site 1, 43°33'17.5"S 172°43'16.3"E, 3.2 km
from estuary mouth; Site 2, 43°33'16.1"S 172°43'03.2"E, 3.8 km from estuary mouth) in winter
(2015) and summer (2016) in the AvbleathcoteéEstuaryin the South Island of New Zealand.

At each sampling evenfAustrovenustutchburyi(hereafterAustrovenuswas collected with

small (6 cmfrond length 0.15 = 0.02 gDW) and large (>10 dnond length 0.55 + 0.07

gDW) attachedracilaria, with and withoutttachedJlva sp. (hereaftedlva). | also collected

0 ¢ o n Austroverdusvithout any attached seaweegklistrovenusvere collected during low

tide with a swift movemen(Baudrimont et al. 2003, Alkarkhi et al. 2008pm the mid
intertidal zone (n = er testfactor combinationAustrovenuss easy to collect because its

shell apex protrudes a few mm out from the sediment surfaasjrovenuswith or without
attached seaweed, were immediately added to a plastic bags and transported to the lab for

processing.

3.3.2 Manipulative experiment

In a manipulative experimerittested if the physical structure of-oocurring biogenitabitat

formers facilitate invertebrates and if results are consistent between sites and elevation levels.
This experiment was done using abiotic mimics of all three hdbitating species (Fig3.1C-

F). A 3D model of a representative liveistrovenug35 mm length) wa created from 78
photos covering different angles of the shell, in Autodesk Memento. Three different sizes (30,
32, 35 mm length) were printed with a Da Vinci 1.0A 3D printer to mimic typical cockle sizes
at the study site. These mimics are morphologicadry similar to liveAustrovenusnd dead

shells, but made of plastic instead of calcium carbor@tacilaria mimics (20 cm = 1.13
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gDW, Fig. 3.1C-E) were made from red/white plastic twine, cut, twisted and wrapped to
provide a shape that mimicking theacsely branched red alga. Mimics were then tied to a u
bent 20 cm metal peg pushed into the sediment. Fildli\g mimics were made of green
plastic flagging tape (5 cm = 0.15 gDW, FRB1D-F) and four mimics were attached to a
Gracilaria mimic that agan were tied onto arustrovenusnimic. A plastic twine was also
attached to th&racilaria mimics and al-bent 20 cm metal pegserted into the mud to prevent

the loss of the samples from tidal currents and waimestrovenusnimics with and without
attachedGracilaria or Gracilaria-Ulva mimics were inserted into the sediment (partially
covered to simulate the natural position of live cockles) at two sites (see observational study)
in both the shallow subtidal and mid integidone (n = 3). Mimics were otriansplanted on

late April and collected two months later as described for the observational study.

3.3.3 Natural experiment

Finally, | tested, in a natural experiment, if long habitat cascades can be found in different
eduaries in the South Island of New Zealahdpilot experiments| had observed that/lva

often attackd to my Gracilaria mimics, highlighting that the mimics simulated the physical
structure ofGracilaria. | therefore outransplanted 6 mimics tooth intertidal mudflats and
intertidal seagrass beds i n t he Nel son Ha\
Del aware Bay (41A90659. 7 8Heathcote EStUAY §48°3BL7.BH E) a
172°43'16.3"E) between October and November 2016, hoping thailsat not al) would be

inhabited byUlva. Ca 8-10 weeks later, a core was collected (0.0064 18 cm into the

sediment) around each peg and mimic, washed in the field imia Inesh bags to retained

mimics, seaweeds and macrofauna, before being traadpto the lab. Fomy analysis,

samples were grouped into mimics with no (or very litlehigh biomass of epiphytidiva.
Uvaabundances was not mani pul ated or contro
e X p er (Garban and Green 2008)

3.34 Laboratory analysis

Samplefrom the observational study and the manipulative experiment were rinsed into a 250
mm sieve (i.e., the shell collectiongyjhereas samples from the natural experiment was rinsed
in 2 10000 sieve (i.e., the sediment cores) to retain invertebrates atesbwiith the different
habitatforming species. Seaweeds were detached from their hosts and weighddiafteat

55°Cfor 48 hor until no further weight loss could be detected. Retained invertebrates were
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counted and large organisms were identifiedgecies whereas small inconspicuous species
were identified toOrder or Family undera dissecting microscopa 40x magnification,and

preserved in 70% ethanol

3.35 Statistical analyss

| tested for treatment effects i) total abundanceg(ii) taxonomic richnessand (iii)
multivariate community structure. Multivariate community data were seaatdransformed

to reduce the importance of a few highly dominant taxa. The three responses were analyzed
with permutationabased factorial analysis f ovariance (PERMANOVA in the
PRIMERV6/PERMANOVA+ software package; Clarke and Warwick 1984jvariate and
multivariate variablesvere analyzed with Euclidean distance and BZaytis similarity
coefficient, respectivelyAll factorsweretreated adixed. Note that O0Sited we
fixed factor because S1 (nearer to the ocean) and S2 (nearer to the river mouth) were positioned
along a typical estuarine gradient with predictable differences in salinity, turbidity, nutrients
and sediment charactstics(Skilton 2013) Similarly, | interpreted the three sampled estuaries

to represent a gradiemt anthropogenic disturbances, whéne Avon-HeathcoteEstuaryis
surrounded by Christchurch (population size of ~400,000), Nelson Haven is situated close to
Nelson (~50,000) and Delaware Bay is in a rural area (with a few scattered houses). Finally,
effects ofUlva attached tdGracilaria (GU) was compared to effects Gracilaria alone (G)

across the three data sets in a single quantitative analysis. Hpapes calculated, as a
standardi zed effect sivez@&UOd ftorre aetantehn tnsa t(cchfi.n gt |
and black bars in Fig.2, 3.4 and3.6) as[(GU - G) / S] 2 J, where S is the pooled standard
deviation and J is a factor that corrects for bias associated with small sampléssezes
Borenstein et al. 20097 standard metanalysis was carried out on abundance and richness
data separately, using weighted random effect models, assthmirgummary statistics have

both sampling error and a true random component of variation in effect sizes between studies
(Borenstein et al. 2009)

3.4RESULTS

The observational study showed, as hypothesized, more invertebrates in the presence of
epiphyticUlva (4.52 + 3.77nd. per cockle) than without (3.00 + 2.33)@5= 3.65, p = 0.05

Table 3.} and at high (5.22 + 3.93) compared to low (3.98 + 0®@2ilaria biomasse$Fi g5

=43.67, p .001), irrespective of site conditions or season (i.e., all other test conditions were
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nonsignificant) (Fig.3.2A, Appendix 3-3.1, 3-3.2, 33.3 for correspnding PERMANOVA
tables). Havever, for richnesd,only found more taxa with (4.52 + 0.28xa per cocklethan
without (3.00 + 0.38epiphyticUlva at site 2, not sitd (Ulva x Site; k. g5= 4.35, p = 0.043,

Fig. 3.2B). In addition to these positive effectsldlva, | also found significantly more taxa in
summer (kEss= 7.82, p = 0.007), at higBracilaria biomasse$Fi,ss = 10.41, p = 0.005) and

at site 2 (kss= 4.73, p = 0.025) (Fig3.2B). Ulva had strong communitwide effects (css=

5.61, p = 0.001) although they, like for taxonomic richness, varied acrossUlitas<(Site;
F185=3.45, p = 0.001). Communities also varied significantly, like richness, between seasons
(Frss = 3.06, p = M12), Gracilaria biomasss (ks = 8.71, p = 0.001) and site conditions
(F185=4.20, p = 0.001) (Fig3.3).

In contrast to the observational study, whefeund positive effects of livélva, |
found such no effect on invertebrate abundances wheitiattlflva mimics were added to
Gracilaria mimics (all effects were nesignificant, Fig.3.4A-B). However, there were
significantUlva x Elevation x Site interactions for both richnesgsf= 5.50, p = 0.027/Table
3.1) and community structures (ks = 3.43, p = 0.026), suggesting complex effects on entire
invertebrate communities from thdlva mimics (Fig. 3.5, no other interactions, except
Elevation x Site, were significant).

In the natural experiment found again as hypothesizednd documentedh the
observational study, more invertakes in the presence of epiphytic lvkva (5.33 = 1.94nd.
corel) than without (4.25 + 1.9XF1,64= 6.06, p =0.015 Table 3.). In addition,l also found
asignificant effect of Estuary on abundan@@ses= 6.54, p = 0.006ig. 3.6A) anda complex
3-factorialUlva x Habitat x Estuary effecin richnesgFi 64= 4.44, p= 0.023) where the latter
result suggesthatUlva doesaffect richness, but that these effects vary between seagrass beds,
mudflats andestuariesUIva also significantly affectethecommunity structures (fs= 2.67,

p =0.01), as did Habitat {l2= 2.20, p = 0.028) and Estuaries k= 7.95, p = 0.001\Wwhereas
all interactions were nesignificant(p > 0.05).

Finally, theanalysesarried out across all data setsfirmed thaGracilaria with Ulva
attachedhad significantly higher invertebrate abundancesmpared toGracilaria without
Ulva (Hedges §=0.411, 95% CI = 0.090.729, p = 0.011, @ = 12.87). However, although
the owrall net effect on richnessas also positive, this effect size was not significantly
different from zero (Hedge § = 0.137, 95% CI =0.3050.579, p = 0.544, @ = 32.57).
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3.5DISCUSSION

In this studyl documented a new examplead | ongé habi ltcantparedad witha d e
the similar lowetlevel habitat cascade, demonstrating totrtiary habitat formemcreases
invertebrate abundance ambdifies thecommunitystructuresThesefindings supporta few
previous published exaples of increased facilitation arising from lohgbitat cascade
(Thomsen et al. 2013, Thomsen et al. 20¥&&kovis and Artemieva 2017)

Most studies on facilitation and habitat cascades have tested if the addition of a
secondary habitat former increas®odiversity compared to when a primary habitat former
exist on its own(Watson 2002, Altieri et al. 2007, Bishop et al. 2009, Altieri et al. 2010,
Thomsen et al. 2010, Bishop et @12, Bishop et al. 2013, Angelini and Silliman 2014)ese
studies have typically found higher abundanaaed more taxa of inhabitants whéabitat
forming species ceexist although exceptions to this rule eXldblmquist 1997, Adams et al.
2004) Here | found strong support for a typical secemdier habitat cascade because both
richness and abundances generalgrevmuch higherwhen Austrovenuswvas inhabited by
Gracilaria compared to wheiustrovenusvas collected alone (Fig. 3.2, 3.4). This strong
cascade is thereby very similar to cascades involving Glemilaria species attached to the
snailBatillaria australis(Thyrring et al. 2013, Thyrring et al. 201 ®)e tubes of the polychaete
Diopatra cupreg Thomsen 2010)r the byssal threads of the muddgtilus edilis (Thomsen
et al. 2013)and confirnsthe importance of seawesals important habitat formers in estuarine
sedimentary systenfsangtry and Jacoby 1996, Kdxo and Bonsdorff 1996b, ¢, Norkko 1997,
Raffaelli et al. 1998, Bates 2009, Koivisto and Westerbom 2010, Thomsen et al. 2010, Bishop
et al. 2012, Cordero et al. 2012, Johnston and Lipcius 2012, Bishop et al.@odpared to
Gracilaria, Austrovenusind mawy other bivalvesre mostly covered by mud, thereby limiting
attachment for many sessile spedigakovis et al. 2005, Gribben et al. 2009, Yakovis and
Artemieva 2017and making it an adverse habitat for mobil&ama like many amphipods
and snails. The small substrate area exposed above the sediment surfaceelplaonly
found (besideGracilaria) a few attached limpets and barnacles Austrovenus By
comparisonGracilaria offers a number addditional ecological niches and functigii®iomas
et al. 1998, Cordero et al. 2012, Johnston and Lipcius 26b2)exampa, Gracilaria has a
complex morphology with a large surface and interstitial spaces that fasiletetebrates of
various species and sizéBuschmann et al. 1997, Nyberg et al. 2009, Thomsen 2010)
FurthermoreGracilaria may also provide a direct food sourceslferbivoregAnderson et al.

1993, Anderson et al. 1998, Mancinelli and Rossi 2@08n indirect food resource because
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Gracilaria can provide habitat for readily digestible diatom communfi&stcher 1995, Wang

et al. 2017)Finally, the many interstitial spaces may also provide protection against predation
for species such gavenile crabs and spider crafikis study), as shown for other juvenile
crabs inhabiting the rasive seawee@. vermiculophyllgJohnston and Lipcius 2012, Wright

et al. 2014)

It is well documented thaBracilaria increase small scale levels of biodiversity in
sedimentary systems becauSmacilaria increases habitat space and habitat complexity (see
above references). However, expectations about how epighiytc(on Gracilaria) affects
biodiversity in these systes is more complicated. For example, the sha®@ting Ulva is
morphologically simpler thaGracilaria and probably provideless hiding place@Munari et
al. 2015) This was supported bmy results because net community effects were highly
variable acres different environmental conditions and only came across as clearly facilitative
whenl analysed effects across the entire data set (and only for abundances). Yet, although not
observedinthisstudylvats 6 f | at habitat é manyertgbmatespécesse a n
that are poorly adapted to the tubular and branching patt&recflaria (branched vs sheet
forming; Colman 1940, Seed and O'Connor 1981, Taylor and Cole 1994, Kostylelo&t7al.

Beck 1998, Beck 2000, Chemello and Milazzo 200&)re importantly,Ulva typically has
highernitrogen content, less secondary metabolites and less rigid cell wall conmgame g
therefore more palatable comparedGmacilaria (Hagerman 1966, Grahame 1973, McBane
and Croker 1983, Pederson and Capuzzo 1984, D'Antonio 1985, Watson and Norton 1987,
Poore 1994, CruRivera and Hay 2001, Kamermans et al. 2002)ese differences may
explain why | found more invertebrates in the presence of epiphitia, in particular of the
herbivorous snaiMicrelenchusandherbivoresamphipodsindeed, whem eliminated trophic
subsidies by using/lva mimic, | found, as expected, that herbivorous invertebrates were no
longer facilitatedBologna and Heck 1999, Bostrém and Mattila 1999, Viejo 1999, Gartner et
al. 2013) Neverthelesgven though this tertiary habitat former modified community structures
and facilitated herbivorous invertebrates, effects wessdramatic than facilitatioreffect
derived fromthe secondary habitat forméGracilaria). Although only fewstudies have
documented similar long habitat casca@@®msen et al. 2013, Yakovis and Artemieva 2017)

it is likely, given the high prevalence fafcultative epibionts for marine sessile spe¢wsahl

and Mark 1999)that many more undocumented examples exists, in particular in benthic rocky
systems where available hard substrates and number of epibiontic species are much higher than

in estuarinesystems.
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It has previously been discussed whatever long habitat cascades increases stability of
invertebrate communitigy’akovis and Artemieva 2017However,| observed here thatlva
could change biomass rapidly, partly due to new colonization and fast growth, partly because
its thallus often rakoff. Furthermore, during growtlllva drag increasg increasing the risk
of dislodgment of (or from)Gracilaria or entrainment of the entire cockissaweed
association (that then dsfaround with the tidal currentgflawes and Smith 1995, Lutaenko
and Levenets Z®). | suggest that, although relatively common in estuaries in New Zealand,
this particular long habitat cascade may be less stable than other long habitat cascades
(Thomsen et al. 2016a, Yakovis and Artemieva 20lhdeed, given that hydrodynamic drag
increases disproportionally with increasing seaweed biorftdasies andSmith 1995)
Gracilaria will eventuallydislodgeover time I finally suggest that hydrodynamic forces and
biomechanical sizdragconstrains ultimately will limit the stability of many other long habitat
cascadefGaylord et al. 1994, Hawes and Smith 1995, Thomsen 2004)

| concludethat a tertiaryhabitatforming epiphytic seaweed, in a long habitat cascade,
altered communities and increased abundances of invertebrates. In atifituod this long
habitat cascade under a wide range of environmental conditions, although with highly varying
effects ranging fromteong facilitation to inhibition of invertebrateBased on these results
and a growing number of observations from systetmere epibiosis is commohsuggest that
many ot her o6l ongdé habi t dadncoerags mosedesearchathese | i k e |
processes to better understand howexisting habitaforming species affecinvertebrate

communities
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Tables

Table 31 Overview of PERMANOVA reporting the results of the factorial analydidactors

weretreateda s f

x e d

and

0 Es t ua Values repeesent the cortribudioni n

of each test factor to the total variability of the PERMANOVA modefs SSexplained S Srotal).

Univariate and multivariate variables were analyzed with Euclidean distawcBrayCurtis

similarity coefficient, respectivelySee Appendix 3.1, 3-3.2, and 3-3.3 for complete

PERMANOVA tables.Significant values are in bold (f = 0.36-0.01, **: p = 0.01-0.001

% - < 0.001)

Factors Abundance Richness Community
structure
Observational study
Ulva(Ulv) 2.819% 0.07% 5.35%4**
Gracilariabiomass(Bio) 33.6294** 9.48%* 8.3094**
Site (Si) 0.10% 4.319% 4.0196**
Season (Sea) 1.07% 7.139%6* 2.929%
Ulv xBio 0.33% 1.66% 1.23%
Ulv x Si 2.02% 3.96% 3.2996**
Ulv x Sea 0.93% 0.06% 1.52%
Biox Si 0.03% 1.91% 1.09%
Biox Sea 0.98% 1.84% 0.74%
Si x Sea 1.27% 0.09% 0.43%
Ulv xBiox Si 0.36% 1.93% 1.14%
Ulv xBiox Sea 0.83% 2.61% 1.39%
Ulv x Si x Sea 0.28% 0.64% 0.67%
Biox Si x Sea 1.42% 0.45% 0.66%
Ulv xBiox Si x Sea 0.06% 0.08% 0.52%
Manipulative experiment
Ulva(Ulv) 0.63% 5.33% 5.17%
Elevation (Ele) 0.70% 2.35% 4.01%
Site (Si) 4.89% 15.35% 1.84%
Ulvx Ele 1.39% 0.68% 5.81%
Ulvx Si 10.23% 0.19% 7.30%
Ele x Si 0.39% 5.94% 13.8496*
Ulvx Ele x Si 10.51% 17.94%* 10.949%
Natural experiment

Ulva(Ulv) 7.65% 1.88% 3.299%*
Habitat (Hab) 1.01% 6.59% 2.71%
Estuary (Est) 16.499%6* 27.23%** 19.57%*
Ulv x Hab 2.80% 0.46% 1.06%
Ulv x Est 2.74% 2.24% 2.62%
Hab x Est 1.88% 1.00% 2.35%
Ulv x Hab x Est 0.58% 8.69% 3.17%
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Figures

Figure 31 The cockleAustrovenus stutchburyrovides substratum for the red seaweed
Gracilaria chilensisthat again providesubstrate for the green seawédda sp, as seen on
mudflat(A) andacloseup in the laboratoryB). Experimental transplant fahort (CE) and
long (D-F) habitat cascaddor the manipulative experiment with mimics Atistrovenus
Gracilaria andUlva, in laloratory(C-D) and field (EF) settings Experimental transplardf
Gracilaria mimicswith low and high biomas&s) that facilitated natural colonization biva

(H).

59



Figure 32 Observational studytesting for effects ofJlva sp. (U) attached tdracilaria
chilensis(G) in low (L) and high (H)biomassesattached tAustrovenus stutchburyfA) on
abundance (Fig. A) and richness (Fig. C) of invertebrates in summer and winter &esvo s
Errorbars=1 SE,n=6
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Figure 33 Observational studytesting for effects ofJlva sp. (U) attached tdracilaria
chilensis(G) in low (L) and high (H)biomassesttached toAustrovenus stutchburyA) on
multivariateinvertebrate community structurgssummer (A) and winter (B)he test factor

0 S i waspdoled For simplicty, data were split intgummer and winter but results are from
the same analysand thetwo plots can be superimposed on each e therefore have the
sameaxavectors) MDS plots were based on squewvet transformed data and the Bi@yrtis
similarity coefficient A SIMPER analysisvas used to determine which species contributed up
to 75% of the data variabilit{l: amphipodsspp, 2. Halicarcinus whitej 3: Micrelenchus
tenebrosus 4: Diloma subrostrata,5: juvenile craby Stress: 0.16. Of the 24 collected
Austrovenushells without attached seawe8Bdavere inhabited bat least 1 invertebra{points

shown on plots) but 16 were not (16 poimtgoordinate-1.4, 0.1).
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Figure 34 Manipulative field experimenttesting for effect ofUlva sp. (U) attached to
Gracilaria chilensigG) attached téustrovenus stutchburf®) on aéoundance (Fig. A, B) and
richness (Fig. C, D) of invertebrates at two sites andetewation levels. Error bars =1 SE, n
= 3. ND = no data as thescockles were lost in a storrm this experimentAustrovenus

Gracilaria andUIva were all norliving mimics.
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Figure 35 Manipulative field experimenttesting for effects oUlva p. (U) attached to
Gracilaria chilensis(G) attached t&ustrovenus stutchburgf) on multivariate invertebrate
community structures at twalevation levels and two siteglDS plots were based on square
root transformedlata and BrayCurtis similarity coefficientA SIMPER analysisvas used to
determine which species contributeg to 75% of the data variabilit{l: Micrelenchus
tenebrosus2. amphipodsspp., 3 Halicarcinus whitej 4: Diloma subrostrata Stress: 0.14.

None of the 12 collecteflustrovenusvere inhabited by invertebrates.
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Figure 36 Natural experimentesting for effects obllva (U) attached tdsracilaria mimics

(G) on the BundancgA) and richness (B) of invertebrates in two habitdsidflatvs Zostera

bed) andhree estuaries (AveHeathcote, DelawarBay, Nelson HavenError bars = 1 SE,
n==a6
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Figure 37 Natural experimenttesting for effects olJlva sp. (U) attached t&racilaria

chilensismimics (G) on multivariate invertebrate community strucinitevo habitatsMudflat

vs Zosterabed) andthree estuariesAvon-Heathcote DelawareBay, NelsonHaven) MDS

plots were based on square root transformedatatahe BrayCurtis similarity codiicient. A

SIMPER analysisvas used to determine which speatesitributed up to 75%f the data
variability (1: Micrelenchus tenebrosu&: errantiapolychaetes, :3Spisula aequilatera4:

Hemigrapsus crenulatu®: sedentarigpolychaetes, 6Notoacmeahelmsj 7: Halicarcinus
whitei, 8 Macomonaliliana, 9: Anthopleuraaureoradiata 10 Diloma subrostrata 11

Austrovenus stutchbupyiStress: 0.25. One outlier sample was remdkad the plot AH-ZT

with coordinates$.0, 0.0).
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CHAPTER 4: The role of drifting seaweeds in habitat cascades in

seagrass beds

4.1 ABSTRACT

Seagrasses are marine plants that take up nutrients, stabilize sediments, increase habitat
complexity and thereby increase the biodiversity of sedimentary coastaystems.
Seagrasses can also facilitate the local abundance of drifting seaweeds that become entangled
around their leaves and stems. Little is known about heeccarring seagrasses and seaweeds
affect seagrasassociated fauna, but it is possiblettti®e addition of seaweeds increase
biodiversity by providing additional or novel habitata process known ahabitat cascadel

tested the hypotheses thgtthe presence of seaweeds entangled in estuarine seagrass beds
modifiesbiodiversity via casading habitat formationiif similar processes occur across a wide
range of spatial and temporal conditions, andl the biomass and the structural attributes of
seaweeds (comparing living artificial mimics of seaweel modify the strength of habitat
cascades. Cores collected in seagrass beds with and without entangled seaweeds from a
latitudinal and a seasonal survey confirmed the first twpothesesentangled seaweeds
consistently increased the abundance and taxmichness of invertebrates in seagrass beds.

The third lypothesis was tested in a field experiment that demonstrated stronger facilitation of
invertebrates in high than low seaweed biomass and by live than mimic seaweeds. Furthermore,
a final largescale field experiment using different seaweed mimics showed consistent
facilitation of invertebrates with increasing mimic biomass between estuaries and across
latitudes, thereby supportingy hypotheses from a single experimental setting. In concert,
these reults show that entangled seaweeds, by adding biomass and different physical

structures, can support strong habitat cascades Hbhaifim estuarine seagrass beds.

4.2INTRODUCTION

Seagrasses are ecologically important foundation species that provigdexohabitat
compared to adjacent unvegetated sediments in estuarine and shallow coastal ecosystems
around the worldOrth 1973, Stoner 1980b, Peterson 1982, Edgar 1990a, Ferrell and Bell 1991,
Curras et al. 1994, Bostrom and Bonsdorff 1997, Connolly 198d¢ed, seagrasses provide

a wide range of ecosystem services, including modifying local hydrodyné@ti@nsminga and

Duarte 2000, Orth et al. 20Q@®uffering waves and currer(tdeiss et al. 200Q}aking up and

storing carbor(Fourqurean et al. 2012fltering nutrients(Short 1987) and providing food
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and shelter tseagrassssociated flora and fauidohn 1967, Abele 1974, Heck Jr and Orth
1980, Stoner and Lewis 1985, Hall aBdll 1988, Heck et al. 1995, Bostrém and Bonsdorff
1997) The abundance drdiversity of macrofauna are usually positively correlated with the
biomass of seagragBrook 1978, Heck Jr and Orth 1980, Stoner 1980b, Lewis Ill and Stoner
1983) and respond to variation in vegetation cofezwis Il 1984, Virnstein and Howard
1987)as a result of different microhabitat structures withirgszss bed&Stoner 1980a, Lewis

11l 1984).

However, seagrass are not the only macrophytes in sedimentary esassgasveeds
can be abundant and contribute significantly to primary productiaieebh seaweeds may
have many similarities to seagrass as they also affect ecosystem funectimhs as
environmental bufferig, filtering of nutrients an@roviding habitat to invertebrates. However,
estuarine seaweeds differ from seagrass in that theyreeq hard substrate for initial
attachment of early lifestages, and by having a morphological holdfast structure that psovide
support to withstand currents and way@ber 2007) Nevertheless, for many estuarine
seaweeds, these holdfast attachment structures and/or seaweed stipes and fronds are
biomechanically weak compared to hydrodynamic peak tides and storm (deasen
2004) often resulting in dislodgement or pruning of seaweed fr¢vidisteri et al. 2000)For
example, green opportunistic and fast growing sfareting Ulva species and slower growing
coarsely brancheGracilaria species are common in estuaries throughout the world, often
found attached to small rocks or shéfound 1981, Fletcher 1996, Thomsen 2004)ese
seaweeds often break off from their subst(étawes and Smith 1995, Thomsen 20a4jl
t her eby bec o me s Driftingisdaweesargsibsageeathy ttaasgorted witklai
currents and can be deposited high on the beach as wrack, in deep c(idorikdis et al.
2000)or in seagrass be@dolmquist 199, Cummins et al. 2004, Huntington and Boyer 2008)
because seagrass reduces tidal currents and stems and leaves provide physical structures for
entrapmen{Thomsen 2010, Halling et al. 2013)

Entrapped seaweeds can have drastic effactseagrasses and seagassociated
macrofauna by physically smothering théBell and Westoby 1987, Holmquist 1997, Adams
et al. 2004) reducing light availabilityHauxwell et al. 2001)producing toxic substances
through decompason processe¢Thybo-Christesen et al. 1993, Kraudensen et al. 1996,
McGlathery et al. 1997, Hauxwell et al. 200&hd decreasing oxygen leveéNorkko and
Bonsdorff 1996a, b, cHowever, some studies have shown that a relatively low biomass of
drifting seawed entangled within seagrass beds can have positive effects on invertebrate
communities(Stoner and Lewis 1985, Hull 1987, Holmquist 1997, Raffaelli et al. 1998,
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Cardoso et al. 2004, Thomsen 2Q1Bpr example, drifting seaweeds may provide more
structure and habitgKulczycki et al. 1981, Schneider and Mann 1991b, Holmquist 1994)
increase habitat complexi{yetter 1995, Langtryrad Jacoby 1996, Norkko and Bonsdorff
1996b, ¢, Norkko 1997, Raffaelli et al. 199&8)dincrease colonization area for new settlement
of juvenile invertebrate@Norkko et al. 200Q)Furthermore, seawegth seagrass beds also
provide trophic resources and refuges from preddkdesk Jr 1979, Heck and Thoman 1981,
Virnstein and Carboma 1985, Virnstein and Howard 1987, Wilson et al. 1990b, Holmquist
1994, Holmquist 1997, Norkko 1998, Vetter 1988Y facilitate invertebrate dispersal between
seagrass patches as they are passively transported in tumbling drit(ttegmith 1985,
Kingsford 1992, Holmquist 1994)

More recently, cumulative effects on invertebrates from entangled seaweeds in seagrass
beds have been reinterpreted in the context of cascading habitat formation, a type of facilitation
cascades that emphasises habitat formation as a driving ecologoes|Aftdieri et al. 2007,
Thomsen et al. 2010, Angelini et al. 2011, Thomsen and Wernberg 20tdycading habitat
formation ceexisting primary and secondary habitatming species facilitate inhabitant
species, compared to monocultures of the primary hdbitating species. For example,
Thomsen(2010)showed that the seagradsstera marinavas a primary habitat former, that
promoted entanglement of the drifting seaw&edcilaria vermiculophylla(secondary habitat
former) and the twbabitatformingspecies in concert increased richness, diversity and density
of local invertebrates. Similar examples have been described in the past for other seagrass
species, including halassiatestudinum(Leber 1985, Bologna and Heck 1999, Adams et al.
2004) Amphibolis antarcticaand Amphibolis griffithii (Edgar and Robertson 19923nd
Zostera noltii(Cardoso et al. 2004However, these studies were generally not considered in
the context of habitat casesland typically were done only at a single location with a single
type and biomass level of entangled seaweed. It therefore remains unknown how general these
processes are over wider spagmporal scales and to what extent seaweed attributes (e.g.,
aburdance or physical structure) modify the effect on seagrsssciated invertebrates.

Here | address this research gap by testing whether the presence of entangled seaweeds
modifies the abundance, richness and community structure of seass®dated macrofauna.
| also test if the abundance (i.e., biomass) and attributes (whether it is ralveantificial
mimic) of the entangled aeveeds affect the strength lodbitat cascade and if results are
consistent across a wide range of environmental conditions (here latitudes, elevation levels and

seasons).
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In this study, the primary habitat foemisZostera muller{hereafteZosterg the only
seagrass species in New ZealéBdort et al. 207). Zosterais common in estuaries, intertidal
sandflats (Den Hartog 1970and sheltered rocky shores in the intertidal and shallow subtidal
zoneg(Inglis 2003) The secondary habitat former is predominately the drifting sealked
sp. (hereaftetJlva). Ulva is a sheeforming opportunisticfastgrowing green algaéL.ittler
and Littler 1980}hat carform large and dense drifting mdi&etcher 1996, Jones et al. 2005)
Note, however, thatl/lva can also exist alone without seagrass on estuarine mudflats either
being attached to bivalve shells or drifting around on the shallow mudfietsher 1996,
Thomsen 200, Jones et al. 2008)Vhen found outside the seagrass habitita can therefore
also be considered a primangbitatforming speciesMany other species can have similar
6dual r ol es 6 raesondany hahitatdormen depamrding/on the habitat the species
occupies.For examples, many seaweed species are primary habitat formers on rocks or
sediments but can also function as secondary habitat formers when they are (i) entangled
around seagrasghis study, Holmquist 1997, Adams et al. 2004, Thomsen et al. 2012a,
Thomsen et al. 2013ii) attached to seagra@isdgar and Robertson 199®)(iii) entangled or
attached to saltmarshéBhomsen et al. 2009mangrovegBishop et al. 2012, Bishop et al.
2013)and other seavea specie§Viejo and Aberg 2003, Armitage and Sjagtun 2016, Thomsen
et al. 2016h) Other organismssuch as mussels and oystaran also be sampled both as
primary habitat formers on rocks or sediments and as secondary habitat formers when they are
embedded within seagraggalentine and Heck Jr 19933altmarshegAltieri et al. 2007,
Altieri et al. 2010, Angelini et al. 201%)r attached to mangrove propots (Hughes et al.
2014, McAfee et al. 2016)Typically, factorial experimentare applied to disentangle the
relative importance of habitatforming species dual ecological function, by crossing at least
two levels (preseneabsence) of both the primary and the secondary habitat formers (and
typically analysed with factorial ANO&X) (Adams et al. 2004, Altieri et al. 2007, Altieri et al.
2010, Bishop et al. 2012, Bishepal. 2013, Thomsen et al. 201Bdr simplicity, in this study
| generally refer taZosteraas the primary habitat former and to the drift seaweeds as the
secondary habitat former, but acknowledge that seaweeds, sammhe] ebuld also be
considere@rimary habitat formex

In this chapter, | tested seven hypotheggghe presence of primahabitatforming
species lva or Zosterg increases biodiversity compared to unvegetated mudidisn
1992, Connolly 1997, Mattila et al. 1999, Hosack et al. 2q@pb})he presence of a secondary
habitat former (herelJlva) in seagrass beds further increases biodiversity at the plot scale
(Schneider and Mann 1991a, Thomsen et al. 2012a, Thomsen et a).(RQ1Bese seagrass
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seaweed habitat cascades occur over a wide range of-sgraporal conditions, including

across latitudes, elevation levels and seagbihnemsen et al. 2010fiv) habitat cascades are

strong where desiccation stress is h{gh., at northern warm latitudes, in warm summer
months and at higher intedal elevation levelsassuming that facilitation is strong under high

stress as predicted by the Stress Gradient Hypotf®&sl; Bertnessrad Callaway 1994,

McAfee et al. 2016)(v) habitat cascades are strong when seaweeds are abundant and alive,
thereby providing more shelter and more trophic resofidesmsen et al. 2010, Bishop et al.

2012) (vi) habitat cascades are stronger whenlhong seaweed mimics are morphologically
ocompl ex6 (branched) compar e @Schbhemer and Manh ol o g i
1991Db) (vii) gastropods use seconddrgbitatforming seawees within seagrass beds, as a
refuge from predars (Kohn and Leviten 1976, Wilson et al. 1990b, Bourdeau and O'Connor
2003) The firstfour hypothesesvere addressed with a seasonal and a spatial survey where
sediment cores were collected from mudflats and seagrass beds fréwotiéleathcote
Estuary,in Christchurch, New Zealand (seasonal survey) and 15 estuaries around the South
Island of New Zealand (latitudinal surveyhe fifth and sixth hypothesasgere investigated

with a manipulative experiment in the Avbteathcote Estuary and a large scale experiment

at 6 estuaries along the east coast of the South Island, where abundance and structure of the
artificial mimics of the secondary habitat formersrevenanipulated. The last hypothesis was

tested with a field predation experiment.

4.3MATERIALS AND METHODS

4.3.1Study region

A large scale spatial survey was @adiout in 16 estuaries along a latitudinal gradient, spanning

6 degrees (divided into esties sampled at0-41°S, 43°S, and 486°S, hereafter North,
Central and Soujhof the South Island of New Zeala(fppendix3-4.1 for a list of estuaries,
geo-coordinates, sample dates, and number of sampled replicates for different treatments). This
survey was supplemented bina-yearseasonal survey the AvonHeathcote Estuaground
Christchurch, andhree manipulative expenents (two conducted in thAvon-Heathcote
Estuaryand one in 6 estuaries representing the latitudinal gradient). The seagstssa
(primary habitat former) is common in most of the 16 sampled estuaries (but less common in
Chil dr ends B adg Catlind &kiver).RSeaweerdseconaary habitat formers), in

particularUlva sp. andGracilaria chilensighereaftetJlva andGracilaria, respectively)were
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also relatively common in most estuariépgendix3-4.1). | alsooccasionally collected other

seaweeds species (elgophothamniorsp., andPolysiphoniasp.) in association witdostera

4.3.2Spatial survey: effects of secondary dbitat former across latitudes

A survey was done in 16 estuaries between February and October 2016 to test faivietera
effects of primary and secondangbitatforming species on biodiversity across tidal height
and latitudes. The survey design included 2 levels of seagra¥d@ Zosterg x 2 levels of
seaweed (+'® HF, Ulva) x 2 elevationlevels {ntertidal vs shallow subtida) x 3 latitudes
(North, Centraland South) x 46 estuarieger latitude x 3 replicated cores. The collected
seaweed was usualljiva, but occasionally other seaweeds that are common secondary habitat
formers were sampled @lva was abset (e.g.,Gracilaria, Lophothamniorsp, Polysiphonia

sp, Appendix3-4.1). Samples were collected randomly using a circular 9 cm inner diameter
core (0.0064 1) pushed 10 down into the sediment. The core material was washed in the field
in I-mm mesh bags and then transported to the laboratory for processing. In this sampling
schemellva can be considered both as a primary and secondary habitat former, depending on
whatever it was collected from the mudflat or from the seagrass bed, redgective

4.33 Seasonal survey: effects of secondahabitat former across seasons

Seasonal variations in the effects of primary and secondary seaweeds on diversity were
assessed in aygar survey from December 2014 to August 2016. Cores with and withaut

were collected from seagrass beds at two sites on the eastern side of tHdeattrote
Estuary (close to Tern St. and Plover 86500 m apart). The Tern St. site is closer to the
estuary mouth and therefore typically has stronger currents, coatseests and experiences

more marine conditions. The survey design:vZakevels of seagrass (£ HF, Zosterg x 2

levels of seaweed (x"2HF, Ulva) x 2 elevations(intertidal vs shallow subtida) x 2 sites

Plover and Tern, ca 1.7 and 1.3 km from the iteathcote river moujhx 2seasongsummer

vs winter) x 2 yearsx 4 replicated cores. Cores were collected as described for the spatial

survey.

4.3.4Experiment 1: effects of secondarhabitat former type and biomass

This experiment tested if tHEomass and biological attributes of entangled seasvakbelct

the diversity of seagrasssociated invertebrates. More specificallyjnlivseaweeds and
artificial mimics were added to seagrass beds in low and high abundances. To test whether

results wereconsistent in space and time, the experiment was repeated at two sites and two
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seasons. The experi ment aflseadeed® HFnUlvaa dimit)her ef o

I 2 061 evel s"BHF biomasslevavelegh) c 2 gites(Plover and Tern,a& 1.7 and

1.3 km from the AvorHeathcote river mouth) x easongsummervs winter) x 4 replicates.
Additional control plots (without anylva) were established in the seagrass beds. Mimics were
made from 2.5 cm wide green flagging tape, cut, twisted and wrapped to provide a shape that
mimickedUlva and tied to a 4dbent 20 cm metal peg that was pushed flush into the sediment
(Appendix 3-4.7). Pgs werealsoadded to control plots as procedural controls. The added
biomass otUlva and mimics in the low and high treatments was 2.0 + 0.1 and 5.6 £ 0.2 gWW
for Ulvaand 1.4 + 0.0 and 5.2 + 0.Xa@ the mimic The experiment was carried @a200 m

out from Tern St. in thévon-Heathcote Estuaryn July (winter) and November (late spring)
2016. The experiment ran for two weeks. At the end of the experiment a core was collected
from each plot centre, as described for the surveys.

4.3.5Experiment 2: efects of secondary habitat formers morphology across latitude

The second experiment tested if Aming structures mimickingUlva and Gracilaria
morphologies increase diversity of seagrassociated invertebrates. It was hypothesized that
facilitation of invertebrates increases with the biomass of mimics and that facilitation occurs
across latitudes and habitat types. This was tested with tbeviftd) experimental design: 2
levels of seagrass (¥'HF, Zosterg x 2 types of seaweed mimics (flBAPE vs branched

Twine) x 2biomass ofseaweed (¥ HF biomass)ow vs high) x 2 elevations(intertidal vs

shallow subtida) x 3 replicates. Control plstwithout any mimics were established on the
mudflat and adjacent seagrass bed. Mimics were made from red/white plastic twine (mimicking
the branche&racilaria) and green flagging tape (mimicking the 1ldiva, as described in the
previous experiment), tutwisted and wrapped to mimic the morphology of the seaweeds and
tied to a ubent 20 cm metal peg inserted flushed with the sediment suXpperidix3-4.7).

Again, pegs weralsoadded to control plots to avoid confounding treatments. Seaweed mimics
were added to plots as either 0.4 or 1.0 g of the branched mimic or 1.3 or 5.0 g of the flat mimic.
The experiment was conducted in two estuaries in the central area of the SodtfAstan
Heathcote Estuaryn Christchurchand Robinsons Bayn Akaroa), two in the North (Nelson
Haven and Delaware Bay, close to Nelson) and two in the South (Portobello Bay and Papanui,
close toDunedin) (Appendix3-4.1). The experimenivas initialisel between October and
November 2016 and ran ford® weeks (experimental run time varied slightly between the 6
estuaries). At the end of the experiment cores were collected as described for the surveys and

experiment 1.
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4.36 Experiment 3: effects of predators

Finally, | tested the hypothesis that seaweeds within seagrass reduce predation pressure on
snails and, more specifically, that predation rates depend on the biomass and morphology of
seagrass and seawseeto test this, 36 cages were added betwearundflat and a seagrass bed

in the eastern part of the Avédtheathcote Estuaryc&€300 m out from Tern/Plover St.). Cages

were constructed from plastic containers (17x17x18 cm) from which the bottom was removed
so that the cage could be pushed intose@iment (12 cm into the sediment, 5 cm protruding
above the sediment surface). | drilled 36nfin holes in the sidealls of the containers so
incoming and outgoing tides would fill and drain the cages following the natural tidal cycle
(Appendix3-4.8).

Each cage enclosed Micrelenchus tenebroswhails (potential crab prey) where the
surface was covered with either muttya (in both low and biomass}osteraor co-occurring
ZosteraandUlva (the latter again in both low and biomass). The overall exeetah design
was: 2predatorevels (£ 1 adult crab) x Babitatsx 3 replicates. After adding 18 cages to a
mudflat and 18 to an adjacent seagrass bed, 13 gastropods (8.3 £ 0.1 mm length) were added
to each cagdJlva biomass was added as 2.70 (low) at03(thigh) gWwW biomass. Finally, 1
predatory crabHemigrapsus crenulaty®5.9 + 0.5 mm carapace width) was added to half of
all the containers before they were covered witinani mesh to contain the animals (Appendix
3-4.8). The experiment ran for 5 daysJanuary 2017 and treatments were checked every 2
days to determine if crabs were present and alive. At the end of the experiment, crushed and
living snails were counted, and the snail habitat occupancy was recorded as attached to either

the cage sideanud, Zosteraor Ulva.

4.3.7 Morphological traits of habitat formers

Morphological traits were quantified and compared between the different live species and
mimics sampled in the surveys and experiments. Traits included surface area:dry weight ratios,
fractal dimension, circularitf a measur e of 6roundnessao, ranc
elongated polygon, to 1 for a perfect circle; Sedgewick 2@a@)lacunarity(an index of
6gappinessd or 0 v d a maeaakure tofe heterogeneity;, Karpeonen 2000 e r e
Ferreira and Rasband 201Zgn individuals of livingZzosteraand live and mimics dfllvaand

Gracilaria were blotted three times with a paper towel and spread out on a white background

to enhance the consifor subsequent image analysis. A picture was taken of each sample with

a Canon PowerShot G7X Mark Il, using a ruler for scale. Each frond was themad58tC

for 48 hor until no further weight loss could be detected and its dry weight measured. Usin
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Photoshop, &h image was converted to grey scale and thresholdeaaiy images. &@face
areadry weightand ciralarity were calculated in ImagéRasband 1992016) as was fractal

dimensions and lacunarity, using the plugin Fraqlkarperien 1992013)

4.38 Laboratory analysis

In the laboratory, core samples were rinsed ontenariLsieve to retain macroinvertebrates,
seagrass and seaweeds. After pouring each sample into a plastic tray, seawaddstifiect

and the seagrass was split into above (leaves) and below (rhizomes and roots) sediment tissue.
All plant mateials were weighed (gDW) afterying at 55°Cfor 48 hor until no further weight

loss could be detectedll invertebrates were counteahd identified to the lowest possible

level (usually to species, but sometime®©tader orFamily) under a dissecting microscope

40x magnification and preserved in 70% ethanol. Invertebrates smaller than 1 mm (e.g.,
copepods and most amphipods) wdreréfore excluded from these analyses. Furthermore,
repeated field and laboratory sieving was likely to have broken up fragile-lik@taxa that

therefore may be undeepresented in the analyses.

4.39 Statistical analyss

Treatment effects for the sigys andthe firsttwo experiments were analyzed fay {otal
abundanceji() taxonomic richnessnd (ii ) multivariate community structure of invertebrates.
Here data were squareot transformed to reduce the statistical importance of a few highly
dominant species and to decrease variances for the most abundant taxa. Respanses
analyzed with permutatiebased factorial analysis of variandEERMANOVA in the
PRIMERV6/PERMANOVA+ software package; Clarke and Warwick 198d)wed bypost

hoc pair-wise t-tests (Anderson et al. 2008)Univariate and multivariate variables were
analyzed with Euclidean distance and@ray-Curtis similarity coefficient, respectively
Assumptions of normality and homogeneity of variances in the data sets wefdenebntrol
treatmentZosteraalone) was not included in the statistical analysis because the objective here
was testing foiinteraction effects between secondary habitat former type and bioAlass
factors werdreated afsixedand6 Est uar y6 was nested in O6Latit
si gni f i c abatafronfthe field@redatio® experiment (percentage of gatstropods

and habitat preferencesyere analyzed with a contingency table and-sthiare tests.
Morphological trait data were analyzed individually with Anova and combined with
PERMANOVA, followed by posthoc pairwise t-tests, to test if traits differed between

primary and secondary live and mimicshabitatforming species.
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4. 4RESULTS

4.4.1Spatial survey: effects of secondary habitat formers across latitudes

Invertebrate abundancd total of 6827 invertebrates from 37 taxa were counted from 458
cores. The most abundant were the trodlidrelenchustenebrosug1,497 individuals), the
gastropodPotamopyrguestuarensigl,343) and the bivalvAustrovenus stutchbur{l,253).

Seven interactions were statistically significant, suggesting many complex effects
between spatial gradients and presenchatiitatforming species (Tablel.1). Most of the
interactions, however, explained little of the datgability (W?= SSexplained SSrota)). The largest
of theh?values was for th@"d HF x Estuary interaction, which only accounted fd5% of
data variability. Presence of both primary (Z > M and ZS > S,FI#\-C, except ZS = S in
Fig. 4.1B) and secondary (S > M and ZS > S, Hd.A-C) habitat formers significantly
increased the abundance of invertebrates (p = 0.001) although the strength of facilitation varied
with latitude. More specifically, the significant thrésetor interaction2™ HF x 15 HF x
Latitude (p < 0.05, buh? = 0.5%) showed that cores with seaweeds contained more
invertebrates in central latitudes (S and ZS, Central > North = South), mud cores contained
more invertebrates in the north (M, North > Central = South) while invertebrates associated
with Zosteraalore did not change across latitudes (Fd.A-C). All the single test factors,
except Elevation, were significant and Estuary alone (nested in Latitude) explained almost 50%
of the data variability. This test factor is, however, ecologically less inteyelsénause it
simply reflects that abundancekinvertebrates vary in spadenportantly, | found consistent
evidence for habitat cascades with significant positive effect of seaweeds within seagrass beds
across latitudes (ZS > S, Fig.1A-C), and with sghtly stronger effects in central regions
where seaweeds doubled the amount of invertebrates.

Invertebrate richness here were three significant interactions on richness but they accounted
for little data variability h?< 5%, Tablet.1). The most impdant 2way interaction (3 HF x
Estuary) accounted for 3.3% of variability (p < 0.01), reflecting that, alththegiresence of
Zosteragenerally increased the number of taxa compared to mud coresA (HigF), the
magnitude of facilitationvaried between estuaries. Tl#evation x Estuary interaction
explained less 3% of the data variability. Richness was significantly higher in the presence of
seaweeds (ZS =S > Z > M, F@1D-F) and at northern estuaries (North > Central > South,
Fig. 4.1D-F). All the single test factors were significant and Estuary again explained most of

the data variabilityl{? = 20%). As in the analyses of abundances, | found again evidence for
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habitat cascades across latitudes (ZS > S, &id-F) with more taxa incores with ce

occurring seagrass and seaweeds compared to the seagrass alone.

Invertebrate community structura total of 11 interactions were significant (TaBlg) where

the interaction ¥ HF x Estuary waghe most important (p = 0.00h? = 3.6%).Both the
primary and secondary habitat formers interactedtimeefactor interaction wittEstuary (p

= 0.001,h? = 1.7%) andLatitude (p < 0.01h?= 0.4%). The presence of bafwsteraand
seaweeds had strong effects on the community structure in estsries and across all
latitudes. All the single test factors were highly significant (p = 0.001) where Eghested

in Latitudé, again explained most of the data variabilit§£ 35%), followed by atitude itself
(h?= 12%) (Fig.4.2A-C, the remaining factors explained < 4%). An NMDS ordination plot
indicated a separation of samples from northern, central and southern regions, showing more
pronounced grouping of mud cores compared to cores widxisting habitat formers (Fig.
4.2). Nine species accounted for 50% of the multivariate community variability. Both
Micrelenchustenebrosusand Austrovenusstutchburyicorrelated positively with presence of
co-existing habitat formers, whereddacomona lilianaand Zeacumantussubcarinatus

correlated with monocultures of the habitat formers (Eig).

4.4.2Seasonal surveyeffects of secondary habitat former across seasons

Invertebrate abundance total of 7524 invertebrates from 23 taxa were counted from 254
samples. The most abundant invertebrates Wieceelenchugenebrosug5,339 individuals),
Austrovenusstutchburyi(647) and errant polychaetes (401).

There were 9 significant interactions (Ta#l&), were 29 HF x Season accounted for
most of the data variabilithf = 4.6%). There was a significantv@y interaction between
habitat formers and seaso28HF x 15'HF x Season, p < 0.0h2= 1.0%) showing stronger
invertebrate facilitation from bottlva andZosterain winter (Fig.4.3B). All the single factor
except Site were significant (p = 0.001), where the presence of the secondary habitat formers
explained much of the variabilithf= 30%). By contrast, presence of a primary habitat former
only explained 12% of the data variability. Similar to the latitudinal survey, there was evidence
of habitat cascades across seasons, as more invertebrates were in coresougtirricm
seagrass and seaweeds (ZU > Z), althauyla had slightly stronger faltiation effects in
winter (Fig.4.3A-B).
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Invertebrate richnessThere were 6 significant interactions (Tablg), with Season x Year (p

= 0.001) explaining 9.1% of the variability. Amonget significant single factorsyear
explained most of the data variability (p = 0.00357 8.9%) with more taxa being found in the

first year of sampling (5.04 + 0.18 taxa cbnes 3.83 + 0.14). The effects of the primary and
secondary habitat formers were highly significant (p = D)08ach factor explaininca12%

of the data variability (the only interaction with a habitat former WadA x Year p = 0.001,
h2=2.8%). Richness was therefore positively affected by Bottera(4.84 + 0.15v54.02 +

0.18; Z=ZU > M = U; Fig4.3C-D) andUIva (4.95 + 0.14s3.93+ 0.16; U=ZU>M = Z,

Fig. 4.3C-D). As for the abundance, there was evidence of habitat cascades in both seasons
(ZU > Z, Fig.4.3C-D) with more taxa found in presence of both habitat formers, but with

stronger effect;h summer than winter.

Invertebrate community structuref 13 significant interactions (Tabfiel) the most important
(Season x Year, p = 0.001) only explained 2.1% of the total data variability. Thevyee
interaction between the two-@zcurring haltat formers and Season was again significant (p
< 0.01,h?= 0.9%) wherepair-wise comparisons showed differences between alftetors
combinations. All single factor tests were highly significant (p < 0.001) were the presence of
the secondary habitat former explained most of the data variatifity {1%), followed by
presence ofhe primary habitat formehf = 6.8%), and Seasdh?= 5.6%). Seasonal effects
could, in contrast to presence of primary and secondary habitat formers, msubky
distinguisted on the NMDS ordination (Fig4.4). As in the spatial surveMlicrelenchis
tenebrosuexplained most of the community variability, correlating positively with presence
of bothUlva andZostera(Fig. 4 4).

4.4.3Experiment 1: effects of secondary habitat former type and biomass
Invertebrate abundanceé\ total of 2073 invertebrates from 18 taxa were counted from 80
samples. The most abundant were addiorelenchustenebrosugq1,186 individuals) and
Austrovenustutchburyi(607).

There were 5 significant interactions (TaBl&) with mostvariability being explained
by 2" HF x Seasor(p = 0.001,h? = 14%). There were significantly more invertebrates
associated with livingglva (53.38 + 9.69 indcore!) compared tdJlva mimics (22.88 + 1.80)
but this pattern was only observed in winter (UL = UH > ML = MH, Bi§B), and not summer
(ML = MH = UL = UH, Fig. 45A). Furthermore, the Typand Biomass of the secondary

77



habitat former interacted significantly with Season in a tf@etor interaction (p < 0.0%%=

2.6%). | found significantly more invertebrates on likieng Ulva in high biomass compared

to the mimics but, again, only in winter (bllH > ML-ML, Fig. 4.5B). Among the single test
factors, Seasoaxplained most of the data variability’= 30%), followed bySite (p < 0.01,

h?= 6.6%) and presence sfcondiry habitat former (p = 0.0002 = 5.9%). More specifically,

there were more invertebrates in winter compared to summer (34.38 ¥A825 + 1.22),

more in cores from Plover than Tern sites, and in the presence of the secondary habitat former
(thelatter again demonstrating habitat cascaddswever, habitat cascades were found only

in winter and when seaweeds were alive compared to their mimicg &#g.UH > UL > MH

=ML = 0).

Invertebrate richnessThe only factor significantly affectingvertebrate richness was tB#e
x Season interaction (p < 0.05, Tablg¢) as more taxa were found in cores from Plover than

Tern sites, but only in summer.

Invertebrate community structureCommunity structure was significantly affected by 5
interactiongTable4.1), the most important of which was Site x Sea$(6.5%). Among

the single test factors, Season explained most of the data varidifikityl2%), followed by

the secondary habitat former Tyge € 5.5%) and Siteh? = 3.2%) The effects of Type was
most visible in the NMDS plots in winter (Fig.6B) showing a clear separation between
samples with living and artificial secondary habitat formers. Half of the multivariate data
variability was explained by 4 species with stroogrrelations betweemMicrelenchus
tenebrosusnd live secondary habitat formers d@itbma subrostrataand mimicqFig. 4.6A-

B).

4.4.4Experiment 2: effects ofsecondary habitat former morphology across latitudes
Invertebrate abundancén total, 3963 invertebrates from 37 taxa were recorded from 313
samples. Samples were dominated Micrelenchustenebrosus(1,197 individuals) and
Austrovenus stutchbur{$94).

I found 12 significant interactions (Tabkl), where most data variability was
explaired by 29 HF x Estuary li?= 3.0%). There was also a significarif PIF x Latitude
interaction (p < 0.01h2= 2.1%) whergosthoc pair-wise comparisons showed that tbkéva

mimic (tape) were inhabited by double the number of invertebrates comparetadiiaria
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mimic (twine) but only in thesouth (Fig.4.7C). The # HF x Latitude interaction was also
significant (p < 0.05h?= 1.2%). Poshoc comparisons revealed tmabdre invertebrates were
found in the mud samples compared toZbsterasamples from central and southern latitudes
(Fig.4.7B-C) and, for theZosteratreatments, more invertebrates in northern regions compared
to central and southern regions (North > &> South, Fig4.7A-C). Among the significant
single factor tests, Latitude explained most of the data variability (p = h6127%) with

more invertebrates in the northern regions (17.05 + 0.94 indY);aempared to the central
(13.11 £ 0.95) and the southern (6.32 £ 0.65) regions 4Hé\-C). In contrast to the sweys

and experiment 1, there wesignificantly more invertebrates associated with the two type of
mimics in the mud samples (13.80 = Q.88mpared t&Zosterasamples (11.50 £ 0.76). The
Biomass of the secondary habitat former also significantly affected invertebrate abundances (p
= 0.001), highlighting that more invertebrates were associated with high than low seaweed
biomass (16.05 £ 1.045 11.71 + 0.74). There was evidence for habitat cascades for both the
Ulva and Gracilaria mimic types in the north, but only f@racilaria mimics in the central
region, and only foJlva mimics in the southern regions (cf. the significalti2F x Latitude

interaction described before).

Invertebrate richnesd found 5 significant interactions (Tabel), explaining a total of ca
12% of the total data variability. The interaction betwe®hE x Elevation explained most of
the data variability (p < 01, h?2= 2.1%), demonstrating that more taxa were found in the
subtidal zone in mud habitats but in the intertidal zongdsterahabitats. The interaction
between 2 HF x Latitude was also significant (p < 0.08,= 2.0%), where more taxa were
found asociate withUlva mimics compared td@racilaria mimics in central and southern
regions (Ta > Tw, Figd.7D-F, except Ta = Tw, Figt.7D). For the single factor effects most
data variability was, again, explained by Latitude (p = 0.68%,30%) with mordaxa in the
northern regions (6.09 + 0.20 taxa cYrecompared to the central (4.50 + 0.18) and the
southern (3.10 = 0.20) regions (Fi4.7D-F). Furthermore, effects dhe pimary habitat
formers was highly significant (p = 0.00M2 = 5.5%), again wit more taxa associated with
both type of mimics in mud comparedZosterahabitats (5.08 = 0.18s4.30 + 0.17). There
werealso significantly more taxa in samples with tape compared to twine mimics (5.52 + 0.20
vs 4.50 £ 0.20) and in samples with highhgeared to low biomass of the secondary habitat
former (5.47 £ 0.2¥s 4.62 + 0.19). Finally, | found evidence for habitat cascades for both
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types of mimics in the northern and central regions (Ta > Tw-2, Mig. 4.7D-E), but only

for Ulva mimics in the sathern region (Ta > MZ, Fig.4.7F).

Invertebrate community structurd@hirteen interactions were significant in the multivariate
community analysis (Tablé.l), were Elevation x Estuary explained most of the data
variability (h?= 2.3%). Again, secondary habitat formers had a strong effect on the community
structure, particular isentraland southern latitudes{HF x Latitude, p < 0.01h2= 1.1%).
Among the single factor effect s vardblitah?~t uded
25%), followed by Estuargh?> 10%), the primary and secondary habitat formefs-2.3%

andh? = 1.5%, respectively)Elevation fiZ= 1.1%) and Biomasshf = 0.7%). The effect of

latitude is evident from the NMDS ordination, with clear visual separation of samples collected
from northern and southern regions. Half of the multivariate data variability was explained by

10 taxa, the most important of which wevécrelenchustenebrosus errant polychaetes,

SpisulaaequilateraandZeacumantusubcarinatugFig. 4.8).

4.4 5Experiment 3: effects of predators

Only 7 observed snails were crushed (i.e., 3.2% of all the snails that were exposed to predatory
crabs). Thigesult suggestthat eitherHemigrapsusrenulatushas low preference for small
gastropods, that the crabs chelae cannot peel or crush these shells, or that the gastropods can
hide from predators within the aquatic plants. Theschuare test showed thatsgropods were

not associated with all habitats equally (p < 0.001, Appeddi®). In particular, in th&lva-

only addition treatments (where mud was also an abundant substrate), gastropods were found
more onUlva than on mud both in the presence (59.%0t) absence (73.6%) of crabs (Fig.

49). In theZosteraonly treatments (where mud again also was an abundant substrate) all
gastropods were found attached to the seagrass leaves, both with and without crabs. Finally, in
the treatment that combinédlva and Zostera more snails were attachedUWdéva in presence

(60%) than absence (47.5%) of the crab.

4.4.6Morphological traits of habitat formers

The PCO ordination showed a clear clustering of the different habitat formers, in particular
separating living habitat formers from artificial mimics (Fd.0, > 85% of the data variability

was explained byhe firsttwo PCO axesand # morphological teits were statistically

significant (p = 0.001, Figd.11). More specifically, th@air-wise comparison demonstrated
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significant differences between livindiva and living Gracilaria for all morphological traits

(p = 0.001), withUlva having the highest factal dimension whilé&racilaria the highest
lacunarity (Fig.4.11). | also found that the two seaweed mimics were significantly different
from each other (p = 0.001), following a similar pattern as for living seawEkas mimics

had the highest fractal dimension whilBracilaria mimics the highest lacunarify
Additionally, comparing living seaweed with its own mimic showed Wiaa differed from

its mimic only in circularity (p = 0.004) and surfaaeeadry weight ratio(p = 0.002), while
Gracilaria differed from its mimic only for its surfacareadry weight ratios (p = 0.007).
Finally, the seagrass was significantly different (p = 0.001) from the secondary habitat formers
across all the tested morphological traits, el#rsterahad lower lacunarity thaGracilaria

and a lower fractal dimension thaiMva (Fig. 4.11)

4.4.7Correlations

| found positive correlations between the abundance of invertebrates and the biomass of
Zostera(rspearma= 0.1, p = 0.003, Figt.12A) andUlIva (rspearma= 0.18, p = 0.001, Figt.12B)

as well as taxonomic richness abiti’a biomass IK(spearmar= 0.27, p = 0.001, Figd.12D).
However, there was no correlation between richnessZasterabiomass (p > 0.05, Fig.
4.12C).

4.5DISCUSSION

This study documented that seaweeds entrained in seagrass beds facilitate invertebrates across
latitudes, estuaries, sites, elevation levels, and seasons, thereby providing a strshglgase
for the consistent occurrence of habitat cascades in sebgss

4.5.1Effects of habitat formers

My results demonstrated that single habitat formers a@tippigher biodiversity than
unvegetated sedimentary areas, that the seawdlgd provided a better habitat for
invertebrates than the seagr@ssteraand thatUlva was ecologically important both as a
primary and secondary habitat former. Fyrsboth Zosteraand Ulva consistently facilitated
invertebrates compared to mudflat, thereby supporting past results from intertidal mudflats as
demonstrated foseagrassesuch asZzostera miilleriConnolly 1997) Z. marina(Mattila et

al. 1999, Hosack et.@2006)andThalassia testudima (Arrivillaga and Baltz 1999, Uhrin and

Holmquist 2003)and for seaweeds, suchEageromorphaspp. andsracilaria lemaneiformis
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(Allen 1992) Gracilaria vermiculophylla(Thomsen et al. 2013, Ramus et al. 20B/id
Vaucheria subsimpleBolam and Fernandes 2002jany of these studies documented that
facilitation arises by providing hard substratum and space for settlement, reducing desiccation
stress and predation, and incregdimod availability.Secontly, the stronger facilitation effect

of Ulva compared toZosteracan be explainedvith their different morphological and
anatomical traits. For examplgjva could bea better habitabecause ofts higher fractal
dimension andwgfaceareadry weight ratio compared ostera(this study) or because it is

more palatabléJorgensen et al. 2010, MafRivera 2012) Similarly, the coarsely branched

red seaweedG. vermiculophyllaprovided betterpredation refuge for juvenile crabs
(Callinectes sapidysand arenhabitedoy more invertebrates than maring probably because

of a higher 3Bcomplexity (Johnston and Lipcius 2012, Thomsen et al. 20EBjally, Ulva

clearly also functioned as a secondary habitat former entrained in seagrass beds. Facilitation of
invertebrates bylva within seagrass beds have, to my knowledge, only been shown once
before(Thomsen et al. 2016aJhis facilitation is probably a result of adding more biomass,
comgexity, food resources, predation shelter and by buffering abiotic stress, compared to
Zosterawithout Ulva. Theseresults support several other studies that have demonstrated
invertebrate facilitation from different entrained seaweed species within seagrass beds, such as
G. vermiculophylla G. comosaandLaurenciaspp.(Hooks et al. 1976, Gore et al. 1981, Pihl
Baden and Pihl 1984, Schneider and Mann 1991a, Holmquist 1997, Thomsen et al. 2012a,
Thomsen et al. 2013¢ven if these seawesdften can have negative effects on the seagrass
themselvegHolmquist 1997, Thomsen et @012b, Thomsen et al. 2013)

4.5.2Effects of latitude andseason

A clear latitudinal gradient was found for invertebrate richness for both experimental and
survey data, albeit with kess strong attern for abundances, being highest in northern and
lowest in southern estuaries. Other studies have found comslabetween latitude and
invertebrate communities in seagrass b@dslson 1980, Virnstein et al. 1984, Heck and
Wilson 1987) For example, Nelso(l1980)found a negative correlation between amphipod
density inZ. marinabeds and latitude, potentially because lower latitudes can have higher
predation pressui@elson 1980, Virnstein et al. 1984, Heck and Wilson 198@jvever,n a
review, Virnstein et al.(1984) argued that latitude is an inconsistent dadbr predicting
differences in the diversity of seagrasssociated invertebrates and that local controlling
factors often have stronger effects. | foungtractions between season and presentévaf

within seagrass beds in both the seasonal sunatharfirst experimenhut in contrast to my
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expectations, more invertebrates were found in winter than summer. Stressful winter
conditions, such as low temperatures and low food levelsWlka), could affect small scale
spatial distribution of invertebrates, facilitating aggregation on and around high quality
biogenic habitats likéJlva, compared to unvegetated mudf{ailen 1992) However, other
studies have found more invertebrates in summer in seagrassFoedsample, Duncan
(2017) found more gastropods (iluding Micrelenchusspp. andDiloma spp.) in summer,
supporting results from other seagrass speegar 1990b, Nelson and Waaland 1997,
Bloomfield and Gillanders 2005)

4.5.3Structural and trophic effects of secondary habitat formers

This studyhighlighted that effects of neliving mimics were stronger on unvegetated mudflats
than in seagrass beds, that live seaweeds can be bdtaitat than mimics, that the
morphology of mimics can affeatvertebrate communities, and that effects of both live and
mimic habitatforming species are biomasependent More invertebrates were found
associated in cores were mimics were transplantatitl than seagrass bed, probably because
Zosteraalready provided basic ecological habfiatictions and thereby attenuated these types

of effects (i.e., the mimics are, in part, functionally redundant). A similar results was found by
Cardoso et al2004) comparing effectsfas. verrucosaandE. intestinalisfrom a mudflat to

a seagrass bed. Furthermore, invertebrate responses were stiepemdent aslva mimics
wereoften inhabited by more invertebrates than @racilaria mimic. The seaweed mimics
were reasonable morphological approximations of the living seaweeds as invertebrate
abundances and richness were comparable with those found in the spatial survey for similar
looking seaweedstill, | did find some differencesiicommunity structurelsetween live and
structural mimics ofUlva, particularly in abundances of the herbivorous trochid snail
Micrelenchustenebrosus one of the most abundant invertebrate spedidisrelenchus
probably attaches preferentially to livitgjva to graze on i{Thomsen et al. 2016apther
studies have found similar strirophic subsidy effecté88ologna and Heck 1999, Bostrém

and Mattila 1999, Gartner et al. 201Bpr example, Hall and B€1988)found positive effects

of both natural and artificial epiphytes on invertebrates inhabitintgstudinumByers et al.

(2012) found more epifauna on living fronds @&. vermiculophyllacompared to plastic
aguarium mimics on an intertidal mudflat and &pla and Heck1999) documented more
invertebrates on a seagrass mimic with naturglrgpes compared to mimics with artificial
epiphytes. These studies all suggest that seaweeds can be an important food source for grazers
inhabiting either mudflats or seagrass b@gdting et al. 1984, Orth and Van Montfrans 1984,

83



van Montfrans et al. 1984, Hall and Bell 1988, Bologna and Heck 1999, Bostrom and Mattila
1999, Byers et al. 2012, Gartner et al. 20kR)wever, other species, such as juvenile crabs,
may be more likely to inhabit either live or mimic seavwstedhide from predators or avoid
physiological stress during lotide (Wilson et al. 1990a, b)Regardless of these results,
however, colonization of artificial substrates by seagaaseciated invertebrates is clealy
common procesghis study, Barber et al. 1979, Bell et al. 1985, Virnstein and Curran 1986,
Schneider and Mann 1991b)

Finally, invertebrate respses correlated positively with the biomass of secondary
habitat formers, as previously shown tva, Gracilariaand other estuarine seawe¢@esre
et al. 1981, Drouin et al. 2011, Byers et al. 2012, Thomsen et al. 2013, Thomsen et al. 2016a)
Similarly, the biomass of the seagrass also correlated positively with invertebrate abundances,
supporting results fror@. marinaseagrass bedgleck Jr and Wetstone 1977, Mattila et al.
1999, Attrill et al. 200Q)suggesting that facilitation associated with underpinning mechanisms
such ashabitat complexity, food provision and stress buffering, are dedsjtgndent

processes.

4.5.4Effect of predation

It was here documented that an abundant estuaringdJyabes et aR005)exerted very little
predation pressure on trochid snails. The implication is that these snails are unlikely to inhabit
Zosteraor Ulva to avoid predation from local crabs. This result contrasts with other studies
showing strong predatory impactsoiin congenericHemigrapsusspecies(Bourdeau and
O'Connor 2003, Keppel and Scrosati 2004, Brousseau and Goldberg 2007) is possible

that other invertebrates without hard shells, such as amphipods, isopods, and juvenile crabs
inhabit seaweexhind seagrass to avoid crab predation, as showmmy wther studied_eber

1985, Wilson et al. 1990b, Bostrom and Mattila 1998¢luding Z. marina,Ulva lactuca
(Wilson et al. 1990band other macroalgae in seagrass beds, both di{itefzer 1985, Adams

et al. 2004)and epiphytic(Williams et al. 20@). Furthermore, it is possible that larger
organisms, like common wading birds and {i3bnes et al. 20054re more important predators

than crabs, and thbllva andZosteramay still provide protection from these types of predators
(Stoner 1979, Coen et al. 1981, Williams et al. 2002)

4.5.6Conclusions
Although numerous studies have reported positive effects of seagrass, compared to unvegetated

sediments, on invertebrate communit{ese Bostrém et al. 2006 for a reviewgw studies
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have included specific tests of biomass effédtattila et al. 1999, Attrill et al. 200®Battley
et al. 2011, Thomsen et al. 2018)owever, both | an@attley et al.(2011) found positive
relationships between invertebrate abundancesZamdiilleri coverage in New Zealand and
future studies should therefore include multiple densdfasoth the primary and secondary
habitat former. Furthermore, it is now well established that entrained seaweeds, even in
relatively low biomass, can facilitate seagrassociated invertebrate communit{@owper
1978, Gore et al. 1981, Stoner and Lewis 1985, Cardoso et al. 2004, Thomsen2@i€e
is also evidence of dekmious effects on the seagrass itself if the seaweeds develop into
extensive matgRaffaelli et al. 1998, Hauxwell et al. 2001, McGlathery 2001, Franz and
Friedman 2002, Thomsen et al. 2012pre studies should therefore aim to identify denrsity
dependent thresholds (in both space and time) where effects of entrained seamestift
from facilitation to inhibition of invertebrates

This study documented that seaweeds entrained in seagrass beds, by adding biomass
and different physical structures, create habitat cascades-tnostfiin estuaries across a wide

range of environmental conditions.
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Tables

Table 41 Overview of PERMANOVA reporting the results of the factorial analyslifactors

weretreated asixedando Est wasm gt ed in OLatituded. Val ues
of each test factor to the total variability of the PERMANOVA modefs SSexplained S Srotal).

Univariate and multivariate variables were analyzed with Euclidean distance anGuBtey

similarity coefficient, respectively\See AppendixB-4.2, 3-4.3, 3-4.4 and3-4.5 for complete
PERMANOVA tables.Significant values are ibold (*: p = 0.(3-0.01, **: p = 0.01-0.001

*** - p<0.001)

Factors Abundance Richness Community
structure

Spatial survey: effects of secondary habitat formers across latitudes
2"d Habitat former (2HF) 8.00%*** 7.33%*** 1.67%***
15t Habitat former (HP 5.62%*** 4.36%*** 1.48%***
Elevation (Ele) 0.03% 0.45%* 0.51%***
Latitude (Lat) 2.019%*** 15.52%*** 11.70%***
Estuary(Latitude) (Est(Lat)) 47.00%*** 19.77%*** 34.52%***
2HF x 1HF 0.29%* 0.13% 0.54%***
2HF x Ele 0.00% 0.03% 0.14%
2HF x Lat 2.749%*** 0.73%* 0.88%***
1HF x Ele 0.13% 0.03% 0.21%*
1HF x Lat 0.46%* 0.53% 0.46%**
Ele x Lat 0.34% 0.21% 0.93%***
2HF x Est(Lat) 4.619%*** 1.68% 3.07%***
1HF x Est(Lat) 1.96%** 3.31%** 3.58%***
Ele x Est(Lat) 1.68%* 3.00%* 3.27%***
2HF x 1HF x Ele 0.02% 0.00% 0.01%
2HF x 1HF x Lat 0.45%* 0.00% 0.42%**
2HF x Ele x Lat 0.07% 0.44% 0.22%
1HF x Ele x Lat 0.00% 0.40% 0.29%
2HF x 1HF x Est(Lat) 0.58% 0.34% 1.69%***
2HF x Ele x Est(Lat) 0.85% 0.88% 1.22%
1HF x Ele x Est(Lat) 0.71% 2.10% 2.15%***
2HFx 1HF x Ele x Lat 0.28% 0.00% 0.25%
2HF x 1HF x Ele x Est(Lat) 0.19% 0.90% 0.76%

Seasonal survey: effects of secondary habitat former across seasons
2"d Habitat former (2HF) 31.27%*** 6.37%*** 10.54%***
1s' Habitat former (HP 11.53%*** 5.549%*** 6.78%***
Elevation (Ele) 2.159%*** 0.07% 1.75%***
Site (Si) 0.01% 0.23% 1.64%***
Season (Sea) 6.31%*** 0.62% 5.64%***
Year (Yea) 3.749%*** 8.88%*** 3.34%***
2HF x 1HF 0.50% 0.71% 2.29%***
2HF x Ele 0.11% 0.00% 0.09%
2HF x Si 0.02% 0.25% 0.14%
2HF xSea 4 550p%** 0.02% 1.08%***
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2HF x Yea

1HF x Ele

1HF x Sij

1HF x Sea

1HF x Yea

Ele x Si

Ele x Sea

Ele x Yea

Si x Sea

Si x Yea

Sea x Yea

2HF x 1HF x Ele

2HF x 1HF x Si

2HF x 1HF x Sea

2HF x 1HF x Yea

2HF x Ele x Si

2HF x Ele x Sea

2HF x Ele x Yea

2HF x Si x Sea

2HF x Si x Yea

2HF x Sea x Yea

1HF x Ele x Si

1HF *Ele x Sea

1HF x Ele x Yea

1HF x Si x Sea

1HF x Si x Yea

1HF x Sea x Yea

Ele x Si x Sea

Ele x Si x Yea

Ele x Sea Xea

Si x Sea x Yea

2HF x 1HF x Ele x Si
2HF x 1HF x Ele x Sea
2HF x 1HF x Ele x Yea
2HF x 1HF x Si x Sea
2HF x 1HF x Si x Yea
2HF x 1HF x Sea x Yea
2HF x Ele x Si x Sea
2HF x Ele x Si x Yea
2HF x Ele x Sea x Yea
2HF x Si x Sea x Yea
1HF x Ele x Si x Sea
1HF *Ele x Si x Yea
1HF x Ele x Sea x Yea
1HF x Si x Sea x Yea
Ele x Si x Sea x Yea
2HF x 1HF x Ele x Si x Sea
2HF x 1HF x Ele x Si x Yea
2HF XIHF x Ele x Sea x Yea
2HF x 1HF x Si x Sea x Yea
2HF x Ele x Si x Sea x Yea

0.38%
0.09%
0.37%
0.09%
0.08%
2.20%***
0.00%
0.11%
0.28%
0.04%
0.00%
0.07%
0.19%
1.02%**
0.40%
0.59%*
0.17%
0.00%
0.28%
0.17%
0.32%
0.73%*
0.03%
0.10%
0.60%*
0.00%
0.83%**
0.19%
0.57%*
0.47%
0.10%
0.35%
0.06%
0.04%
0.00%
0.04%
0.83%*
0.32%
0.27%
0.03%
0.32%
0.02%
0.04%
0.00%
0.02%
0.00%
0.00%
0.13%
0.07%
0.33%
0.29%

0.25%
0.00%
0.04%
0.62%
2.78%***
2.68%**
0.16%
1.86%**
0.01%
0.58%
9.08%***
0.01%
0.01%
0.07%
0.58%
0.23%
0.01%
0.00%
0.36%
0.17%
0.01%
0.55%
0.20%
0.16%
0.02%
0.03%
0.01%
1.31%*
1.51%*
0.05%
0.47%
0.01%
0.30%
0.00%
0.84%
0.02%
0.00%
0.40%
0.04%
0.06%
0.06%
0.05%
0.21%
0.15%
0.55%
0.03%
0.02%
0.28%
0.23%
0.02%
0.04%

0.19%
0.85%**
0.43%
0.56%*
0.44%
0.88%***
0.10%
0.50%
1.10%***
0.64%**
2.07%***
0.09%
0.30%
0.92%**
0.31%
0.19%
0.44%
0.37%
0.18%
0.20%
0.18%
0.16%
0.20%
0.23%
0.16%
0.13%
0.47%
0.68%**
0.48%
0.90%**
0.76%**
0.08%
0.28%
0.38%
0.41%
0.18%
0.50%
0.54%*
0.12%
0.23%
0.30%
0.30%
0.18%
0.46%
0.23%
0.15%
0.00%
0.32%
0.22%
0.19%
0.11%
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1HF x Ele x Si x Sea x Yea
2HF x 1HF x Ele x Si x Sea x Yea

2"d Habitat formertype (2HF)
2"d Habitat formerbiomass (Bio)

Site (Si)
Season (Sea)
2HF x Bio
2HFx Si

2HF x Sea

Bio x Si

Bio x Sea

Si x Sea

2HF x Bio x Si
2HF x Bio x Sea
2HF x Si x Sea
Bio x Si x Sea

2HF x Bio x Si x Sea

2"d Habitat formertype (2HP
2"d Habitat formerbiomass (Bio)
15t Habitat former(1HP

Elevation (Ele)
Latitude (Lat)

Estuary(Latitude) (Est(Lat))

2HF x Bio

2HF x 1HF

2HF x Ele

2HF x Lat

Bio x 1HF

Bio x Ele

Bio x Lat

1HF x Ele

1HF x Lat

Ele x Lat

2HF x Est(Lat)
Bio x Est(Lat)
1HF x Est(Lat)
Ele x Est(Lat)
2HF x Bio x 1HF
2HF x Bio x Ele
2HF x Bio x Lat
2HF x 1HF x Ele
2HF x 1HF x Lat
2HF x Ele x Lat
Bio x 1HF x Ele
Bio x 1HF x Lat
Bio x Ele x Lat
1HF x Ele x Lat

2HF x Bio x Est(Lat)

0.07% 0.14% 0.31%
0.00% 0.09% 0.30%
Experiment 1: effects ofecondary habitat former type and biomass
5.87%*** 3.61% 5.48%***
0.86% 0.32% 0.44%
6.55%** 1.27% 3.22%*
28.88%*** 0.00% 12.38%***
1.78% 2.53% 2.69%*
0.12% 3.26% 1.39%
13.84%*** 0.92% 4.60%**
2.04% 0.05% 1.39%
2.54%* 1.49% 1.29%
1.21% 6.55%* 6.45%***
3.33%* 0.31% 2.67%*
2.59%* 1.87% 1.19%
3.07%* 6.02% 1.84%
0.38% 0.00% 1.86%
1.47% 0.21% 2.51%*
Experiment 2: effects of secondary habitat former morphology across latitudes
0.21% 5.28%*** 1.53%***
3.619%*** 3.61%*** 0.73%**
4.,05%*** 5.51%*** 2.25%%**
0.11% 0.07% 1.06%***
27.19%*** 30.13%*** 25.4909%p***
8.320p*** 1.62%* 10.74%***
0.12% 0.01% 0.45%*
0.08% 0.06% 0.36%
0.33% 0.05% 0.53%*
2.12%** 1.96%* 1.06%***
0.18% 0.02% 0.23%
0.00% 0.18% 0.15%
0.64% 0.20% 0.53%
1.81%** 2.13%** 0.71%**
1.20%* 0.01% 2.26%***
1.49%* 0.63% 0.95%**
3.03%** 1.00% 1.58%***
1.55%* 0.67% 0.69%
0.17% 0.12% 1.66%***
0.89% 3.05%*** 2.33%***
0.31% 0.40% 0.28%
0.12% 0.40% 0.32%
0.96% 0.84% 0.36%
0.36% 0.01% 0.29%
0.24% 0.16% 0.62%
0.84% 0.16% 0.53%
0.06% 0.53% 0.31%
0.25% 0.05% 0.40%
0.43% 0.28% 0.35%
2.03%** 2.32%** 1.35%***
0.35% 0.29% 0.33%
0.14% 0.27% 0.82%

2HF x 1HF x Est(Lat)
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2HF x Ele x Est(Lat)

Bio x 1HF x Est(Lat)

Bio x Ele x Est(Lat)

1HF x Ele x Est(Lat)

2HF x Bio x 1HF x Ele
2HF x Bio x 1HF x Lat
2HF x Bio x Ele x Lat

2HF x 1HF x Ele x Lat

Bio x 1HF x Ele x Lat

2HF x Bio x 1HF x Est(Lat)
2HF >Biox Ele x Est(Lat)
2HF x 1HF x Ele x Est(Lat)
Bio x 1HF x Ele x Est(Lat)
2HF *Biox 1HF x Ele x Lat
2HF x Bio x 1HF x Ele x Est(Lat)

1.56%*
1.73%*
0.06%
1.94%*
0.01%
0.21%
0.07%
0.46%
0.79%
0.24%
0.24%
1.42%*
1.49%*
0.19%
0.47%

0.37%
1.84%*
0.42%
1.21%
0.05%
0.40%
0.25%
0.48%
0.40%
0.55%
0.74%
0.68%
0.13%
0.00%
0.55%

1.22%**
1.07%*
0.66%
1.17%**
0.23%
0.33%
0.27%
0.52%
0.58%
0.69%
0.79%
0.63%
0.33%
0.39%
0.20%
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Figures

Figure 41 Spatial surveyeffects of secondaryalvitat former across latitude&bundance (A,

B, C) and richness (D, E, F) of invertebrates in northern (A, D), central (B, E) and southern (C,
F) latitudes in absence @resence of primaryZpstera milleriand seaweed alone) and
secondary habitat formesdaweeentrained irZosterabed). Seaweed species are represented
mainly byUlva sp. andGracilaria chilensis Sampling core = 0.0064%Error bars =1 SE, n
=32.Thetest factorsd Est uar y 6 awerk panlEdMe=vnaud, iZ =Zoséterg S =
seaweed, ZS Zosterat+ seaweed. Different letters indicate significant differences as detected
by pairwise ttest comparisa Capital letters refers to thisecondary habitdbrmerd test

factor, lower case letters to thaimary habitat formetest factors.
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Figure 42 Spatial surveyeffects of secondaryalitat former across latitudeNMDS plot of
community structurdbased on Bragurtis similarityon square root transformed data) in
northern (A), central (B) and southern (C)tiadies in absence or presence of primary habitat
former Zostera miulleriand seaweed alone) and in absence or presence of secondary habitat
former Geaweedntrained inZosterabed). Seaweed species are represented mairiliiMay

sp. andGracilaria chilensis For simplicity, dataveresplit into northerncentral and southern
latitude but results are from the saamalysisandthethree plots can be superimposed on each
other (and therefore have the sartexavectory. n = 32.The test factor9s Est uar y 6
0 E| e vweetepanladM = mud, Z =Zostera S = seaweed, ZSZosterat+ seaweed. Vectors
were plotted for taxa contributing up to 50% of the multivariate community structure (1:
Micrelenchustenebrosus2: Macomona liliana 3: Austrovenus stutchburyd: Zeacumantus

subcarinatus5: Potamopyrgugstuarensis6: erram polychaetes, 7: sedentaria polychaetes, 8:

polychaetes tubes, Baphies australis Stress: 0.28.
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Figure 43 Seasonal survegffects of secondgithabitat former across seasoAbundance (A,

B) andrichness (C, D) of invertebrates in summer (A, C) and winter (B, D) in absence or
presence of primary habitat formetostera miulleriand Ulva sp. alone) and in absence or
presence of secondary habitat formdivé sp. entrained inZosterabed). Sampling are =

0.0064 . Error bars = 1 SE, n = 3The test factor® Year 0, 0Sitemreand 0
pooled M = mud, Z =Zostera U = Ulva, ZU = Zostera+ Ulva. Different letters indicate
significant differences as detected by paise ttest comparisa Capital letters refer to the
Gecondary habitat form&test factor, lower case letters to tfgimary habitat forméytest

factors.
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Figure 44 Seasonal survegffeds of secondary habitat former acressasonsNMDS plot of

community structure (based on Br@wrtis similarity on square root transformed data) in
summer (A) and winter (B) in @nce or presence of primary habitat fornZersfera malleri

andUlva sp. alone) and in absence or presence of secondary habitat folnaesp( entrained

in Zosterabed). For simplicity, dateveresplitinto summer and wintdaut results are from the

same analysiandthe two plots can be superimposed on each ¢tret herefore have the
sametaxavectorg. n = 32.The test factor® Year 6, 0Si t evére ppoledM 8 E| ev a't
mud, Z =Zosterg U =Ulva, ZU = Zostera+ Ulva. Vectors were plotted for taxa contributing

up to 50% of the multivariate community structure @licrelenchustenebrosus 2:

Austrovenus stutchbury8: errant polychaetes). Stress: 0.22.
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Figure 45 Field experiment 1effects of secondaryabitat former type and biomass
Abundance (A, B) and richness (C, D) of invertebrates in samples with no seaweeds (Z) and
samples with livingUlva sp. (U) or mimic (M) in both low (L) and high (H) biomasses, in
summer (A, C) and winter (B, D). Sampling core = 0.0864The control tratment (Z, n =

8) was not included in the statistical anatybecause the objective here was testing for
interaction effects betweesecondary habitat former type and biom&ssor bars = 1 SE, n =

8. The test factoé S iwasepdoledDifferent lettersndicate significant differences as detected

by pairwise ttest comparisan Capitalletters refers to thésecondary habitat former ty@test

factor, lower case letters to tteecondary habitat former bioméassst factor.
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Figure4.6 Field experiment leffectsof secondary habitat former type and biom&fdDS

plot of community structure (based on B1@urtis similarity on square root transformed data)
for samples with livingJlva sp. (U) or mimic (M) in both low (L) and high (H) biomass, in
summer (A) and winter (B)'he control treatment (Z, n = 8) was not included in the statistical
analysis because the objective here was testing for interaction effects beweeadary
habitat former tge and biomasd-or simplicity, dataveresplit into summer and winter but
results are from the same analysiglthe two plots can be superimposed on each @t
therefore have the san@xavectorg. n = 8.The test factob S i waepdoledVectorswere
plotted for taxa contributing up to 50% of the multivariate community structure (1:
Micrelenchugenebrosus2: Diloma subrostrata 3: Austrovenus stutchbury: Hemigrapsus

crenulatug. Stress: 0.21.
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Figure 47 Field experiment 2geffects of secondary habitat formers morphology across
latitudes. Abundance (A, B, C) and richness (D, E, F) of invertebrates in northern (A, D),
central (B, E) and southern (C, F) latitudes in absence or presence of primary habgat for
Zosteramulleri (M vs Z, where M: mud, ZZosterg, with two different mimics (Tw: twine;

Ta: tape) in both low (L) and high (Hjiomasses. Sampling core = 0.006Z ifhe control
treatments without secondary habitat formers (M, n = 12, and Z, nwet2hot included in

the statisticahnalyss because the objective here was testing for interaction effects between
secondary habitat former type and biom&ssor bars =1 SE, n = 12hetestfactoré Est uar y o
and 06 EI|wenre paoled®iffedent letters indicate significant differences as detected by
pairwise ttest comparisan Capital letters refers to thiprimary habitat forméitest factor,

lower case letters refer to tleecondary habitat form&test factor.
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Figure 4.8 Field experiment 2geffects of secondarhabitat formers morphology across
latitudes NMDS plot of community structure (based on Bfayrtis similarity on square root
transformed data) for samples in absence or presepaenaiy habitat formerfZostera mulleri

(M vs Z, where M: mud, ZZosterg, with two different mimics (Tw: twine; Ta: tape) in both
low (L) and high (H) biomasses, morthern (A), central (B) and southern (C) latitudes. The
control treatments without sewdary habitat formers (M, n = 12, and Z, n = ¥&re not
included in the statistical analgHecause the objective here was testing for interaction effects
between secondary habitat former type and biomiass simplicity, data was split into
northern, entral and southern latitugleut results are from the same analyasisithe three
plots can be superimposed on each ofhed therefore have the samaxavectory. n = 12.
The test factors Est uar y 6 a wate péotet ¥ectars \weoenpiotted fotaxa
contributing up to 50% of the multivariate community structuréMitrelenchusenebrosus

2: errant polychaetes, Spisulaaequilatera 4. Zeacumantusubcarinatus 5: Hemigrapsus
crenulatus 6: Diloma subrostrata 7: polychaete tubes, 8Austrovenus stutchburyio:

amphipods, 10Macomondiliana). Stress: 0.27.
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Figure 49 Field experiment 3, effect of predators. Habitat occupancy of the gastropod
Micrelenchus tenebroswegith (+) and without{) presence of Blemigrapsus crenulatusab.

Only 3.2% of all snails exposed to predatory crabs were consumed. Gastropods were counted
as attached to either mud (M)Jva sp. (U). or Zostera miilleri(Z). n = 6. The test factor

O0Bi ema was pool ed.
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Figure 410 PCO analysis of morphological traits of living (circles) or mimics (squares) of
primary (white:Zostera mullef and secondary (blackracilaria chilensis grey: Ulva sp.)
habitat formers. n = 10. SDw: surface area:dry; Db: fractal dimension; C: circularity;

lacunarity Data were squane@oted and normalised prior to analysis.
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Figure 411 Morphological traits of primaryhabitat former (Z: Zosteramidilleri) and the
secondaryhabitat formes (U: Ulva sp., G: Gracilaria chilensis Um: Ulva mimic, Gm:
Gracilaria mimic). Error bars 1 SEn = 10.In most of cases, error bars are too small to be
visible. Different letters indicate signdant differences as detected by paise ttest

comparisos.
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Figure 412 Correlation between the biomagtkprimary habitat formerZostera miuller A,

C), the secondary habitat former (the seawé&tds sp., Gracilaria chilensis Lophothamnion
hirtum, Polysiphoniap.; B, D) in relation to the abundance (A, B) and the taxonomic richness
(C, D) of invertebrates. Number of cores collected = 446.&5@nd 360 for the spatial survey,
seasonal surveyexperiment 1 and experiment 2, respectively. A few data outliers were
removed for visual clarity: 14.59 gDW 19 invertebrates and 14.59 gDX/8 taxa (both from
experiment 2). Speanaysis Arfépsmar @10,k = 0.008; Bgecbmant i 0
= 0.18, p = 0.001; Gspearmar=-0.01, p = 0.7; Dtspearmar= 0.27, p = 0.001.
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CHAPTER 5: Effects of local anthropogenic stressors oa habitat

cascaddn an estuarineseagrassystem

5.1ABSTRACT

Recent research has shown thabcourring primary and secondary habitatming species
typically support higher biodiversity than monocultures of the prinhahjtat formeralone.
However, these &h aéuniveasal and drentaacdneesvétionmpergpective,t b
it is important to know if, when and where positive effects on biodiversity change to negative
effects. Heré tested how the common anthropogenic stressors, fertilization and sedimentation,
and unattacheskecondary habitgbrming Ulva seaweeds affected the primary habitatming
seagrassZostera miulleri and its associated invertebrates in the Aki@athcote Estuaryn

New Zealandl experimentally stressedlosteraadding different fertilization and sident

levels in a 4x4 factorial design. Fertilization had little impact whereas even low sedimentation
levels had strong negative effectsdwsteraand its associated fauna. In a second experiment
sediments antllva were added in a 2x2 factorial designstagrass beds and unvegetated
mudflats to test if sediment stress modifies habitat cascades. The experiment was t@peated
times attwo elevation levels to test if results were consistent in space and foned strong

negative effects of sediments, irrespectivesptiotemporal conditionsand that negative

effects of sediments on invertebrate abundances was elevated in presence of the secondary
habitat former These results provide experimental evidetita a strong anthropogenic
stressor can destabilize a habitat cascade and highlight the importance of these interactions in

estuarine ecosystems characterized by low biodiversity and stressful environmental conditions.

5.2INTRODUCTION

There is accumulatg evidencethat ceoccurring primary and secondary habfiatming
speciegypically support higher biodiversity than monocultures of the prirhabytatforming

species alonéAltieri et al. 2007, Thomsen et al. 2010, Bishop et al. 20@@wever, these
6habitat cascadesd may not be universial and,
is important to know if, when and where positive effects on biodivessijch to negative

effects. For example, habitat cascades could break down if secondary habitat formers
outcompete primary habitat formers or if environmental stressors negativelytlaéfecimary

and/or secondary habitat formers. Despite the growing literature documenting a positive net

effect of secondarpabitatforming species on biodiversitfThomsen et al. 2010) am not
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aware of studies that have experimentally tested if or how stressors may destabilize habitat
cascades.

Habitat cascades are prolific in seagrass hedpiphytes attacto (Hall and Bell 1988,
Bologna and Heck 1999, Gartner et al. 20IBjft algae entanglaround(Holmquist 1997,
Thomsen 2010, Thomsen et al. 20483 molluscs embeamong(Valentine and Heck Jr 1993,
Thomsen et al. 2013pagraskavesSeagrasses provide habitat for secontdabytatforming
speciesbutthey alscstabilize sediments, attenuate waves, and sequester ¢@dmoas et al.

1994, Connolly 1997and, importantly, increase the abundance and diversity of seagrass
associated faun@ohn 1967, Abele 1974, Heck Jr and Orth 1980, Stoner and Lewis 1985,
Hall and Bell 1988Heck et al. 1995, Bostrom and Bonsdorff 1997)

All of these ecosystem futions are susceptible to anthropogenic stressors, as
evidenced by the rapid decline in seagrass beds around the(@uHcet al. 2006, Waycott et
al. 2009, Short et al. 2011Key human activities that threaten seagrasses include global
stressors like climate chaneDi az Al mel a et al andiBvadiv@speciEsh| er s
(Williams 2007) as well as local stressors such as nutrient pollution and increased sediment
loads(Orth et al. 2006, Waycott et al. 2009, Barbier et al. 2011, Short et al..Zl0id9e
stressors typically coccur(Burkholder et al. 1992, Crain et al. 2008, Halpern et al. 2808)
it is therefore important to understand direct, indirect and interactive effects on the seagrass
themselves and on associated invertebr@iesslathery 2001, Thrush et al. 2004, Wernberg
et al. 2012) 1t is reasonably well studied how fertilization or sedimentation affect seagrasses
in isolation (Burkepile and Hay 2006, Cabaco et al. 2008) it is less known how these
stressors interact, if interactions are ddependent antiow dosedependency may affect
seagrassssociated invertebrates. Furthermore, excessive amounts of nutrients typically
stimulate growth of seaweeds inhabiting seagrass beds, thereby favouring epiphytes and drift
seaweeds over the seagrasses themg@aeslJensen and Borum 1991, Pedersen and Borum
1996) Nutrientfuelled rapid growth of epiphytes and drift seaweeds can shade seagrass and
cause benthic anoxia (due to respiration and decomposition) below the canopy, and thereby
stress seagrass@Sambridge and McComb 1984, Holmer and Bondgaard 2001, Thomsen et
al. 2012b) Thus, it is possible that epiphytes and drift seaweeds can both increase and decrease
habitat quality for seagrasssociated invertebrates, depending on other environmental
stressors, like nutrient and sediment levels. Howd\eme not aware of anywslies that have
tested how the ecological importance of seaweeds within seagrass beds may change from

positive or neutral to negative depending on the environmental context.
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| addressed these research gaps by testiigimpacts of nutrients and sedinis on
seagrass performance and seagass®ciated invertebrates are ddseendent and
interactive and (ii) sediment stress affects the strength and direction of how drift seaweed
affect seagrass and their associated invertebfiuatsis, if sedimerst modify the strength of
habitat cascadgsThese hypotheses were tested with two experiments in the-lAgathcote
Estuary, Christchurch, New Zealand. In this system, the prihabigatforming species is the
seagrasZostera milleri the only seagrass species in New Zeal@itbrt et al. 2007)It is
relatively common on sandybstrates and in estuaries throughout New Zealand and temperate
Australia(Den Hartog 197Q)where it modifies sediment deposition, stabilizes substrate, and
provides habitat for drift seaweednd invertebries(Ferrell andBell 1991, Connolly 1994a,
Connolly 1994b, Fonseca et al. 201The secondariiabitatforming seaweed species here
were sheeforming Ulva spp. (dominated byJ. curvatg, that can form dense mats in
sedimentary estuaries in New Zealgddnes et al. 2005, Marsden and Bressington 2009,
Marsden and Maclaren 20180d worldwideg(Fletcher 1996)

5.3MATERIALS AND METHODS

Study sites were located in the Avbieathcote Estuary (43°33'11.7"S, 172°44'39)4iNhere

the segrass Zostera miulleriand the seaweed Ulva sp. (hereafter Zostera and Ulva,
respectively) are commorThe Avon-Heathcote Estuarys bordered by Christchurch and
freshwater enters from the Avon (north) and Heathcote (smesh) rivers(McClatchie et al.

1982) The estuary is ca 8 Kmand is predominantly intertidalith a tidal range between 2.2

m at spring tides and 1.7 m at neap ti@@sdlay and Kirk 1988) During high tide, the
maximum depth is 5.5 m in the deepest chaf\welbb 1972while during low tide 85% of the
estuary is characterized by intertidal mudfldbliever and BoltonRitchie 2016) The study

area was located in the eastern part of the estuary, close to the Brighton Spit, between Tern and

Plover streets.

5.3.1 Experiment 1: interactive effects of eutrophication and sedimentation

The first experiment tested the hypothesis that therentegmctiveeffects of sediment and
nutrient stress on seagrass performance and seagsssated invertebrates. More
specifically,| tested for interactive effects between four sediment andféatilization levels
onZosterabiomass and shoot density, and on inverteladatsmdance, richness acaimmunity

structure.
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| established25x25 cm plotsin an intertidal seagrass beBrior to experimental
manipulations, shoot density was counted in edoh gentre within a 10x10 cm quadrat.
Sedimentation was manipulated by adding O (control), 1, 2 or 4 cm of sediments, corresponding
to sediment levels added in many other seaggadsnent stress experimer{Gabago and
Santos 2007)Sediments were collected from an adjacent mudfidt saeved using a-&m
sieve to remove macroinvertebrates, shells, stones and seaweeds. Sediments were added to
plots by slowly drizzling the unconsolidated sieved sediment over each plot until the required
depth was reachdds in Airoldi and Virgilio 1998)Fertilization was manipulated by inserting
0, 2, 4, or 8 Jobes Fertilizer Spikes (13% nitrogen, 4% phosphate and 5% potashppooiing
to 0.16 gN, 0.05 gP and 0.06 gK per spike) into the sediments within theplatsll crossed
design Each treatment combination was replicated 3 timieesenutrientlevels and methods
arecommonfor fertilization experiments in seagrassds(Worm et al. 2000, Burkepiland
Hay 2006) The experiment was run in the summer growing season in Feiiiaach 2016
over four weeks. Sediment levels were maintained every five days by adding new sediments
(if they were eroded away). Fertilizer wasaggplied after two weeks, aasponding to a total
addition of 2.56 gN i and 0.79 gP rAfor the lowest application and 10.23 gNPrand 3.15
gP m?for the highest application level. Three days before the experiment ended, a 10 cm silver
stick was inserted 4 cm into the sedimen? fhm diameter, 99% Ag) in the centre of each plot
to measure the depth of the sulphide layer in the sediment, as a proxy for oxygen penetration
(as in Holmer et al. 2009, Hokr et al. 2011, Thomsen et al. 2012A) the end of the
experiment, silver sticks were collected first and then sediment cores were collected from each
plot center (a circular 9 cm inner diamete09064 n? core pushed 10 cm down into the
sediment). Each collected core was washed in the field4iman Inesh bag to retain seagrass,

seaweesland fauna before being transported to the laboratory for processing.

5.3.2 Experiment 2: effectof sedimentationon the habitat cascade

The second experiment tested if sedimentation destabilizes sesempas=ed habitat cascades.
More specifically,| tested if addition of sediments affects invertebrate communities, and
whether these effects are influenced by seaweddsat®n leves, and seasons. This
experiment had the following design: 2 levelsefgrasét 15'HF, Mud vs Zosterg x 2 levels

of Ulva (+ 2"9 HF, Mud vs Ulva) x 2 sedimentatiorievels (= addition of sediments) x 2
elevationlevels {ntertidalvs shallowsubtida) x 2 seasongsummervs winter) x 3 replicates.
Sediments and fronds btfiva was collected from the study site. Sediments were sieved as in

the previous experiment andllva fronds were rinsed and shaken to remove
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macroinvertebrateg\gain, 25x25 cm plots were establishiedbotha seagrass bed and on an
adjacent mudflat. Shoot density was estimated as in the previous experiment, before 2.8 gWW

of Ulvawas added around the seagrass leaves by pegging them flush into the sediment with 2
u-bent20 cm metal pegs. Pegs were also added to the control plots to avoid confounding
treatments by the presence of pegs. Finally,
treatmentsusing similar methods as in the previous experiment (the tdexesd applied in
experiment thatstill had an adverse effect on seagrass; see Results section). The experiment
ran for two weeks in July and the entire experiment was repeated in November 2016.
Maintenance was done every five days, adding new sediments andlveefvonds where
necessaryllva only had to be r@pplied to plotsvithout sediments). Three days before the
experiment was terminated, sulphide oxidation was measured with silver sticks and cores were
collected as described in the previous experiment. NoteUilatin this experimentan be
considered to be both a primary and secondary habitat former, depending on whether it was
collected from the mudflat or from the seagrass (Eeijar and Robertson 1992, Thomsen et

al. 2012a, Thomsen et al. 201®jnally, | al so not eSetalsaotndb étv ht ibonod
technically ar e O(dunberel984becaadt enty includesl ene sufmmer,t or s
one winter, one subtidal and one intertidal experimdgtaim here was primarily to testttie

effect ofUlvaiscansi st ent i n space and time and refe
effects are therefore of less importance (dtihclude,by design a cold and a warm month

and subtidal and intertidal elevations, to cover a wide range of ambient abiaditions, and

both test factos were therefore treated as fixed in statistical analyses).

5.3.3 Laboratory analysis

In the laboratory, core samples were rinsed onterariLsieve to retain macroinvertebrates,
seagrass and seaweeds. Seaweed and seapis®o (eaves and roots) were weighed after
drying at 55°Cfor 48 hor until no further weight loss could be detect#lilinvertebrates were
countedand identified to operational taxonomic units (conspicuous taxa to species levels, small
inconspicuousatxa to Orders or Familieg)ith adissecting microscopat 40x magnification
andpreserved in 70% ethanol. Silver sticks were processed by meatheidgstance to the

blackened part with a digital caliper (blackening is a result of reduction of Ag:®)Ag

5.3.4 Statistical analyss
| tested for effects of fertilization and addition of sediment and macroalgagdisténce of

blackened silver sticksji] seagrass shoot densityij )(seagrass aboyground biomass,i\)
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total invertebrate abundancéy) invertebrate taxonomic richnesand i) invertebrate
multivariate community structure. Invertebrate counts were sqoatdransformed to reduce

the statistical importance of a few highly dominant taxa and to decrease variances for the most
abundane taxa. Responses were analyzed with permutatlmasdd factorial analysis of
variance(PERMANOVA in the PRIMERV6/PERMANOVA+ softwarpackage; Clarke and
Warwick 1994) Univariate and multivariate variables were analyzed with Euclidean distance
and BrayCurtis similarity coefficient, respectivelyll factors weretreated adixed. Results

were considered significant if90.05. Sgnificant results for test factors with more than two

levels were followed byposthoc pair-wise t-tests. Finally, the biomass @bsteraand Ulva
werecorrel ated against tot al i nvertebrate abu
correlation coeffiegnt on all samples from the two experiments with and without sediment
stress (fertilized samples were <classified

seagrass or invertebrates; see Results section).

5.4RESULTS

5.4.1Experiment 1: effects ofnutrients and sedimentation

Silver sticks and seagrasBhere was no difference in the depth of the oxidation layer across
the treatments (TablB.1, Fig. 5.1A). However, there were significant negative effects of
sedimentation (S) on both leaf biomass atbot density (p = 0.00ITable 5.1 h? =
SSexplained SSrotal ; h2= 87 and 89%, respectively), but no effects of added fertilizgre(rst

hoc pair-wise comparisons showed, as expected, that the highest seagrass leaf biomass and
shoot densities were in control plots, intermediate levels in treatments with 1 cm of sediment
and lowest in treatments with 2 and 4 cm of sediments &0 16 2,%ig.5.1B; S > S >

S =S, Fig.5.1C).

Invertebrate abundancéfound350 invertebrates representing 12 taxa in the 48 samples. The
most important taxa wergustrovenus stutchburyi94 individuals), juvenile crabs (33) and
the trochidDilomasubrostrata(24) andMicrelenchugenebrosugl19).

Invertebrate abundaacwas significantly affected only by sedimentation (Table 5.1,
Fig. 5.1D), with highest abundances in the control plots (12.5004ridOcore), intermediate
abundances at 1 and 2 ¢treatments (6.75 £ @5 and 5.75 £ 0.8) and lowest abundances in
4 cm treatments (4.17 £ @Q(So> S = S > S, Fig.5.1D).
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Invertebrate richness here was a highly significant Fertilization x Sedimentation interaction

on invertebrate richness (p 001,h? = 33%, Table5.1). This demonstrated that although
sedimentation generally had a negative effect on richness (see below), the effect was stronger
at the highest fertilization level (Fi§.1E). Irrespective of this interaction effect, sedimentation

also had a highly significant single factor effect on richness®01,h? = 39%, Fig. 5.1E),

with more taxa in the control plots §8. + 029 taxa coré) compared to any of the other
sedimentreatments (2.92 £ P9, 2.75+ 037and 2.42 + @9) (So> S1= S = S, Fig.5.1E).

Invertebrate community structur@s expected, sedimentation also had a significant effect on
multivariate community structure (p = 0.0, = 14%, Table5.1) but theravere no effects of
fertilization or of the Sedimentation x Fertilization interaction. The MDS ordination showed a
moderate separation between the unstressed control plots and the sediment stressetl plots (S
S =S =S, Fig.5.2). Only two taxaAustrozenus stutchbunand small crabs, accounted for
50% of the variability in the MDS plots, with their abundance vectors pointing toward the

unstressed control plots (Fig2).

5.4.2Experiment 2: effects of sedimentation and drift alga

Silver sticks andeagrassThere was no difference in the depth of the oxidation layer across
the treatments (Tabk1, Fig.5.3A-B). The biomass of seagrass leaves was strongly affected
both by the Sedimentation x Season interaction (p = Otf04,16%) and the two sifg test
factors (Sedimentation: p = 0.001 = 51%; Season: p = 0.0012 = 11%). More specifically,

there was a strong gative effect of sediments on seagrass leaves, reducing biomass from 0.21
+0.04t0 0.07 + 0.0 gDW coret! (Fig. 5.3C-D), although this effect was strongemMNovember
thanJuly (cf. the significant Sedimentation x Season interaction). Seagrass shoot density was
also significantly affected by the Sedimentation x Season interaction (p = B20621%),

with stronger rgative effects iNovember(Fig. 5.3E). In addition, there was a strong negative
singlefactor effect of sedimentath (p = 0.001h? = 65%), reducing densities from 300.6 +
29.8 to 63.8 + 7.8 shoots it (Fig. 5.3EF), and a less important, but stilgsificant, effect

of the secondary habitat former (p < 0.85= 1.6%) wherdJlva reduced shoot density from
197.69 + 35.8t0 149.86 * 28.3 shoots it (Fig. 5.3E-F).

Invertebrate abundance\ total of 1,036 invertebrates, representing 13 taxa, were counted in

the 96 samples. The most abundant w@gstrovenus stutchbury{517 individuals),

108



Micrelenchustenebrosug222), errant polychaetes (73)jloma subrostrata(73) and the
bivalve Macomona liliana(41).

Statistical results were complex, withsignificant interaction effects (e.g.S'HF x
Sedimentation, Sedimentation x Elevation, Sedimentation x Season, ST/Hblélowever,
most of these effects explained only a small proportion of the totabssguares of the Anova
modelp?< 7% f or each interaction). Further more,
toi nterpretdé interactions, demonstrating that
modified by environmental context (e.gs in Experiment 1, with a stronger negative effect of
sediment ilNovembercompared tduly, Fig.5.3G-H). The single most important significant
test factor was, as in Experiment 1, a negative effect of sedimentatio0.001,h2> 35%
Table 5.1), which reduced abundances from 15.38&itd. core! to 6.21 + 0.8 (Fig. 5.3G-
H). As expected,nvertebrate abundance was also affebie&eason, with higher densities in
November (12.27 = 26) compared to July (9.31 £ @P Finally, thee was a positive net
effect of addindJlva to seagrass in th&uly samples without sediment stress, but this effect

was reversed in treatments with added sediments§BiG-H).

Invertebrate richnessThere were three significant interaction effects, in concert accounting
for 10% of data variabilityAgain, Sedimentation wdxy far the most important significant test
factor (p < 0.001h? = 39%, Table 5.). Sedimentation decreased the number of tata #.46

+ 0.20 taxa coré to 2.40 + 017, but in contrast to the abundance dataund no effects of
season or addinglva to Zosterabeds in eitheNovemberor July(Fig. 5.31-J).

Invertebrate community structur@. multivariate analysis of community structure showed 8
significant interactions, including afdctor interaction. However, all of these interactions
accounted for little of the data variabilithy< 3% for each interaction, Tab%1). Again,
sedimentaddition alone accounted for most variabilib? & 1399 and, as for Experiment 1,
the communities in control plots were different from those in the sediment treatmgnts, (S
Fig. 5.4). Fifty percent of the multivariate community structure was expdanyesix species,
but mostlyby Micrelenchustenebrosusand Diloma subrostrata correlatingpositively with
unstressed control plots in the presence of biogenic habitat formensithdpth Zosteraand
Ulva, Fig.5.4).
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5.4.3Correlations

For theunstressed samples, invertebrate abundangesa+ 0.36, p = 0.005, Fich.5A) and
richnessi(spearma= 0.28, p = 0.03, Figh.5B) correlated positively with the biomassZafstera
but notUlva (p > 0.05, Fig.5.5C-D). No significant correlations eve found for stressed
samples (p > 0.05, Fi§.5).

5.5DISCUSSION

Herel demonstrated strong negative effects of sedimentation on seagrass performance and on
seagrassssociated invertebratéslso documented a habitat cascade where drifting seaweeds
functioned as secondahabitat formes. This habitat cascade broke down when sediments
were added to the seagrass bed, reversing the effects of seaweeds on invertebrates from positive
or neutral tonegative effectsa pattern thatvas stronger inthe warm than cold experimental

month These results provide an experimental demonstration of how habitat cascades, which
normally enhance biodiversity, can have negative effects on biodiversity undestiregh

levels.

5.5.1Effects on seagrass

Seagrass performance was not affected by synergistic interactions between fertilization and
sedimentation. Synergistic effects have often been assumed to be common when multiple
stressors coccur(Myers 1995, Sala et al. 2000t empirical evidence has shown that this

may not always be the caé@rain et al. 2008, Darling and Co6té 200Blere the effect of
sediment addition overwhelmedny potential much smaller nutrient addition effects,
supportingpast experimentthat suggest estuaristera mulleris relatively insensitive to
nutrient concentrationgMorris et al. 2007) However,| did document interactive effects
between sedimentation and season, with a stronger negative effect of sediment on seagrass in
the warm experimental montlt is well-established howemperatureaffect plysiological

function of seagrasses such as growth, leaf elongation, photosynthesis, nutrient uptake and
respiration(Bulthuis 1987) For example, the congenics Z. mulleri (Kirkman et al. 1982,
Larkum et al. 1984, McKenzie994, Ramage and Schiel 1999, Turner and Schwarz 2Z006)

noltii (Vermaat and Sandensen 1987, Pérétoréns and Niell 1993andZ. marina(McRoy

1970, Sandlensen 1975, Jacobs 1979, Nienhuis 1980, Moore et al. @idnallyhave higher

growth, biomass and leaf area in summer than winter. It is likely that the strong inhibition from
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burial doserved inJuly occurred becausg. milleri had higher growth in thismonth and
therefore also the potential for more severe inhibition of growth (see references listed above).
There are several possible reasons WwHid not find any effects of fertilization. For
example, the applied fertilization levels were relatively low, tidal currents may dissolve the
fertilizers and urban estuarine sediments and systems may already-berforaglapted to high
ambient nutrient kels. Other fertilization experiments from less eutrophic estuaries have
reported increases ihosteraleave density, length and biomass when exposewrtewhat
higher fertilization levels than imy study(Orth 1977, Morris et al. 2007Additionally, other
studies have shown that temperature can affect both the dissolution rate of applied fertilizers
(Morris et al. 2007)rnd the response of seagra8srfiaring to nutrient enrichmenialdy
2014) In contrast to fertilization, sediment addition dramatically inhibited seagrass biomass
even at the lowest applied level (1 cm burial). These results are consistent with results from
burial experiments with the two congeneric specesoltiiandZ. maring which experience
70-90% mortality under 22 cm sediment burigMills and Fonseca 2003, Cabaco and Santos
2007) Studies on some seagrass species have, however, shown less negative or even positive
effects when buried under low sediment leyeslsch as observed f@ymodocea nodosa
Posidonia oceanicand, again, the congeneric spedesnarina(Duarte 1995, Manzanera et
al. 1998, Mills and Fonseca 2003)s noted by Cabaco and San{@907) the different
responses may in part be attributed to the size of the seagrass, where smaller species are less
likel y t o sur vi-stressrbeusriisatla n cae 66 sriezleat i o reesatyasp al s o
interactiong Thomsen et al. 2012bThis sizeeffect may be particularly relevant far noltii
andZ. mulleri, as they are smaller thah marina
In addition Ulva also reduced the shoot density, as shown in other drift seaweed
seagrass studiéslauxwell et al. 2001, Brun et al. 2003a, Brun et al. 2003b, Holmer et al. 2011,
Thomsen et al. 2012b)rhe magnitude ofJlva effects is likely to be contextependent,
becauseeffects of drift seaweedcan increase with increasing temperature and seaweed
abundance but decrease with seagrass(Slzm@msen et al. 2012bThe negative effect from
Ulvawas likely caused by light reduction under the seaweed, limiting gr@idbverro et al.
1999, Longstaff and Dennison 1999, Peralta et al. 2002, Brun et al. 20@Bshoot densities
(Longstaff and Dennison 1999, Hauxwell et al. 20@&kjother possible inhibition ethanism
is thatUlva decreases sediment oxygen levels, although this explanation was not supported by
the silver stick data, which suggested wed/genated sediments irrespective of treatments.
Finally, I did not quantify recovery potential &. mdalleri. It is possible thaZ. mulleri can

recover from sediment stress through encroachment from adjacent clonal plants, by growing
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up through the sediment or, if sediment stress is released, through eessbawn forZ.
noltii andHalophila ovalis (Cabaco et al. 2008Halodule uninervi§Duarte et al. 1997and
Cymodocea nodogMarba and Duarte 1995)

5.5.2Effects on invertebrates
Effects of sedimentation on invertebrates varied with fertilization levels (with stronger negative
effects under high fertilizer levels), season and presence of primary and secondary habitat
formers (Nichols et al. 1978, Hinchey et al. 200®evertheless, thesinteraction effects
explained much less of the data variability compared to the effect of sedimen(Tabieel,
Crain et al. 2008)Survival, growth and stresscape mechanisms of invertebrates when
exposed to sediment stress depend on spspidfic adaptations. For example, bivalves are
well-adapted to burial because of their muscular foot, amphipodsbaarow through
sediments with their exoskeleton and migrate relatively quickly with their developed legs
(Hinchey et al. 2006)and many deposit feeding gastropods can move relatively fast under
sediments(Bolam 2011) Indeed, the marity of estuarine taxa are typically resistant to
sediment burial up toa1l0 cm depth (2 to 5 timdsgher sediment loadintpanappliedin this
study) and it is possible that burial depth per se is less important than sediment traits such as
sediment grain size or organic maitiichols et al. 1978)

Invertebrate were also stronglyffected bythe biogenichabitat formes Zosteraand
Ulva, where the molluscicrelenchustenebrosusDiloma subrostrataand Austrovenus
stutchburyishowed greatest effects. As in other studies from New Zedltincklenchuswvas
most abundant on seaweed (alone or in combinationZeikterg (Murphy 2006) Dilomaon
ZosteraandZosteraUlva habitats(Hayward et al. 2001gndAustrovenusn mud andZostea
habitats(Morley et al. 1997, Hayward et al. 1999, Hayward et al. 2001, Murphy 200éj)e
were also strongeasonaéffects, with more invertebratésundin Novemberthan inJuly. It
has previously been shown that seasonal changésnmarina density(Laugier et al.1999,
Meling-Lopez and Ibarr®bando 1999, Guidetti et al. 2002, Lee et al. 2086§ct
invertebrates, as many invertebrates can respond rapidly to changes in habitat availability,
habitat complexitfWebster et al. 1998, Frost et al. 1999, Bostrom and Bonsdorff 20@0)
food availability (Edgar and Robertson 1992, Toyohara et al. 1999, Nakaoka et al. 2001,
Saunders et al. 20Q3yor example, Rueda and Safae08)showed a peak in the abundance
of epifauna in summer compared to winteZinmarinahabitats, underpinned by changes in
seagrass leaf area. Above interpretation was supported by positive relationships between the

biomass ofZostera(without sediment stress) and the abundance and richness of invertebrates,
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as previouslydocumented foZ. miuilleri (Battley et al. 2011pand Z. marina(Heck Jr and
Wetstone 1977, Mattila et al. 1999, Attrill et al. 200)ese correlationagain highlightthat
seagrasses increase habitat complexity, buffer environmental stressdrsagdesiccation)
and provide food for grazers. However, in contrast to other studiedJWwah{Thomsen et al.
2016a)and other seawes@Gore et al. 1981, Drouin et al. 201hgre was no correlation here
betweenUlva biomass and invertebrate data, possii@causerery high biomass dfllva can
smother some invertebrate spe¢@ardoso et al. 2004, Cumminsatt2004)

More invertebrates were fourfdarticular in the July experimentvhenZosteraand
Ulva co-occurred, compared tmonocoltures of seagrasthereby documenting a habitat
cascaddThomsen et al. 20108imilar habitat cascades have been found in seagrass beds
around the world, including Austral{&dgar and Robertson 199H)enmark(Thomse et al.
2010) Portugal(Cardoso et al. 2004Nenezuela(Stoner and Lewis 1985and Canada
(Schneider and Mann 19913uggestingthat this type of habitat cascade is a common
processedPositive effectof seaweedverestrongeston gastropods and juvenile crustaceans
(Siciliano unpubl. data), where gastropods probably benefit from the high palatabiityaof
(Underwood 1980, Mowles et al. 20Mhereas juvenile crustaceans may benefit more from
reduced predation within thelva mats(Wilson et al. 1990b)Importantly, under sediment
stress, the effects dfilva (within the seagrass bed) switched from positive or neutral to
negative. Under these conditiomg@stropods, that were facilitated bya in the unstressed
samples, were now greatly reduced in the seagrass samples, probably because their movement
was impaired and their grazing activity redu¢autoldi and Hawkins 2007)By contrast, other
more sedimentolerant speciesncluding several polychaetasd bivalveswere less affected.
Habitat cascades are hierarchically organized processes between aivéeastotcuring
habitatforming species. Habitat cascades may therefore be extra susceptible to stress because
they require that both the primary and the secondary héitaers remain healthffhomsen
et al. 2010) In addition to sediment stress, other threats that could disrupt seseagrdss
habitat cascades include invasspeciegWilliams 2007) climate changeShort and Neckles
1999) and eutrophicatiothat canstimulatealgal growth (McGlathery 2001 )with negative
effect on the seagragdolmer and Nielsen 2007, Thomsen et al. 200@arly, more studies
should integrate these types of anthropogenic stressors in experimental designs to increase our

ability to predict how these ecological processes will functaihe future.
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5.5.3 Conclusions

In conclusion,this study demonstrated negative effects of sediment&. anilleri and its
associated fauna, and that sediment stress chamgetiectsof seaweeslon invertebratem
the seagrass bsdfrom positive or neutral to negative. A key implication is that if
sedimentation increases, for example, if sediAbémding salt marshes, mangroves or river

bank vegetation degrade, seagrass and their associated biodiversity could be severely impacted.
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Tables

Table 51 Overview of PERMANOVA reporting the results of the factorial analysisfactors werereated asixed. Values represent the contribution of each
test factor to the totalariability of the PERMANOVA model$h? = SSpiained SSrota). Univariate and multivariate variables were analyzed with Euclidean
distance and BraQurtis similarity coefficient, respectivel$ee Appendis-5.1 and3-5.2 for complete PERMANOVA tableSignificant values are in bold (*:

p = 0.6-0.01, **: p = 0.02:0.00%, *** : p < 0.001) NO TEST refer to habitat conditions with only mudWiva (primary habitat formgrand are therefore
irrelevant for theZosteraresponsedNote thatUlva in experiment Zan be considered to be both a primary and secondary habitat former, depending on whetl

it was collected from the mudflat or from the seagrass bed

Factors Silver stick Zostera zostera . Abundance Richness Community
leaves shoot density structure
Experiment 1: interactive effects of eutrophition and sedimentation
Fertilization (Fer) 6.70% 2.28% 0.80% 0.04% 2.45% 4.91%
Sedimentation (Sed) 3.43% 86.88%*** 89.27%*** 47 53%*** 38.68%*** 14.19%**
Fer x Sed 7.68% 1.82% 0.94% 10.23% 32.894** 16.42%
Experiment 2:effects of sedimentationon the habitat cascade
2nd Habitat former (2HF) 0.23% 1.22% 1.60%* 0.73% 0.01% 4 .82%***
1stHabitat former (1HF) 0.24% NO TEST NO TEST 0.16% 0.19% 4 .520p***
Sedimentation (Sed) 3.71% 51.19%*** 65.11%*** 36.02%*** 39.23%*** 13.24%***
Elevation (Ele) 2.09% 0.47% 0.08% 0.57% 0.00% 1.48%
Season (Sea) 0.20% 11.35%*** 0.35% 2.75%** 1.41% 4.72%***
2HF x 1HF 1.85% NO TEST NO TEST 0.04% 0.25% 0.60%
2HF x Sed 2.68% 1.15% 0.70% 1.79%* 0.04% 1.19%
2HF x Ele 1.48% 0.64% 1.19%* 4 .48%** 2.73%* 0.81%
2HF x Sea 0.87% 0.16% 0.05% 1.65% 0.49% 1.23%
1HF x Sed 0.16% NO TEST NO TEST 6.049%*** 1.73% 2.38%**
1HF x Ele 0.02% NO TEST NO TEST 6.169%*** 9.06%*** 2.31%***
1HF x Sea 2.05% NO TEST NO TEST 0.90% 2.20%* 0.94%
Sed x Ele 0.08% 0.70% 0.35% 3.550%** 1.35% 2.18%**
Sed x Sea 1.57% 16.16%*** 21.11%*** 2.41%* 0.01% 2.20%**
Ele x Sea 0.76% 0.01% 0.43% 0.37% 1.34% 1.95%*
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2HFx 1HFx Sed

2HFx 1HFx Ele

2HFx 1HFx Sea

2HFx Sed x Ele

2HFx Sed x Sea
2HFx Ele x Sea

1HFx Sed x Ele

1HFx Sed x Sea
1HFx Ele x Sea

Sed x Ele x Sea
2HFx 1HFx Sed x Ele
2HFx 1HFx Sed x Sea
2HFx 1HFx Ele x Sea
2HFx Sed x Ele x Sea
1HFx Sed x Ele x Sea
2HFx 1HFx Sed x Ele x Sea

0.56%
4.89%
1.36%
1.36%
0.47%
0.03%
0.71%
0.01%
0.05%
1.50%
2.12%
0.00%
1.34%
0.06%
0.00%
0.00%

NO TEST
NO TEST
NO TEST
0.09%
0.04%
0.06%
NO TEST
NO TEST
NO TEST
1.02%
NO TEST
NO TEST
NO TEST
0.27%
0.00%
NO TEST

NO TEST
NO TEST
NO TEST
0.67%
0.28%
0.03%
NO TEST
NO TEST
NO TEST
0.06%
NO TEST
NO TEST
NO TEST
0.26%
0.00%
NO TEST

0.01%
0.00%
0.29%
0.09%
0.36%
0.02%
0.36%
0.22%
0.28%
0.00%
1.81%*
0.00%
0.01%
0.11%
0.00%
0.11%

0.43%
0.24%
0.31%
0.46%
1.15%
0.02%
0.14%
0.02%
1.92%
0.00%
0.13%
1.78%
0.38%
0.36%
0.25%
0.00%

0.33%
0.40%
0.58%
1.20%
2.07%**
1.25%
0.39%
0.22%
1.19%
0.89%
0.45%
0.55%
0.30%
0.77%
1.78%*
1.51%*
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Figures

Figure 51 Experiment 1, testing for the effects of sedimentation and fertilization on blackened
length of silver sticks (A)Zostera mullerieave biomass (B), shoot density (C), invertebrate
abundance (D) and richness (E) for four levelsamfiment$So, S, S;and S = adding 0, 1, 2

and 4 cm sediments) arertilizers (Fo, F2, F4, Fs = adding O, 2, 4, and 8 fertilizer sticks).
Sample core= 0.0064 n¥. Error bars = 1 SE, n = Pifferent letters indicate significant

differences as detected by puaiise ttestcomparisos.
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Figure 52 Experiment 1testing for the effects oksglimentation and fertilizers on invertebrate
community structure. MDS plot was based on BCaytis similarity for four levels of
sedimentgqdifferent grey scales: §S1, S>and S = adding O, 1, 2 and 4 cm) affettilizers
(different symbols: & &, F4, Fs = adding 0, 2, 4, and 8 fertilizer sticks). Data were sqguzoe
transformed prior to analysis. n =8 SIMPER analysisvas used to determine which species
contributed up to 50%of the data variability(1: small juvenié crabs, 2:Austrovenus

stutchbury). Stress: 0.26.
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Figure 53 Experiment 2, testing for effects of adding sediments (+) anduli& sp. (U) to
muddy (M) andZostera muller{(Z) habitats, on blackened length of silver sticksB)AZostera
leave biomass (©) and shoot density (E) and invertebrate abundance (G, H) and richness
(1, J) in both summer (left) and winter (right) seasons. Sample cO1@064m?. Error bars =

1S, n = 6. T hlevatidroavast poofedDifferent Istter® ikdicate significant
differences as detected by puaiise ttest comparisam Capital letters refer to the
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Figure 54 Experiment 2, testing for effects of adding sediments (+) andudié sp. (U) to
muddy (M) andZosteramitilleri (Z) habitats, on invertebrate multivariate community structure.
MDS plot was based on Brayurtis similarity. For simplicity, data were split into July and
November experimentbut results are from the same analyarsl the two plots can be
superimposedroeach othefand therefore have the satagavector3. Data were squan@ot
transformed priortoanalysis The test f act on=@&ASIMPERanhalysisn 6
was used to determine which species contributed up to &0%e data variability(1:
Micrelenchus tenebrosu<2: Diloma subrostrata 3: Austrovenus stutchburyi4: errant
polychaetes, lacomondiliana, 6: Cominella glandiformiy Stress: 0.26. One outlier sample
was removed from the B plaf+ (-9.75, 0.00).
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Figure 55 Correlation between the biomasszuastera milleri(A, C) and the seaweddlva

sp.(B, D) vs abundance (A, B) and taxonomic richness (C, D) of invertebrates. Experiment 1:

n = 48, Experiment 2: n = 96. Black and white poimesssamples with and without sediment
addition stress, respectively, whereas circles and squares represent samples from experiment 1
and experiment 2, respectivel y. Spear manos
separately for unstressed and stressaaplesStressed: Arspearmar=-0.18, p = 0.1, Brspearman

=-0.10, p = 0.38, Qspearmar-0.03, p = 0.76, Drspearmas -0.15, p = 0.17Unstressed samples:

A: rspearmar= 0.36, p = 0.005, Brspearmar= 0.28, p = 0.03, Crspearmar= 0.25, p = 0.054, D:

rspearmar= 0.01, p = 0.97.
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CHAPTER 6: Are habitat cascades similar among morphologically

comparable canopyforming hosts and epiphytes?

6.1 ABSTRACT

It is well established that primatyabitatforming species characterized by widely different
morphologies affect secondarpabitatforming epiphytes andepifaunal community
differently, both directly and indirectly through habitat cascades. However, no studies have
tested the opposite hypothesis, thatfisporphologically similar congenerigrimary habitat
formers support similar epiphytes with similar direct and indirect cascading effects on
invertebrate communities. This hypothesis was tested with mensurative and manipulative
experiments using three -existing morphologically similar congeneric marine macroalgal
hosts from the South Island of New Zealand: the catfiopying fucoidsCystophora torulosa

C. scalaris andC. retroflexa Diverse communities of small mobile gastropods {2800 pum)
associaté with the three host species were sampled with and without attached epiphytes from
tide pools at 2 reefs (>1 km apart) from 4 sites across a latitudinal gradient (>100 km apart). In
two follow-up field experiments, defaunateprimary habitat formers(including the
morphologically different fucoidHormosira banks)i, epiphytes Rolysiphoniadecipiensand

Jania micrarthrodid and artificial epiphyte mimics were etransplanted to tide pools to
guantify colonizing gastropod communities. Results from theesuand the first field
experiment lead me to reject the initial hypothesis, because the three congeneric hosts
supported different gastropod communities and had different cascading effects. | also found
positive effects of epiphytes on the abundances afuhess of gastropods. The second
experiment documented that epiphytic biomass had a significant positive effect on gastropod
abundances for bot@i. scalarisandH. banksij and that artificial mimics and live epiphytes
where colonized by similar gastropodmmunities, suggesting that structural effects are more

i mportant than whatever the habitat is O6edi6&k
the primary and secondary habitat formers suggested that traits, like biomass;aedicaed

fractal dimension are good predictors of the strength of habitat cascades. These results highlight
that rocky shore habitat cascades, at least on small scales, can increase biodiversity, and that
even superficially similar primary and secondary habitat fornoars support different
communities of mobile invertebrates. These findings caution against classic analyses of form
functional grouping that pool simildooking species, thereby overlooking subtle direct and

indirect effects associated with biogenic hatfitamation.
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6.2INTRODUCTION

Indirect facilitatiors represent ecological interactions whereby a primary species fasibtate
focal species in the presence of a secondary sp@desnsen et al. 2010 hese types of
ecological processes havagpbeen studied but were firshmed in 198QDavidson 198Q)A
specific type of indirect facilitation occurs through sequential positive spetiesctions
(facilitation cascadesensurhomsen et al 2010). Facilitation cascades have been documented
from a variety of ecosysten{éltieri et al. 2007,Bishop et al. 2009, Thomsen et al. 2010,
Angelini et al. 2011, Bishop et al. 2012, Bishop et al. 2013, Bell et al. 2014, Thomsen et al.
2016b) but remain understudied compared to indirect facilitation processes occurring through
enemy interactions, like trophic cascades orskene predatiofPaine 1966, 1980, Thomsen

et al. 2016h)

Among the different type of facilitation cascades, the most commonly documented
types is the 0hauihrough sequentakcbiogerics habitdt foranationcand
modification (Bruno and Bertness 2001, Ohgushi 2005, Thomsen et al..Zedi0gxample,
Hughes (2014) demonstrated that primary habifatming mangrove pneumatophores
(Avicennia marina,primary habitat former) provide attachment space (i.e., habitat) to
intermediatehabitatforming oysters $accostrea glomerataecondary habitat former) with a
net positive effect on the abundance and richness of the invertebrates communities. Habitat
cagsades are common in many different systénmsen et al. 2010, Thomsen et al. 2018)
but particulaly in ecosystem where epibiosis is a prevailing process. For example, it is well
documented that epiphytes can increase biodiversity of invatéshin forest¢Nadkarni and
Longino 1990, Ellwood and Foster 2004, Yanoviak et al. 2007,-8ngon et al. 2009, Zotz
and Bader 2011, Diaz et al. 20,12agrass bedkewis Ill and Stoner 1983, Stoner and Lewis
1985, Edgar and Robertson 1992, Bologna and Heck B9@ocky shore@Pavia et al. 1999,
BuzaJacobucci and Pereitzeite 2014, Thomsen et al. 2016b)

Predictors of habitat cascad@bove studies have largely testedetendary habitat former
increase biodiversitgbdasedd ome ssii gpd e( i6.pa .e,s
presence of a secondary habitat former, but see Bishop et al., 2009 and Bologna and Heck,
1999 for more specific tests of mechanisms). H@wemechanistic models and experiments

are needed to improve predictions about the strength of habitat cascades. It has been suggested
that the strength of habitat cascadiepend on the amount of secondary habitat formers
(providing more habitat spac@ishop et al. 2012, Bishop et al. 2013, Gribben et al. 2813)
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form-functional trait differencebetween the primary and secondary habitat foiméng and
Bertness 200Bishop et al. 201,3Gribben et al. 2013 as different species provide different
niches for different focal speciedhomsen et al. 2010, Angelini and Silliman 2Q014)
Taxonomically closely related species typically show similar functional traits compared

to taxonomically distant speci€8Vebb et al. 2002)Artificial mimics of biogenic habitat
formers hae, in the past, been an important tool to test how flamctional traits modify
habitat use, because mimics have no sharexclutionary histories, cannot be consumed, but
canbe easily manipulated and replicated. For example, Hall and(B@88)used mimics of
seagrass blades (primary habitat former) and its algal epiphytes (secondary habitat former) to
document a habitat cascade in a seagrass bed, and -Banitin (1993) used macroalgal
mimics to document th&@argassunmimics (primary habitat former) provided substrate for
naturally colmizing epiphytes (secondary habitat former) which then supported more

invertebrates, compared &&argassunmimics without epiphytes.

Comparing habitat cascades for single multiple habitatforming speciesMost studies of
habitat cascades compdreffects associated with a single species of both the primary and
secondary habitat formers, for example describing effects on focal species associated with the
epiphytic macroalgalotheiaanomalaattached tdHormosirabanksii(Thomsen et al. 2016))

H. banksiientangled around pneumatophores of the mangkow@arina (Bishop et al. 2009,
Bishop et al. 2013Y)ibbed mussel embedded in marshes of the cord§pessina alterniflora

(Altieri et al. 2007, Altieri et al. 2010)the green seaweddlva attached to the cockle
Austrovenustutchburyi(Thomsen et al. 2016a)r the red alg&racilaria comosaentangled
around the leaves of the seagrdsdophila ovalis(Thomsen et al. 2012ajlowever, to truly
replicate and test if different forflunctional traits affect habitat cascadess required the
inclusion of more than one primary and/or secondary habitat former. Few studies have
compared sth habitat cascades based on multiple primary and secondary habitat formers;
Dijkstra et al(2012)showed that coccurringS. alterniflora (primary habitat former) and two
secondary fucoid seaweedss¢ophyllutmodosumand Fucusvesiculosusfacilitated marsh
snails. Thomsen et al(2013) tested for effect of the invasive seawe@tacilaria
vermicdophylla (secondary habitat former) -@xcurring with two native primary habitat
formers (the seagraZosteramarinaandMytilus edulig on mobile invertebrates. Similarly,
Hughes et al(2014)investigated the individual roles of two secondary habitat formers, the
seaweedH. banksiiand the oysteSaccostreagglomerata entangled around and attached to

mangrove pneumatophores (primary habitat former), respectively, finding positive effects of
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the secondary habitat former on mobile invertebrates. Finally, Mendez 20 Hb)tested the
effects of the invasive barnaddalanus glanduldsecondary habitat former) attached to either
nativesS alterniflora or native mussels (i.e., two differgmimary habitat formers). However,
these studies all compared taxonomically and functionally different primary or secondary
habitat formers (bivalves seagrass, plans mussel, seawead bivalve) making it relatively
straightforward to interpretgsitive effects on species diversity where secondary habitat
formers add new niches. However, to my knowledge, no studies have compared habitat
cascades among congeneric habitat formers with similar evolutionary and ecological traits or
among multiple prirary and secondary habitat formers simultaneously.

Rocky intertidal habitats are characterized by strong physical stress gradients
(Stephenson and Stephenson 1949, Menge and Be&xxd) Longtin et al. 2009)n these
systems anopyforming seaweeds provide habitat for invertebrates and buffer stressors related
to desiccation, temperature and wave acfldavison and Pearson 1996, Garbary 20Q7)
addition, substrate space is often a limiting resource for sessile s(i2aysn 1971) Many
species have, however, adapted to limited space by attaching to and growing on other sessile
speciegSeed and O'Connor 1981, Hay 1986, Wikstrom and Kautsky 2084)presence of
these epiphytic species careat epifaunal communities, for example, by providing shelter
and/or foodMartin-Smith 1993, Viejo 1999, Wikstrom and Kautsky 2004, Jones and Thornber
2010) additional settlemente spa@avia et al. 1999, Kare al. 2000, Viejo and Aberg 2003)
or increasing structural complexifMartin-Smith 1993)

Here | studied seaweed habitat cascades from rocky intertidal syistethes South
Island of New Zealand. These shores are dominated HJoga@aring canopyorming fucoid
seaweeds, such &ystophora torulosaC. scalaris C. retroflexaand Hormosira banksi
(Womersley 1964, Womersley 1987, Schiel and Lilley 2007, 2011, Tait and Schiel 26&1)
three Cystophoraspecies have very similar morphology, with a single flexuous axis with
branched laterals and terminal receptacles and concepfatbesersley 1964, Adams 1997)
compared tdH. banksii with multiple flexuous axes made up of strings of pneumatocystis
originated from the holdfast. The role of these canimpming species as substrate for
epiphytes is well describg®ucker et al. 1976, Hallam et al. 1980, Schiel 2006, Thomsen et
al. 2016b)

In addtion to providing attachment space for epiphy@gstophoraspp. andH. banksii
also provide habitat to diverse and ubiquti@astropod communities. These stavoving
shellforming taxa are a significant part of marine invertebrate communities associated with

seawees(Siciliano unpubl. data, Taylor 1998a, b, Cowles et al. 2009, Thomsen et al..2016b)
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Furthermore, gastropods are easy to sargghieth 2005) robust to handle, can be identified
t o O mop b (Bmith52005, Chapman and Underwood 20G8)d representa
heterogeneous group with different ecological functi@sapman and Urewood 2008)
Gastropods are therefore great mlo@rganisms and representatioé wider intertidal
invertebrate communitieg€Smith 2005, Chapman and Underwood 2008} can be used to
predict ecological patterns across sp&timporal scale€Smith 2005)

Five hypotheses were tested related ©@ystophorahabitat cascadegi) the three
taxonomically related and morphologically similar primary habitat form@ystpphoraspp.)
are inhabited by similar gastropod communiti€¢§) epiphytes onCystophoraincrease
biodiversity of gastropodgiii) these patterns are consistent astatitudes, reefs and seasons
(iv) more gastropods are found on live and abundant epiphytes thdivimgnmimics and
sparse epiphyteév) the gastropod communities associated @iistophoraare different from
commurities associated with the morphologically and taxonomically diffefertanksii The
first three lypotheses were addressed with a survey and a field experiment, whetda®

hypothesesvere tested in a second field experiment and a laboratory expéerime

6.3MATERIALS AND METHODS
6.3.1Study region

This study took place in the rocky intertidal zone on the east coast of the South Island of New
Zealand. Field surveys were conducted on reefdCape Campbell (41°43'36.685"S,
174°16'31.962"E) Kaikoura @2°24'51.707"S, 173°42'18.472,EPile Bay in Lyttelton
Harbour $3°37'16.126"S, 172°45'42.736"E) and Moeraki (45°21'31.907"S,
170°51'43.823"E). The four latitudes span a 4° latitudinal gradient, covering >550 km coastline
and have a temperature gradiehta 3°C (mean annual SST = 11°C at Moeraki4°C at

Cape Campbel(Schiel 2011) However, other factors may-wary with this temperature
gradients, such as ddgngth, water turbidity, wave exposure, grazing and predation pressures.
The reefs from Cape Campbell, Kaikoura and Moeraki extend approximately 150 m from the
upper intertidal to the subtidal zones amel generally protected from severe wave action by
off-shore reefs and have a coastal topography that deflects fReslieage and Schiel 1999)

In Pile Bay the reef only extends ca 40 m and is located in the outer part of a protected large
bay (i.e., are still exposed to oceanic swells). The three northern reefs are part of the East Coast
South Island biogeographic coastal zone whereas Moerakihin the Southern South Island

zone(Schiel 2011)All reefs are exposed to the Southland Current and tesidal platforms
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are dominated by the same candpgming seaweeds, in particul@r torulosa C. scalaris C.
retroflexa and H. banksii (Schiel 2011) All sampling were carried out during low tide in
sheltered middle and low shore intertidal tide pools and chamee]sémples were submerged
at the time of collection)

6.3.2 Spatial surveyeffects of primary and secondary habitat formersacross latitudes

Fronds were collected from the three primdrgbitatforming Cystophoraspecies:C.
retroflexg C. scalaris andC. torulosa between November 2014 and February 2015. All three
species were collected with and without attached secondalpjtatforming epiphytes.
Collections were made at two reefs (>500 m apart) for each of the 4 latitudes (>100 km apart).
At each reef, sampldsom the threeCystophoraspecies were collected from four pools or
channels.Ca 15 cm of fronds were cut off of eacystophoraspecies, with and without
epiphytes, and quickly transferred to a sealed plastic bag to minimize loss of mobile
invertebratesBags were stored in chilly bins before being transpadéie lab for processing.

The sampling design was: Gystophoraspecieqprimary habitat formerk 2 epiphytelevels

(= epiphyte, secondary habitat former} latitudesx 2 reefsx 4 tidepools/chanels per reef
(replicates). | found four replicated pools/channels with the tByestophoraspecies without
epiphytes and statistical tests abguimary habitat formemeffects without epiphytes are
therefore fully balanced. However, there were sevetalpgools and reefs where | could not

find some of theCystophoraspecies with epiphytes (Append»6.1). Furthermore, epiphytic
species identity varied between reefs. My primary objective was éoligCysthopraspecies

with epiphytic Jania micrarthrodia and Polysiphonia decipienghereafter Jania and
Polysiphonig, because these epiphytes are common on most of the sampled reefs and are
generally common along the east coast of New Zedkaaaims 1997)Furthermore, these two
species represent different lifiestories such as calcified and roalcified fronds and are
relatively easy to remove and add manuallyhedifferent Cystohoraspecies. Nevertheless,
these epiphytes were absent from a few reefs and | therefore also collected host fronds with
different epiphytic species (Append®6.1).

6.3.3Field experiments

Two field experiments were conducted on the Kaikoura peninsula to test if gastropod
communities variedmong primary habitat formerspiphyte species and seasons. For each
experiment,ca 15 cm distal fronds ofach Cystophoraspecies without epiphytes veer

collected from tidepools. All fronds were transported to the laboratory where they were de
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faunated by shaken and rinsing with seawater. Preliminary trial had shown that this method
removed >95% of all mobile invertebrates (Siciliano, unpubl. dataphigfes were collected

from the same sites and defaunated before being added to the distal segment of the host species
with cotton twine Cystophoraspecies were attached tarllong heavy chains with cable ties

(all fronds where separated from each othgrch 50 cm). A pendant Hobo light and
temperature logger was attached to each chegording temperature and light intensity during

each experiment &0 minute intervalsFinally, chains were haphazardly placedca50 cm

deep pools or channelBhe exeriments ran for 2 weekafter whichsamples were collected

by cutting the cable tie and swiftly adding the seaweed to a sealed plastic bags before being

transported to the laboratory in chilly bins.

6.34 Experiment 1: effects of primary and secondaryhabitat formers across seasons

The first experiment tested if secondary production differed between invertebrates inhabiting
the threeCystophoraspecies with and without two different epiphyte speciEmia and
Polysiphonig. This experiment was carriedit at Wairepo reefn Kaikoura,and emulated the
survey but controlled the abundance of the seaweed and theimvégkbrate community (as

it was removed)The experimental design was as followCystophoraspecies x &piphyte

spp. (0 Jania Polysiphonig x 2 seasongwinter and summer) x 4 replicates. The winter and

summer experiment were set UpIune and 18December 2015, respectively.

6.35 Experiment 2: effects ofsecondary habitat formerbiomassand type across seasons

The second geriment was composed of two sekperiments. The first sedxperimen{2a)

tested if gastropod communities changed with epipbigimassa nd i f t he epi phyt.
(compared to a neliving epiphyte mimic) using five combinations of epiphgtemasseand

epiphyte types in the following experimental desigepiphytedevels/typegcontrol, living

vs mimic, low vs high biomass) 2 reefs(Wairepo and South Bajn Kaikoura) x 2seasons

x 4 replicatesC. scalarisand Polysiphoniawere chosen agrimary and secondafyabitat

forming species, respectively, because the survey showed that these species were inhabited by
abundant invertebrate communities across study reefs (App&aliRolysiphoniavas added

to C. scalarisin a high and lovwiomassreatment (67 SEvs 0.045pergDW 15t + 2" HF),

where the high level corresponded to typical high levels found in the field survey. Similar high
and low biomassf a nonliving Polysiphoniamimic were added t€. scalaris These mimics

were created from plastic fgan scrapers, that were cut, twisted and wrapped to provide a

shape similar tdPolysiphonia Adding mimics allowed me to test if invertebrates mainly
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colonized live and edible habitat or if they also colonizedliving structures. The winter and
summer experiments were setup off $&ptember and ¥December 2015, respectively.

| also tested ifC. scalariswith and without epiphyti¢®olysiphoniaaffect gastropod
communities differently than the -@xcurring canopyforming Hormosira banksiiand its
obligate epiphyt&lotheia anomalghereafteNotheig. The same 5 epiphyte levels were used,
that is,Hormosira (primary habitat formerjvas added to chains without epiphytes and with
high and low biomass of botNotheiaand a nodiving plastic mimic éecondary habitat
formers, the same mimic ased forC. scalarig. This subexperiment(2b) was only carried
out in summerset up on 18 December. All seaweed collections, manipulations and field

procedures werersilar to experiment 1.

6.36 Experiment 3: effects of grazing

A laboratory experiment tested if the gastropod community gaaztgheprimary (Cystophora

spp.) andecondary habitat formef3aniaandPolysiphonid. The experimental design was as
follows: 11 hostepiphyte treatments @Bystophoraspp. x 3epiphytedevels + 2controls i.e.,

Jania and Polysiphoniaalong x 2 grazerslevels (tca7 0 g as t r ospeocadsso)d sl6 2
replicates. Ca 0.4 gWW ofeachCysbphoraspeciegwith and without 0.3 gWW of epiphyte)

were added to 50 ml vials together. In the grazing treatments natural densities of ca 70
gastropods were added. Seaweeds Wwietted 3 times with paper towels and weighted before
and after theexperiment.Vials were covered with a 0.5 mm mesh to prevent gastropods
escaping and to exchange waters. Wiaténe tanksvas changed two times per day, to ensure
oxygenation, prevent sethading, and to simulate water flushing in tidal channels anid.poo

The experiment was conducted at 18°C and 13°C to match typical summer and winter

temperatures, by using separate tanks equipped with aquarium heaters (2x Eheim Jager 3616

in each tanks). The experiment ran for one week. All treatments were monitaregérvday
with 8-hour difference, where | estimated the percentage of the 70 gastropods there were out

of the waterjn the water or attached seaweeds.

6.3.7 Morphological traits of habitat formers

Morphological traits were quantified and comparedween thehabitatforming species
sampled in the surveys apgperiments. Trés included surface area:dry weight ratios, fractal
dimension, circularityfame asur e of O6roundnessao, ranging
polygon, to 1 for a perfect circle; Sedgewick 20&a0y lacunarityan index of 'gappiness' or

'visual texture', considered a measure of heterogeneity; Karperien 2007, Ferreira and Rasband
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2012) Ten individuals ofC. retroflexa C. scalaris C. torulosaand Hormosira Jania,
Polysiphoniaand thePolysiphoniamimic were blotted three times with per towel and spread

out on a white background to enhance the contrast for subsequent image analysis. For each
sample a picture was taken with a Canon PowerShot G7X Mark Il with ruler as a scaling
reference. Each frond was then dried48rh at 55°C or uml no further weight loss could be
detected and its dry weight measured on a scale with three digits. Using Photashapage

was converted to grey scale and thresholdebirtary images. @faceareadry weightand
circularity was calculated in Imag¢Rasband 1992016) as was fractal dimensions and

lacunarity, using the plugin FracL@€arperien 1992013)

6.38 Laboratory analysis

In the laboratory, samples were rinsed onto a @&0sieve to collect mobile gastropods.
Attached epiphytes were thereafter removeshtiled and weighed (gDW afteirying at 55°C
for 48 hor until no further weight loss could be detect&Bstropods were counted, identified
to morphespecies (Appendix3-6.2 for examples) under a dissecting microscope a 40
magnification andpreserved in 70% ethanol.

6.39 Statistical analyss

| tested for effects gfrimary and secondary habitat formers() total abundancei)(richness

of morphaespecies and ) multivariate community structure. Data were standardized per gram

dry weight of the total association leébitatforming seaweeds (i.e, gDW* or gDW 42

habitat formey and squar@oot transformed to reduce the statistical importance afva f
dominant morphespecies andlecrease variances for the most abundance taxa. | fested

effects ofprimary habitat formespecies, latitude, seasons, and epiphyte type and biomass with
permutatiorbased  factorial analysis of variance(PERMANOVA in the
PRIMERV6/PERMANOVA+ software package; Clarke and Warwick 1984jvariate and
multivariate variables were analyzed with Euclidedistance and Bra@urtis similarity

coefficient, respectivelyln the second experiment, data frabystophoraspecies without

epi phyt es ( da mautedothesstat)sticalanalysis because the objective here

was testing for interaction effecbetween secondary habitat former type (live vs mimic) and
biomass (low vdigh). All factorsweretreatedas fixedanddReebwas nest ed i n OL
Results were considered significant if p O
(Levenebds test) -Wik)dverasguammidt iransjormeEdieacip datasat

used Spearmadsank correlations to refa biomass of the primary and secondary habitat
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formers to both invertebrate abundances and richizss from the grazing experiment
(percentage change in wet weigh@nesquareroot transformed and analyzed with -avay
fixed Anova. Morphological traitlata were analyzed individually with Anova and combined
with PERMANOVA, to test if traits diffeamongdifferent species gbrimary and secondary
habitat formers Morphological data were squareot transformed and normalized, and

significant effect wasdllowed up byposthocpair-wiset-tests(Anderson et al. 2008)

6.4RESULTS
A total of 101067 gastropods, representing 66 morgpecies (Appendig-6.3 for examplek

were counted and identified in the survey and two field experiments from 361 collected fronds
with a totalprimary andsecondary habitat formeidmass of 1381 and 371 gDW, respectively.
The most abundant families were Hydrobiidae, Pyramidellidae and Ellobiidae. Every single

collected gastropod was <1 cm and most w&.& mm.

6.4.1 Spatial surveyeffects of primary and secondary habitat formersacross latitudes
Gastropod dundanceA total of 112Cystophorafronds were collected in the survey. These
fronds were inhabited by 34 algal epiphytic species and alm@i@iQastropods (56 morpho
species). | foundB examples where second order epiphytes were attach€ystophora
epiphytes. The most common epiphytes wdamia micrarthrodia (38%), followed by
Colpomenia sp. (19%), Lophothamnion hirtum(17%), Polysiphonia sp. (12%) and
Echinothamniorsp. andChampianovaezelandiagboth 10%).

| found several complex higher order interacsidror example, | found a signifiat 3-
factor interactiorLatitude x15' HF x 2" HF (Table 6.1, p < 0.05h%= SSxplainedSSrotai; h2=
3.30%) This interaction indicated that the gastropods were affected differently by different
combinations of these three factors, but typically with highest densities when epiphytes were
present (e.g., at Cape Campbell@rscalaris p = 0.004, E«s E-: 60.90 + 8.85ind./ gDW
154 2" HF vs 21.68 + 2.63; at Kaikoura f&. retroflexa p = 0.02, E+vs E-: 80.46 + 26.5%s
37.03 £ 9.3%t Pile Bay forC. torulosa p = 0.003, EwsE-: 38.83 + 5.8%s11.96 + 3.55). A
significant Reef(Latitude) 35 HF explainedca 4% of the data variability, suggesting that
gastropods are differently affected by differprimary habitat former identitgcross reefs and
latitudes. Among the single test factors, Reef explained most of the data varibB#it9%),
followed bythe second habitat former preseificé< 7%), Latitude %> > 6.5%) andprimaru

habitat former identityh? > 6%). Samples from Moeraki were inhabited by fewer gastropods
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(27.16 £ 2.77) compared to the other locations (Cape Campbell = Kaikoula Baki 45.36
+ 5.16, 49.61 £ 7.24, 45.43 + 5.56). As hypothesized, more gastropods inl@steghora
with epiphytes (51.08 £ 3.97) than without (27.31 £ 2.85) (p = 0.0116Aig-D). | also found
more gastropods associated withretroflexa(53.40 £5.98) thanC. scalaris(40.50 = 3.61)
and least witftC. torulosa(35.12 + 5.36) (Fig6.1A-D).

Gastropod ichness The only significant interaction was Reef(Latituded"*HF (Table6.1),
explaining just 3% of data variability, suggesting that epiphytes have different effects at
different reefs. Richness was also affected by Latitude (p = h86120%), Reef (p = 0.001,
h2=9.8%) andl® HF (p < 0.05,h?= 3.2%).More specificallymore taxa weréound in Pile

Bay and Kaikoura (4.86 + 0.48xa/ gDW 154+2"Y HF and 4.58 + 0.53), followed by Cape
Campbell (3.54 + 0.29) and lowest in Moeraki (1.74 £ 0.18), and associated.wétnoflexa
thanC. scalarisandC. torulosa(Fig. 6.1E-H).

Gastropod ommunity structureThe community structure was affected by several interactions,
including the most complex-fctor interactions, but each significant interaction explained <
3% the data variability. In addition, all the individualttiestors affected community structures
where Latitude explained most of the data variabitiR=14%), followed by Reehf= 9.7%),
secondaryh?= 2.4%) andrimary habitat formeréh?= 1.5%). Visual inspection of the MDS
plots (Fig.6.2) showed irparticular clear separation of the samples from Cape Campbell and

Kaikoura, Kaikoura and Moeraki, and Cape Campbell and Moeraki.

6.4.2 Experiment 1:effects of primary and secondary habitat formersacross seasons
Gastropod aundance More than 18,000 gasipods were counted associated with the 65
collected fronds, represented by 49 morspecies. Temperatuand light levels were, on
average, 12°C and 2402.7 Lux in winter and 17°C and 3269.2 Lux in suiiweinteractions
were significant (Tablé.1). The interaction Seasorl¥HF (p < 0.05h?= 6.8%) showed that
most gastropods were associated wdthretroflexa followed byC. scalarisandC. torulosa

(Fig. 6.3A), but mainly in the summer experiment. Additionally, more gastropods were found
in the summer experiment compared to the winter experiment, but only associatécl with
torulosaandC. retroflexa(Fig. 6.3A-B). The second interaction, Seaso@"%HF (p < 0.05,

h? = 5%), showed more gastropods in summer compared to wint€ystephorawithout

epiphytes and ofystophorawith Jania epiphytes (Fig6.3A). Cystophorafronds from the
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summer experiment were inhabited by more gastropods with than without epiphytes (SJ > SP
> S, Fig.6.3A) while, for Cystophorafronds from the winter experimée only, Polysiphonia
epiphytes had more gastropods than-apiphytised fronds (SP > S, Fi§3B). All the single

test factors were significant. Season explained most of the data varidifikty20%) with >

2x more gastropods in summer than winter (RB@-B). The secondary habitat former
explainedca 18% of the data variability, showing th@ystophoraspp.with epiphytes were
inhabited by more gastropods than without (BiI§A-B). Finally, 11% of the data variability

was explained byrimary habitat formerdentity showing thaC. retroflexaand C. scalaris

were inhabited by more gastropods tikanorulosa(Fig. 6.3A-B).

Gastropod icthness The threeway 15 HF x 2"d HF x Season (Tabl6.1) interaction was the
only significant interation (%= 6.7%). However, all the single test factors were significant
andSeason explained most of the data variabiif=28.7%), follow byprimary(h?= 11%)
andsecondary habitat formén?= 7.3%). More taxa were found in winter than summeGon
scalarisandC. torulosathanC. retroflexa and associated with epiphyiolysiphoniarather

thanJania(and least on fronds without epiphytes, F@C-D).

Gastropod ommunity structureCommunity structure was significantly affected by Season
(Tade 6.1, h?= 22.3%) andsecondary habitat forméh?= 6.2%) (Fig.6.4). The MDS plots
again showed clear separation between summer and winter samples, but also that communities

without epiphytes were diffeddent than with e

6.4.3Experiment 2a: effects olsecondary habitat formerbiomassand typeacross seasons
(C. scalarig

Gastropod aundance More than 3®00 gastropods, representing 48 morgpecies, were
counted on the 74 collected fronds.

The only significant interaction was Reef% HF Type (Table 6.1, p = 0.00lh% =
16.3%). This interaction suggested that more gastrop@ie associated witlCystophora
fronds with mimic epiphytes in South Bay than Wairepo reef, andystophorawith living
epiphyte compared to epiphytic mimics at Wairepo reef &®A). Among the significant
single test factors, Season &l HF Biomassexplained 12 and 5% of the data variability,
respectively, showing more gastropods in summer than wimeroa fronds with large than
small epiphytic biomass (Fi§.5A).

133



Gastropod ichness As for abundance, the interaction Ree2™® HF Type was the only
significant interaction (Tabl6.1, h? > 5%). However, all single factor effect were significant
where2"d HF Type explained most of the data variability’= 50%), followed by Seasoh?

= 15.3%) an®" HF Biomass(h?= 9.5%). More specifically, there were more taxa associated
with living than mimic epiphytes, in summer than winter, and with low than high epiphyte
biomass (Fig6.5B).

Gastropod ommunity structurel found two significant interactions (Talbel) explaning <

6% data variability each (Season x Reef and Re®f HF Type). Of the significant single
factor effects, Season, again, expdaimost data variability (13%), followed by Redf*(=
10.8%) an@"HF type (2= 3%). These results could be seen on the MDS plot, where summer

and winter samples were separated (6ig).

6.4.4Experiment 2b: effects ofsecondary habitat formerbiomassand type (H. banksii
Gastropod &undance More than 000 gastropodsepresenting 19 morpkspecies were
counted in the 33 frond samples.

The most important test factor was Reef (p = 0.001, Tableht426.3%) showing
more gastropods in samples from South Ban Wairepo reef. There was also significant
effect of2"Y HF Biomasswith more gastropod inhabiting high than low epiphyte biomass (Fig.
6.5A).

Gastropod rchness There were no significant effects on richness (Taldlg although there

was a tendency for more taxa being found in samples with live epigFyge8.5B).

Gastropod ommunitystructure All the single test factors were significant (Tablg), where

Reef explained most of the data variability € 25%), followed by2"Y HF Biomass (13.2%)

and 29 HF Type (8.8%). The MDS ordination showél scalarisandH. banksiisamples as

two distinct groups with a s slightly less clear superimposed separation between samples of
hosts with and without epiphytes (F&6).

6.4.5 Comparison betweel€. scalarisand H. banksii (Experiment 2a2b)
Gastropod dundance The most important significant interactions were Re2f»HF Type

(Table6.1, h?> 15%) and Reef 25 HF identity (h?= 2.8%). These interactions showed that
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the strength, but not direction, of effects varied between South Bay and Wairepo reef (Fig.
6.5A). Of the significant single factor effectsrimary habitat formerdentity explained most

data variability b= 21.5%), followed by Reehf = 9.1%) and®"® HF Biomass(h?= 7.1%),
revealing more gastropods @n scalaristhanH. banksii(95.25 + 8.38nd. / gDW F42"9 HF
vs44.79 £ 7.82) and on epiphytes with high than low biomass (97.32 £\1463046 + 7.87,

Fig. 6.5A).

Gastropod ichness The F'HF x 2" HF Type (h?= 17.4%) and®' HF x 2"d HF Biomass(h?

= 8.1%) interactions were both significant (Tabl&). These interactions suggested that more
taxa inhabited living epiphytes than mimics and high epiphytic biomass than low, but
particulaty when the host wa8. scalaris(Fig. 6.5B). In addition, 2" HF Type (h? = 22.3%)
and1S'HF identity(h?= 12.1%) were also significant showing that living epiphyte hosted more
taxa compared to mimics (2.95 + 024&a / gDW #4+2"9 HF vs 2.21 + 0.10), an€. scalaris

more tharH. banksii(2.75+ 0.21vs 2.34+ 0.14) (Fig. 6.5B).

Gastropodcommunitystructure There were two sigficant interactions (Reef x*IHF, p =
0.001, and Reef 2" HF Type p < 0.05, Table5.1) but they explained little of the data
variability (combinedca 5%). The most important signifinasingle factor effect wasSIHF
(h?> 40%), followed by Reeth@ < 5%) and2" HF Type (h? < 2%). This MDS plots showed

clear separation of gastropod communities between the two seaweed ho&$§)Fig.

6.4.6Correlations

There were significantorrelations between the biomass of both the primary and secondary
habitat formers and both invertebrate abundanegaffan= 0.51 and gpearman= 0.54
respectively, p < 0.001, Fi¢.7A-B) and taxonomic richnesssfearman= 0.25 and spearman=

0.59 respectively, p < 0.001, Fig.7C-D).

6.4.7Experiment 3: effects of grazing

There were no significant effects of eith@razing or Seasofirable 6.1, Fig. 6.8) which
suggests that these small gastropods, at this particular density, either do not feed on the
seaweeds or that their grazing impact is very small. Video recording revealed 508t of

the snails were found out of the water (on the side of thes¢ag0% in the water but not on

seaweeds and only 30% were generally actively crawling (grazing) on the seaweeds.
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6.4.8Morphological traits of habitat formers

All morpholagical attributes of the primary and secondary halfianhers(surfaceareadry
weight, fractal dimension, circularity and lacunarity) were statistically significantq®01,

Fig. 6.9-6.10). Pairwise comparison showed significant differences for all the morphological
traits betweerC. retroflexaand the two congeneric species &etween allCystophoraspp.

and H. banksii(Fig. 6.9-6.10). Strong differences were also found between the three living
epiphytes Janiavs Polysiphonia Janiavs Notheig andPolysiphoniavs Notheig p < 0.004)

and between the artificial mimic and all agiphytes (mimiws Polysiphonia mimicvs Jania

and mimicvs Notheig p <0.002). In general, most primary habitat formers were different from

most secondary habitat formers.

6.5DISCUSSION

My results demonstrated that morphological similar and phylogenetic relatedceoing
congeneriaCystophoraspeciescan support different invertebrate communities. | also found
that latitudinal effects were relatively weak, seasonal effects strodg,iraportantly, that
secondaryhabitatforming epiphytes facilitated invertebrates both as living and mimic
epiphytes, and that these habitat cascades arising@y@tophoraepiphyte interactions are

widespread in space and time.

6.5.1Biomassstandardized gastropod data

In this chapter, all gastropod data were standardised by the combined biomass of the host and
epiphytes. This approach contrast many other habitat cascade studies that report results per
sampled area (e,gquadrate)Altieri et al. 2010, Bishop et al. 2013 ngelini and Silliman

2014, Hughes et al. 201d) standardisttby the biomass of the primafifhomsen et al. 2016b)

or secondry (Buz&Jacobucci and Pereitzite 2014)habitat former. The advantage of
standardizing data by the total seaweed biomass is that it eaabtwe direct test of whatever

the secondary habitat former is a Obetter 6,
habitat former(i.e., if the biodiversity are higher, equal or lower in the presence of the
epiphyte). The disadvantage is, howevbkat this is a conservative approach that make it less

obvious if and when secondary epiphytes facilitate inhabitants.
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6.5.2Effects of primary habitat formers

In contrast to my hypothesis, congeneric and morphologically relatively si@ykophora
species affected epifauna differently. However, these results support(Bad&3who also
found that invertebrate communities can vary between closely relatedeskspecies. More
gastropods were generally associated v@thretroflexaand C. scalaris compared toC.
torulosa,perhaps becausg torulosahas slightly lower morphological complexity (e.g., lower
surfaceareadry weight ratio and lacunarity). Even magoeonounced were the differences
between the morphagically more differentC. scalarisand H. banksij where the more
complexC. scalariswasinhabited by many more gastropods than the simléanksii It

has been shown in many studies that habitatdoswith different morphologies typically are
inhabited by different epifaunal assemblaffesiman 1940, Seed and O'Connor 1981, Taylor
and Cole 1994, Cacabelos et al. 2010, Gestoso et al.,204l2plingrocky shore gstropods
(Kostylev et al.1997, Beck 1998, 2000, Chemello and Milazzo 2002, Gestoso et al.. 2012)
Such differences has mainly been attributed to habitat stru¢Mesge and Lubchenco 1981,
Johnson and Scheibling 1987, Bell et al. 1991, Beck 2000, Hauser et al. 2006, Christie et al.
2007, Tuya et al. 201,1yvhere thestructurally more complex seaweeds typically are inhabited
by more diverse assemblages compared to less complex sdaiaed1985, Chemello and
Milazzo 2002, Hauser et al. 2006)

6.5.3Effects of secondary habitat formers

As expectedthe secondary habitat former (phyte had astrong positive effect ataniaand
Polysiphoniadoubled the amount of gastropods@ystophoraleven after accounting for the
biomass of the epiphytes). This result suppfmtding from Martin-Smith (1993) Pavia et al.
(1999) Thomsen et al(2016b) and Armitage and Sjgtu(2016) who also found more
invertebrates when rocky shanabitatforming seawees (Sargassunspp.,A. nodosumH.
banksii the two speciefucus serratusand Codium fragile respectivelywere epiphytised.
Indeed, facilitation arising from multiple c@ccurring habitat formers have also been
documented from other ecosystems such as mangroves, saltmarshes an(Claliastay et

al. 2001, Stuntz et al. 2003, CrAngon and Greenberg 2005, Bishop et al. 2012, Dijkstra et
al. 2012, Hughes et al. 2014)he morphological trait analysis may, in part, explain how
gastropods are being facilitated by epiphytes, because epiphytes add difypreally more
complex habitgtto the primary habitat former, and thereby also add more and new niches for
invertebrates to occup§Martin-Smith 1993, Pavia et al. 1999, Bukaécobucci and Pereira

Leite 2014) Evidence of these habitat cascades were generally found across latitudes, reefs
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and season suggesting they are general processes, not only across habitats and ecosystems but
also across a we range of spatitemporal and environmental conditiolBhomsen et al.
2010, Angelini and Silliman 2014, Angelini et al. 2015, McAfee et al. 2016)

6.5.4Effects of secondary habitat formerbiomassand type

Results from the second experiment provided additional insights into the role of secondary
habitat formers as epiphyte biomass was positively related to gastropod abundances and
richness. This result was supported by my more general correlation anaiyiers cat across

all my survey and experimental data. Several studies have found similar positive correlation
with epiphytic biomass and biodiversi{Colman 1940, Hagerman 1966, Zavodnik 1967,
Nagle 1968, Kanga 1978, Gunnill 1982, Edgar 1983, Gunnill 1988pically attributing
increasing facilitation with increasing epiphyte biomass to increasing amount and complexity
of habitat and more food resourd®orm and Sommer 2000, Parker et al. 2001, Wikstrém
and Kautsky 2004, Buzdacobucci and Pereitzite 2014) Epiphyte type (i.e., whatever
epiphytes were alive or not) did not statistically affgattropod abundances (but slightly more
taxa were found on live than ndiming epiphytes). This result suggest that the majority of taxa
mainly benefit from the structure provided by the epiphyte more than the trophic subsidy. Other
studies have also sio that artificial epiphytes can provide comparable habitat to living
epiphytes(Hall and Bell 1988, Marti¥Bmith 1993) However, it is unclear if invertebrate
colonization of these artificial types of substrates are caused by active behavioural choices or

passive convergence toward the min{idsan and Connell 1987)

6.5.5Effect of latitude and season

It has previously been shown that facilitation from intertidal biogenic habitats can be stronger
at warmer more stressful low latitud@dcAfee et al. 2016)I therefore gpected to find more
invertebrates associated with biogenic habitats at northern reefs, as invertebrates may be
exposed to more stressful conditions th@avison and Pearson 1996, McAfee et28l16)
including high temperaturéCole 2010, Sillimaret al. 2011)1 did find significant effects of
latitude, but not with any clear latitudinal gradients in gastropod responses. This results support
studies on tree epiphyt¢angelini and Silliman 2014and mussels in saltmarsh@mngelini

et al. 2015) where there were no clear latitudinal patterns in facilitation of invertebrates.
However, | generally did find higher abundances and more taxa associated with biogenic
habitats in summer compared to winter sugge<iing phenological variation in regitment

dynamics(Mieszkowska et al. 2006, Moore et al. 2Q1{i) that biogenic habitats are more
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important buffers of environmental stress during warmer mqMbafee et al. 2016)and/or
(ii) a different response to seasonal fluctuation of food availalfiliéylor 1997) These result
contrasts with Cowle§2009) who did not find seasonal effect on invertebrate distribution

pattern, represented mainly by gastropods, in New Zealand intertidal retgy re

6.5.6Effects of grazing

Results from the grazing experiment suggest that gastropods either do not consumesseaweed
or that consumption rates are below detection levels from this typical ecological experiment.
Instead, gastropods may inhabit seawsdedavoid predatior{Yamada and Boulding 1996,

Beck 1998) reduce physiological stss(Beck 1998) or find other resources, for example if

they feed on microscopic biofilm(&teneck and Watling 1982, Simental et al. 200#eed,
Arrontes (1999) suggested that most epifaunal species do not consume their host. These
explanations are also supported by studies that have shown that abiotic mimics are rapidly
colonized by small mobile invertebratgkis study, Hall and Bell 1988, Mart@mith 1993)
Nevertheless, it has been demonstrated that some gastropadgelomgepiphyteg®'Antonio

1985, Nielsen and Lethbridge 1989, Jaschinski and Sommer2@&)any other studies have
shown how small invertebrates utilize their biogenic habitat as a trophic re@dioatei 1980,
D'Antonio 1985, Duffy 1990, Pavia et al. 1999, Taylor and Steinberg 2005; Bagn@ucci

and Pereird_eite 2014) The most likely reason for the discrepancy between these grazing
studies and my experiment is likely that the natural grazing densities used here sirtgie are
low to limit the seaweedDuffy et al. 2005)

6.5.7Conclusions

Many studies have demonstrated how different seaweed species with widely different
morphological complexities modify epifaunal communities. My results add to these studies by
showing that even minor differences in morphology support significantly difféaemal
communities. It is therefore important to improve our ability to quantify these morphological
attributes (Veiga etal. 2014)and my findings suggest that further analysis on seaweed
structural complexity are needed in order to find a unique, univocal and gquantitative measure

to discriminate the morphological difference among seaweeds species.
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Tables

Table 61 Overview of PERMANOVA reporting the results of the factorial analysiifactors

weretreatedasfixed andd Rewak@ st e d

i n Valués aepresenti tdeec@ntribution of

each test factor to the total variability of tRERMANOVA models(h? = SSxplained S Srotal).
Univariate and multivariate variables were analyzed with Euclidean distance anGuBtey
similarity coefficient, respectivelysee Appendi®-6.4,3-6.5,3-6.6, 3-6.7, 3-6.8 and 36.9for
complete PERMANOVA tablesSignificant values are in bold (fx = 0.(6-0.01, **: p=0.01-

0.001, *** : p<0.001)

Factors

Abundance

Richness

Community % lost

structure biomass

Spatial surveyeffects of primary and secondary habitat formeegross latitudes

Latitude (Lat)

1S'HF (1HB

2" HF (2HP
Reef(LatitudeRee(Lat)
Lat x1HF

Lat x 2HF

1HFx 2HF

Ree(Lat) AHF
Ree(Lat) x 2HF

Lat x1HFx 2HF
Ree(Lat) AHFx 2HF

6.66%***
6.32%***
7.85%***
9.15%***
2.19%
0.32%
0.95%
3.95%*
2.01%
3.30%*
1.96%

20.53%***
3.19%*
0.40%
9.79%***
3.13%
0.12%
0.56%
0.94%
3.24%*
0.92%
0.73%

14.53%***
1.49%***
2.36%***
9.66%***
2.96%**
2.32%***
0.80%
2.39%
2.42%***
1.86%
2.57%*

Experiment leffects of primary and secondary habitddrmers across seasons

Season (Sea)
1St HF (1HF)

2" HF (2HF)
Sea XLHF

Sea x 2HF
1HFx 2HF

Sea XLHFx 2HF

28.59%***
10.84%**
17.77%***
6.82%*
4.98%*
1.68%
5.33%

28.74%***
11.01%**
7.32%**
3.58%
2.92%
2.66%
6.69%*

22.28%***
2.73%
6.22%***
2.11%
3.04%
3.78%
3.53%

Experiment 2a: effects of secondary habitat former biomass and t@geoss seasonfC. scalaris

Season (Sea)
Reef (Ree)

2" HFtype (Typ)
2"4 HF biomasg(Bio)
Sea x Ree

Sea x Typ

Sea »Bio

Ree x Typ

Ree »xBio

Typ xBio

Sea x Ree x Typ
Sea x ReeBio

12.14%**
2.25%
3.59%
5.53%*
0.03%
0.01%
1.21%
16.28%***
0.01%
3.51%
1.75%
0.00%

15.32%***
2.94%
48.45%***
9.54%**
1.85%
1.66%
2.16%
5.24%*
2.41%
0.03%
1.00%
2.40%

12.92%***
10.83%***
3.01%**
1.57%
2.87%**
1.19%
1.79%
2.85%*
0.78%
1.48%
0.70%
0.87%
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Sea x Typ x Bio 3.33% 0.11% 1.38%

Ree x Typ x Bio 0.01% 1.14% 0.94%
Sea x Ree x Typ x Bio 0.45% 0.01% 0.54%
Experiment 2beffects of secondary habitat former biomass and tyfid. banksi)

Reef (Ree) 26.34%*** 1.41% 25.64%0***
2" HFtype (Typ) 0.72% 0.55% 8.76%**
2"4 HF biomasg(Bio) 18.82%*** 1.06% 13.22%**
Ree x Typ 4.26% 0.80% 5.42%
Ree »Bio 4,.96% 0.26% 2.02%
Typ xBio 0.77% 0.10% 4.72%

Comparison betweerCystophorascalarisand Hormosirabanksii(Experiment 2a2b)
Reef (Ree) 9.14%** 1.46% 4,819%***
1S'HF (1HF) 21.49%*** 12.11%** 41.97%***
2" HFtype (Typ) 0.76% 22.29%** 1.77%%*
2"4 HF biomasg(Bio) 7.14%** 4.28% 1.48%
Ree x 1HF 2.83%* 4.41% 3.49%***
Ree x Typ 15.18%*** 2.07% 1.64%*
Ree x Bio 0.00% 3.45% 0.86%
1HFx Typ 1.31% 17.35%*** 1.45%
1HFx Bio 1.94% 8.06%* 1.03%
Typ x Bio 0.31% 0.04% 0.47%
Ree xLHFx Typ 2.47% 4.44% 0.76%
Ree x 1HK Bio 0.04% 2.19% 0.67%
Ree x Typ x Bio 2.56% 0.56% 0.49%
1HFx Typ x Bio 0.36% 0.00% 0.72%
Ree x 1HK Typ x Bio 0.99% 0.08% 0.80%

Laboratory grazing experiment

GrazerqGra) 0.10%
2" HF (2HF) 13.06%***
1St HF (1HF) 5.83%*
Seasor(Sea) 0.03%
Gra x2HF 1.34%
Gra x1HF 2.38%
Gra xSea 0.45%
2HFx 1HF 7.21%*
2HFx Sea 1.40%
1HFx Sea 3.57%
Gra x2HFx 1HF 5.88%
Gra x2HFx Sea 0.18%
Gra x1HFx Sea 1.34%
2HFx 1HFx Sea 3.77%
Gra x2HFx 1HFx Sea 3.02%
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Figures

Figure 61 Spatial survey, effects of primary and secondary habitat formeoss latitudes
Abundance (AD) and richness () of gastropods associated with three congeneric primary
habitatforming seaweed (Cystophora retroflexaC. scalaris C. torulosg with and without
attached secondahgabitatforming epiphytes collected at Cape Campbell (A, E), Kaikoura (B,
F), Pile Bay (C, G) and Moeraki (D, H). Data were standardized by dry weight of the total
association ofiabitatforming species (primary + sendaryhabitat forme). Error bars = 1 SE,
nN=8 The tReséef & awaTharepsino érrerdar for samples with no replicates.
SeeAppendix3-6.1 for data relative to the samples without associated epipdytidgppendix
3-6.4 for statistical aalyses Different letters indicate significant differences as detected by
pairwiset-testcomparisos. Capital letters refers to tldatitudedtest factor, lower case letters
tothepr i mary hesifadtosst f or mer 6
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Figure 62 Spatial survey, effeds of primary and secondary habitat formacsoss latitudes
MDS plot of community structure (based on Bfayrtis similarity) for three primary habitat
formers (R:Cystophora retroflexaS: C. salaris, T: C. torulosg with (+) and without 4)
epiphytes. For simplicity, data were split into four locatitws results are from the same
analysisandthe plots can be superimposed on each dtmadt therefore have the satasa

vectord. n = 8. Data were srerooted. Stress: 0.24.
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Figure 63 Experiment 1effects of primary and secondary habitat formmrsoss seasons
Abundance (A, B) and richness (C, D) of gastropods in three congeneric primary habitat
formers Cystophora retroflexaC. scalaris C. torulosg with and without epiphytes (Jania
micrarthrodia, P: Polysiphonia decipiensn summer (A, C) and winter (B, D). Data were
standardized by dry weight of the total seaweed associ&imr. bars =1 SE n =4 There is

no error bar for samples with no replicat&ee Appendix3-6.5 for statistical analyess
Different letters indicate significant differences as detected bywpsé t-testcomparisos.

Capital letters refers to the s e c o n d & r Y o heahli&ctdd,dower case letters to the
Opri mary hteeétfadtosst f or mer 0

350

A: Summer B: Winter

300 | mmmm C. retroflexa
— C. scalaris
250 | Emmm C. torulosa

200 1 B . AB
ab ab ab

150 -

100 H 1 ab ab ab ab ab
50 A c

Abundance / gDW 1°+2™ HF

C: Summer D: Winter

18 1 A
L 16 ] a
o B
C‘l’ 14 | ] l
7\’—| 121 | ab ab ab ab ab
% 10 H b b
[=)] 8 1
e

2 4

0- -

T'HF  1MHF+) 1M HF+P I'HF  1%HF+) 1% HF+P

144



Figure 64 Experiment 1effectsof primary and secondary habitat formaxsoss seasons
MDS based on communistructure (based on Brayurtis similarity) for three primary habitat
formers Cystophora retroflexaC. scalars, C. torulosg with (+) and without ) epiphytes
(A) and for three different epiphyte levels (B; no epiphyte, JJania micrarthrodia P:
Polysiphonia decipiensPlot A, n = 12; Plot B, n = 24. Data were squaret transformed

prior to analysis. Stress: @©.2
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Figure 65 Experiment 2geffects of secondary habitat former biomass and ayp@ystophora
scalaris and Hormosira banksii Abundance (A) and richness (B) of gastropods in the two
different primary habitat formers without (0) and with living (L) and 4igimg mimic (M)
epiphytes in both low (1) and high (B)omassesThe living epiphyte werd@olysiphoma
decipiensand Notheia anomalafor C. scalarisand H. banksij respectively. Data were
standardized by the dry weight of the total seaweed associgtiertontrol treatment without
epiphytes (On = 4 was not included in the statistical anadysecause the objective here was
testing for interaction effects between secondary habitat former type and bi&masbars =
1SE,n=4 The t Reebwad ppaedIee AppendixBd-6.6 and 36.7 for statistical
analy®s Different letters indicatesignificant differences as detected by paise t-test
comparisons. Capital letters referstodhe e c ond ar y h atestfactot, lowlercasene r t y
letterstothed s e cond ar y biomdsstastdactors. or me r

250
A: Abundance !

mmmm C. scalaris (winter) B: Richness
/3 C. scalaris (summer)
e H. banksii (summer)

(o))
.

N
o
o

Aa

[é)]
.

a a

IN

w
.

N
.

50 -

Taxa / gDW 1°4+2" HF

Abundance / gDW 1°+2" HF
[N

o
|
o
|

146



Figure 66 Experiment 2¢effects of secondary habitat former biomass and ayp@ystophora
scalarisandHormosira banksiMDS plots of gastropod community structures associated with
two different primary habitat formers (SSCystophorascalarisin summer, WS €. scalaris

in winter, SH =Hormosira banksiin summer) without (0) and withviing (L) and nodiving
mimic (M) epiphytes in low both (1) and high (@pmasseg¢based on Brayurtis similarity).

The living epiphyte wer@olysiphonia decipienandNotheia anomal for C. scalarisandH.

banksii respectively. n = 8. Data were squaset transformed prior to analysis. Stress: 0.14.
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Figure 67 Correlation between the biomasisthe primary Cystophora retroflexaC. scalaris

C. torulosg Hormosira banks)i and secondaryl@nia micrarthrodia Polysiphonia decipiens

Notheia anomalamimic) habitat formers in relation to the abundance (A, B) and taxonomic
richness (C, D) of gastropods. Survay= 189, Experiment 1: n = 72, Experiment 2a: n = 80,
Experiment 2b: n = 40. Outliers removed on graphs for clarity: A: 43.17 gB\8028
gastropods (survey), D: 1345gDW 33 taxa (survey). r = Spea

coefficient; all correlationsvere significant (p < 0.001).
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Figure 68 Laboratory grazing experiment. Percentage of seaweeds lost biomass in the
6summer 6 (A) and Owi nt er 0 CystBphoraeretrpflexaS: e nt al
scalaris, T: C. torulosa J: Jania micrarthrodia P: Polysiphoniadecipiens Error bars = 1 SE,

n=3
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Figure 69 PCO analysis of morphological traits of prima@y&tophora retroflexaC. scalaris

C. torulosg Hormosira banks)iand secondaryl@nia micrarthrodia Polysiphonia decipiens
Notheia anomalaepiphyte mimic) habitat formers. n = 15 for primary habitat formers, n = 10
for secondary habitat formers. SDw: surface area:dry; Db: fractal dinmeiSicircularity;L :

lacunarity. Data were squareoted and normalised prior to anagys

4
® C. retroflexa
v o C. scalaris
R v o C. torulosa
c v J. micrarthrodia
[e) "
= 2 v  P. decipiens
[0 e
= m  Mimic
)
>
S
S
S 01
x
N
e [ ]
&1
o
-2
O
o
[ |
'4 I I I I )
-6 -4 -2 0 2 4 6

PCO1 (51.7% of total variation)

150



Figure 610 Morphological traits of primary (RCystophora retroflexaS: C. scalaris T: C.
torulosa H: Hormosira banks)i and secondary (Jlania micrarthrodia P: Polysiphonia
decipiens N: Notheia anomalaM: epiphyte mimic) habitat formers. Error bars =1 SE, n = 15
for primary habitat formers, n = 10 for secondary habitat formers. In most of cases, error bars
are too srall to be visible. Different letters indicate significant differences as detected by pair

wise ttest comparisons.

100 2.2
a —~~
o)
80 1
1 e,
E S
60 - "
@ b S 16 .
o g 7 b b
< 40 S
o c T ]
L l. i
20 | d o d de de g
R -
0 , , , ; 1.4 ‘ :
1.4 0.08
a a
12 | l -
10 1 0.06 + ab bc
> I
£ b 2
= c S 0.04
© 06 1 Iz
| @)
041 0.02 1
0.2 |
0.0 ; ; ; ; ; ; ; ; 0.00 ' ' : :
R S T H J P N M H J P N M

151




CHAPTER 7: Effects of host and epiphyte traits, latitude, and
season on secondary production in rocky shordacilitation

cascades

7.1ABSTRACT

Numerous studies have quantified howvoccurringhabitatforming species affect population
abundanceanddiversity of animal communities. Howevditfle is known aboueffects on

other ecosystem functionsuch as theproduction ofanimal biomass Here, | estimated
secondary production of small mobile invertebréitesg onintertidal seaweegdy combining

the size and abundance of seawassbciated animalsvith temperature dataMore
specifically, | tested if(i) three coarsely branchedystophoraspecies support similar
secondary productioras similar morphological specieshould support similar faundii)
presence of coccurring finely branched epiphytes increaseondary productigrasthese
structuresshould be inhabited bymore invertebrateshan coarsely branched speciés)
productionis greatesin northern locations and in warm seasashigher temperatureften
enhances productiofiv) secondary production is higher in living than Aomng epiphytes

as biogenic habitat should provide both physipabtectionand a trophic resource, and (v)
production & driven by crustaceans and mollustggically the most abundant small mobile
marine animalsThe first three hypotheses were tested collectiaghteeCystophoraspecies

with and without epiphytes across a latitudinal gradient, and a field experiment, twbere
epiphyticspeciesvere added to each ofgthree hosspecies. The first hypothesis was rejected
because both the survey and the expeninshowed differerdecondaryproductionbetween
themorphologically similar hostpecies. Similarly, both survey and experimental data rejected
the second hypothesis; epiphytes, wlitsnbiomass was taken into consideration, did not
increase secondary qauction. However,the third hypothesis was supported because
production peaked in the northern location and in summer months, the former results driven
more by regional differences in temperatures than differences in invertebrate abundances. The
fourth hypothesis was investigated in a second field experiment, where artificial and living
epiphytes were transplantedtte C. scalaris Results from this experiment demonstrated, as
expected, higher secondary production in the presence of living than mimic epiphytes, and
confirmed higher production in summer compared to winter. Finally, the last hypothesis was

tested across survey andpeximental data, confirming that crustaceans and mollasgsly
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controlsecondary productiomconclude, based on counts, identifications and size estimations

of 339,671linvertebrates, that)(similar looking congeneric hostpecies suppatl different
secondary productioand (i) epiphytesdid not increase secondary productper seaweed
biomass, but will nevertheless increase abasled production when and whegiphytes
enhancdotal standing plant biomasBinally, | suggest that future studiestimate secondary
production in facilitation cascades from other habitats, like forests, mangroves, seagrass beds

and estuaries, to test the generality of my resadtoss ecosystems and scales.

7.2INTRODUCTION

Facilitation cascades describe processes whereby sequential bibgbitat form&on or
modification altes communities of habitaissociated organisnfltieri et al. 2007, Thomsen

et al. 2010) Facilitation cascades have been reported from marine, freshwater and terrestrial
ecosystems and are particlyacommon where epiphytes are ubiquitous, such as in forests
se@rass beds, mangroves and on rocky shétak and Bell 1988, CruAngon and Greenberg
2005, CruzAngon et al. 2009, Watson and Herring 2012, Angelini and Silliman 2014, McAfee
et al. 2016) Most facilitation cascade studichave described effects on the abundance,
diversity and structure of animal communiti@homsen et al. 2018By contrast, little is
known about how coccurring habitat formes affect other ecosystem functions, such as
decomposition rates or secondary produciithre generation of biomasef heterotrophic
consumerprganisms in a systenfbut see Angelini et al. 2015Vore specifically] amonly

aware of one study where sedary productionwas compared between single and-co
occurringhabitatforming species. In #i study, Valentine and Heckl993)foundthat mussls
embedded within seagrass beds increased secondary production compared to seagrass without
mussels, with the important implication that mussels not only increased biodiversity but also
energy flowin seagrass beds.

The scarcity of studies estinrag communitywide secondary production in facilitation
cascades may be partly due to methodological difficulties compared to meaesirimea
abundancesnd diversity (Dolbeth et al. 2012, Thomsen et al. 2018his is particularly
relevant for rocky shore epifaunal communities, rehtbe contribution of small mobile fauna
to secondary production was long ignored, instesidgeither microorganisms or a few large
conspicuous speciéBliller et al. 1971, Newell et al. 1982, Taylor 1998sgvertheless, small
mobile epifaunaare ecologicallyimportant in benthic communities because they are highly
abundan{Choat and Kingett 1982, Taylor and Cole 1994, Holbrook and Schmitt 11e9&
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high metabolic rate¢Edgar and Moore 1986and provide food for predators, including
commercially important fish and crustace&8snenstad et al. 1977, Moreno and Jara 1984,
Edgar and Moore 1986, Jones 1988, Holbrook et al. 1990, Taylor 199&&nation of
secondary production for these faunal communities is complicated by their high djversity
cryptic appearancend small sizemaking it almost impossible to use cohort anal{Basylor
1998a) a method that typically focuses on the few dominant large conspicuous species
(Warwick and Price 1975, Crisp 1984, Robertson 1984)eadallometricmodels, that relate
faunal taxonomy, abundances, sizes and ambient temperature contiticseondary
production(Dickie et al. 1987, Edgar 1990c, Dolbeth et al. 2@&tR®j)id be particular useful in
facilitation cascadg that often arelominated by small incongpious and diverse epifaunal
communities(Hall and Bell 1988, Edgar and Robertson 1992, Pavia 698D, Viejo and
Aberg 2003, Thomsen et al. 2016b)

Estimation of secondary production is a key component of ecological studies as a
integrated measure of energy flg&@dmondson 1974, Waters 197Which combines biotic
and abiotic influence¢Cusson and Bourget 2009nd emphasizes that animals are both
consumers and nutrient recycl¢f@aylor 1998a)In addition to temperatur@obinson et al.
1983) secondary productiortan beaffected by sinking of organic mattéHonjo 1980,
Pomeroy et al. 1984, Roman and Tenore 198djanic content of sedimentadaflux of
suspended particle§Edgar 19903) and food availability(Edgar 1990c) Variation in
production is expected across latitudes and ssak@nto increased metabolic rates at higher
temperatures(Bullock 1955, Clarke 1987, Longhurst and Pauly 198#dr example,
productionof marine invertebratg®/alentine and Heck Jr 1993hcluding crustaceafBastry
1983, Bauer 1989nd bivalvegMazé and Laborda 1988, Vakily 1998asbeen documented
to be higher at lower than higher latitudes. Similarly, production cardsgerin spring and
summer than winter, due to a combination of higher temperaturegeeateéfood availability
(Nakaoka 1992b)

In this study, secondary production was estiméiedmall mobile faunal communities
inhabiting three congenerend mor phol ogically O6similarodé co
(Cystophora retroflexaC. scalaris and C. torulosa here primaryhabitat fomers), from
intertidal rocky shores on the South Island of New Zealand. These species were collected with
or without epiphytes (mainly the red seaweelhnia micrarthrodia and Polysiphonia
decipiensheresecondaryabitat formes) from diffeent latitudes and seasons. Production was
esti mat ed (199chaljomdirid goalelsdos small mobilnvertebratesnhabiting
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marine plants in Australia (i.e., these models were developed from similar conditions to my
model system)

The hypotheses testegtre: (i)the threeCystophoraspecies support similar secondary
production because they are evolutionary and morphologically relatively s{gypendix 1,
Adams 1997, Cavend@&ares et al. 2004, Buchanan 2Q01@i) the presence of epiphytes
increases secondary production because these epiphytes are evolutionary and morphologically
more different from their hosts and thereby create more and different habita{RBpeaiceet
al. 1999, Viejo and Aberg 2003, Thomseraket2010, Thomsen et al. 2016ki)i) secondary
production is greatest at mbern latitudes and in summbecause invertebrate production
generally increases with increasing temperaffdgar 1990¢)(iv) secondary production is
higher when epiphytes are alive instead of being-lvmg mimics, because the former
provides both a physical structure and a trophic resource (whereas mimics provide only
physical structure)Bologna and Heck 1999, 2000, Macreadie et al. 2014, Gribben et al.
2017a) (v) production by crustaceans and molluscs exceed the production by other taxa, such
as polychaetes and caprellidae, as shown for invetesbmhabiting other seaweeds on New
Zealand rocky shore@raylor 1998a, Cowles et al. 2009)he frst three hypothesesere
addressed with a spatial survey across four latitudes on the eastern coast of the South Island of
New Zealand and with a field experiment that manipulated the abundanees cérhmon
epiphytes. The farth hypothesiswas tested with a second field experiment where the
abundanceof live and noHiving plastic epiphytemimics were manipulateavhereashe fifth
hypothesisvas examined graphically across all data collections (in part because the results
were obvious, irpart because the different taxonomic groups are not independent from each
other thereby violating standard test assumptiorf®seanalyses differ fronotherfacilitation
cascade studig9§homsen et al. 2018h two fundamental waygi) results are presented as
secondary production insteadarfimalabundances, an@) results werestandardized by the
total biomass of the sampled habitatming seawees instead of pr collected sample
(typically reported per quadrat or core). To aid comparibehseen my secondary production
estimates and past facilitation cascade research, results were also tabulated based on standard

reporting formats, showingnimal abundances per samplalgle 7.2.
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7.3MATERIALS AND METHODS
7.3.1 Study region

The study was done in the rocky intertidal zone of the east coast of the South Island of New
Zealand. Surveys were conducted on reefs &ape Campbell (41°43'36.685"S,
174°16'31.962"E) Kaikoura @2°24'51.707"S, 173°42'18.472,EPile Bay in Lyttelton
Harbour 3°37'16.126"S, 172°45'42.736"E) and Moeraki (45°21'31.907"S,
170°51'43.823"E). These reefs span a 4° latitudinal gradient, covering >550 km coastline and
have aemperature gradient of ca 3{@ean annual SST = 11°C at Moeraki vs 14°C at Cape
Campbell, Schiel 2011)The reefs from Cape Campbell, Kaikoura and Moeraki extend
approximately 150 m from the upper intertidal to the subtidalzand are generally protected

from severe wave action by eghore reefs and have a coastal topography that deflects swells
(Ramage and Schiel 1999 Pile Bay the reef only extends ca 50 m and is locatedén t

outer part of a protected large bay and are therefore also exposed to swell waves. The three
northern reefs are part of the East Coast South Island biogeographic coastal zone whereas
Moeraki is within the Southern South Island zone. All reefs were whdenfluence of the
Southland Current and the lower intertidal platforms are dominated by the same-canopy
forming seaweeds, such as differ€ystophoraspeciegSchiel 2011)Sampling for the survey

and the two field experiments was done in middle and low shore intertidal tide pools and
channels during low tide.

7.3.2Spatial survey: effects ofprimary and secondary habitat formers

Fronds were collected from threemmonCystophoraspeciesC. retroflexa C. scalarisand

C. torulosain summeyfrom November 2014 to February 20Thesespecies were collected
with and without attacheepiphytesCollections were made at two reefs (>500 m apeéth)in

each of the 4 latitudes (>100 km apart). At each @g$tophoraspeciesvere collected from

four tide pools or tidal channglthat is, all samples were submerged at the time of collgction
Approximately 15 cm of fronds were cut off of eaClystophoraspecies, with and without
epiphytes, and quickly transferred to a sealed plastic bag to minimize loss of mobile
invertebrategBuschbaum et al. 2006, Gribben et al. 2009, Vazdquez et al. 2012) Bags

were stored ifce chestbefore being transported to the lab for processing. The sampling design
was: 3Cystophoraspecies x Zecondary habitat formésvels(x epiphytes) 4 latitudesx 2
reefs(within each latitudeX 4 replicated tidgools/channels per reéfe., | aimed to collect

192 samples)However, there were a few reefs where some ofQy&ophoraspecies with
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epiphytes were absentesulting in a slightly unbalanced statistical test destgmthermore,
epiphytic species identity varied between reefs. M epiphytes were the red algkmia
micrarthrodia and Polysiphonia decipienghereafterJania and Polysiphonig, common on
most reefsalong the eastoast of New Zealan@Adams 1997) On a few sampled reefs,
however, these epiphygtispecies were absent fradystophora so host fronds with different

epiphyte species were collectdable 7.2.

7.3.3Field experiments

Two Ocol-toywpedtfobal d eikgeendaryproducion vasednorgd
Cystophoraspecies, epiphyte species, seasons and reefs. These experiments were carried out
in tide pools or shallow tidal channels at Kaikoura. For each experimeli, @alengths of

distal fronds ofeach Cystophoraspecies without epiphytes were collectédonds were
transported to the laboratory where they were defaunated binglaakl rinsing with seawater.
Examination showedhat this method removed >95% of mobilevertebrates (Siciliano,
unpubl.data). Epiphytes were collected from the same sites and@ééalbefore being added
(see below)}o the distal segment of the host species with cotton twine. Host species were
attached using cable ties tarllong heavy chains (all fronds where separated from each other
by >50 cm). A Pendant Hobo logger wastached to each chain, recording temperature at 20
minute intervals. Chainwere haphazardly placed in ca 50 cm deep tide pools or channels.
Experiments ran for 2 weeks after whisamples were collected by cutting ttvene and

swiftly adding eaclseawed to a sealed plastic b&gy transport to the laboratory.

7.3.4Experiment 1: effects of primary and secondary habitat formers

The first experiment tested if secondary producidninvertebratesdiffered amongthree
Cystophoraspecies with and withogpiphytes(JaniaandPolysiphonid. This experiment was
doneatasingle reef in Kaikoura (42°25'53.6"S, 173°41'27.7"E) and emulated the survey but
controlled the abundance of the seavgeadd the initial invertebrate community (it was
removed). Theexperimental design was: Gystophoraspecies x Zpiphytespecies (none,
Jania, Polysiphonid x 2 seasons 4 replicates. The experimemassetup on £ June and 18
December 2015.

7.35 Experiment 2: effects ofsecondary habitat formertype and biomass
The second experiment tested if secondary production changed with epipbiytass

epiphytetype (i.e.,a live epiphytevs a nonliving mimic) and between reefssing the

157



experimentablesign: Sepiphytedevels/types (n@piphyte or low and highibmass of either
living or mimic epiphytesk 2 reefs(> 2 km apartin Kaikourg x 2seasons 4 replicatesC.
scalarisandPolysiphoniaweretheprimary and secondary habitat fornsgecies, respectively,
because the survey showed that these species were inhabatiednolant invertebrates across
study reefs and becauBelysiphoniavas morphologically distinct froi. scalaris(Appendix
3-6.2). Polysiphoniawas added t&. scalarisat a high and lowbiomass(0.17 SE vs 0.045
gDW epiphyte/gDW host), where the high level corresponded to typical high feueld in
the field survey. Similar high and low biomass was addédl wcalarishosts of a noitiving
epiphyte mimic. These mimics were created from plastigpény scrapers, that were cut,
twisted and wrapped to provide a shape that was different from the host and that, at least
superficially, mimicked Polysiphonia (Appendix 3-6.2). Adding mimics tested whether
invertebrates colonized mainly live and edible habitat or if they also colonizetivimgn

structuresThe experiments were sgi on 24' Septembeand 13" December 2015.

7.36 Laboratory analysis

In the laboratory, samplegere rinsed through a 250 um and-ar sieves to split organisms

into small and large animals and to remove sedimants micreorganisms Primary and
secondary habitat formers were separatihtified and weighed afteirying at 55°Cfor 48

h or until no further weight loss could be detected. Invertebnatre identified and counted

as crustacean@ninus caprellids)caprellids molluscs, plychaetespr 6ot her 6 i nv el
(based on Edgéar$99 classifications) under a dissecting microscope atmagnification
andpreserved in 70% ethanol (caprellids were separated from other crustaceans because they
are distinct and easy to identify, and because Edgar reported a slightly different allometric
model for these organisms). Finally, the averagetkeaf600 of the small crustaceans and 600

of the small molluscs (representing > 94% of all counted invertebrates) was measured using a
stereoscope and a reference scale (20 of each taxon, chosen randomly from 30 samples that

represented different envirormtal and experimental conditio(lsable 7.3.

7.3.7 Morphological traits of habitat formers

Morphological traits were quantified and compared betwe@ystophoraretroflexa C.

scalaris C. torulosaJania, Polysiphoniaand aPolysiphoniamimic. Measured traits included:

surface area:dry weight ratios, fractal dimension, circularity measur e of oOround
from 0, for an infinitelyelongated polygon, to 1, for a perfect circle, Sedgewick 2ahd)

lacunarity(an index of 'gappiness' or 'visual texture', considered a measure of heterogeneity,
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Karperien 2007, Ferreira and Rasband 20T2) individuals ofeach speciewere blotted
three times with papdowel and spread out on a white background to enhance the contrast for
subsequent image analysis. Forresample picture was taken with a Canon PowerShot G7X
Mark Il with ruler as a scaling referee. Each frond was then driati55°Cfor 48 hor until

no further weight loss could be detected argddity weight measuredn a scale with three
digits. Using Photoshop,aehimage was converted to grey scale and thresholdethavy
images. 8rfaceareadry weightand circularity was calculated in ImagéRasband 1997
2016) as was fractal dimensions and lacunarity, usivegplugin FracLa¢Karperien 1999
2013)

7.38 Calculations of secondary production and statistical analys

To estimate secondary productiomv er t ebr at e abundances were co
invertebrates were excluded from analysesause 99.5% of counted organisms were in the
four taxonomic groups witmore precisg@ublished allometric relationships. For crustaceans
and molluscs (respectivel$6.0% and 28.7%f all invertebrates) average length was ysed
whereas | assumed, fgolychaetes and caprelsd(respectively 4.6% and 0.4%f all
invertebrates) that the average individual length wasn®@2%the midinterval of a 2561000

mm size range that include the vast majority of counted taxa, Siciliano, unpulélly, only

44 individuals were found to be large than 1 cm, and for these organisms | conservatively used
1 cm as theiaverage size3.he length of each organism was converted to biomass (mg AFDW)
using taxorspecific lengthweight relationships from Table 2 Edgar(1990c)and summed
acrossll individuals to estimate total faunal biomass per sample per taxonomic groupl Faun
biomass per taxonomic group was then converted to production usimplirecalequationP

= a x B? x T¢ (Edgar 1990c, page 2Q0)hereP is the daily production (mgC day, B is the
biomass (mg AFDW), and is the water temperature (°Gor the survey, relevant medium
summer temperatures were extracted frarmlished figures from Cape Campbell, Kaikoura
and Moerak(2010 data from figure S3e, S4e and S5e in Schiel et al. 28id)assumedhat
temperatures at Pile Bay werebetween Kaikoura and Moeraki. Rbre experimentsmean
temperature were aallated from thé®>endant Hobo logger$he coefficients, b andc were
derived for each taxonomic group from Table 5 in Eq860c) Finally, carbon production
was standardized per gram dry weight of the total seaweed biomass, thatasmbined

weight of the primary and secondary habitat formers
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Effects of primary habitat former identity, secondary habitat formers identity and
biomasslatitude and season were tested with permutdtased factorial analyses of variance
based on Eclidean distanceERMANOVA in the PRIMERV6/PERMANOVA+ software
package; Clarke and Warwick 1994) the second experiment, data frQystophoraspecies
wi t hout epi phegrdnaimclufedrctre statistical asafygis becauseadbgective
herewastesing for interaction effects betweesecondary habitat forméype (livevs mimic)
and biomass (low vs high) (i.e., the controls wersimply includedto allow readersan

opportunityto estimate magnitudes of facilitatimascades). Assumptions of normality and

homogeneity of variances in the data sets were met. All fastredreatedasfixeda nd o0 Reef 6

wasrested n o6Latitudebo. Results were considered

posthocpair-wiset-tests(Anderson et al. 2008)
Trait data were squa@ot transformed, normalized and analyzed with multivariate
permutatiorbased Anova (PERMANOVA), followed by posthoc pair-wise t-tests, and

visualized withPrincipal Coordinates Analys{®CO).

7.4RESULTS

7.4.1Spatial survey: effects of primary and secondary habitat formers

A total of 177269 invertebrateshabited the seaweed fronds collected in the suf@ely two
factors,15' HF and Latitude, were significant and together accounted for 34% of the model
variation (Table 7.1h?= SSplained SSrota). Surprisingly, there was no effect sécondary
habitat formeor 2" HF x 1S'HF interaction. Invertebrate production was greatest (3.06 + 0.23
mgC day* gDW Seaweed) at the northern reefsitermediate at the two central locations, and
least asouthern reefs (1.24 + 0 )ighair-wiset-t e st s; Cape Campbell O
Moeraki, Fig. 7.1A). The greatest invertebrate production was associated.\sthlaris(2.79

+ 0.18), intermediate fo€. retroflexa(2.08 £ 0.19) and lowest associated withtorulosa
(1.39 + 0.12) (based opair-wise t-test; Fig. 7.1B), whether or not epiphytes were present.
Invertebrate production was, as expected, dominated by proddctim crustaceans (70.2%)
followed by molluscs (22.9%), polychaetes (6.7%) and caprellids (0.3%) (FigFj.1C

7.4.2Experiment 1: effects of primary and secondary habitat formers
A total of 51,794 invertebratesolonized the outransplanted seawesith the first experiment
There was a significar®"® HF x Season interaction (p 0.049 h? = 7.4%, Table7.1)

highlighting greaterinvertebrate productiowith epiphyticPolysiphoniain winter, but not in
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summer (test; Fig. 7.2AB). 13'HF (p = 0.017) ad Season (p = 0.043) were also significant

as single factors, accounting for 12% and 5% of the data variability, resped@astpoct-

tests showed that, averaged across treatméntefroflexaandC. scalarissupported similar
secondary production (1.53 + 0.67 mgC daPW Seaweed) which was significantly higher

(p < 0.05) tharC. torulosa(1.14 + 0.10), and that production was greater in summer (1.52 +
0.09) than winter (1.26 + 0.13). Invertebrate produciivas, as in the survey, dominated by
crustacean production (60.0%), followed by molluscs (36.2%), polychaetes (3.4%) and
caprellids (0.3%) (Fig. 7.2€).

7.4.3Experiment 2: effects of secondary habitat former type andbiomass
In the second experimerit1 0,608 invertebratesolonized the outransplanted seawesd

There were three significant interactions, including a complesap2™ HF Type x
Reef x Seasoninteraction, explaining 6.4% of the data variabiliiyable 7.1). The most
important interaction, however, wa% HF Typex Reef (p = 0.001h% = 18%), showing higher
invertebrate production when the epiphyte was living compared to a mimic (FigB7 .8t
only in one of the two study reefs. TR& HF Type x 2"Y HF Biomassinteraction was also
significant (p > 0.01h? = 5%), demonstrating that invertebrate production was greater when
associated with live than mimic epiphytes and when living epiphytes occurred with large
biomass (Fig. 7.3M). As expeatd, Season was the most important single factor efiéet (
32%), again showing higher invertebrate production in summer compared to winter (0.51 +
0.09mgC day* gDW Seaweed vs 0.40 + 0.06, Fig. 7.3/). Finally, secondary production
was dominated byrastaceans (62.9%) and molluscs (34.8%) and much less by polychaetes
(1.7%) and caprellids (0.7%) (Fig. 7.3%.

7.4.4Morphological traits of habitat formers

The PERMANOVA was highly significanfp = 0.001) and the-tests showed significant
differences betwee@. retroflexaand the two congeneric spegibgtween livinglaniaand
Polysiphoniaand between the artificial mimic abdthepiphytegsee previous Chapter, 6.4.8,
and Fig. 8-6.10).

7.5DISCUSSION

Few studies have described facilitation cascades in a context of secondary production.

Although the estimation of marine macroinvertebrate production is nofseaBuchanan and

161



Warwick 1974, Warwick and Price 1975, Vazquez and Rojas 1980, Josefson 1982, Kristensen
1984, Collie 1985, George and Warwick 1986ply Valentine and HecK1993) have
guantified secondary production from-egistinghabitat formes, reporting positive effects of
mussels embedded in a seagrass bed. In additionB&idan and Pih{1984) suggested
positive effects of the seaweEdcus vesiculosusn invertebrate producth within a seagrass

bed, but nalatawasshown forthe productivity contributionfrom the seaweesi Importantly,

these studies measured production per area, and did not take into account that biogenic biomass
may begreaterin thepresence of a seconddrgbitat formerMy studyadds novel ecological
insights by showing high secondary production of small invertebrates inhabiting marine
primary producers, that morphologically similabking seaweesl can support different
production levelsand that epiphys, aftertaking biomass into account, did not increase

secondary production.

7.5.1Dominant taxa

Secondary production in both the survey and experinveagdominated by crustaceé&minus
caprellids) and molluscs gccounting from80-95% of all invertebrates) with very little
production associated witbhaprellids and polychaetes. No other studies have compared
production of these taxonomic groups associated with similar seaweeds, but(Tagka)

and Cowles et al2009) showed that crustaceans and gastropodadominate invertebrate
production on canopforming seaweeds in New Zealand. Furthermore, although only few
studies have quantified invertebrate production from seaweed habitats, many studies have
shown that crustaceans and mollusce the most numerous organson both canopy
forming seaweeds and seagrass around the Wakkenport et al. 1996, Taylor 1998a, Hooper

and Daveport 2006, Cowles et al. 2009, Atalah and Crowe 2010, Battley et al. 2011, Gartner
et al. 2013, Thomsen et al. 2016bhese results suggest that many processes (e.g., trophic
transfer and carbeaycling) in seaweedominated habitats, can be estimated from sampling
crustaceans and mollusc, an insight ofemtial great value because exoskeletons and shells
make these taxa more robust and suitable to experimental handling, long term preservation and

taxonomic identification.

7.5.2Primary habitat former identity
In contrast tomy hypothesis, secondary productioaried between the three congeneric
Cystophoraspecies, showing higher production associated @itecalarisandC. retroflexa

compared t&C. torulosa Thegreatemproduction @ the two species is probably explainedaby
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slightly finer branchedhorphologycompared t&. torulosa(Appendix3-6.2) thatmaysupport
greaterinvertebrate abundances. Although no other study has compared secondary production
associated with different congeneric primary producers, other studies dwmmpared
production across habitats of different complexities. For example, T@@éB8a)andCowles

et al. (2009) comparedseveralintertidal and subtidal marine habitats (e.g., coralline turf,
canopyforming seaweed, seagrass, hinc barrens and mudflats), showing that the most
ccomplexd habitats were inhabited by more invertebrates and thereéathighersecondary
production. Thesestructurally finer types ohabitats are likely at least for very small
invertebratesto provide better shelter from predation and buffering of environmental stress
(Heck and Thoman 1981, Coull and Wells 1983, Edgar 1983, Taylor and Cole 1994, Cowles
et al. 2009)

7.5.3Secondary habitat former presence and identity

There was no effect of epiphytes on secondary production in the subeyfost experiment
even thougtCystophorawith epiphytes were clearly inhabited by more invertebrakablé

7.2). This lack of effect was partly because invertebrate abundances differdittlerbgtween
treatments, but more importantly because produet@asstandardized by the totaiomassof
habitatforming species (i.e., the combined biomass of ghmary and secondary habitat
formerg. | amnot aware obtherstudies that have quantified effects of epiphytes on secondary
production, but several studies (none of which standardized dataabgeaweed biomass)
have reported positive effeai§epiphytes on invertebrate abundansesh as for thebligate
epiphyte Notheiaanomalaon Hormosira banksii(Thomsen et al. 2016k)r for different
mimics (Martin-Smith 1993)or live (Buz&Jacobuci and Pereird_eite 2014)epiphytes on
variousSargassurhostspeciesThese positive effects have mainly been attributed to epiphytes
providing additional and structurally more complex habitat compared to th@Marsh-Smith
1993, Buzalacobucci and Pereitzeite 2014, Thomsen et al. 2016b)

7.5.4Secondary habitat formertype and biomass

Despite the lack of effects of epiphytes in the first experiment, the second experiment did show
higher production orCystophorawith high Polysiphoniabiomass This sugges that a
minimal epiphytebiomasscan berequired to trigger colonization and positive effects on
secondary productio®imilar positive densitydependency has been shown for abundances of
animals associated witbecondaryhabitat formes in seaweed bed®uzaJacobucci and
PereiraLeite 2014, Thomsen et al. 2016lgeagrass bed@all and Bell 1988) forests
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(Bennetts et al. 19963altmarshegAngelini et al. 2015and mangrovegMacDonald et al.

2008, Bishop et al. 2012, Bishop et al. 20I¥)ese studietherefore indicatehat animal
abundancesorrelats with greaterhabitat availability(Heck Jr and Orth 1980, Stoner and
Lewis 1985)which provides additional space for settlement and colonizatidacobi and
Langevin 1996)a higher likelihood of finding different microhabitgBuzaJacobucci and
PereiraLeite 2014) and different trophic resourcg8ologna and Heck 1999However,
studieghatcompared invertebrates associated with liwiagrtificial epiphytes have reported
conflicting results. For example, Hall and B€1988) and Gartner et al(2013) found
comparable communitiesn living and artificial epiplgtes of seagrass, concluding that
structural effects are more important than trophic subsidies. By contrast, Bologna and Heck
(1999, 2000) using artificial seagrass blades, found, like us, more invertebrates on living
epiphytes compared to mimics, suggesting that trophic subsides (or other traits associated with

living structures) are imptant in controlling these invertebrate communities.

7.5.5Latitudes and seasosn

As expected| found greatest and smallesicondary production at tmerthern and southern
sample sites, respectively, in padcause more invertebrates were fountth@torthern sites,

in partbecause it was warmer theRatterns were less clear for the two central latitudinal sites,
characterized by minor temperature differences and slightly more invertebrates at Pile Bay
compared to Kaikoura. There were also streagsonal effects in the two experiments, with
highest production in summewhereit was ca 3°C warmer. These results follotypical
patternsfrom temperate systemwith higher invertebrateabundances in warmer months
(Wernberg et al. 2004, Arroyo et al. 2006, Rueda et al. 2008, Thomsen et al.. M)d@b)
specifically, Nakaoka(1989, 1992a, bjecorded peak spring growth of the bivaNeldia
notabilis and therefore also higher production, a season which contributed up to the 90% of
total annual productiofNakaoka 1992b)Similarly, Donn and Crokef1986) demonstrated

that the production of the amphipbldustorius canadensigasgreatestiuring sunmer.A few

other marine benthistudieshave also found greatest communitide production in spring or
summey with data fromsubtidal rocky shore habita¥aylor 199&), intertidal salt marshes
(Sarda et al. 1995and intertidal lagoongSprurg 1994) However, in contrast tahese
consistenseasonal resultat least one study from New Zealand found no seasonal effects on
abundances and production of invertebrates across different coastal h&wntakss et al.

2009)
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7.5.6Comparing secondaryproduction and future studies

Here Istandardizedecondary productiony thecombinedbiomass oprimary and secondary
habitat formers so that positive effestof epiphytes reflect that the epiphyte support
disproportionally more invertebrates than the hblsis new biomasstandardization revealed

few statistical effects of epiphytes osecondaryproduction suggestinghat the host and
epiphyte in my systemproviderelativelysimilar habitat quality on a grapergram basisBy
comparison most studies that report secondary production of marine benthic invertebrates
standardize data per ar@ihl-Badenand Pihl 1984, Fredette and Diaz 1990, Nakaoka 1992b,
Taylor 1998a, Mistri et al. 2001, Cardoso et al. 2004, Cowles et al. .2009gnable
comparisons to these studiespeasuredhetypical dry weight of intertidaC. torulosato be
839.30 gDW nif (+ 102.09 n = 5, from 0.250.25 m quadrats collected froBystophorabeds

near the experimental sites). Based on these ngthjomassbased abundances correspond

to ca 230,000 ind. rh(and ca 1.72 g AFDW 1) inhabiting a typicaCystophorabed. These
densities correspond to phaction rates of 1.55 g C frday? and are slightlygreaterthan
subtidal coralline turf, the canoggrming seaweedarpophyllumplumosumand Ecklonia
radiata fronds and similar to the intertidal coralline t¢@owles 1899)I alsoargue that the
method used here to estimate secondary production is a good first approximation to estimate
communitywide invertebratgproduction, particuldy where the local taxonomy is poorly
described, organisms are small and inconspicuous, and where it is difficult to measure real
production with repeated measuremersisch asthrough cohort analysigEdgar 1990c)
Nevertheless, overor underestimation of production may arise, for exanf@eause the
allometric regressions used here represent veryseoanimal classification®r from
fluctuation of food availability (from either food surplus and shortage, again, not considered
here) (Edgar 1990c)Furthermorein the regression modeissedhere (Edgar 1990¢)only
temperature was includes an abiotic modifieand futurestudies shoulthereforeest if other
environmental conditions, such as turbidity or wave expoduréher modify secondary
production of small mobile invertebratésnally, | note that invertebrate losses, for example
through predation or storms, was not quantified. Many other studies have shown that fish in
particular can be strong consumers of small inverteb¢&tagin-Smith 1993, Williams et al.
2002) and modify the strength of facilitation cascaffedgar and Robertson 1992, Adams et

al. 2004, JaxiotHarm and Speight 2012, Gribberakét2017b) Clearly, more studies like these
should test how opposing mechanisms like bottom habitat forméion and topdown

predation, in concert, control secondary production within and across habitats and ecosystems.
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7.5.7Conclusions

Facilitation cascades have been identified in maayitats andcosystems as a key process
that increase biodiversity in alebased sample@homsen et al. 2018) supplemented th
rapidly expanding research tofdg showing thafi) facilitation cascades can, in atidn to
modify anmal community structuresaffect secondary productignand, importantly, ii)
facilitation from the secondaryabitat formercan turnto neutral effectsf productionis
converted from areato biomasshasedestimatesl finally suggest that these new results are
tested forconsistency (or lack of) imany other habitats and ecosystems where facilitation

cascades are ecologically important.
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Tables

Table 71 Testing for effects gbrimary andsecondary habitat formeos secondary production

(mg C day* Seaweed) with Permutatiorbased factorial analysis of variangé factors were

treatedas f i xed and O0Reef @nvarate vanablsstwerd analyged witha t i t
Euclideandistance Note that invertebrate data was standardized per gram dry weight of
seaweed (combineddrass oprimary and secondary habitat formje&ignificant values are

in bold. Df = Degrees of freedon&S = sum of squareB,= Pseuddr, h?= SSplained S Srotal

Source Df SS F P h?

Spatial surveyeffects of primary and secondary habitat formers
2" HF (2HF) 1 0.03 0.02 0.896 0.01
13'HF (1HF) 2 72.27 22.51 0.001 16.69
Latitude(Lat) 3 74.43 15.45 0.001 17.19
Reef(LatitudeRee(Lat) 4 14.20 2.21 0.072 3.28
2HFx 1HF 2 4,54 1.41 0.219 1.05
2HFx Lat 3 6.11 1.27 0.305 1.41
1HFx Lat 6 7.40 0.77 0.585 1.71
2HFx RedLa) 4 4.80 0.75 0.578 1.11
1HFx RedLal) 6 6.70 0.70 0.627 1.55
2HFx 1HFx Lat 5 5.84 0.73 0.600 1.35
2HFx 1HFx RedLal) 6 2.27 0.24 0.964 0.52
Res 146 234.41
Total 188 433.00

Experiment 1effects of primary and secondary habitat formers
2" HF (2HF) 2 1.69 2.967 0.054 6.57
1'HF (1HF) 2 3.02 5.284 0.017 11.70
Seasor(Sea) 1 1.37 4,795 0.043 5.31
2HFx 1HF 4 0.69 0.605 0.670 2.68
2HFx Sea 2 1.89 3.320 0.049 7.35
1HFx Sea 2 1.78 3.112 0.052 6.89
2HFx 1HFx Sea 4 1.92 1.682 0.174 7.45
Res 47 13.41
Total 64 25.77

Experiment 2effects of secondary habitat former type ansiomass

2"YHF biomass (Bio) 1 0.19 1.712 0.204 1.05
2" HFtype (Typ) 1 1.12 9.803 0.006 6.02
Reef(Ree) 1 0.78 6.888 0.013 423
Seasor(Sea) 1 5.90 51.815 0.001 31.81
Biox Typ 1 0.94 8.239 0.007 5.06
Biox Ree 1 0.10 0.834 0.380 0.51
Biox Sea 1 0.01 0.085 0.778 0.05
Typx Ree 1 3.31 29.085 0.001 17.85
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Typx Sea

Reex Sea

Biox Typx Ree

Biox Typx Sea

Biox Reex Sea
Typx Reex Sea
Biox Typx Reex Sea
Res

Total

0.00
0.00
0.00
0.09
0.02
1.19
0.00
4.90
18.55

0.027
0.026
0.005
0.785
0.180
10.409
0.008

0.868
0.892
0.957
0.360
0.693
0.003
0.932

0.02
0.02
0.00
0.48
0.11
6.39
0.00
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Table 72 Biomass of primary and secondamgbitat formes (&' and 29 HF, in gram dry
weight) and abundances of seawasdociated invertebrates used to calculate invertebrate
production per unit seaweed biomass. Rystophora retroflexaS =C. scalaris T = C.
torulosa E = Epiphyte (dominated hlania micrarthrodiaandPolysiphoniadecipien3, P =
epiphytic Polysiphonia J = epiphyticJania, 1 = low epiphytic biomass, 2 = high epiphytic
biomass, M =mimic of epiphyticPolysiphonian =1 for treatment RP for ExX@L3A - Summer

(i.e., 2 replicates were unfortunately lost)

Figure Treatment gDW Invertebrates
1HF | 2M HF Abundance
Survey 7.2A Cape Campbel 2.725 + 0225 0.385 =+ 0.125 963.833 = 93.847
Kaikoura 4699 * 0916 0.950 == 0.339 1052.940 =+ 201.32
Pile Bay 2465 + 0.173 0326 + 0.0% 875318 + 117.48
Moeraki 4302 + 0.335 1947 + 038 884302 =+ 85.419
72BCD-EF R 2777 = 0472 0.000 += 0.00 762.500 + 137.376
S 3.067 + 0396 0.000 + 0.000 705.483 + 80.273
T 3.168 + 0.2093 0.000 + 0.00 318.808 + 32.84
RE 3912 + 0.669 2417 + 058 1120.176 <+ 208.0L6
SE 3079 £ 0320 1181 =+ 0246 1173.085 =+ 96.210
TE 5702 + 1170 1956 =+ 0539 1242556 =+ 258.65
Expl 7.3A R 1985 + 048 0.000 = 0.000 614.750 + 158.86
Summer S 3755 + 0.631 0.000 + 0.000 1006.500 =+ 179.88
T 3.780 + 0.627 0.000 + 0.000 484250 + 98.807
RJ 1925 + 0.709 2181 + 0.310 1516.250 + 21117
SJ 4072 = 0.7® 3610 = 0564 2070.000 =+ 459.5%
TJ 3.045 £ 0257 2275 £ 0.23% 1319500 =+ 208.02
RP 2.330 0.150 1254.000
SP 4594 + 0.68 0.397 = 0.1 1242.000 =+ 183.7®
TP 4432 + 1.019 0.156 = 0.0 1040.000 =+ 283.8R
7.3B R 1292 + 0333 0.000 = 0.000 188.500 + 76.612
Winter S 2425 + 0459 0.000 + 0.00 355.500 = 38.124
T 2162 £+ 0330 0.000 += 0.000 292.000 * 55.%5
RJ 0468 + 0.08 1.078 =+ 0.25 279.750 £ 67.88
SJ 1334 + 0297 158 + 0764 481667 =+ 159.62
TJ 2441 + 0319 2520 + 0564 709500 =+ 136.21
RP 1301 + 0.301 0.170 + 0.071 449.333 =+ 221.%7
SP 1183 + 0276 0.384 + 0.0% 635667 =+ 9498
TP 2920 + 0.778 0352 + 0.0% 670.250 =+ 98.148
73GD-EF R 1639 + 029 0.000 + 0000 401625 =+ 11452
S 3.090 + 044 0.000 + 0.000 681.000 =+ 149.6(8
T 2971 + 0448 0.000 + 0.000 388.125 <+ 63898
RJ 1196 + 043 1630 + 0279 898.000 =+ 255.24
SJ 2899 + 0.6/8 2743 + 0.584 1389.286 =+ 408.61
TJ 2743 + 0220 2397 + 0.287 1014500 + 162.%6
RP 1559 + 033% 0165 =+ 0.09 650.500 = 254.94
SP 2889 + 0.83 0390 =+ 0.089 938.833 + 164.138
TP 3676 * 0.669 0.254 £ 0.065 855.125 + 155.87
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Exp2

7.4A S 3690 * 0.356 0.000 + 0000 926.000 =+ 12044
Summer SM1 3489 + 0389 1715 + 0.148 1363.375 + 191.9(8
SM2 4315 + 0580 3540 =+ 0.140 1949.125 =+ 226.3%5
SP1 4266 =+ 048 0312 * 0175 1218.200 =+ 118.88
SP2 4746 =+ 0.677 0.636 =+ 0.168 1793.500 =+ 324.26}
7.4B S 7.264 + 1007 0.004 =+ 0.04 933.750 + 126.78
Winter SM1 6.625 * 073 1714 =+ 0.165 1525.125 + 320.3%5
SM2 7.787 = 0776 4124 =+ 033 2018.375 =+ 331.7Z77
SP1 4835 =+ 0485 0.192 +* 0.048 826500 =+ 87.%43
SP2 6.524 + 0740 1152 =+ 0.151 2304.000 * 217.26
7A4AGD-EF S 5596 =+ 0.72 0.002 =+ 0.0 930.133 =+ 84.75/
SM1 5057 + 050 1714 =+ 0.107 1444250 + 181595
SM2 6.051 + 0648 3.832 =+ 0.1 1983.750 =+ 194.a18
SP1 4616 = 0347 0238 =+ 0.071 977.154 + 87.08
SP2 5762 + 0551 0931 =+ 0.129 2085.214 + 191.9K
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Table 73 Average lengths (in mm, + SE) for the mosimmontaxa (crustaceans and molluscs).
A total of 600 crustaceans and 600 molluscs were measuredaumber of individuals
measured per sample (NEach individual wasmeasured under a stereoscogte40x
magnificationusing a high precision reference scale.

N | Crustaceans (mm) n Molluscs (mm) n
Survey 16 1.748 £ 0.078 20 1.330+£0.124 20
Experiment 1 6 1.540 £ 0.057 20 1.135 £ 0.047 20
Experiment 2 8 1.566 £ 0.092 20 1.340 £ 0.098 20
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Figures

Figure 71 Spatial survey effects of primary and secondary habitat forme3scondary
production (mg C day Seaweed) per latitude (A) and peprimary habitat forme(1HF,
Cystophora retroflexgC. scalaris C. torulosg with and without epiphytes {$HF, dominated
by Jania micrarthrodia and Polysiphoniadecipien$ (B-F). Data were standardized by dry
weight of primaryand secondary habitat forméas' + 2" HF). Error bars = 1 SEh = 32for
At he testHF&@EH®E sRedldl We r e), np=adforB-K (the test factor
OLat it iReeb 6 wa n d). Diferent lettats indicate significadifferences as detected
by pair-wiset-testcomparisos.
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Figure 72 Experiment 1 effects of primary and secondary habitat forme&econdary
production (mgC daySeaweed) perprimary habitat formefl HF, Cystophora retroflexsC.
scalaris C. torulosg with and without epiphytes (JJania micrarthrodia P =Polysiphonia
decipien in summer (A) and winter (B). Data were standardized by dry weigliteototal
association oprimary and secondary habifarmers(1% + 29 HF). Error bars = 1 SE, n = 4

for A-B andn =8 for G-F. There are no error bars for samples with no replicates. Capital letters

refers to theseasoftest factor, lower case letterstothg r i mar y h &attar.t at f or m

A: Summer B: Winter

C: Crustaceans D: Molluscs
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Figure 73 Experiment 2 effects ofsecondary habitat former type abhsbmass Secondary
production (mgC day Seaweed) associated witlCystophorascalaris (S) with and without
epiphyticPolysiphoniadecipiengP) anda Polysiphoniamimic (M) in both low (1) and high

(2) biomassesn summer (A) and winter (Bjpata were standardized by dry weightlod total
association oprimary and secondary habitat forméts' + 2"® HF). The control treatment
without epiphytes$, n = 4) was not included in the statistical analysis because the objective
here was testing for interaction effects between secondary habitat former type and.biomass
Error bars = 1 SE, n = 4 for-B andn =8 for GF. Capital lettersefers to theseasontest

factor, lower case letters to thé? HF Typex 2"HF B i oimtesastisn
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CHAPTER 8: General discussion

In this thesis, | investigated facilitation and habitat cascades associated with ecologically and
morphologically different caccurring habitatorming species, including bivalves, seagrass
and canopyforming and epiphytic seaweeds. More specificall\gSessed the role of these co
occurring habitat formes in affecting invertebrate communities in intertidal dumfttom
estuarine shell beds, seagrass beds and on rocky shores. | tested which natural or anthropogenic
environmental factors increased, deceebsr altered the effects of these interactions and |
correlated morphological traits of tiabitat formes to invertebrate abundances, taxonomic
richness and eomunity structures (Chapter@). In addition, | also examined how these
habitatforming speats modifies environmental parameters, such as light intensity,
temperature and water loss (Appendix 1). The main results of my observational surveys and
manipulative experiments are summarized in T&dle where the ecological importance of
factors testeth each data chapter is evaluated. For simplicity, | focus on individual test factors
here, excluding complex interaction effects that were discussed in more detail in the individual

data chapters.

8.1 Variability within habitat: soft-bottom shell beds,seagrass beds and

rocky shores

8.1.1 Sofbottom shell bedsln the softbottom shell beds, bivalveeaweednvertebrate

habitat cascades (@pter2) were mostly affected by largeale spatial variability (but with

no clear latitudinal patterns) and se@ady (summer > winter) across response variables. At

the level of the secondahabitat former the living/edible condition was the most relevant

factor (living > artificial), followed by species identitylya sp. >Gracilaria chilensig and its
biomasqlow > high). The effectsofsmafi c al e spati al wvariability,
Y) and elevation (subtidal > intertidal), and the condition of the primabytat forme{mimic

> shell = alive), were of less importance, but could neverthelsssradify the cascad@&he

critical role of the secondahabitat formewas conf i rmed i n my o601 ongé
(Chapter3) where the presence of a secondaapitat former(presence > absence) and its
biomass (high > low) were the most important factors. These two data chapters support
previous evidence of habitat cascades based ofAlbechtand Reise 1994, Thomsen et al.

2010) or multiple habitaforming (Thomsen et al. 2016a, Yakovis and Artemieva 2017)
species from bivalvelominated softbottom estuaries. In addition, | also showed that living
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secondanhabitat formes supported higher biodiversity than miswehereas the type of the
primaryhabitat formervas less relevant. This is probably due to the fact that seaweeds benefit
from the bivalve only in terms of settlement space, regardless of its condition (i.e., living =
dead = mimic) as most seaweeds can colonize and grow on a variety of hard substrates,
including rocks, boulder, stones and living or dead slfelsa k er 191 2, Ben Avk

Lutaenko and Levenets 2015)

8.1.2 Seagrass bedswertebrate abundances and community structures were affected by all
the factors tested in the sdfbttom seagrass bedSHapter4) whereas richness was either
unaffected (in relation to season, site and seconkabytat formertype) or only weakly
affected (to estuary and el evation). In gene
(North =Central> South) variabiliy, as well as presence of primary (presence > absence) and
secondary (presence > absenbepitat formes strongly affected this seagressaweed
cascade. Furthermore, in the complementary chagtbapter5), sedimentation (but not
fertilization) modifiedthe effects of all the factors tested, ultimately killing the seagrass and
destroying the habitat cascade. My results support past studies that have documented positive
effect of seaweeds (as epiphytes or @iy within seagrass beds, where facilibatihas been
attributed to reduced predatidheber 1985, Adams et al. 2004y inaement of habitat
heterogeneitylLewis Il and Stoner 198%toner and Lewis 1985, Hall and Bell 1988, Edgar

and Robertson 1992, Marttemith 1993, Cardoso et al. 2004)though negative impact of
sedimentation on seagrasses have been reported in several @eeli@abaco et al. 2008)

none these studies have examined impacts on seagsssated invertebrates or how entire

habitat cascades can be destroyed.

8.1.3 Rocky shore3he seaweeédpiphytegastropods habitat cascade from the rocky shore
(Chapter6) was primarily affected by latitude (North > South), seasdruiidancesummer >
winter;richness wi nt er > summer) and reef (Reef 1 |
habitat former(speciesC. retroflexa> C. scalaris> C. torulosabiomass: tgh > low) and
secondanhabitat formel(presence: presence > absence; spel@gsiphonia> Janig type:

living > artificial; biomass: high > low) affected abundance, richness and community structures

of gastropods. This chapter confirms the relevafeg of habitat cascades in rocky shores
previously demonstrated for both subti§Bbhr et al. 2011, Bell et a2014)and intertidal

(Viejo and Aberg 2003, Thomsen et al. 2016p3temsAlthough not tested in detaihere,

my results provide indirect support for previously documented underpinning facilitation
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mechanisms, suggesting th@tmary and secondary habifarming seaweesiprovide food
(Martin-Smith 1993, Viejo and Aberg 2003, Rohr et al. 2011, Bell et al. 2ptdiection from
predation(Rohr et al. 2011, Bell et al. 2014hd reduce streg¥iejo and Aberg 2003jor
invertebrates. The second chapter from rocky shores (quantifying impact on secondary
production on ente invertebrate communitie§hapter7) confirmed the important role of
latitude (North > South) and season (summer > season) but found no effect of the secondary
habitat former However, this discrepancy was largely explained by a different data
standardization methodology, as invertebrate respons€hapter7 were standardized by
seaweed biomass, instead of per seaweed sample (because thereanwasevaluating if
epiphytescompared to hostare hotspots of productivity). Indeed, if data were reported, as in
traditional studies, without being standardized per seaweed biomass, secondary production
increased dramatically in the presence of secondary hédwitaing epiphytesThis chapter
thereby supports Valentine and Hg&993) the only studyeporing secondary productivity

in habitat cascades, who found thatigsels embedded in seagrass beds, also increased

secondary production.

8.2 Variability between habitats: soft-bottom shell bedsvs seagrass bedss

rocky shores

To date, only Thomsen et 2010, 2018have ompared habitat cascades amaiifferent
ecosystems and habitats, such as tropical, subtropical and temperate forests, seagrass beds and
salt marshes. In this thesis | can compare cascades from three very different habitats, even if
my primary focus was on the factors that affecteghecific cascade. Indeed, these habitat
cascades were measured with relatively similar procedures, i.e., using similar factorial design
and spatiiemporal test factors. Across all the habitats investigated, spatial and temporal
factors (latitude and seagoas well as features of the secondaapitat former(presence,

condition and biomass) were important factors affecting habitat cascades. The effect of local
spatial variation (site and reef) was, instead, quite different between soft anbottard

habtats, appearing to be more important on the rocky shores.

8.3 Trophic vs structural benefits

Results from the experiments that compared living andlinomg secondaryhabitat formes
found relatively similar facilitation effects (@pters2-6). In the bvalve-seaweed cascade from

soft-bottom estuaries, invertebrate abundances and richness were higher when the seaweed was
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living instead than a mimic and the community structures differed strongly between the two
seaweed types. In addition, the most impdritawertebrate taxa (trochid snails, amphipods and
copepods)all had strong preferences for living seaweeds. This is probably because these
inhabitants typically are herbivores that, at least partly, consume its host. Many other studies
have demonstratdtattrochids, amphipods and copepods feed on seavwEedsrman 1966,
Grahame 1973, McBane and Croker 1983, Pederson and Capuzzo 1984, D'Antonio 1985,
Watson and Norton 1987, Poore 1994, GCRirera and Hay 2001, Kamermans et al. 2002,
Buz&Jacobucci and Pereitzite 2014) In the seagrass beds, invertebrate abundance was
strangly affected by the different type of secondhapitat formemhereas richness was not.
Again, the living seaweedU(va) hosted higher abundances and a different community
structure compared to the mimic. This results reflect that trochids were most abundant
herbivorous molluscs in this habitat, and their dominance and preferentévéoi(over
Gracilaria or mimics) had stong effect on abundances, but very little effect on richness (as
Gracilaria and mimics typically also were inhabited by at least 1 trochid sBaWeral studies
demonstrated that seaweeds can represent important trophic resources for herbivorous
invertebrates in seagrass bedgsitting et al. 1984, Orth and Van Montfrans 1984, van
Montfrans et al. 1984, Hall and Bell 1988, Bologna andiHi€©99, Bostrom and Mattila 1999,
Byers et al. 2012, Gartner et al. 20E8) ithas already been suggestldt Micrelenchus
tenebrosusone of the most abundatmochids found here, grazen Ulva (Thomsen et al.
2016a) Finally, on rocky shees, invertebrate abundances were less affected by the secondary
habitat former although living seaweed still had higher richness and different community
structures compared to mimics. This suggest that the majority of common invertebrates, in this
system, inhabit structures to avoid predation rather than as a trophic resourcse(lbeicaias
are not edible). Still, some of the less common invertebrates may still be facilitated by trophic
resources explaining why richness (but not abundances) was higher on living se@veed
rocky shores, only one study have used artificial mimitssy aoncludingthat mimics and
living epiphytes provide comparable habitsliartin-Smith 1993)

In concert, my results suggeist living habitat formes are more efficient than mimics
in hosting invertebrateand that the majority of herbivorous taxad a preferencir living
seaweeds rather than the mimias living seaweed can be an important food so{Kiténg
et al. 1984, Orth and Van Montfrans 1984, van Montfrans et al. 1984, Hall and Bell 1988,
Bologna and Heck 1999, Bostrom and Mattila 1999, Beeral. 2012, Gartner et al. 2013)

Nevertheless, mimics functioned to some extent as likaigtat formes, especially in the
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habitat without alternative 3D structures demonstrated in Chapter 4, where mimics had a

strong positive effect on unvegetated mudflats.

8.4 Magnification ratios across habitat cascades arfthbitat formers

Thomsen et al2010)proposed to compare habitat cascades across systems and habitats using
omagni f i c(MMR) calculatedaas theordétaf the abundance (or richnesd)the co
occurring primary and seconddrgbitat formes compared to the primahabitat formealone

(MR = (1t HF + 2" HF) / 13* HF), where values 1 correspond to a net positive effect of the
secondanhabitat formei(i.e., to habitat cascadesjere, | calculated magnification ratios for

the habitattascades investigated in &ters2, 4, and 6. Importantly, MR depends on how
facilitation of invertebrates is standardised (eugstandardizedyer sample area or biomass

of habitat formes). Here | @lculated all MR values as the number of invertebrates (or taxa)
without any standardizationenalling an easy andirect comparisons acrobsbitat formes

and habitatsl found highest MR values for the bivalgeaweed cascad€lfapter2, Fig.8.1,
abundance26-120, richness:7-16), becausdew mobile invertebrates inhabited the shell
surface(Gribben et al. 2009, Thomsen et al. 2016adxgnificaion ratios for the seagrass
seaweed (Coptersd-5) and seaweeseaweed (Clpters6-7) cascades rangeimhstead from

1-4 for abundances and115 for richness (Fig8.1). Notable, all MR values, minawo, were
positive, providing strong support to my itial core hypothesis habitat cascades are
common processes in benthic intertidal systernmsleed, the only MR valsdelow 2 were

for thecascadeZosteratape(Ulva mimic; abundance) ar€bsteraUlva (richness)in a single
experiment My resultssupported past dai@homsen et al. 2010ps | found highest MR
values when the seconddnmgbitat formermwas functionally very different from the primary
habitat brmer(more specifically, the secondary seaweed was-formtionally very different

from the primary bivalve). | also found evidence of some habitat casehe@eshe secondary
habitat formemwas an artificial mimic, with values comparable (and sometimes even higher)
to relatively similar naturdhabitat formes. This result again suppsthe notion that biogenic
habitat provides important structural support for invertebrates, and psostgiEence that
invertebratecolonization of artificial substrates is a common process in both seagrass beds
(Barber et al. 1979, Bell et al. 1985, Virnstein and Curran 1986, Schneider and Mann 1991b)
and rocky shore@Martin-Smith 1993) Note that the MR results described here. (mimics
provide benefits for inhabitants comparable to livingited formers) contrast my conclusion

from the previous sectior83, stronger effect of living habitat formers over mimics). This
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discrepancy simply reflects the different standardization mettramistandardization vger

gram dry weight of the habitddrming species

8.5 Morphological comparisons betweehabitat formers
Structurally complex habitats often support more abundant and diverse animal communities
compared to structurally simple habitétauser et al. 2006as shown for coral reefdlmany
2004), forest canopie@MacArthur and MacArthur 196 1jreshwater vegetatioiDiehl 1992)
softbottom marine system@alman et al. 2004)and algal communitie€Choat and Kingett
1982, Hicks 1985)High habitat complexity increases the number of niches available for
colonization (Hicks 1985) provides shelter angrotection from physical streq§&ibbons
1988) increass food availability for invertebrates living on the alga@ticks 1985)and can
alters effect from competition and predati@oull and Wells 1983, Hixon and Men691,
Diehl 1992) For example, complex habitat may reducéodigement from waves and currents
(Gibbons 1988)and facilitate early settlement of larvéidauser et al. 2006 The habitat
structure concept was discussed in detail by McCoy and(B2dll)who argued that habitat
structure encompasses both el ements of é6comp
effects and measurement are strongly sdafgenden(Beck 1998, Downes et al. 1998jere
complexity describes variation in abundances of distinct physical elements of the habitat, such
as rocks, crevices, holes, pits, and pneumatoplgieSoy and Bell 1991, Downes et al. 1998)
whereas heterogeneitgdus more on the variation in the relative abundance of the different
physical element@McCoy and Bell 1991, Beck 1998, Downes et al. 1998)

In this thesis, | measured surfaareadry weightratios(Hauser et al. 200@)nd fractal
complexity(Gee and Warwick 1994a, Gee and Warwick 1994b, Beck 1998, a0@@gasures
of complexity, and lacunaritfCurdia et al. 2015and circularity(Turon and Becerro 1992k
measure of heterogeneity. Based on these parameters, | compared the morphology of the
different studiedhabitat formes (Fig.8.2) and discussed these morphological attributes in
relation to abundances arnidhness of invertebrates found in habitat cascade® | compiled
the morphological data from @pters2, 4 and 6, and arranged data from the highest to the
lowest values (separately for living and artifidiabitat formes). A multivariate PCO analysi
(Fig. 8.2A)showed that the rocky shores species were clust€yatidphoraspp.,Hormosira
Jania, Polysiphonia Notheig, with more complex and similar fractal dimension and
lacunarity, compared to the estuarine spedasstfovenusUIlva, Gracilaria, Zosterg and

their mimics.Morphological traits suggest thapecies that retain a large amount of water in
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their tissues, such adlva, Zosteraand Gracilaria, had highersurfaceareadry weightratio
compared to the large fucoid®y/stophoraspecies, andn particular, the artificial (plastic)
habitat formes. There were less differences in fractal dimensions amonkatbi¢at formes,
althoughHormosira Zosteraand Gracilaria had relatively low valued.acunarity was high
for branched species such @sacilaria, Polysiphonia Notheig Jania, and low for species
lacking gaps such ddlva, AustrovenusandZostera By contrastcircularity was highest for
the bivalve Austrovenusand its mimic compared to habHarming primary producers.
Importantly,in some cases (surfaeeeadry weight ratio and circularitythe artificial mimics
showed similar pattesto living habitat formersKig. 8.2B, Ulva > Gracilaria > Polysiphonia
> AustrovenusFig. 8.2D,Austrovenus> Ulva > Polysiphonia> Gracilaria), sugyesting that
the mimics mirroredome of th&key morphological attributes.

Comparing invertebrate abundance and richness for the individual habitat formers (data
from Chapter 2, 4, @ny resultssuggest that

- invertebrate abundance and richness was higheh@thanGracilaria, and very few
invertebrates were found @ustrovenugChapter 2; Fig2.1, spatial survey, Fi@.3,
seasonal survey, Fig.7A-C, experiment 2);

- invertebrate abundance and richneseaegher orlva thanZostera(Chapter 4; Fig.

4.3, seasonal survey) and richness was higheloa mimics than onGracilaria
mimics (Chapter 4Fig. 4.7, experiment 2);

- gastropod abundance and richness decreased following this order of habitat {Grmers:
retroflexg C. scalaris C. torulosaandH. banksii(Chapter 6; Fig6.1, surveyFig. 6.2,
experiment 1).

These results are supported by the morphological analysesfractal dimension can explain

the stronger effect obllva in hosting invertebrates compared @Gacilaria (and relative
mimics, Chapter 2) andostera(Chapter 4) and, similarly, the stronger effect€gétophora

spp. compared tblormosira. These results support past studies that have correlated fractal
dimenson to invertebrate dat@Morse et al. 1985, Shorrocks et al. 1991, Gunnarsson 1992,
Gee and Warwick 1994a, Gee and Warwick 1994b, Hooper and Davenport 2006, Tokeshi and
Arakaki 2012) Additionally, lacunarity may explain the sequenceQGyfstophoraspp. in
hosting invertebrates (as there were no significant differences in fractal dimension) and why
Ulva was inhabited by more invertebrates t@astea. Lacunarity has not been studied much,

but Curdia et ali2015)found a positive correlation between lacunarity and taxonomic richness
of invertebrates inhabiting the soft cotadptogorgia lusitaréa The surface areadry weight

ratiodata also supports my results, showing higher valuddl¥aroverZosteraandGracilaria
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and following theCystophoraspp. sequence. However, this parameter may not always be a
useful predictor of invertebrate diversitjlauser et al. 2006Finally, circularity appeadto

be a poor predictor of invertebrate biodiversity. | am not aware of any studies that have
guantified circularity of seaweeds or related circularitigabitat forméon, but circularity ha

been calculated for sponges in a context of their competitive ahflitiesn and Becerro 1992,
Becerro et al. 1994)Note hat | did not discus®olysiphonia Jania and Notheia simply
because these epiphytes were always collected with their host. It has been suggested habitat
complexity generally should be explained basednuitiple indices(Beck 2000)because a
single morphological parameter is unlikely to encapsulate how differeniespespond to
biogenic habitatHauser et al. 2006My results suggest thatirfare:dry weight ratiofractal
dimension and lacunarity provide an important mixture of morphological attributes to explain
how inhabitants utilize biogenic structures, and that these attributes therefore should be

included in future models aiming to predict the strength of habitat escad

8.6 Conclusiors

My research has demonstrated that habitat cascades are important in controlling, maintaining
and increasing biodiversity in marine benthic ecosystems where epibiosis is prevalent. In
particular, habitat cascades are common procesggeitidal habitats and are geographically
widespread and temporabydseasonally persistent. Intertidal habitats are harsh environments
that affect invertebrates, seaweeds and seagrasses, ranging from species specific physiological
stress to higtpredation levels and strong competition for limited space. Habitat cascades
function by reducing these stressful environmental conditions and pngmetosystem
functions. My results also suggest that the strength of habitat cascades can be predidted base
on (i) the ecological and morphological attributes of individual habitat formers in the cascade,
(i) how co-occurring habitat formers affect each other, (iii) the affinity of inhabitants for
individual habitat formers, and (iv) the effects of anthropagestressors on the habitat
formers. These predictions should, in the future, be tested for generality in more ecosystems,

and incorporated into naels over species interactions.
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Tables

Table 81 Overview of effect from individual testfactors habitat cascaddrom three differenstudy systemsThe effect of each factor are reported

for invertebrate abundance (N), taxonomic richness (R), community structure (CS) and sepoodlariyon (P)-: factor not included in the

design; 0: no effect of the factor; *, **, ***: significant effedtat = Latitude Est =Estuary,Sea =SeasonHab =Habitat,Ele =Elevation,HF =

habitat former(1, 2, 3HF =primary, secondary, tertiary HFespectively, pre =Presencesp =Specieshio = BiomassFe =Fertilization,Se =

Sedimentation

Habitat Habitat Var - recors
cascade Year Lat Est Sea Hab Site Ele 1HF 1HF 1HF 2HF 2HF 2HF 2HF 3HF Fe Se
Reef pre sp type pre sp type bio pre
) _ 0 *kk *kk _ 0 *% _ _ 0 _ KKk KKk * _ _ _
Ch.1:Bivalve
seaweed R _ ** KKk *kk _ * *k _ _ *k _ *%k *kk ** . _ _
Soft invertebrates CS - Hokk *kk *xk - *k *kk - - 0 - *% *xK Hkk - - -
bottom
estuary ChZB|VaIVe N = = ** O 0 0 O - - - - - - Hxx *xx - -
invertebrates CS - - * * * *x 0 - - - - - - *xk *hx - -
*kk *kk *k% *kk _ ** *kk *kk _ *kx *kk _ KKk *kk _ _ _
Ch.3.Seagras:
seaweed R KKk *kk *k 0 _ 0 * *kk _ . *kk . 0 *kk . . _
Sesi?tr_-ass I nve rte b rates CS *k%k *kk *k% *k%k - ** *kk *k%k - *k%k *k%k - *k%k ** - - -
bottom _ _ _ *k _ _ _ _ _ _ _ *kk
system Ch4.Seagrass 0 0 0 0 0
Seaweed R - - - 0 - 0 0 0 - - 0 - - - - 0 Frk
invertebrates CS ) ) } ok ) 0 0 Sk _ ) Xk _ - . R 0 *ok
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Figures

Figure 81 Magnification ratios relative to the abundaacel richness of invertebraties each
main habitat cascade investigatecCinapters2, 4, and 6using living (grey) or artificial (dark
grey) secondarkabitat formes. A: Austrovenustutchburyj G: Gracilaria chilensis U: Ulva

sp., Z:Zosteramdulleri, Ta: tape drifting seaweed mimic, Tw: twine drifting seaweed mimic
C: Cystophoraspp., E: livirg epiphyte, HHormosirabanksij M: epiphyte mimi¢ S1: spatial
survey, S2: seasonal survey, E1, Experiment 1, E2: experimeat2used for the calculation

have not been standardized value higher than 1 indicatéhe presence of a habitat cascade.
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Figure 82 PCO analysis (A) and morphological traiBsE) of thehabitat formes investigated
in this thesis (RCystophora retroflexa$: C. scalaris,T: C. torulosa,H: Hormosira banksii,
J:Jania micrarthrodiaP: Polysiphonia decipien$y: Notheia anomalaZ: Zostera mulleriG:
Gracilaria chilensis,U: Ulva sp, A: Austrovenusstutchburyj Ep: Cystophoraepiphyte, m:
mimic). In A, circles represeriving habitat formers whereas diamonds represent mimiss.
10. SDw: surface area:dry weight; Db: fractal dimension; C: circuldrityacunarity. Data
were squareooted and normalised prior to analys$isB (ratio S:Dw), C (fractal dimensioj

D (lacunarity andE (circularity) living habitat formers arenigrey whereas artificial are in
dark grey (and additionaliydent i fi ed wi th oémdé af)krorbarshe i ni

=1 SE, n =10. In most of cases, error bars are too small to be visible.
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APPENDIX 1. Testing for effects of habitatforming species on

light, temperature and relative humidity

Introduction and Methods. An indoor (temperature and light controlled room) and outdoor
(natural variation in light and temperature) experiments tested for effect of key taivtatg

(living or mimic) species on temperature, light and water retention, simulating a 4h low tide
cycle. Ten healthy fronds of 7 different test specigégs(ophora retroflexaC. scalaris C.
torulosa Hormosirabanksij Zosteramdilleri, Gracilaria chilensis Ulva sp.) were collected

from either AvorHeathcoteéestuary(43°33'06.1"S, 172°44'43.3"E) orl®Bay (43°37'05.4"S,
172°45'50.6"E). In addition, 10 similar sized mimicshabitat formes analysed in this thesis
(epiphyte mimicGracilaria mimic, Ulva mimic) wereconstructed from plastic flagging tape

and plastic twineAll living frondswere firstacclimatized for 24h in aerated aquaria with 34

psu at 16° C in a 12:12 day length temperature controlled room to produce standard starting
conditions. After acclimatization, living fronds were cut to obtain 10 pieces of three different
biomasses per spes (3 low, 4 medium and 3 high biomass). The experiment was run as
multiple subexperiments (it wasio possible dng all species in a single setting; a sub
experiment typically included 3 species). Before starting the experiment, a concrete square
block (where seaweed/seagrass frond wereeddihto) was saturated with seder at room
temperature (to simulate a rock after a falling tide) apdrahnt Hobo light and temperature
logger was placed on it (recording datd. 0 minuteintervak). Fronds wereallected from an
aquarium, drained for 3 seconds, and weighted before being placed on the concrete block to
create a canopy over the Hobo log(eaible 1 for nitial biomass of primary produceg)hree
loggerswere also placed on concrete tiles without any seaweed coverage. The procedure for
outt ransplanting 30 samples took 20 minutes,
20 minutes latethanthe first sample. | weighted the biomass of each saaffgeca0, 2 and

4 h of exposure to desiccation.

Above procedure was the same for the indoor anddoot experiment but
environmental conditions for the indoor experiment were 5.90 + 0.02 °C, 156.46 + 2.49 Lux
16° C, and 12:12 LD, whereas conditionstfa outdoor experiment were 18.12 + 0.35 °C and
25863.96 + 2771.16 Luxdere, dianges in biomass over timeesg considered an indirect
measure of desiccation stress. All response variables were converted to percent change

compared to the start conditiofie., TO = 100%).
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Results.In my thesis | evaluated homabitatforming species affected invertebrates in habitat
cascades. Here | extended this analysis by measuring how habitat formers affected abiotic
conditions, to provide mechanistic insight intoywhhabitants responded as they did.

Biomass reduction (proxy for desiccation stress) was strongest in the first half of the
experimeniFig. 1) afterwhich biomass loss was much reduced (the plastic mimics only had
initial water loss due to evaporatioffi superficial water, after which no further loss was
observed). In addition, the outdoor experiment had up&trdnger desiccation compared to
the indoor experiment. Finally, | found that samples with low biomass experienced strongest
desiccation stres$#lore specificallyGracilaria andZosterahad strongest desiccation (>80%
gWW loss), followed byCystophoraspp. (up to 70%) andlva (up to 60%).

Temperature was lower under fronds in the outdogreriment (Fig2, temperature
was controlled in the irmbr experiment) and that high frond biomass kept temperature lower
and for longer period compared to fronds in medium and low biomass. It should be noted that
anomalous reduction in temperature may be due to water drops falling directly on the
temperaturé ogger s6 sensor i n the ihsiatefadis easyttoage o0
identify because it only appeared to happen in the fuld inirutesafter the experiment was
started, e.g. Fig2F, 2H, 2l and2J). | also noted that thicker habi#arming fucoids, such as
Cystophoraspp. andHormosira had strong temperature reduction in the outdoor experiment
(up to ca 30%, Fig2A-D). As expected, | also found th@tacilaria buffered temperature
better thanUlva (for Ulva temperature even increaséat a short period of time, perhaps
because of its transparent tissue). | also foundZbateraand the plastic mimics only had
minimal impact on temperatu(gig. 2EF).

Finally, I found that light was reduced below frorfgigy. 3), in the laboratoryrom 50
100% but less in the outdoor experiment, and that high biomassesddigint more than low

biomass.
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Appendix1. Table 1

Initial biomass of primary produces (QWYSE) used in the indoor and outdoor experiments.

Species Low Medium High
n==6 n=28 n==6
Cystophora retroflexa 10.90+£1.23 29.93+ 1.36 73.97 £ 581
Cystophora scalaris 12.48 £+ 0.73 37.21+£2.42 90.73 £ 7.96
Cystophora torulosa 15.17 £ 0.56 59.15 + 3.83 114.99 + 2.44
Epiphyte mimic 3.74 +£0.28 6.84 + 0.37 8.81 + 0.65
Hormosirabanksii 13.08 + 0.61 39.54 + 0.87 57.60 + 3.78
Zostera mulleri 10.34 £ 0.43 16.47 +1.01 31.80 + 0.68
Gracilaria chilensis 12.66 + 0.35 19.89+1.18 36.22 +1.02
Gracilariamimic 0.73+0.04 1.26 £ 0.05 2.49£0.05
Ulvasp. 8.43+1.39 12.49+1.23 30.88 + 6.49
Ulvamimic 2.44 +0.17 3.93+0.21 8.04 + 0.58
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Appendix1. Figure 1

Experiment showing percent change in seaweed biomass (QWW, an indirect measure of
desiccation rate) during a simulated 4h low tide cycle indoor and outdoor. Seaweedstwere
transplanted in low (triangle down), medium (square) and high (triangle up) biomass. n = 3.
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Appendix1. Figure 2

Experiment showing percent change in temperature underneath ssaleaed a simulated
4h low tide cycle indoor and outdoor. Seaweeds wer¢ransplanted in low (triangle down),
medium (square) and high (triangle up) biomass. n = 3.
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Appendix1. Figure 3
Experiment showing percent change in ligbk) underneath seaweeduring a simulated 4h

low tide cycle indoor and outdoor. Seaweeds weregransplanted in low (triangle down),

medium (square) and high (triangle up) biomass. n = 3.
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Abstract

Many studies have documented habitat cascades where two co-occurring habitat-
forming species control biodiversity. However, more than two habitat-formers could
theoretically co-occur. We here documented a sixth-level habitat cascade from the
Avon-Heathcote Estuary, New Zealand, by correlating counts of attached inhabitants
to the size and accumulated biomass of their biogenic hosts. These data revealed pre-
dictable sequences of habitat-formation (=attachment space). First, the bivalve
Austrovenus provided habitat for green seaweeds (Ulva) that provided habitat for tro-
chid snails in a typical estuarine habitat cascade. However, the trochids also provided
habitat for the nonnative bryozoan Conopeum that provided habitat for the red sea-
weed Gigartina that provided habitat for more trochids, thereby resetting the sequence
of the habitat cascade, theoretically in perpetuity. Austrovenus is here the basal
habitat-former that controls this “long” cascade. The strength of facilitation increased
with seaweed frond size, accumulated seaweed biomass, accumulated shell biomass
but less with shell size. We also found that Ulva attached to all habitat-formers, tro-
chids attached to Ulva and Gigartina, and Conopeum and Gigartina predominately at-
tached to trochids. These “affinities” for different habitat-forming species probably
reflect species-specific traits of juveniles and adults. Finally, manipulative experiments
confirmed that the amount of seaweed and trochids was important and consistent
regulators of the habitat cascade in different estuarine environments. We also inter-
preted this cascade as a habitat-formation network that describes the likelihood of an
inhabitant being found attached to a specific habitat-former. We conclude that the
strength of the cascade increased with the amount of higher-order habitat-formers,
with differences in form and function between higher and lower-order habitat-formers,
and with the affinity of inhabitants for higher-order habitat-formers. We suggest that
long habitat cascades are common where species traits allow for physical attachment
to other species, such as in marine benthic systems and old forest.
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SAMPLES
AREA REGION DATES ESTUARY GEOCOORDINATES olalu
18/04/2016 Ruataniwha Inlet 40A3966. 73S, 1%U2A8083
Tasman
19/04/2016 Puponga 40A31633.73S, 1672184 609
20/04/2016 Delaware Bay 41A9659. 78S, 1B3AR6DB
North Nelson
21/04/2016 Nelson Haven 41A13656.81S, 167 310148%
22/04/2016 Thompson Bay 41A15652.27S, 167 31051492
Marlborough
23/04/2016 Ngakuta Bay 41A160619.49S, 1% 3105 10
03/03/2015 to 10/12/2015 Avon-Heathcote Estuary- Site 1 =~ 43°33'17.5"S 172°43'16.3'"E 24 24 47
03/03/2015 to 10/12/2015 Avon-Heathcote Estuary - Site 2 =~ 43°33'16.1"S 172°43'03.2"E 24 32 48
Middle Canterbury 24/02/2016 Akaroa - Robinsons Bay 43A450646.69S, 16728570
24/02/2016 Akaroa - Duvauchelle Bay 43A45063.58S, 172A2502
03/10/2016 Akaroa - Childrens Bay 43°47'53.18"S, 172°5751.37'"E 6 6 11
13/10/2016 Portobello Bay 45°49'25.25"S, 170°40'4.60"E - - -
Otago 14/10/2016 Papanui Inlet 45°50'29.50"S, 170°41'31.38"E - - -
15/10/2016 Dowling Bay 45°47'17.55"S, 170°39'50.70'E 6 6 -
South
16/10/2016 Catlins River 46°28'47.31"S, 169°41'30.57"E 6 12 9
Southland 17/10/2016 Jacobs River Estuary 46°20'53.00"S, 168°055.09'E 6 9 8
18/10/2016 New River 46°25'46.64"S, 168°20'18.40"E - - -

APPENDIX 3. Supplementary tables and figures for dad chapter

Table reporting all the estuaries and sites object of the spatial survey and the seasonal survey
with GPS coordinates and replicates of the treatments (0: céatstriovenustutchburyj G:
Austrovenustutchburyi+ Gracilaria chilensis U: Austrovenustutchburyi+ Ulva sp.). Note

that some estuaries do not have a proper raamdeuse name from the bays in which they are

2-7
Appendix2.1

located.
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Appendix2.2

Spatial survey, testing for effects of identity and biomass of secondary hahitatr$ across

latitudes. Permutation based factorial analysis of variased to determine the contribution

of each test factor to the variability of the habitat cascade tested on total abundance, taxonomic
richness and community structure of invertelwat@ll factors weretreated adixed and
OEstuarydé was nested in oOoLatitude®econddyt a we

habitat formeiand squar@oottransformed

ABUNDANCE

Source df SS PseudeF P(perm) Contribution
Species (Spe) 1 202 22.34 0.001 4.83%
Biomass (Bio) 1 28 3.11 0.090 0.67%
Elevation (Ele) 1 169 18.74 0.001 4.06%
Latitude (Lat) 2 22 1.19 0.299 0.51%
Estuary(Latitude) (Est(Lat)) 10 488 5.40 0.001 11.69%
Spe x Bio 1 31 3.47 0.065 0.75%
Spe x Ele 1 3 0.33 0591 0.07%
Spe x Lat 2 100 5.54 0.006  2.40%
Bio x Ele 1 5 0.53 0461 0.11%
Bio x Lat 2 42 2.32 0.109 1.00%
Ele x Lat 2 36 2.00 0.158  0.87%
Spe x Est(Lat) 9 198 2.43 0.007  4.74%
Bio x Est(Lat) 10 127 1.41 0.184  3.05%
Ele x Est(Lat) 9 380 4.67 0.001 9.09%
Spe xBio x Ele 1 43 4.71 0.034 1.02%
Spe x Bio x Lat 2 18 1.00 0.366 0.43%
Spe x Ele x Lat 2 90 4.98 0.005 2.16%
Bio x Ele x Lat 2 67 3.68 0.030 1.59%
Spe x Bio x Est(Lat) 9 211 2.60 0.011 5.06%
Spe x Ele x Est(Lat) 5 126 2.80 0.014  3.03%
Bio x Ele ¥st(Lat) 7 56 0.88 0.534 1.34%
Spe x Bio x Ele x Lat 2 37 2.06 0.122  0.89%
Spe x Bio x Ele x Est(Lat) 3 25 0.94 0.414 0.61%
Res 185 1673

Total 270 4178
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RICHNESS

Source

Species (Spe)
Biomass (Bio)
Elevation (Ele)
Latitude (Lat)
Estuary(Latitude) (Est(Lat))
Spe x Bio

Spe x Ele

Spe x Lat

Bio x Ele

Bio x Lat

Ele x Lat

Spe x Est(Lat)

Bio x Est(Lat)

Ele x Est(Lat)

Spe x Bio x Ele

Spe x Bio x Lat

Spe x Ele x Lat

Bio x Ele x Lat

Spe x Bio x Est(Lat)
Spe x Ele x Est(Lat)
Bio x Ele x Est(Lat)
Spe x Bio x Ele x Lat
Spe x Bio x Ele x Est(Lat)
Res

Total

df SS
1 45.8
1 254.3
0.8
27.1
10 713
10.6
1.0
31.2
0.7
111
1.0
26.4
0 48.0
58.3
0.2
9.8
3.6
5.9
28.3
24.7
12.4
0.3
15.8
185 356.1
270 10445

N -

O©O NN EFE NP P

=

W NN ODNMNDNMNMNDNELEO

PseudeF P(perm) Contribution

23.78
132.09
0.43
7.03
3.70
5.51
0.50
8.10
0.35
2.87
0.25
1.52
2.49
3.36
0.11
2.55
0.95
1.54
1.64
2.56
0.92
0.08
2.74

0.001
0.001
0.522
0.004
0.001
0.013
0.472
0.002
0.553
0.061
0.765
0.139
0.015
0.001
0.714
0.088
0.403
0.202
0.116
0.034
0.485
0.905
0.044

4.38%
24.34%
0.08%
2.59%
6.83%
1.02%
0.09%
2.99%
0.06%
1.06%
0.09%
2.53%
4.59%
5.58%
0.02%
0.94%
0.35%
0.57%
2.71%
2.36%
1.19%
0.03%
1.52%
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COMMUNITY STRUCTURE

Source

Species (Spe)
Biomass (Bio)
Elevation (Ele)
Latitude (Lat)
Estuary(Latitude) (Est(Lat))
Spe x Bio

Spe x Ele

Spe x Lat

Bio x Ele

Bio x Lat

Ele x Lat

Spe x Est(Lat)

Bio x Est(Lat)

Ele x Est(Lat)

Spe x Bio x Ele

Spe x Bio x Lat

Spe x Ele x Lat

Bio x Ele x Lat

Spe x Bio x Est(Lat)
Spe x Ele x Est(Lat)
Bio x Ele x Est(Lat)
Spe x Bio x Ele x Lat
Spe x Bio x Ele x Est(Lat)
Res

Total

df SS
1 13435
1 25157
16978
49626
10 188160
2079
2644
6382
1967
8236
13164
47838
0 21564
34591
2002
3802
5133
5947
18709
9458
9505
2184
2911
185 225970
270 717440

N -

O©O NN EFE NP P

=

W NN ODNMNDNMNMNDNELEO

PseudeF P(perm) Contribution

11.00
20.60
13.90
20.32
15.41
1.70
2.16
2.61
1.61
3.37
5.39
4.35
1.77
3.15
1.64
1.56
2.10
2.43
1.70
1.55
1.11
0.89
0.79

0.001
0.001
0.001
0.001
0.001
0.116
0.032
0.005
0.133
0.001
0.001
0.001
0.003
0.001
0.138
0.100
0.016
0.006
0.001
0.031
0.309
0.571
0.710

1.87%
3.51%
2.37%
6.92%
26.23%
0.29%
0.37%
0.89%
0.27%
1.15%
1.83%
6.67%
3.01%
4.82%
0.28%
0.53%
0.72%
0.83%
2.61%
1.32%
1.32%
0.30%
0.41%
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Appendix2.3

Seasonal survey, testing for effects of identity and biomass of secondary habitat formers across
seasons. Permutation based factorial analysis of vaneeckto determine the contribution of

each test factor to the variability of the habitat cascade tested on total abundance, taxonomic
richness and community structure of invertebrates. All factors tneated adixed. Data were

standardized per dry weigbf thesecondary habitat formand squareoot transformed

ABUNDANCE

Source df SS PseudeF P(perm) Contribution
Species (Spe) 1 80.95 16.24 0.001 9.21%
Biomass (Bio) 1 30.03 6.02 0.016 3.42%
Elevation (Ele) 1 1.43 0.29 0.626 0.16%
Season (Sea) 1 0.04 0.01 0.937 0.00%
Ele x Bio 1 0.23 0.05 0.815 0.03%
Ele x Ele 1 6.48 1.30 0.276 0.74%
Ele x Sea 1 3.27 0.66 0.436 0.37%
Bio x Ele 1 4.76 0.95 0.313 0.54%
Bio x Sea 1 0.46 0.09 0.764 0.05%
Ele x Sea 1 8.64 1.73 0.176 0.98%
Ele x Bio x Ele 1 8.31 1.67 0.198 0.95%
Ele x Bio x Sea 1 5.75 1.15 0.289 0.65%
Ele x Ele x Sea 1 0.21 0.04 0.842 0.02%
Bio x Ele x Sea 1 7.75 1.55 0.206 0.88%
Ele x Bio x Ele x Sea 1 1352 271 0.109 1.54%
Res 135 673.12

Total 150 879.30

RICHNESS

Source df SS PseudeF P(perm) Contribution
Species (Spe) 1 17.3 9.68 0.004 3.25%
Biomass (Bio) 1 129.1 72.18 0.001 24.20%
Elevation (Ele) 1 8.4 4.69 0.028 1.57%
Season (Sea) 1 3.9 2.16 0.150 0.72%
Ele x Bio 1 2.8 1.58 0.240 0.53%
Ele x Ele 1 0.6 0.34 0.555 0.11%
Ele x Sea 1 155 8.68 0.009 2.91%
Bio x Ele 1 8.9 4.97 0.022 1.67%
Bio x Sea 1 0.1 0.08 0.765 0.03%
Ele x Sea 1 9.9 5.54 0.018 1.86%
Ele x Bio x Ele 1 0.1 0.03 0.847 0.01%
Ele x Bio x Sea 1 7.3 4.06 0.033 1.36%
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Ele x Ele x Sea 1 0.9 0.49 0.495 0.16%
Bio x Ele x Sea 1 3.3 1.83 0.188 0.61%
Ele x Bio x Ele x Sea 1 6.5 3.61 0.058 1.21%
Res 135 241.4

Total 150 533.4

COMMUNITY STRUCTURE

Source df SS PseudeF P(perm) Contribution
Species (Spe) 1 6639 4.29 0.001 2.34%
Biomass (Bio) 1 12765 8.25 0.001  4.49%
Elevation (Ele) 1 9400 6.07 0.001 3.31%
Season (Sea) 1 4572 2.95 0.004 1.61%
Ele x Bio 1 1968  1.27 0.265  0.69%
Ele x Ele 1 4888 3.16 0.005 1.72%
Ele x Sea 1 3306 2.14 0.045 1.16%
Bio x Ele 1 1240 0.80 0.563  0.44%
Bio x Sea 1 5186  3.35 0.004 1.83%
Ele x Sea 1 2044  1.32 0.243 0.72%
Ele x Bio x Ele 1 863 0.56 0.775  0.30%
Ele x Bio x Sea 1 1151 0.74 0.643 0.41%
Ele x Ele x Sea 1 3742 242 0.037 1.32%
Bio x Ele x Sea 1 1373  0.89 0.516  0.48%
Ele x Bio< Ele x Sea 1 1797 1.16 0.300 0.63%
Res 135 208950

Total 150 284100
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Appendix2.4

Field experiment 1, testing for effects of species identity and biomass of secbatiaag

forming seaweeds across seasons. Permutation based factorial analysis of veseshte
determine the contribution of each test factor to the variability of the habitat cascade tested on
total abundance, taxonomic richness and community structure of inveztel#tfactors were
treated agixed. Data were standardized per dry weight ofgseeondary habitat formend

squareroot transformed

ABUNDANCE

Source df SS PseudeF P(perm) Contribution
Species (Spe) 1 6 0.61 0.435 0.22%
Biomass (Bio) 2 15 0.78 0.438  0.55%
Elevation (Ele) 1 87 9.19 0.010 3.24%
Site (Si) 1 15 1.59 0.228  0.56%
Season (Sea) 1 278 29.28 0.001 10.34%
Spe x Bio 2 0 0.01 0.991  0.00%
Spe x Ele 1 25 2.63 0.108  0.93%
Spe x Si 1 10 1.05 0.338 0.37%
Spe x Sea 1 1 0.07 0.775  0.02%
Biox Ele 2 56 2.93 0.054 2.07%
Bio x Si 2 42 2.23 0.089 1.57%
Bio x Sea 2 175 9.21 0.003 6.50%
Ele x Si 1 7 0.69 0.390 0.24%
Ele x Sea 1 30 3.21 0.085 1.13%
Si x Sea 1 3 0.36 0.537 0.13%
Spe x Bio x Ele 2 24 1.26 0.273 0.89%
Spe x Bio x Si 2 71 3.77 0.027 2.66%
Spe x Bio x Sea 2 5 0.24 0.784 0.17%
Spe x Ele x Si 1 49 5.22 0.026 1.84%
Spe x Ele x Sea 1 37 3.85 0.064 1.36%
Spe x Si x Sea 1 0 0.00 0.958  0.00%
Bio x Ele x Si 2 19 0.99 0.388  0.70%
Bio x Ele x Sea 2 10 0.51 0.595 0.36%
Bio x Si x Sea 2 36 1.93 0.125 1.36%
Ele x Si x Sea 1 3 0.34 0.551 0.12%
Spe x Bio x Ele x Si 2 62 3.25 0.048 2.29%
Spe x Bio x Ele x Sea 2 20 1.03 0.362 0.73%
Spe x Bio x Si x Sea 2 9 0.45 0.629 0.32%
Spe x Ele x Si x Sea 1 13 1.33 0.259 0.47%
Bio x Ele x SiSea 2 3 0.17 0.832 0.12%
Spe x Bio x Ele x Si x Sea 1 1 0.13 0.696 0.05%
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Res 148 1403

Total 194 2686

RICHNESS

Source df SS PseudeF P(perm) Contribution
Species (Spe) 1 16.2 3.08 0.064 1.08%
Biomass (Bio) 2 39.8 3.79 0.035 2.66%
Elevation (Ele) 1 57.0 10.87 0.003  3.82%
Site (Si) 1 26.9 5.12 0.022 1.80%
Season (Sea) 1 180.0 34.30 0.001 12.05%
Spe x Bio 2 11 0.11 0.906 0.07%
Spe x Ele 1 12.7 241 0.111  0.85%
Spe x Si 1 18.4 3.50 0.054 1.23%
Spe x Sea 1 3 0.58 0436 0.21%
Bio x Ele 2 16 1.53 0.209 1.08%
Bio x Si 2 20 1.86 0.165 1.31%
Bio x Sea 2 113 10.77 0.002 7.57%
Ele x Si 1 0 0.02 0.892  0.01%
Ele x Sea 1 30 5.72 0.024 2.01%
Si x Sea 1 10 1.85 0.172  0.65%
Spe x Bio x Ele 2 12 1.14 0.325  0.80%
Spe x Bio x Si 2 22.8 2.17 0.110 1.53%
Spe x Bio x Sea 2 2.6 0.25 0.771  0.17%
Spe x Ele x Si 1 33.2 6.33 0.018 2.22%
Spe x Ele x Sea 1 16.6 3.15 0.075 1.11%
Spe x Si x Sea 1 0.4 0.09 0.768  0.03%
Bio x Ele x Si 2 13.9 1.33 0.283  0.93%
Bio x Ele x Sea 2 3.4 0.33 0.705 0.23%
Bio x Si x Sea 2 7.1 0.68 0.526 0.48%
Ele x Si x Sea 1 0.6 0.11 0.746  0.04%
Spe x Bio x Ele x Si 2 27.0 2.57 0.081 1.81%
Spe x Bio x Ele x Sea 2 7.6 0.73 0.476 0.51%
Spe x Bio x Si x Sea 2 10.7 1.02 0.384 0.71%
Spe x Ele x Si x Sea 1 2.8 0.54 0.465 0.19%
Bio x Ele x Si x Sea 2 3.1 0.30 0.734  0.21%
Spe x Bio x Ele x Si x Sea 1 4.1 0.79 0.398 0.28%
Res 148 776.8

Total 194 14945
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COMMUNITY STRUCTURE

Source

Species (Spe)
Biomass (Bio)
Elevation (Ele)

Site (Si)

Season (Sea)

Spe x Bio

Spe x Ele

Spe x Si

Spe x Sea

Bio x Ele

Bio x Si

Bio x Sea

Ele x Si

Ele x Sea

Si x Sea

Spe x Bio x Ele
Spe x Bio x Si

Spe x Bio x Sea
Spe x Ele x Si

Spe x Ele x Sea
Spe x Si x Sea

Bio xEle x Si

Bio x Ele x Sea

Bio x Si x Sea

Ele x Si x Sea

Spe x Bio x Ele x Si
Spe x Bio x Ele x Sea
Spe xBio x Si x Sea
Spe x Ele x Si x Sea
Bio x Ele x Si x Sea
Spe x Bio x Ele x Si x Sea
Res

Total

Q.
=

SS
5730
21277
9115
5563
29205
3603
3621
586
925
5239
5614
18474
8849
3321
1578
3408
8738
2621
3587
3392
652
2185
1538
6665
2667
1588
2125
3874
1387
4088
71
148 150280
194 413470

P NP NNMNNRPNMNNRPPRPRPNNMNRPRPRPRPNMNNRPRPRPREPNRREDNLER

PseudeF P(perm) Contribution

5.64
10.48
8.98
5.48
28.76
1.77
3.57
0.58
0.91
2.58
2.76
9.10
8.71
3.27
1.55
1.68
4.30
1.29
3.53
3.34
0.64
1.08
0.76
3.28
2.63
0.78
1.05
191
1.37
2.01
0.07

0.002
0.001
0.001
0.002
0.001
0.070
0.003
0.726
0.495
0.014
0.004
0.001
0.001
0.004
0.167
0.090
0.001
0.275
0.007
0.014
0.706
0.368
0.670
0.001
0.019
0.648
0.374
0.047
0.255
0.026
0.976

1.39%
5.15%
2.20%
1.35%
7.06%
0.87%
0.88%
0.14%
0.22%
1.27%
1.36%
4.47%
2.14%
0.80%
0.38%
0.82%
2.11%
0.63%
0.87%
0.82%
0.16%
0.53%
0.37%
1.61%
0.65%
0.38%
0.51%
0.94%
0.34%
0.99%
0.02%
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Appendix2.5

Field experiment 2, testing for structural effeetsbeing alive. Permutation based factorial
analysis of variance used to determine the contribution of each test factor to the variability of
the habitat cascade tested on total abundance, taxonomicssaamé community structure of
invertebrates. All factors weteeated adixed. Data were standardized per dry weight of the

secondary habitat formand squareoot transformed

ABUNDANCE

Source df SS PseudoeF P(perm) Contribution
2HF type (Typ) 1 207.29 89.89 0.001 72.50%
2HF species (Spe) 1 0.20 0.09 0.764 0.07%
Host (Hos) 2 591 1.28 0.324 2.07%
Typ x Spe 1 4383 2.09 0.168 1.69%
Typ x Hos 2 1438 3.12 0.051 5.03%
Spe x Hos 2 3.32 0.72 0.553 1.16%
Typ x Spe x Hos 2 AT77 1.03 0.378 1.67%
Res 23 53.04

Total 34 285.90

RICHNESS

Source df SS PseudoeF P(perm) Contribution
2HF type (Typ) 1 338 34.73 0.001 38.87%
2HF species (Spe) 1 29 2.99 0.091 3.34%
Host (Hos) 2 170 8.75 0.002 19.57%
Typ x Spe 1 1.2 1.18 0.320 1.33%
Typ x Hos 2 134 6.87 0.005 15.37%
Spe x Hos 2 58 3.00 0.065 6.72%
Typ x Spe x Hos 2 6.8 3.47 0.032 7.77%
Res 23 224

Total 34 86.9

COMMUNITY STRUCTURE

Source df SS PseudoeF P(perm) Contribution
2HF type (Typ) 1 18005 16.72 0.001 29.04%
2HF species (Spe) 1 1244 1.15 0.383 2.01%
Host (Hos) 2 2714 1.26 0.241 4.38%
Typ x Spe 1 2344 2.18 0.045 3.78%
Typ x Hos 2 4524 2.10 0.022 7.30%
Spe x Hos 2 3123 1.45 0.159 5.04%
Typ x Spe x Hos 2 5190 241 0.009 8.37%
Res 23 24773

Total 34 62008
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Appendix2.6

Experiment 3, predation experiment. Gljuare test based on the distributioMafrelenchus
tenebrosusn different habitats (M: mud, Wlva sp., G:Gracilaria chilensig and in absence

(N) and presence (Y) of theredator. The expected frequencies values took into account the
snails missing during the experiments (i.e., values are slightly different across habitats and

predation conditions).

OBSERVED FREQUENCIES TABLE
CRAB

HABITAT PRESENCE M U G TOT
M N 10.33 0.00 0.00 10.33

M Y 13.00 0.00 0.00 13.00
MU N 5.00 7.33 0.00 12.33
MU Y 3.17 8.83 0.00 12.00
MG N 9.83 0.00 3.50 13.33
MG Y 7.33 0.00 4.50 11.83
TOT 48.67 16.17 8.00 72.83
PROP 0.67 0.22 0.11 1.00

EXPECTED FREQUENCIES TABLE
CRAB

HABITAT PRESENCE M U G
M N 6.90 2.29 1.14
M Y 8.69 2.89 1.43
MU N 8.24 2.74 1.35
MU Y 8.02 2.66 1.32
MG N 8.91 2.96 1.46
MG Y 7.91 2.63 1.30
Chi Test 1E08
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Appendix2.7

Field experiment 2, experimeahttreatments. Fig. A, left to right: livingAustrovenus
stutchburyj Austrovenushell, Austrovenusnimic. Fig. B, left to right:Austrovenusnimic +
Ulva mimic, Austrovenushell+ Ulva mimic, living Austrovenus- living Ulva, Austrovenus
mimic + Gracilaria mimic, Austrovenushell+ Gracilaria mimic, living Austrovenus- living
Gracilaria. The Austrovenusmimic were 3D printed (three different sizes: 30, 32, 35 mm
length).Gracilaria andUlva mimics were made from plastic twine and taspectively (20
cm length, 1.60 and 1.50 gDW).
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Appendix 3.1

Observational studyPermutation based factorial analysis of variance used to determine the
contribution of each test factor to the variability of the habitat cascade tested on total
abundace, taxonomic richness and community structure of invertebrallefactors were

treated adixed. Data were squarmottransformed

ABUNDANCE

Source df SS PseudeF P(perm) Contribution
Ulva (Ulv) 1 1373 3.65 0.050 2.81%
Gracilariabiomass (Bio) 1 16433 43.67 0.001 33.62%
Site (Si) 1 49 0.13 0.725 0.10%
Season(Sea) 1 525 1.39 0.225 1.07%
Ulv x Bio 1 163 0.43 0.521 0.33%
Ulv x Si 1 987 2.62 0.110 2.02%
Ulv x Sea 1 455 1.21 0.267 0.93%
Bio x Si 1 13 0.03 0.864 0.03%
Biox Sea 1 480 1.28 0.261 0.98%
Six Sea 1 622 1.65 0.212 1.27%
Ulv x Bio x Si 1 174 0.46 0.491 0.36%
Ulv xBiox Sea 1 405 1.08 0.317 0.83%
Ulv x Six Sea 1 135 0.36 0.576 0.28%
Bio x Six Sea 1 695 1.85 0.162 1.42%
Ulv x Bio x Six Sea 1 30 0.08 0.772 0.06%
Res 70 26344

Total 85 48883

RICHNESS

Source df SS PseudeF P(perm) Contribution
Ulva (Ulv) 1 0 0.08 0.792 0.07%
Gracilariabiomass (Bio) 1 33 1041 0.005 9.48%
Site (Si) 1 15 4.73 0.025 4.31%
Seasor(Sea) 1 25 7.82 0.007 7.13%
Ulv x Bio 1 6 1.82 0.171 1.66%
Ulvx Si 1 14 4.35 0.043 3.96%
Ulv x Sea 1 0 0.07 0.817 0.06%
Bio x Si 1 7 2.10 0.160 1.91%
Biox Sea 1 6 2.02 0.164 1.84%
Six Sea 1 0 0.10 0.750 0.09%
Ulv x Bio x Si 1 7 2.11 0.151 1.93%
Ulv x Bio x Sea 1 9 2.86 0.100 2.61%
Ulv x Six Sea 1 2 0.70 0.397 0.64%
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Bio x Six Sea 1 2 0.49 0.519 0.45%
Ulv x Bio x Six Sea 1 0 0.08 0.774 0.08%
Res 70 225

Total 85 353

COMMUNITY STRUCTURE

Source df SS PseudeF P(perm) Contribution
Ulva (Ulv) 1 7233 561 0.001 5.35%
Gracilariabiomass (Bio) 1 11232 8.71 0.001 8.30%
Site (Si) 1 5423 4.20 0.001 4.01%
Season(Sea) 1 3951 3.06 0.012 2.92%
Ulv x Bio 1 1666 1.29 0.261 1.23%
Ulvx Si 1 4449 345 0.001 3.29%
Ulv x Sea 1 2052 1.59 0.160 1.52%
Bio x Si 1 1471 1.14 0.331 1.09%
Biox Sea 1 996 0.77 0.585 0.74%
Six Sea 1 575 0.45 0.860 0.43%
Ulv x Bio x Si 1 1543 1.20 0.320 1.14%
Ulv xBiox Sea 1 1880 1.46 0.217 1.39%
Ulv x Six Sea 1 910 0.71 0.645 0.67%
Biox Six Sea 1 892 0.69 0.655 0.66%
Ulv x Bio x Six Sea 1 708 0.55 0.766 0.52%
Res 70 90312

Total 85 135290
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Appendix 32

Manipulative experimenPermutation based factorial analysis of variance used to determine
the contribution of each test factor to the variability of the habitat cascade tested on total
abundance, taxonomic richness and community structure of invertebkttésctors were

treded adixed. Data were squarmottransformed

ABUNDANCE

Source df SS PseudoeF P(perm) Contribution
Ulva (Ulv) 1 57 0.14 0.712 0.63%
Elevation(Ele) 1 63 0.16 0.684 0.70%
Site (Si) 1 442 1.10 0.325 4.89%
Ulv x Ele 1 126 0.31 0.614 1.39%
Ulvx Si 1 925 2.30 0.155 10.23%
ElexSi 1 35 0.09 0.768 0.39%
Ulvx Elex Si 1 950 2.36 0.145 10.51%
Res 16 6443

Total 23 9042

RICHNESS

Source df SS PseudoeF P(perm) Contribution
Ulva (Ulv) 1 0.03 1.63 0.191 5.33%
Elevation(Ele) 1 001 0.72 0.400 2.35%
Site (Si) 1 0.08 4.70 0.052 15.35%
Ulv x Ele 1 0.00 0.21 0.642 0.68%
Ulvx Si 1 0.00 0.06 0.807 0.19%
ElexSi 1 0.03 1.82 0.185 5.94%
Ulv x Elex Si 1 0.10 5.50 0.027 17.94%
Res 16 0.28

Total 23 0.54

COMMUNITY STRUCTURE

Source df SS PseudoeF P(perm) Contribution
Ulva (Ulv) 1 1710 1.62 0.191 5.17%
Elevation(Ele) 1 1327 1.26 0.306 4.01%
Site (Si) 1 610 0.58 0.626 1.84%
Ulv x Ele 1 1922 1.82 0.159 5.81%
Ulvx Si 1 2415 2.29 0.083 7.30%
ElexSi 1 4575 4.34 0.008 13.84%
Ulvx Elex Si 1 3616 3.43 0.026 10.94%
Res 16 16884

Total 23 33059
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Appendix 33

Natural experimentPermutation based factorial analysis of variance used to determine the
contribution of each test factor to the variability of the habitat cascade tested on total
abundance, taxonomic richness and community structure of invertebkttésctors were

treded adixed. Data were squarmottransformed

ABUNDANCE

Source df SS PseudeF P(perm) Contribution
Ulva (Ulv) 1 725 6.06 0.015 7.65%
Habitat (Hab) 1 96 0.80 0.386 1.01%
Estuary(Est) 2 1563 6.54 0.006 16.49%
Ulv x Hab 1 265 2.22 0.162 2.80%
Ulv x Est 2 260 1.09 0.349 2.74%
Habx Est 2 178 0.74 0.467 1.88%
Ulv x Habx Est 2 55 0.23 0.797 0.58%
Res 53 6336

Total 64 9479

RICHNESS

Source df SS PseudeF P(perm) Contribution
Ulva (Ulv) 1 0.29 1.92 0.168 1.88%
Habitat (Hab) 1 1.00 6.73 0.017 6.59%
Estuary(Est) 2 4.14 13.90 0.001 27.23%
Ulv x Hab 1 0.07 0.47 0.480 0.46%
Ulv x Est 2 034 1.14 0.331 2.24%
Habx Est 2 0.5 0.51 0.595 1.00%
Ulv x Habx Est 2 132 4.44 0.023 8.69%
Res 53 7.90

Total 64 15.21

COMMUNITY STRUCTURE

Source df SS PseudaeF P(perm) Contribution
Ulva (Ulv) 1 4410 2.67 0.010 3.29%
Habitat (Hab) 1 3627 2.20 0.028 2.71%
Estuary(Est) 2 26212 7.95 0.001 19.57%
Ulv x Hab 1 1427 0.87 0.532 1.06%
Ulv x Est 2 3515 1.07 0.383 2.62%
Habx Est 2 3152 0.96 0.492 2.35%
Ulv x Habx Est 2 4243 1.29 0.235 3.17%
Res 53 87369

Total 64 133950
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SAMPLES
AREA REGION DATES ESTUARY GEOCOORDINATES
M U G L Z 2ZU ZG ZL zP
18/04/2016 Ruataniwha Inlet 40A39066.73S, 1®B2A80838-86E6 3 - -
Tasman
19/04/2016 Puponga 40A31633.73S, B7234867-76E - - - 3
20/04/2016 Delaware Bay 41A9659.78S, 1®B3AR6633-56E6 - - -
North Nelson
21/04/2016 Nelson Haven 41A13656.81S, 16736180638. B3E6 - - -
22/04/2016 Thompson Bay 41A15652.27s, 17365%0611. $2E6 - - -
Marlborough
23/04/2016 Ngakuta Bay 41A160619.49S, 16/385m052. ®3E6 - - -
04/12/2014 to 11/03/2015 Avon-Heathcote Estuary - Site 1  43°33'19.78"S, 172°43'16.81"E 32 32 - - 32 32 - - -
04/12/2014 to 11/03/2015 Avon-Heathcote Estuary - Site 2 43°33'17.32"S, 172°43350"E 32 32 - - 32 33 - - -
Middle Canterbury 24/02/2016 Akaroa - Robinsons Bay 43A450646.69S, 172A57-033. B6E4 2 - -
24/02/2016 Akaroa - Duvauchelle Bay 43A4563.58S, 1B2A55642- 1WE - 2 - -
03/10/2016 Akaroa - Childrens Bay 43°47'53.18"S,172°5751.37e 6 - - 6 6 - - 6 -
13/10/2016 Portobello Bay 45°49'25.25"S,170°40460'E 6 6 - - 6 6 - - -
Otago 14/10/2016 Papanui Inlet 45°5029.50"S,170°41'31.38' 6 6 - - 6 6 - - -
15/10/2016 Dowling Bay 45°47'17.55"S, 170°39'50.70'E 6 6 - - 6 6 - - -
South
16/10/2016 Catlins River 46°28'47.31"S, 169°41'30.57"E 6 6 - - 6 6 - - -
Southland 17/10/2016 Jacobs River Estuary 46°20'53.00"S,168°055.09°e 6 12 6 - 6 12 6 - -
18/10/2016 New River 46°25'46.64"S, 168°20'1840'E 3 3 6 - 6 1 6 - -

Overview data of surveyed estuaries and sites and number of replicated cores (samples)

collected withand withoudifferent types of habitat formensiud(M), Ulva sp.(U), Gracilaria
chilensis(G), Lophothamnion hirtun(L), Zostera muller(Z), Zosterat+ Ulva (ZU), Zostera+

Gracilaria (ZG), Zosterat+ Lophothamnior{ZL), Zostera+ Polysiphoniasp. (ZP).

Appendix4.1
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Appendix4.2

Spatialsurvey effects of secondary habitat former across latitudes. Permutation based factorial
analysis of variance used to determine the contribution of each test factor to the variability of
the habitat cascade tested on total abundance, taxonohmess and community structure of

invertebrates. All factors werteeated adixed a n @&stuary waesst ed | nDatAL at i

were squareoot transformed prior to analysis.

ABUNDANCE

Source
Secondary habitaformer (2HF)

Primary habitat former (1HF)
Elevation (Ele)

Latitude (Lat)
Estuary(Latitude) (Est(Lat))
2HF x 1HF

2HF x Ele

2HF x Lat

1HF x Ele

1HF x Lat

Ele x Lat

2HF x Est(Lat)

1HF x Est(Lat)

Ele x Est(Lat)

2HF x 1HF x Ele

2HF x 1HF x Lat

2HF x Ele x Lat

1HF x Ele x Lat

2HF x 1HF x Est(Lat)

2HF x Ele x Est(Lat)

1HF x Ele x Est(Lat)

2HF x 1HF x Ele x Lat
2HF x 1HF x Ele x Est(Lat)

Res
Total

df SS

1 125.04
1 87.94
1 0.51

2 31.41
13 734.78
1 4.52

1 0.00

2 42.88
1 2.11

2 7.11

2 5.39
13 72.15
13 30.65
13  26.22
1 0.28

2 7.11

2 1.04

2 0.01
11 9.12
12 13.30
13 11.12
2 4.44

9 291
337 343.32
457 1563.40

PseudeF P(perm) Contribution

122.74
86.32
0.50
15.42
55.48
4.44
0.00
21.04
2.07
3.49
2.65
5.45
2.31
1.98
0.27
3.49
0.51
0.01
0.81
1.09
0.84
2.18
0.32

0.001
0.001
0.501
0.001
0.001
0.035
0.949
0.001
0.161
0.036
0.082
0.001
0.004
0.023
0.595
0.031
0.590
0.995
0.614
0.361
0.587
0.145
0.975

8.00%
5.62%
0.03%
2.01%
47.00%
0.29%
0.00%
2.74%
0.13%
0.46%
0.34%
4.61%
1.96%
1.68%
0.02%
0.45%
0.07%
0.00%
0.58%
0.85%
0.71%
0.28%
0.19%
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RICHNESS

Source df SS PseudeF P(perm) Contribution
Secondary habitat former (2HF) 1 1024  65.25 0.001  7.33%
Primary habitat former (1HF) 1 6.10 38.85 0.001  4.36%
Elevation (Ele) 1 064 4.05 0.039  0.45%
Latitude (Lat) 2 2168 69.08 0.001  15.52%
Estuary(Latitude) (Est(Lat)) 13 27.62 1354 0.001  19.77%
2HF x 1HF 1 0.18 1.16 0.285  0.13%
2HF x Ele 1 0.04 0.24 0.622  0.03%
2HF x Lat 2 1.02 3.25 0.042  0.73%
1HF x Ele 1  0.04 0.24 0.615  0.03%
1HF x Lat 2 074 2.37 0.107  0.53%
Ele x Lat 2  0.30 0.94 0.378  0.21%
2HF x Est(Lat) 13 2.35 1.15 0.336  1.68%
1HF x Est(Lat) 13 4.62 2.27 0.004 3.31%
Ele x Est(Lat) 13 4.20 2.06 0.015  3.00%
2HF x 1HF x Ele 1 0.00 0.01 0.928  0.00%
2HF x 1HF x Lat 2 0.00 0.00 0.994  0.00%
2HF x Ele Lat 2 061 1.96 0.148  0.44%
1HF x Ele x Lat 2 056 1.79 0.179  0.40%
2HF x 1HF x Est(Lat) 11 0.48 0.28 0.988  0.34%
2HF x Ele x Est(Lat) 12 1.23 0.66 0.808  0.88%
1HF x Ele x Est(Lat) 13 2.94 1.44 0.149 2.10%
2HF x 1HF x Ele x Lat 2 001 0.02 0.975  0.00%
2HF x 1HF x Ele x Est(Lat) 9 1.26 0.89 0.553  0.90%
Res 337 52.88

Total 457 139.72
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COMMUNITY STRUCTURE

Source
Secondary habitat former (2HF)

Primary habitat former (1HF)
Elevation (Ele)

Latitude (Lat)
Estuary(Latitude) (Est(Lat))
2HF x 1HF

2HF x Ele

2HF x Lat

1HF x Ele

1HF x Lat

Ele x Lat

2HF x Est(Lat)

1HF x Est(Lat)

Ele x Est(Lat)

2HF x 1HF x Ele

2HF x 1HF x Lat

2HF x Ele x Lat

1HF x Ele x Lat

2HF x 1HF x Est(Lat)

2HF x Ele x Est(Lat)

1HF x Ele x Est(Lat)

2HF x 1HF x Ele x Lat
2HF x 1HF x Ele x Est(Lat)

Res
Total

df SS

1 17493
1 15520
1 5394

2 122640
13 361780
1 5700

1 1419

2 9240

1 2171

2 4855

2 9772
13 32172
13 37517
13 34254
1 73

2 4380

2 2279

2 3017
11 17721
12 12750
13 22508
2 2658

9 7921
337 314800

457 1048000

PseudeF P(perm) Contribution

18.73
16.62
5.77
65.65
29.79
6.10
1.52
4.95
2.32
2.60
5.23
2.65
3.09
2.82
0.08
2.34
1.22
161
1.72
1.14
1.85
1.42
0.94

0.001
0.001
0.001
0.001
0.001
0.001
0.181
0.001
0.036
0.003
0.001
0.001
0.001
0.001
0.966
0.004
0.289
0.094
0.001
0.232
0.001
0.178
0.587

1.67%
1.48%
0.51%
11.70%
34.52%
0.54%
0.14%
0.88%
0.21%
0.46%
0.93%
3.07%
3.58%
3.27%
0.01%
0.42%
0.22%
0.29%
1.69%
1.22%
2.15%
0.25%
0.76%
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Appendix4.3

Seasonakurvey, effects of secondary habitat formers across seasons. Permutation based
factorial analysis of variance used to determine the contribution of each test factor to the
variability of the habitat cascade tested on total abundance, taxonomic richness andigommun
structure of invertebrates. All factors wereated agixed. Data were squai®ot transformed

prior to analysis.

ABUNDANCE

Source df SS PseudeF P(perm) Contribution
Secondary habitat former (2HF) 1  466.82 22759 0.001 31.27%
Primary habitatformer (1HF) 1 172.10 83.91 0.001  11.53%
Elevation (Ele) 1 32.06 15.63 0.001 2.15%
Site (Si) 1 0.08 0.04 0.831  0.01%
Season (Sea) 1 94.24 45.94 0.001  6.31%
Year (Yea) 1  55.79 27.20 0.001  3.74%
2HF x 1HF 1 7.44 3.63 0.059  0.50%
2HF x Ele 1 1.64 0.80 0.367 0.11%
2HF x Si 1 037 0.18 0.668  0.02%
2HF x Sea 1  67.98 33.15 0.001  4.55%
2HF x Yea 1 562 2.74 0.091  0.38%
1HF x Ele 1 1.39 0.68 0.425  0.09%
1HF x Si 1 5.49 2.68 0.090  0.37%
1HF x Sea 1 1.28 0.63 0.433  0.09%
1HF x Yea 1 1.20 0.58 0.451  0.08%
Ele x Si 1 3281 15.99 0.001  2.20%
Ele x Sea 1 0.02 0.01 0.922  0.00%
Ele x Yea 1 1.60 0.78 0.376  0.11%
Si x Sea 1 4.19 2.04 0.140 0.28%
Si x Yea 1  0.60 0.29 0.615  0.04%
Sea x Yea 1 0.02 0.01 0.936 0.00%
2HF x 1HF x Ele 1 1.00 0.49 0.482  0.07%
2HFx 1HF x Si 1 287 1.40 0.261  0.19%
2HF x 1HF x Sea 1 15.19 7.41 0.006  1.02%
2HF x 1HF x Yea 1 591 2.88 0.086  0.40%
2HF x Ele x Si 1 875 4.26 0.044  0.59%
2HF x Ele x Sea 1 254 1.24 0.287 0.17%
2HF x Ele x Yea 1 0.05 0.02 0.868  0.00%
2HF x Si x Sea 1 4.15 2.03 0.150 0.28%
2HF x Si x Yea 1 2.50 1.22 0.288 0.17%
2HF x Sea x Yea 1 474 2.31 0.122  0.32%
1HF x Ele x Sj 1  10.86 5.29 0.025 0.73%
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1HF x Ele x Sea

1HF x Ele x Yea

1HF x Si x Sea

1HF x Si x Yea

1HF x Sea x Yea

Ele x Si x Sea

Ele x Si x Yea

Ele x Sea x Yea

Si x Sea x Yea

2HF x 1HF x Ele x Si
2HF x 1HF x Ele x Sea
2HF x 1HF x Ele x Yea
2HF x 1HF x Si x Sea
2HF x 1HF x Si x Yea
2HF x 1HF x Sea x Yea
2HF x Ele x Si x Sea
2HF x Ele x Si x Yea
2HF x Ele x Sea x Yea
2HF x Si x Sea x Yea
1HF x Ele x Si x Sea
1HF x Ele x Si x Yea
1HF x Ele x Sea x Yea
1HF x Si x Sea x Yea
Ele x Si x Sea x Yea

2HF x 1HF x Ele x Si x Sea

2HF x 1HF x EleSkx Yea

2HF x 1HF x Ele x Sea x Yea
2HF x 1HF x Si x Sea x Yea
2HF x Ele x Si x Sea x Yea
1HF x Ele x Si x Sea x Yea
2HF x 1HF Ele x Si x Sea x Yea

Res
Total

0.49
1.56
9.03
0.00
12.37
291
8.57
6.97
1.53
5.27
0.87
0.60
0.01
0.53
12.43
4.75
4.10
0.39
4.85
0.32
0.62
0.07
0.33
0.01
0.01
2.00
1.05
4.95
4.35
1.02
0.04
190 389.71
253 1493.00

PP RPRRRPRRPRRPRRRRPRPRPRRPRPRPRRRPRPRPRRRPRRPRRPRPRRRRERRRERLSR

0.24
0.76
4.40
0.00
6.03
1.42
4.18
3.40
0.74
2.57
0.42
0.29
0.00
0.26
6.06
2.32
2.00
0.19
2.36
0.16
0.30
0.04
0.16
0.00
0.00
0.97
0.51
241
2.12
0.50
0.02

0.640
0.396
0.031
0.990
0.007
0.252
0.045
0.068
0.365
0.111
0.499
0.589
0.960
0.620
0.012
0.140
0.163
0.628
0.138
0.687
0.574
0.865
0.695
0.958
0.939
0.345
0.476
0.118
0.148
0.504
0.890

0.03%
0.10%
0.60%
0.00%
0.83%
0.19%
0.57%
0.47%
0.10%
0.35%
0.06%
0.04%
0.00%
0.04%
0.83%
0.32%
0.27%
0.03%
0.32%
0.02%
0.04%
0.00%
0.02%
0.00%
0.00%
0.13%
0.07%
0.33%
0.29%
0.07%
0.00%
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RICHNESS

Source df SS PseudeF P(perm) Contribution
Secondary habitat former (2HF) 1 4.03 24.21 0.001 6.37%
Primary habitat former (1HF) 1 351 21.06 0.001  5.54%
Elevation (Ele) 1 0.05 0.28 0.594  0.07%
Site (Si) 1 0.15 0.88 0.351 0.23%
Season (Sea) 1  0.40 2.38 0.135 0.62%
Year (Yea) 1 562 33.78 0.001  8.88%
2HF x 1HF 1 045 2.68 0.095 0.71%
2HF x Ele 1 0.00 0.00 0.976  0.00%
2HF x Si 1 0.16 0.94 0.331  0.25%
2HF x Sea 1 0.01 0.07 0.810  0.02%
2HF x Yea 1 0.16 0.95 0.323  0.25%
1HF x Ele 1 0.00 0.00 0.986  0.00%
1HF x Sj 1 0.02 0.15 0.694  0.04%
1HF x Sea 1 0.40 2.37 0.122  0.62%
1HF x Yea 1 176 10.59 0.001 2.78%
Ele x Sj 1 170 10.20 0.003  2.68%
Ele x Sea 1 0.10 0.61 0.418 0.16%
Ele x Yea 1 1.18 7.08 0.007 1.86%
Si x Sea 1 0.00 0.03 0.862  0.01%
Si x Yea 1 0.36 2.19 0.142 0.58%
Sea x Yea 1 574 34.51 0.001  9.08%
2HF x 1HF x Ele 1 0.00 0.02 0.899  0.01%
2HF x 1HF x Si 1 0.00 0.03 0.876  0.01%
2HF x 1HF x Sea 1 0.04 0.27 0.583  0.07%
2HF x 1HF x Yea 1 0.36 2.19 0.136  0.58%
2HF x Ele x Si 1 0.15 0.88 0.329 0.23%
2HF x Ele x Sea 1 0.00 0.03 0.868  0.01%
2HF x Ele x Yea 1 0.00 0.01 0.919  0.00%
2HF x Si x Sea 1 0.23 1.35 0.243  0.36%
2HF x Si x Yea 1 011 0.64 0.446  0.17%
2HF x Sea x Yea 1 0.01 0.03 0.867  0.01%
1HF x Ele x Si 1 0.35 2.09 0.162  0.55%
1HF x Ele x Sea 1 0.12 0.75 0.400  0.20%
1HF x Ele x Yea 1 0.10 0.62 0.423  0.16%
1HF x Si x Sea 1 0.02 0.09 0.764  0.02%
1HF x Si ¥ea 1 0.02 0.12 0.748  0.03%
1HF x Sea x Yea 1 0.01 0.04 0.849  0.01%
Ele x Si x Sea 1 0.83 4.97 0.026  1.31%
Ele x Si x Yea 1 096 5.75 0.020 1.51%
Ele x Sea x Yea 1 0.03 0.19 0.660  0.05%
Si x Sea x Yea 1 0.30 1.80 0.200 0.47%
2HF x 1HF x Ele x Si 1 0.01 0.04 0.857  0.01%
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2HF x 1HF x Ele x Sea
2HF x 1HF x Ele x Yea
2HF x 1HF x Si x Sea
2HF x 1HF x Si x Yea
2HF x 1HF x Sea x Yea
2HF x Ele x Si x Sea
2HF x Ele x Si x Yea
2HF x Ele x Sea x Yea
2HF x Si x Sea x Yea
1HF x Ele x Si x Sea
1HF x Ele x Si x Yea
1HF x Ele x Sea x Yea
1HF x Si x Sea x Yea
Ele x Si x Sea x Yea

2HF x 1HF x Ele x Si x Sea

2HF x 1HF x Ele x Si x Yea

2HF x 1HF x Ele x Sea x Yea
2HF x 1HF x Si x Sea x Yea

2HF x Ele x Si x Sea x Yea

1HF x Ele x Si x Sea x Yea

2HF x 1HF x Ele x Si x Sea x Yea

Res
Total

0.19
0.00
0.53
0.01
0.00
0.25
0.02
0.04
0.04
0.03
0.13
0.09
0.35
0.02
0.01
0.18
0.14
0.01
0.02
0.09
0.06
190 31.62
253 63.29

P P RRPRRPRRPRRRPRRPRRPRRRPRRPRRPRRRRRERRRER

1.13
0.01
3.19
0.08
0.01
151
0.15
0.25
0.21
0.20
0.79
0.56
2.08
0.12
0.07
1.06
0.86
0.08
0.14
0.55
0.34

0.302
0.919
0.077
0.767
0.944
0.217
0.705
0.620
0.627
0.651
0.368
0.456
0.141
0.706
0.784
0.302
0.380
0.751
0.695
0.459
0.582

0.30%
0.00%
0.84%
0.02%
0.00%
0.40%
0.04%
0.06%
0.06%
0.05%
0.21%
0.15%
0.55%
0.03%
0.02%
0.28%
0.23%
0.02%
0.04%
0.14%
0.09%

243



COMMUNITY STRUCTURE

Source
Secondary habitat former (2HF)

Primary habitat former (1HF)
Elevation (Ele)
Site (Si)

Season (Sea)
Year (Yea)

2HF x 1HF

2HF x Ele

2HF x Si

2HF x Sea

2HF x Yea

1HF x Ele

1HF x Si

1HF x Sea

1HF x Yea

Ele x Si

Ele x Sea

Ele x Yea

Si x Sea

Six Yea

Sea x Yea

2HF X1HF x Ele
2HF x 1HF x Si
2HF x 1HF x Sea
2HF x 1HF x Yea
2HF x Ele x Si
2HF x Ele x Sea
2HF x Ele x Yea
2HF x Si x Sea
2HF x Si x Yea
2HF x Sea x Yea
1HF x Ele x Si
1HF x Ele x Sea
1HF x Ele x Yea
1HF x Si x Sea
1HF x Si x Yea
1HF x Sea x Yea
Ele x Si x Sea
Ele x Si x Yea
Ele x Sea x Yea
Si x Sea x Yea
2HF x 1HF x Ele x Si

Q.
=

P PR RRPRRPRRPRRRRPRRPRPRRRPRRPRRRPRRPRPRRPRPRRPRRRPRRPRRPRRRRPRRPRRPRRRPRRPRPRRRRERLRER

SS
43971.00
28298.00
7297.70
6834.50
23543.00
13939.00
9562.70
354.86
602.54
4488.90
807.54
3537.40
1798.70
2349.70
1827.10
3652.20
434.79
2095.70
4597.00
2671.80
8644.90
363.20
1260.70
3829.80
1284.90
790.33
1823.90
1561.60
751.33
831.52
763.29
687.50
841.19
956.70
679.12
535.46
1960.40
2836.80
1993.00
3734.80
3183.80
313.16

PseudeF P(perm) Contribution

43.72
28.14
7.26
6.80
23.41
13.86
9.51
0.35
0.60
4.46
0.80
3.52
1.79
2.34
1.82
3.63
0.43
2.08
4.57
2.66
8.60
0.36
1.25
3.81
1.28
0.79
1.81
1.55
0.75
0.83
0.76
0.68
0.84
0.95
0.68
0.53
1.95
2.82
1.98
3.71
3.17
0.31

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.867
0.702
0.001
0.591
0.002
0.139
0.030
0.089
0.001
0.833
0.060
0.001
0.009
0.001
0.861
0.307
0.002
0.301
0.585
0.093
0.166
0.622
0.561
0.654
0.663
0.527
0.477
0.672
0.797
0.070
0.007
0.079
0.002
0.003
0.883

10.54%
6.78%
1.75%
1.64%
5.64%
3.34%
2.29%
0.09%
0.14%
1.08%
0.19%
0.85%
0.43%
0.56%
0.44%
0.88%
0.10%
0.50%
1.10%
0.64%
2.07%
0.09%
0.30%
0.92%
0.31%
0.19%
0.44%
0.37%
0.18%
0.20%
0.18%
0.16%
0.20%
0.23%
0.16%
0.13%
0.47%
0.68%
0.48%
0.90%
0.76%
0.08%

244



2HF x 1HF x Ele x Sea
2HF x 1HF x Ele x Yea
2HF x 1HF x Si x Sea
2HF x 1HF x Si x Yea
2HF x 1HF x Sea x Yea
2HF x Ele x Si x Sea
2HF x Ele x Si x Yea
2HF x Ele x Sea x Yea
2HF x Si x Sea x Yea
1HF x Ele x Si x Sea
1HF x Ele x Si x Yea
1HF x Ele x Sea x Yea
1HF x Si x Sea x Yea
Ele x Si x Sea x Yea

2HF x 1HF x Ele x Si x Sea

2HF x 1HF x Ele x Si x Yea

2HF x 1HF x Ele x Sea x Yea
2HF x 1HF x Si x Sea x Yea

2HF x Ele x Si x Sea x Yea

1HF x Ele x Si x Sea x Yea

2HF x 1HF x Ele x Si x Sea x Yea

Res
Total

1170.30
1594.30
1698.50
730.66
2071.90
2234.20
506.74
975.93
1253.10
1238.70
741.46
1924.50
957.80
620.30
-17.05
1337.10
922.28
777.91
473.45
1274.00
1250.30
190 191090.00
253 417120.00

P P RRPRRPRRPRRRPRRPRRPRRRPRRPRRPRRRRRERRRER

1.16
1.59
1.69
0.73
2.06
2.22
0.50
0.97
1.25
1.23
0.74
1.91
0.95
0.62
Negative
1.33
0.92
0.77
0.47
1.27
1.24

0.353
0.163
0.148
0.650
0.070
0.049
0.779
0.429
0.315
0.328
0.624
0.073
0.481
0.735

0.260
0.500
0.584
0.815
0.310
0.290

0.28%
0.38%
0.41%
0.18%
0.50%
0.54%
0.12%
0.23%
0.30%
0.30%
0.18%
0.46%
0.23%
0.15%
0.00%
0.32%
0.22%
0.19%
0.11%
0.31%
0.30%
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Appendix 44

Field experiment leffects of secondary habitat former biomass and type. Permutation based
factorial analysis of variance used to determine the contribution of each test factor to the
variability of the habitat cascade tested on total abundance, taxomcmiess and community

structure of invertebrates. All factors wereatedas fixed. Data were squareoted prior to

analysis.
ABUNDANCE
Source df SS PseudeF P(perm) Contribution
Secondary habitat formetype (2HF) 1 1246 11.07 0.001 5.87%
Secondary habitat formebiomass (Bio) 1 1.83 1.63 0.218 0.86%
Site (Si) 1 13.90 12.35 0.004  6.55%
Season (Sea) 1 6127 54.43 0.001  28.88%
2HF x Bio 1 3.77 3.35 0.073 1.78%
2HF x Si 1 0.26 0.23 0.640 0.12%
2HF x Sea 1 29.37 26.09 0.001 13.84%
Bio xSi 1 433 3.85 0.058  2.04%
Bio x Sea 1 5.39 4.78 0.040 2.54%
Si x Sea 1 256 2.27 0.114 1.21%
2HF x Bio x Si 1 7.06 6.27 0.018 3.33%
2HF x Bio x Sea 1 549 488 0.032  2.59%
2HF x Si x Sea 1 650 578 0.024  3.07%
Bio x Si x Sea 1 081 0.72 0.406 0.38%
2HF x Bio x Si x Sea 1 311 277 0.110 1.47%
Res 48 54.04
Total 63 212.15
RICHNESS
Source df SS PseudeF P(perm) Contribution
Secondary habitat former type (2HF) 1 022 2.42 0.128 3.61%
Secondary habitat formebiomass (Bio) 1 0.02 0.22 0.644 0.32%
Site (Si) 1 0.08 0.85 0.375  1.27%
Season (Sea) 1 0.00 0.00 0.988 0.00%
2HF x Bio 1 0.16 1.69 0.200 2.53%
2HF x Si 1 020 218 0.140 3.26%
2HF x Sea 1 0.06 0.62 0.442 0.92%
Bio x Si 1 0.00 0.04 0.880 0.05%
Bio x Sea 1 0.09 1.00 0.324 1.49%
Si x Sea 1 0.40 4.39 0.044 6.55%
2HF x Bio x Si 1 002 021 0.636  0.31%
2HF x Bio x Sea 1 0.12 1.26 0.256 1.87%

246



2HF x Si x Sea 1 037 4.04 0.058 6.02%
Bio x Si x Sea 1 0.00 0.00 0.992 0.00%
2HF x Bio x Si x Sea 1 0.01 0.14 0.727 0.21%
Res 48 4.41

Total 63 6.15

COMMUNITY STRUCTURE

Source df SS PseudeF P(perm) Contribution
Secondary habitat former type (2HF) 1 3416 5.20 0.001 5.48%
Secondary habitat formebiomass (Bio) 1 277 0.42 0.799 0.44%
Site (Si) 1 2006 3.05 0.015  3.22%
Season (Sea) 1 7715 11.74 0.001 12.38%
2HF x Bio 1 1679 256 0.028 2.69%
2HF x Si 1 866 1.32 0.275 1.39%
2HF x Sea 1 2871 4.37 0.002 4.60%
Bio x Si 1 866 1.32 0.291 1.39%
Bio x Sea 1 803 1.22 0.329 1.29%
Si x Sea 1 4023 6.12 0.001 6.45%
2HF x Bio x Si 1 1663 253 0.030 2.67%
2HF x Bio x Sea 1 743 1.13 0.374 1.19%
2HF x Si x Sea 1 1150 1.75 0.144 1.84%
Bio x Si x Sea 1 1157 1.76 0.128 1.86%
2HF x Bio x Si x Sea 1 1566 2.38 0.039 2.51%
Res 48 31543

Total 63 62341
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Appendix4.5

Field experiment 2,effects of secondary habitat former morphology across latitudes.
Permutation based factorial analysis of variance used to determine the contribution of each test
factor to the variability of the habitat cascade testetbtal abundance, taxonomic richness

and community structure of invertebrates. All factors werateda s f i xed and OEst

nested in OLat i trootkemiortoPrealyses. wer e squar e
ABUNDANCE
Source df SS PseudeF P(perm) Contribution
Secondary habitat formetype (2HF) 1 094 1.20 0.274  0.21%
Secondary habitat former iomass (Bio) 1 16.25 20.76 0.001 3.61%
Primaryhabitat former (1HF 1 18.24 23.30 0.001  4.05%
Elevation (Ele) 1 047 061 0.432 0.11%
Latitude (Lat) 2 12235 78.14 0.001  27.19%
Estuary(Latitude) (Est(Lat)) 3 3742 1593 0.001  8.32%
2HF x Bio 1 054 0.69 0.408  0.12%
2HF x 1HF 1 036 0.46 0.499  0.08%
2HF x Ele 1 146  1.87 0.180  0.33%
2HF x Lat 2 955  6.10 0.006  2.12%
Bio x 1HF 1 082 105 0.309  0.18%
Bio x Ele 1 002 002 0.889  0.00%
Bio x Lat 2 289 185 0.174  0.64%
1HF x Ele 1 815 1041 0.004  1.81%
1HF x Lat 2 541  3.46 0.027  1.20%
Ele x Lat 2 670 4.28 0.014  1.49%
2HF x Est(Lat) 3 1366 5.81 0.003  3.03%
Bio x Est(Lat) 3 696 296 0.040  1.55%
1HF >Est(Lat) 3 075 032 0.808 0.17%
Ele x Est(Lat) 3 402 171 0.176  0.89%
2HF x Bio x 1HF 1 1.39 1.77 0.195 0.31%
2HF x Bio x Ele 1 054 0.69 0.448  0.12%
2HF x Bio x Lat 2 433 277 0.062  0.96%
2HF x 1HF x Ele 1 164  2.09 0.133  0.36%
2HF x 1HF x Lat 2 108 0.69 0.522  0.24%
2HF x Ele x Lat 2 379 242 0.096  0.84%
Bio x 1HF x Ele 1 027 035 0.565  0.06%
Bio x 1HF x Lat 2 111 o071 0.518  0.25%
Bio x Ele x Lat 2 193 1.23 0.285  0.43%
1HF x Ele x Lat 2 915 584 0.006  2.03%
2HF x Bio x Est(Lat) 3 1.59 0.68 0.563 0.35%
2HF x 1HF x Est(Lat) 3 062 0.26 0.836  0.14%
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2HF x Ele x Est(Lat)

Bio x 1HF x Est(Lat)

Bio x Ele x Est(Lat)

1HF x Ele x Est(Lat)

2HF *Bio x 1HF x Ele

2HF x Bio x 1HF x Lat

2HF x Bio x Ele x Lat

2HF x 1HF x Ele x Lat

Bio x 1HF x Ele x Lat

2HF x Bio x 1HF x Est(Lat)
2HF x Bio x Ele x Est(Lat)
2HF x 1HF x Ele x Est(Lat)
Bio x 1HF x Ele x Est(Lat)
2HF x Bio x 1HF x Ele x Lat
2HF x Bio x 1HF x K&st(Lat)
Res

Total

7.03
7.80
0.26
8.74
0.02
0.94
0.30
2.09
3.53
1.08
1.08
6.40
6.71
0.86
2.11
149 116.65
240 450.04

N FP NMNDNWWDMNDNDNMNDNEWWWW

2.99
3.32
0.11
3.72
0.03
0.60
0.19
1.33
2.26
0.46
0.46
4.08
4.29
1.10
1.35

0.028
0.022
0.953
0.013
0.857
0.541
0.844
0.282
0.108
0.706
0.708
0.026
0.023
0.299
0.245

1.56%
1.73%
0.06%
1.94%
0.01%
0.21%
0.07%
0.46%
0.79%
0.24%
0.24%
1.42%
1.49%
0.19%
0.47%
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RICHNESS

Source

Secondary habitat former type (2HF)
Secondary habitaformer biomass (Bio)
Primaryhabitat former (1HH

Elevation (Ele)
Latitude (Lat)

Estuary(Latitude) (Est(Lat))

2HF x Bio

2HF x 1HF

2HF x Ele

2HF x Lat

Bio x 1HF

Bio x Ele

Bio x Lat

1HF x Ele

1HF x Lat

Ele x Lat

2HF x Est(Lat)

Bio x Est(Lat)

1HF x Est(Lat)

Ele x Est(Lat)

2HF x Bio £HF

2HF x Bio x Ele

2HF x Bio x Lat

2HF x 1HF x Ele
2HF x 1HF x Lat
2HF x Ele x Lat

Bio x 1HF x Ele

Bio x 1HF x Lat

Bio x Ele x Lat

1HF x Ele x Lat

2HF x Bio x Est(Lat)
2HF x 1HF x Est(Lat)
2HF x Ele x Est(Lat)
Bio x 1HF x Est(Lat)
Bio x Ele x Est(Lat)
1HF x Ele x Est(Lat)
2HF x Bio x 1HF x Ele
2HF x Bio x 1HF x Lat
2HF x Bio x Ele x Lat
2HF x 1HF x Ele x Lat
Bio x 1HF x Ele x Lat

2HF x Bio x 1HF x Est(Lat)

Q.
=

W NDNDNDNPEPWWWWWWNDNNEDNNEDNPEPRPRPWOWWWWNNMNRENRFPPERPNPRPPODNMNRPRPPRPERPEPR

SS
3.92
2.68
4.09
0.05
22.39
1.21
0.00
0.05
0.04
1.46
0.02
0.14
0.15
1.58
0.01
0.47
0.74
0.50
0.09
2.27
0.30
0.30
0.63
0.01
0.12
0.12
0.39
0.04
0.21
1.73
0.21
0.20
0.28
1.37
0.32
0.90
0.04
0.30
0.18
0.36
0.30
0.41

PseudeF P(perm) Contribution

26.27
17.99
27.42
0.33
75.01
2.70
0.03
0.31
0.25
4.89
0.12
0.91
0.50
10.62
0.02
1.56
1.65
1.11
0.19
5.06
1.98
2.01
2.09
0.06
0.39
0.40
2.64
0.12
0.69
5.78
0.48
0.44
0.62
3.06
0.70
2.00
0.25
1.00
0.61
1.20
1.00
0.91

0.001
0.001
0.001
0.558
0.001
0.045
0.877
0.575
0.623
0.015
0.716
0.337
0.620
0.002
0.988
0.220
0.192
0.322
0.906
0.001
0.156
0.184
0.104
0.821
0.679
0.676
0.100
0.891
0.515
0.006
0.682
0.715
0.616
0.030
0.563
0.102
0.620
0.389
0.535
0.296
0.397
0.467

5.28%
3.61%
5.51%
0.07%
30.13%
1.62%
0.01%
0.06%
0.05%
1.96%
0.02%
0.18%
0.20%
2.13%
0.01%
0.63%
1.00%
0.67%
0.12%
3.05%
0.40%
0.40%
0.84%
0.01%
0.16%
0.16%
0.53%
0.05%
0.28%
2.32%
0.29%
0.27%
0.37%
1.84%
0.42%
1.21%
0.05%
0.40%
0.25%
0.48%
0.40%
0.55%
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2HF x Bio x Ele x Est(Lat)

2HF x 1HF Ele x Est(Lat)

Bio x 1HF x Ele x Est(Lat)

2HF x Bio x 1HF x Ele x Lat
2HF x Bio x 1HF x Ele x Est(Lat)
Res

Total

0.55
0.51
0.09
0.00
0.41
149 22.24
240 74.32

N P NN W

1.24
1.70
0.31
0.02
1.37

0.307
0.198
0.723
0.888
0.239

0.74%
0.68%
0.13%
0.00%
0.55%
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COMMUNITY STRUCTURE

Source
Secondary habitat former type (2HF)

Secondary habitat former biomass (Bio)
Primaryhabitat former (1HH
Elevation (Ele)
Latitude (Lat)
Estuary(Latitude) (Est(Lat))
2HF x Bio

2HF x 1HF

2HF x Ele

2HF x Lat

Bio x 1HF

Bio x Ele

Bio x Lat

1HF x Ele

1HF x Lat

Ele x Lat

2HF x Est(Lat)

Bio x Est(Lat)

1HF x Est(Lat)

Ele x Est(Lat)

2HF x Bio x 1HF

2HF x Bio x Ele

2HF x Bio x Lat

2HF x 1HF x Ele

2HF x 1HF x Lat

2HF x Ele x Lat

Bio x 1HF x Ele

Bio x 1HF x Lat

Bio x Elex Lat

1HF x Ele x Lat

2HF x Bio x Est(Lat)
2HF x 1HF x Est(Lat)
2HF x Ele x Est(Lat)
Bio x 1HF x Est(Lat)
Bio x Ele x Est(Lat)
1HF x Ele x Est(Lat)
2HF x Bio x 1HF x Ele
2HF x Bio x 1HF x Lat
2HF x Bio x Ele x Lat
2HF x 1HF x Ele x Lat
Bio x 1HF x Ele x Lat
2HF x Bio x 1HF x Est(Lat)

Q.
=

W NDNDNDNPEPWWWWWWNDNNEDNNEDNPEPRPRPWOWWWWNNMNRENRFPPERPNPRPPODNMNRPRPPRPERPEPR

SS
7817
3707
11495
5429
129980
54741
2277
1828
2696
5381
1170
747
2720
3612
11544
4842
8080
3540
8441
11886
1410
1619
1851
1479
3165
2700
1560
2017
1803
6867
1692
4168
6210
5462
3387
5954
1165
1696
1381
2664
2970
3510

PseudeF P(perm) Contribution

7.70
3.65
11.33
5.35
64.03
17.98
2.24
1.80
2.66
2.65
1.15
0.74
1.34
3.56
5.69
2.39
2.65
1.16
2.77
3.90
1.39
1.60
0.91
1.46
1.56
1.33
1.54
0.99
0.89
3.38
0.56
1.37
2.04
1.79
1.11
1.96
1.15
0.84
0.68
131
1.46
1.15

0.001
0.002
0.001
0.001
0.001
0.001
0.026
0.091
0.014
0.002
0.337
0.631
0.197
0.002
0.001
0.004
0.001
0.300
0.001
0.001
0.233
0.161
0.572
0.187
0.095
0.187
0.174
0.468
0.585
0.001
0.905
0.150
0.009
0.011
0.366
0.006
0.381
0.611
0.770
0.211
0.118
0.317

1.53%
0.73%
2.25%
1.06%
25.49%
10.74%
0.45%
0.36%
0.53%
1.06%
0.23%
0.15%
0.53%
0.71%
2.26%
0.95%
1.58%
0.69%
1.66%
2.33%
0.28%
0.32%
0.36%
0.29%
0.62%
0.53%
0.31%
0.40%
0.35%
1.35%
0.33%
0.82%
1.22%
1.07%
0.66%
1.17%
0.23%
0.33%
0.27%
0.52%
0.58%
0.69%
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2HF x Bio x Ele x Est(Lat)

2HF x 1HF x Ele x Est(Lat)

Bio x 1HF x Ele x Est(Lat)

2HF x Bio x 1HF x Ele x Lat
2HF x Bio x 1HF x Ele x Est(Lat)
Res

Total

4052
3222
1678
1991
1008
149 151230
240 509840

N P NN W

1.33
1.59
0.83
1.96
0.50

0.191
0.097
0.616
0.077
0.890

0.79%
0.63%
0.33%
0.39%
0.20%
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Appendix4.6

Experiment 3gffects of predation. Ckaquare test based on the distributiorMiérelenchus

tenebrosusn different habitats (M: mud, Wlva sp., Z: Zosteramdilleri) and in absence (N)
and presence (Y) of the predator. The expected frequencies values took intd Hozsnails

missing during the experiments (i.e., values are slightly different across habitats and predation

conditions).
OBSERVED FREQUENCIES TABLE
CRAB
HABITAT PRESENCE M U Z TOT
M N 10.33 0.00 0.00 10.33
M Y 13.00 0.00 0.00 13.00
MU N 5.00 7.33 0.00 12.33
MU Y 3.17 8.83 0.00 12.00
MZ N 0.00 0.00 11.33 11.33
MZ Y 0.00 0.00 10.67 10.67
MZU N 0.00 7.00 4.67 11.67
MzU Y 0.00 6.33 7.00 13.33
TOT 31.50 29.50 33.67 94.67
PROP 0.33 0.31 0.36 1.00
EXPECTED FREQUENCIES TABLE
CRAB
HABITAT PRESENCE M U Z

M N 3.44 3.22 3.67

M Y 4.33 4.05 4.62

MU N 4.10 3.84 4.39

MU Y 3.99 3.74 4.27

MZ N 3.77 3.53 4.03

MZ Y 3.55 3.32 3.79

MzZU N 3.88 3.64 4.15

MZU Y 4.44 4.15 4,74

Chi Test 8E19
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Appendix4.7

Mimics used in fieldexperiment 1 &) and 2 C). Experiment 1 tested for effect of the
secondary habitat former type andrhass. Mimics before (A) and during (Betexperiment.

Mimics were made from 2.5 cm wide green flagging tape, cut, twisted and wrapped to provide
a shapéehat mimickedJlva sp., in low and high biomass, and tied to-eent 20 cm metal peg

that was pushed flush to the sediment. Experiment 2 tested for effects of the secondary habitat
former with different morphology across latitudes. Mim{& were made rbm red/white

plastic twine (mimicking the branche@racilaria chilensi3 and green flagging tape
(mimicking the flatUlva, as described in the previous experiment), cut, twisted and wrapped

to provide a convenient shape mimicking the seaweeds and taddent 20 cm metal peg to

be flush into the sediment.
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Appendix 4.8

Experiment 3effects of predation. 36 cages were added between a mudflat and a seagrass bed.
Cages were constructed from plastic containgrd{x17x18 cm) from which the bottom was
removed so that the cage could be pushed into the seditmper ¢m into the sediment, 5 cm
protruding above the sediment surface). 3@rh holes were drilled in the sigwealls of the
containers so incoming and outgoing tides would fill and drain thesdafjowing the natural

tidal cycle. Each cage enclosed M&relenchus tenebrosusnails (potential crab prey) and

then the surface was covered with either ntllda sp, Zosteramulleri or co-existingZostera

and Ulva. Finally, 1 predatory crabHemigrgsus crenulatyswas added to half of all the

containers before they were covered withrarh mesh to contain the animéB).
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Appendix 5.1

Field experiment 1, testing for the effects of eutrophication and sedimentation on oxidation of
silver sticks, seagrass leaves, shoot density, and invertebrates abundances, richness and
communitystructure Analysis conductedith Permutation based factorahalysis of variance
(PERMANOVA). All factors weretreatedas fixed. Data were squareot transformed prior

to analysis.

SILVER STICKS

Source df SS PseudeF P(perm) Contribution
Fertilization (Fer) 3 600.80 0.82 0.508 6.70%
Sedimentation(Sed) 3 307.23 042 0.761 3.43%

Ferx Sed 9 68821 0.31 0.983 7.68%

Res 30 7366.30

Total 45 8962.50

ZOSTERA LEAVES

Source df SS PseudeF P(perm) Contribution
Fertilization (Fer) 3 0.05 2.70 0.059 2.28%
Sedimentation(Sed) 3 176 102.73 0.001 86.88%
Ferx Sed 9 0.04 0.72 0.684 1.82%

Res 32 0.18

Total 47 2.03

ZOSTERA SHODENSITY

Source df SS PseudeF P(perm) Contribution
Fertilization (Fer) 3 20 0.94 0.468 0.80%
Sedimentation(Sed) 3 2203 105.88 0.001 89.27%
Ferx Sed 9 23 0.37 0.933 0.94%

Res 32 222

Total 47 2468

ABUNDANCE

Source df SS PseudeF P(perm) Contribution
Fertilization (Fer) 3 0.01 0.01 1.000 0.04%
Sedimentation(Sed) 3 15.65 12.01 0.001 47.53%
Ferx Sed 9 3.37 0.86 0.559 10.23%
Res 32 13.90

Total 47 32.93
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RICHNESS

Source df SS PseudeF P(perm) Contribution
Fertilization (Fer) 3 0.16 1.00 0.393 2.45%
Sedimentation(Sed) 3 258 15.88 0.001 38.68%
Ferx Sed 9 219 4.50 0.001 32.89%
Res 32 1.73

Total 47 6.66

COMMUNITY STRUCTURE

Source df SS PseudeF P(perm) Contribution
Fertilization (Fer) 3 3956 0.81 0.647 4.91%
Sedimentation(Sed) 3 11441 2.35 0.005 14.19%
Ferx Sed 9 13238 0.91 0.639 16.42%
Res 32 51975

Total 47 80610
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Appendix 5.2

Field experiment 2, testing for effects of sedimentation, drift algggrass, elevation level and
season on oxidation of silver sticks, seagrass leaves, shoot density, and invertebrates
abundances, richness and commusttycture Analysis conducted with Permutation based
factorial analysis of variance (PERMANOVA). Alhétors werdreatedas fixed. Data were

squareroot transformed prior to analysis.

SILVER STICKS

Source df SS PseudeF P(perm) Contribution
Secondary habitat former (2HF) 1 24.72 0.13 0.728 0.23%
Primaryary habitat former (1HF) 1 25.63 0.14 0.718 0.24%
Sedimentation(Sed) 1 395.70 2.14 0.154 3.71%
Elevation(Ele) 1 223.31 1.21 0.266 2.09%
SeasonSea) 1 20.89 0.11 0.743 0.20%
2HFx 1HF 1 197.32 1.07 0.305 1.85%
2HFx Sed 1 286.36 1.55 0.246 2.68%
2HFxEle 1 158.24 0.86 0.353 1.48%
2HFx Sea 1 92.42 0.50 0.501 0.87%
1HFx Sed 1 17.56 0.09 0.754 0.16%
1HFxEle 1 1.65 0.01 0.917 0.02%
1HFx Sea 1 218.74 1.18 0.286 2.05%
Sedx Ele 1 8.09 0.04 0.835 0.08%
Sedx Sea 1 167.27 0.90 0.369 1.57%
Elex Sea 1 80.86 0.44 0.509 0.76%
2HFx 1HFx Sed 1 59.47 0.32 0.580 0.56%
2HFx 1HFx Ele 1 521.65 2.82 0.099 4.89%
2HFx 1HFx Sea 1 145.12 0.78 0.362 1.36%
2HFx Sedx Ele 1 144.94 0.78 0.360 1.36%
2HFx Sedx Sea 1 50.44 0.27 0.618 0.47%
2HFx Elex Sea 1 2.93 0.02 0.888 0.03%
1HFx Sedx Ele 1 76.00 0.41 0.547 0.71%
1HFx Sedx Sea 1 1.39 0.01 0.936 0.01%
1HFx Elex Sea 1 5.30 0.03 0.879 0.05%
Sedx Elex Sea 1 160.57 0.87 0.373 1.50%
2HFx 1HFx Sedx Ele 1 226.06 1.22 0.246 2.12%
2HFx 1HFx Sedx Sea 1 0.36 0.00 0.967 0.00%
2HFx 1HFx Elex Sea 1 143.17 0.77 0.381 1.34%
2HFx Sedx Elex Sea 1 6.69 0.04 0.828 0.06%
1HFx Sedx Elex Sea 0 0.00 No test 0.00%
2HFx 1HFx Sedx Elex Sea 0 0.00 No test 0.00%
Res 39 7212.60

Total 68 10675.00
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ZOSTERA LEAVES

Source

Secondary habitat former (2HF)
Primaryary habitat former (1HF)

Sedimentation(Sed)
Elevation(Ele)
Season(Sea)

2HFx 1HF

2HFx Sed

2HFx Ele

2HFx Sea

1HFx Sed

1HFx Ele

1HFXx Sea

Sed x Ele

Sed x Sea

Ele x Sea

2HFx 1HFx Sed

2HFx 1HFx Ele

2HFx 1HFx Sea

2HFx Sed x Ele

2HFx Sed x Sea
2HFx Ele x Sea

1HFx Sed x Ele

1HFx Sed x Sea
1HFx Ele x Sea

Sed x Ele Sea

2HFx 1HFx Sed x Ele
2HFx 1HFx Sed x Sea
2HFx 1HFx Ele x Sea
2HFx Sed x Ele x Sea
1HFx Sed x Ele x Sea
2HFx 1HFx Sed x Ele x Sea
Res

Total

OCO0OFrROO0OOROOORRROOORRROOORRREROREREROLR o
o

B W
~N N

SS

0.02
0.00
0.80
0.01
0.18
0.00
0.02
0.01
0.00
0.00
0.00
0.00
0.01
0.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.24
1.57

PseudoeF
2.52

No test
105.87
0.98
23.48
No test
2.38
1.33
0.33

No test
No test
No test
1.44
33.41
0.01

No test
No test
No test
0.18
0.08
0.12

No test
No test
No test
2.10

No test
No test
No test
0.56

No test
No test

P(perm) Contribution

0.128

0.001
0.328
0.001

0.118
0.271
0.559

0.233
0.001
0.902

0.695
0.785
0.737

0.155

0.449

1.22%
0.00%
51.19%
0.47%
11.35%
0.00%
1.15%
0.64%
0.16%
0.00%
0.00%
0.00%
0.70%
16.16%
0.01%
0.00%
0.00%
0.00%
0.09%
0.04%
0.06%
0.00%
0.00%
0.00%
1.02%
0.00%
0.00%
0.00%
0.27%
0.00%
0.00%
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ZOSTERA SHOOT DENSITY

Source

Secondary habitat former (2HF)
Primaryaryhabitat former (1HF)
Sedimentation(Sed)
Elevation(Ele)
Season(Sea)

2HFx 1HF

2HFx Sed

2HFx Ele

2HFx Sea

1HFx Sed

1HFx Ele

1HFXx Sea

Sed x Ele

Sed x Sea

Ele x Sea

2HFx 1HFx Sed

2HFx 1HFx Ele

2HFx 1HFx Sea

2HFx Sed x Ele

2HFx Sed x Sea
2HFx Ele x Sea

1HFx Sed x Ele

1HFx Sed x Sea
1HFx Ele x Sea

Sed x Ele x Sea
2HFx 1HFx Sed x Ele
2HFx 1HFx Sed x Sea
2HFx 1HFx Ele x Sea
2HFx Sed x Ele x Sea
1HFx Sed x Ele x Sea
2HFx 1HFx Sed x Ele x Sea
Res

Total

OCO0OFrROO0OOROOORRROOORRROOORRREROREREROLR o
o

BN
A~ ©

SS
23.88
0.00
970.67
1.12
5.18
0.00
10.49
17.76
0.70
0.00
0.00
0.00
5.26
314.75
6.43
0.00
0.00
0.00
9.97
4.16
0.47
0.00
0.00
0.00
0.87
0.00
0.00
0.00
3.82
0.00
0.00
115.24
1490.80

PseudoeF
6.01

No test
244.27
0.28
1.30

No test
2.64
4.47
0.18
No test
No test
No test
1.32
79.21
1.62

No test
No test
No test
2.51
1.05
0.12
No test
No test
No test
0.22

No test
No test
No test
0.96

No test
No test

P(perm) Contribution

0.025

0.001
0.608
0.249

0.107
0.049
0.669

0.264
0.001
0.210

0.114
0.311
0.734

0.660

0.349

1.60%
0.00%
65.11%
0.08%
0.35%
0.00%
0.70%
1.19%
0.05%
0.00%
0.00%
0.00%
0.35%
21.11%
0.43%
0.00%
0.00%
0.00%
0.67%
0.28%
0.03%
0.00%
0.00%
0.00%
0.06%
0.00%
0.00%
0.00%
0.26%
0.00%
0.00%
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ABUNDANCE

Source

Secondary habitat former (2HF)
Primaryary habitat former (1HF)

Sedimentation(Sed)
Elevation(Ele)
Season(Sea)

2HFx 1HF

2HFx Sed

2HFx Ele

2HFx Sea

1HFx Sed

1HFx Ele

1HFXx Sea

Sed x Ele

Sed x Sea

Ele x Sea

2HFx 1HFx Sed

2HFx 1HFx Ele

2HFx 1HFx Sea

2HFx Sed x Ele

2HFx Sed x Sea
2HFx Ele x Sea

1HFx Sed x Ele

1HFx Sed x Sea
1HFx Ele x Sea

Sed x Ele x Sea
2HFx 1HFx Sed x Ele
2HFx 1HFx Sed x Sea
2HFx 1HFx Ele x Sea
2HFx Sed x Ele x Sea
1HFx Sed x Ele x Sea
2HFx 1HFx Sed x Ele x Sea
Res

Total

SS
0.96
0.21
47.08
0.74
3.60
0.06
2.33
5.85
2.16
7.90
8.05
1.17
4.64
3.15
0.49
0.01
0.01
0.38
0.12
0.48
0.03
0.47
0.29
0.37
0.00
2.37
0.00
0.01
0.14
0.00
0.14
37.49
130.68

PseudeF P(perm) Contribution

1.64
0.36
80.36
1.27
6.14
0.09
3.98
9.99
3.69
13.48
13.74
2.00
7.92
5.37
0.83
0.02
0.01
0.65
0.20
0.81
0.05
0.80
0.49
0.63
0.00
4.04
0.00
0.02
0.24
0.00
0.24

0.201
0.547
0.001
0.245
0.013
0.762
0.050
0.005
0.053
0.001
0.001
0.161
0.007
0.020
0.359
0.888
0.919
0.414
0.668
0.369
0.823
0.365
0.463
0.437
0.960
0.043
0.998
0.894
0.657
0.992
0.612

0.73%
0.16%
36.02%
0.57%
2.75%
0.04%
1.79%
4.48%
1.65%
6.04%
6.16%
0.90%
3.55%
2.41%
0.37%
0.01%
0.00%
0.29%
0.09%
0.36%
0.02%
0.36%
0.22%
0.28%
0.00%
1.81%
0.00%
0.01%
0.11%
0.00%
0.11%
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RICHNESS

Source

Secondary habitat former (2HF)
Primaryary habitat former (1HF)

Sedimentation(Sed)
Elevation(Ele)
Season(Sea)

2HFx 1HF

2HFx Sed

2HFx Ele

2HFx Sea

1HFx Sed

1HFx Ele

1HFXx Sea

Sed x Ele

Sed x Sea

Ele x Sea

2HFx 1HFx Sed

2HFx 1HFx Ele

2HFx 1HFx Sea

2HFx Sed x Ele

2HFx Sed x Sea
2HFx Ele x Sea

1HFx Sed x Ele

1HFx Sed x Sea
1HFx Ele x Sea

Sed x Ele x Sea
2HFx 1HFx Sed x Ele
2HFx 1HFx Sed x Sea
2HFx 1HFx Ele x Sea
2HFx Sed x Ele x Sea
1HFx Sed x Ele x Sea
2HFx 1HFx Sed x Ele x Sea
Res

Total

SS
0.00
0.04
8.38
0.00
0.30
0.05
0.01
0.58
0.10
0.37
1.94
0.47
0.29
0.00
0.29
0.09
0.05
0.07
0.10
0.25
0.00
0.03
0.00
0.41
0.00
0.03
0.38
0.08
0.08
0.05
0.00
6.91
21.37

PseudeF P(perm) Contribution

0.02
0.38
77.58
0.00
2.78
0.50
0.07
5.39
0.97
3.43
17.93
4.35
2.68
0.02
2.65
0.85
0.47
0.62
0.91
2.27
0.05
0.29
0.04
3.80
0.00
0.27
3.53
0.75
0.71
0.49
0.00

0.899
0.539
0.001
0.972
0.104
0.497
0.771
0.029
0.335
0.063
0.001
0.037
0.111
0.889
0.104
0.375
0.478
0.413
0.349
0.142
0.841
0.597
0.825
0.058
0.981
0.637
0.073
0.409
0.394
0.541
0.954

0.01%
0.19%
39.23%
0.00%
1.41%
0.25%
0.04%
2.73%
0.49%
1.73%
9.06%
2.20%
1.35%
0.01%
1.34%
0.43%
0.24%
0.31%
0.46%
1.15%
0.02%
0.14%
0.02%
1.92%
0.00%
0.13%
1.78%
0.38%
0.36%
0.25%
0.00%
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COMMUNITY STRUCTURE

Source

Secondary habitat former (2HF)
Primaryary habitat former (1HF)

Sedimentation(Sed)
Elevation(Ele)
Season(Sea)

2HFx 1HF

2HFx Sed

2HFx Ele

2HFx Sea

1HFx Sed

1HFx Ele

1HFXx Sea

Sed x Ele

Sed x Sea

Ele x Sea

2HFx 1HFx Sed

2HFx 1HFx Ele

2HFx 1HFx Sea

2HFx Sed x Ele

2HFx Sed x Sea
2HFx Ele x Sea

1HFx Sed x Ele

1HFx Sed x Sea
1HFx Ele x Sea

Sed x Ele x Sea
2HFx 1HFx Sed x Ele
2HFx 1HFx Sed x Sea
2HFx 1HFx Ele x Sea
2HFx Sed x Ele x Sea
1HFx Sed x Ele x Sea
2HFx 1HFx Sed x Ele x Sea
Res

Total

SS
7515
7042
20637
2304
7358
936
1853
1262
1913
3702
3597
1467
3403
3432
3042
518
630
904
1875
3234
1946
601
342
1851
1391
708
854
464
1199
2774
2359
64744
155860

PseudeF P(perm) Contribution

7.43
6.96
20.40
2.28
7.27
0.93
1.83
1.25
1.89
3.66
3.56
1.45
3.36
3.39
3.01
0.51
0.62
0.89
1.85
3.20
1.92
0.59
0.34
1.83
1.37
0.70
0.84
0.46
1.19
2.74
2.33

0.001
0.001
0.001
0.052
0.001
0.510
0.118
0.342
0.091
0.002
0.001
0.229
0.010
0.005
0.019
0.746
0.685
0.506
0.112
0.007
0.105
0.687
0.842
0.121
0.261
0.634
0.549
0.782
0.341
0.020
0.044

4.82%
4.52%
13.24%
1.48%
4.72%
0.60%
1.19%
0.81%
1.23%
2.38%
2.31%
0.94%
2.18%
2.20%
1.95%
0.33%
0.40%
0.58%
1.20%
2.07%
1.25%
0.39%
0.22%
1.19%
0.89%
0.45%
0.55%
0.30%
0.77%
1.78%
1.51%
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Appendix6.1

Spatial survey, effects of primary and secondary habitat forinistof treatments and relative

replicates in the different locations and reefs and relative replicatepigsence/absence of

epiphyte, T.Cystophora torulosaS:C. scalaris R: C. retroflexg.

LATITUDE MOERAKI PILE BAY KAIKOURA CAPE CAMPBELL
DATES 05/11/2014 to 09/11/2014 30/11/2014 to 20/02/2015 03/12/2014 to 04/12/2014 28/01/2015 to 28/01/2015
GEOCOORDINATES 45°21'25.8"S 45°21'52.4"S 43°37'05.4"S 43°37'15.6"S 42°25'09.9"S 42°25'53.0"S 41°44'31.9"S 41°43'27.6"S
170°51'44.8"E 170°51'47.5"E 172°45'48.7"E 172°45'18.0"E 173°42'36.2"E 173°41'28.0"E 174°16'33.5"E 174°16'39.3"E
REEF POINT KAIK REEF 1 REEF 2 WAIREPO SOUTH BAY REEF 1 REEF 2

EPIPHYTISMS R- R+ S-S+ T- T+|R- R+ S- S+ T- T+|R- R+ S- S+ T- T+|R- R+ S- S+ T- T+|R- R+ S- S+ T- T+|R- R+ S- S+ T- T+|R- R+ S- S+ T- T+|R- R+ S- S+ T- T+

REPLICATES 56 3 4 36|44 483 3/4 14133 6[(0044 4 1|43 3 3 47|23 383 7(3 04123 3[{004 7 33
Entagled seaweeds - 6 - 4 - 6 - 4 - 8 - 3 - 1 - 13 6 - - - 4 - 1 - 3 3 - 7 - 3 - 8 7 - - 12 - 3 - - - 7 - 3
Jania micrarthrodia - 6 - 4 - 6 4 - 5 - 2 - - - R R § 1 - 5 - - - - 1 - - 2 - 1 - - - 3 - 1
Lophothamnion hirtum -1 - 3 - 1 1 - 6 - 3 - - - - R P - .- .- . 3 -
Hymenersp. - - -1 - - - -1 - - - - - 3 L R T | e 1 -
Cladymenia oblongifolia - - -1 - 1 - - - - - - - < - - 4. ... - - - - - - - - - - .o - -
Corallina officinalis - - - - - 1 - 1 - - - - - e 1 - 3 - - - - e, -
Plocamium microcladioides N - - - - - e - . - - - - - - - -1 - - - - - .- - -2 - - L. -
Bryozoa R - - - - e - .- e e e e .- - - - o .. .o -
Cyanobacteria - - -1 - 1 - -1 - - - - - - - - - .o . e .- - ..o -
Unidentified sp.1 L 1 - 1 - - - - - B - e e e e e . .- - ..o -
Pterocladéd capillacea L 1 - - - - - - - - - - - - - e - - - - .- - - - - .o -
Unidentified sp.2 - - -2 - - - - -1 - 1 - 5 2 - - - - - - - 1 - - - - - - - - - - oL - -
Echinothamnism - - - - - - -3 - 1 - - -1 T e - - - -1 - - 3 1
Haliptilon roseum - - - - - 1 - - - - - - - - - - - - - e . - - - - .. - - - - .. - -
Halopterisp. - - - - - - e e e e e e . e - - - ... e, -
Halopteris congesta - - - - - - - - - - - e - - e e e e e e e - - - .- - - -1 - - - -
Colpomensg. L -1 - - - 1 - 9 6 - - - 1 - - - 1 - -1 - - - 1 - - - - ..o - -
Polysiphorsa. L -1 - - - - - e e 4 e 1 1
Polysiphorsé aterrima L L e - -2 - - - - - - - - .o - -
Champia novae-zelandiae R - - - - - - - 3 - - - -1 - 1 - 1 - 3 - - - - 1 o, 1 -
Chaetomorpda L L R e T - .- - ..o - -
Unidentified sp.3 - - - - - - - - - - - - e e e e e e . e - - - ..o -
Unidentified sp.4 L - - - - - - - - - - - - e - - - - .o -
Ulvasp. - - - - - R B T P - -1 - - - -
Unciniecf. caespitosa - - - - - L R e .- - - .- -
Endarachne binghamiae N - - - - .. e . 1 - - - - - - - - ..o o, -
Scytothamnus australis - - - - - - - - - - - -1 - e e e e e e . e, - - - ... -
Ectocarpisy. B B I | - - o .- ..o So. .o -
Deliseaf. elegans L E R R - e e e e e - -1 - - - - -
Callophyllis hombroniana L R - - e e e e e . - - - - - L - -3 - - - . -
Caulerpa brownii L - - - - - - < - - 4. ... - - - - - - - -2 -1 - - -
Cladostephus spongiosus - - - - - - - - - - - - - - - - o - - - - .- - -1 - - - -
Ballia callitricha - - - - - - - - - - e - - - - - e - - - - - .o - -1 - - - - -
Codium dimorphum R L - - - -1 - - - - - - - - - .- - .. L. - -
Unidentified sp.5 L R - e e e e e e . .- - .- - -2 - - 1 -
Unidentified sp.6 - - - - - R - e e e e e e . - - - - .. - -1 - 1 - - 1 -
Unidentified sp.7 e R B .- - - - .- - - .o - 1
Unidentified sp.8 L - - - - - - - - - - - .- .- - - .- - -1 - 1 - - -
Unidentified sp.9 - - - - - R B T .- - - .- - -1 - - - -
Unidentified sp.10 - - - - - - - - - o - - - -1 - - - .- ..o -o- ..o -
Unidentified sp.11 - - - - - - e e e e e e . e - - - ... e, -
Unidentified sp.12 - - - - - R | R .- e oo . - - - ..o -

189
112

I 2N P oA
PRRPRNRPORRRPROWRRrRRrRRENRRrRrEREOEBRNrrrERRrNMrOow NN EH
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Appendix6.2

Experiment 2 effects of secondary hdhat former biomass and typEBhotos of the studied
primary (A: Cystophora retroflexaB: C. torulosa C: C. scalari9 andsecondary (DJania
micrarthrodia, E: Polysiphonia decipiens=: epiphyte mimic) habitat formers
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Appendix6.3
Photos of the mostommon morphepecies.
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Appendix6.4

Spatial survey, effects of primary and secondary habitat foraceoss latitudedPermutation

based factorial analysis of variance wisgd to determine the contribution of each test factor

to the variability of thehabitat cascadeested on total abundance, taxonomic richness and
community structure of gastropods! factors weretreatedas fixedandé Reef 6 was ne st
0 L at iData WeeeGtandardized per dry weight of the total seaweed association and square

root transformed prior to analysis.

ABUNDANCE

Source df SS PseudeF P(perm) Contribution
Latitude (Lat) 3 87 8.18 0.001 6.66%
1st HF (1HF) 2 83 11.64 0.001 6.32%
2nd HF (2HF) 1 103 28.90 0.001 7.85%
Reef(Latitude) Ree(Lat) 4 120 8.42 0.001 9.15%
Latx 1HF 6 29 1.34 0.247 2.19%
Lat x 2HF 3 4 0.39 0.767 0.32%
1HF x 2HF 2 12 1.75 0.177 0.95%
Ree(Lat) x 1HF 6 52 2.43 0.036 3.95%
Ree(Lat) x 2HF 4 26 1.85 0.140 2.01%
Lat x 1HF x 2HF 5 43 2.43 0.039 3.30%
Ree(Lat) x 1HF x 2HF 6 26 1.20 0.298 1.96%
Res 146 519

Total 188 1309

RICHNESS

Source df SS PseudeF P(perm) Contribution
Latitude (Lat) 3 1810 23.29 0.001 20.53%
1t HF (1HF) 2 281 5.43 0.012 3.19%
2" HF (2HF) 1 035 1.36 0.243 0.40%
Reef(Latitude) Ree(Lat) 4 8.63 8.33 0.001 9.79%
Lat x1HF 6 276 1.78 0.116 3.13%
Lat x 2HF 3 011 0.14 0.928 0.12%
1HFx 2HF 2 049 0.95 0.369 0.56%
Ree(Lat) AHF 6 0.83 0.53 0.777 0.94%
Ree(Lat) x 2HF 4 285 2.75 0.035 3.24%
Lat x1HFx 2HF 5 081 0.63 0.662 0.92%
Ree(Lat) AHFx 2HF 6 064 0.41 0.866 0.73%
Res 146 37.83

Total 188 88.18
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COMMUNITY STRUCTURE
Source

Latitude (Lat)

1'HF (1HF)

2" HF (2HF)
Reef(Latitude) Ree(Lat)
Lat x1HF

Lat x 2HF

1HFx 2HF

Ree(Lat) AHF
Ree(Lat) x 2HF

Lat xX1IHFx 2HF
Ree(Lat) AHFx 2HF
Res

Total

[oX
=

SS
57997
5967
9409
38568
11805
9277
3198
9525
9662
7408
10272
146 188320
188 399290

O O ODN WO PR~AELDNW

PseudeF P(perm)

14.99
2.31
7.29
7.48
1.53
2.40
1.24
1.23
1.87
1.15
1.33

0.001
0.001
0.001
0.001
0.004
0.001
0.185
0.113
0.001
0.229
0.036

Contribution
14.53%
1.49%
2.36%
9.66%
2.96%
2.32%
0.80%
2.39%
2.42%
1.86%
2.57%
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Appendix6.5

Experiment 1, effects of primary and secondary habitat foramss seasonPermutation

based factorial analysis of varianeged to determine the contribution of each test factor to the
variability of thehabitat cascadested on total abundance, taxonomic richness and community

structure of gastropods. All factors wéreated afixed. Data were standardized per dry weight

of the total seaweed association and sguawetransformed prior to analysis.

ABUNDANCE

Source df SS PseudoeF P(perm) Contribution
Season (Sea) 1 186 39.58 0.001 28.59%
1S'HF (1HF) 2 7 7.51 0.002 10.84%
2" HF (2HF) 2 116 12.30 0.001 17.77%
Sea XLHF 2 44 4.72 0.014 6.82%
Sea XHF 2 32 3.45 0.036 4.98%
1HFx 2HF 4 11 0.58 0.654 1.68%
Sea XLHFx 2HF 4 35 1.84 0.143 5.33%
Res 47 221

Total 64 650

RICHNESS

Source df SS PseudoeF P(perm) Contribution
Season (Sea) 1 76 43.42 0.001 28.74%
1'HF (1HF) 2 29 8.32 0.003 11.01%
2"4 HF (2HF) 2 19 5.53 0.006 7.32%
Sea XLHF 2 09 2.70 0.072 3.58%
Sea XHF 2 038 2.21 0.107 2.92%
1HFx 2HF 4 0.7 1.01 0.416 2.66%
Sea XLHFx 2HF 4 1.8 2.53 0.048 6.69%
Res 47 8.3

Total 64 26.5

COMMUNITY STRUCTURE

Source df SS PseudoeF P(perm) Contribution
Season (Sea) 1 25494 19.12 0.001 22.28%
1t HF (1HF) 2 3123 1.17 0.260 2.73%
2" HF (2HF) 2 7115 2.67 0.001 6.22%
Sea XLHF 2 2410 0.90 0.571 2.11%
Sea XHF 2 3479 1.30 0.163 3.04%
1HFx 2HF 4 4324 0.81 0.808 3.78%
Sea XLHFx 2HF 4 4043 0.76 0.879 3.53%
Res 47 62658

Total 64 114440
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Appendix6.6

Experiment 2ageffects of secondarpabitat former biomass and ty@Eross seasonsn

Cystophorascalaris Permutation based factorial analysis of varianeed to determine the

contribution of each test factor to the variability of thabitat cascadeested on total

abundance, taxonomic richness and community structure of gastropods. All factors were

treated adixed. Data were standardized per dry weight of the total seaweed association and

squareroot transformed prior to analysis.

ABUNDANCE

Source df SS PseudaeF P(perm) Contribution
Season (Sea) 1 63.24 11.63 0.002 12.14%
Reef (Ree) 1 11.71 2.15 0.158 2.25%
2" HFtype (Typ) 1 18.71 3.44 0.080 3.59%
2" HFbiomass(Bio) 1 28.81 5.30 0.019 5.53%
Sea x Ree 1 0.18 0.03 0.845 0.03%
Sea x Typ 1 0.03 0.01 0.941 0.01%
Sea x Bio 1 6.29 1.16 0.265 1.21%
Ree x Typ 1 84.84 15.61 0.001 16.28%
Ree x Bio 1 0.05 0.01 0.925 0.01%
Typ x Bio 1 18.28 3.36 0.072 3.51%
Sea x Ree x Typ 1 9.14 1.68 0.201 1.75%
Sea x Ree x Bio 1 0.03 0.00 0.950 0.00%
Sea xTyp x Bio 1 17.38 3.20 0.085 3.33%
Ree x Typ x Bio 1 0.03 0.01 0.935 0.01%
Sea x Ree x Typ x Bio 1 2.34 0.43 0.518 0.45%
Res 43 233.74

Total 58 520.99

RICHNESS

Source df SS PseudeF P(perm) Contribution
Season (Sea) 1 0.81 20.29 0.001 15.32%
Reef (Ree) 1 0.16 3.89 0.059 2.94%
2" HFtype (Typ) 1 2.58 64.16 0.001 48.45%
2" HFbiomass(Bio) 1 0.51 12.63 0.004 9.54%
Sea x Ree 1 0.10 2.45 0.117 1.85%
Sea x Typ 1 0.09 2.20 0.143 1.66%
Sea x Bio 1 0.11 2.86 0.107 2.16%
Ree x Typ 1 0.28 6.94 0.012 5.24%
Ree x Bio 1 0.13 3.19 0.079 2.41%
Typ x Bio 1 0.00 0.04 0.836 0.03%
Sea x Ree x Typ 1 0.05 1.33 0.251 1.00%
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Sea x Ree x Bio 1 0.13 3.17 0.083 2.40%
Sea x Typ x Bio 1 0.01 0.15 0.698 0.11%
Ree x Typ x Bio 1 0.06 1.51 0.196 1.14%
Sea x Ree x Typ x Bio 1 0.00 0.02 0.910 0.01%
Res 43 1.73

Total 58 5.32

COMMUNITY STRUCTURE

Source df SS PseudeF P(perm) Contribution
Season (Sea) 1 10974 10.38 0.001 12.92%
Reef (Ree) 1 9205 8.71 0.001 10.83%
2" HFtype (Typ) 1 2558 2.42 0.010 3.01%
2"d HFbiomass(Bio) 1 1335 1.26 0.209 1.57%
Sea x Ree 1 2441 2.31 0.007 2.87%
Sea x Typ 1 1015 0.96 0.483 1.19%
Sea x Bio 1 1524 1.44 0.147 1.79%
Ree x Typ 1 2424 2.29 0.014 2.85%
Ree x Bio 1 664 0.63 0.785 0.78%
Typ x Bio 1 1262 1.19 0.289 1.48%
Sea x Ree x Typ 1 595 0.56 0.857 0.70%
Sea x Ree x Bio 1 743 0.70 0.738 0.87%
Sea x Typ x Bio 1 1171 1.11 0.330 1.38%
Ree x Typ x Bio 1 796 0.75 0.720 0.94%
Sea x Ree x Typ x Bio 1 459 0.43 0.940 0.54%
Res 43 45467

Total 58 84964
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Appendix 67

Experiment 2bgeffects of secondary habitat former biomass and typdormosirabanksii
Permutation based factorial analysis of variamed to determine the contribution of each test
factor to the variability of théabitat cascadeested on total abundance, taxonomic richness
and community structure of gastropods. All factors wiaeated asfixed. Data were

standardized per dry weight thie total seaweed association and squaoé transformed prior

to analysis.
ABUNDANCE
Source df SS PseudoeF P(perm) Contribution
Reef (Ree) 1 2083  12.26 0.001 26.34%
2" HFtype (Typ) 1 57 0.34 0.731 0.72%
2" HFbiomass(Bio) 1 1488 8.76 0.001 18.82%
Ree x Typ 1 337 1.98 0.148 4.26%
Ree x Bio 1 392 2.31 0.099 4.96%
Typ x Bio 1 61 0.36 0.702 0.77%
Reef (Ree) 1 396 2.33 0.092 5.01%
Res 18 3059
Total 25 7908
RICHNESS
Source df SS PseudoeF P(perm) Contribution
Reef (Ree) 1 0.02 0.27 0.610 1.41%
2" HFtype (Typ) 1 0.01 0.10 0.765 0.55%
2" HFbiomass(Bio) 1 0.01 0.20 0.653 1.06%
Ree x Typ 1 0.01 0.15 0.718 0.80%
Ree x Bio 1 0.00 0.05 0.833 0.26%
Typ x Bio 1 0.00 0.02 0.886 0.10%
Reef (Ree) 1 0.00 0.07 0.799 0.39%
Res 18 1.17
Total 25 1.22
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COMMUNITY STRUCTURE
Source df
Reef (Ree) 1
2" HFtype (Typ) 1
2" HFbiomass(Bio) 1
Ree x Typ 1
Ree x Bio 1
Typ % Bio 1
Reef (Ree) 1
Res 18
Total 25

SS
78
27
40
16

14
15
128
304

PseudoeF
11.01
3.76
5.68
2.33
0.87
2.03
2.14

P(perm)
0.001
0.005
0.002
0.052
0.491
0.090
0.069

Contribution
25.64%
8.76%
13.22%
5.42%
2.02%
4.72%
4.99%
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Appendix6.8

Comparison betweelCystophora scalarisand Hormosira banksiiin experiments 2&b.
Permutation based factorial analysis of variamed to determine the contribution of each test
factor to the variability of théabitat cascadeested on total abundance, taxonomic richness
and community structure of gastropods. Adictors weretreated asfixed. Data were

standardized per dry weight of the total seaweed association and-saptaransformed prior

to analysis.
ABUNDANCE
Source df SS PseudaeF P(perm)  Contribution
Reef (Ree) 1 40.9 14.16 0.002 9.14%
IS'*HF(1HB 1 96.2 33.28 0.001 21.49%
2" HFtype (Typ) 1 3.4 1.17 0.264 0.76%
2" HFbiomass(Bio) 1 32.0 11.06 0.003 7.14%
Ree xLIHF 1 12.7 4.38 0.040 2.83%
Ree XTyp 1 67.9 23.50 0.001 15.18%
Ree xBio 1 0.0 0.00 0.981 0.00%
1HFX Typ 1 5.9 2.03 0.149 1.31%
1HFxBio 1 8.7 3.01 0.094 1.94%
Typx Bio 1 1.4 0.48 0.487 0.31%
Ree xXLHFx Typ 1 111 3.83 0.066 2.47%
Ree xLIHFx Bio 1 0.2 0.06 0.798 0.04%
Ree XTypx Bio 1 115 3.97 0.061 2.56%
1HFX Typx Bio 1 1.6 0.56 0.445 0.36%
Ree xXLHFx Typx Bio 1 4.4 1.54 0.234 0.99%
Res 37 106.9
Total 52 447.6
RICHNESS
Source df SS PseudaF P(perm)  Contribution
Reef (Ree) 1 0.06 1.18 0.276 1.46%
1S*HF(1HB 1 0.50 9.75 0.004 12.11%
2" HFtype (Typ) 1 0.91 17.95 0.002 22.29%
2" HFbiomass(Bio) 1 0.18 3.45 0.077 4.28%
Ree xLHF 1 0.18 3.55 0.062 4.41%
Ree XTyp 1 0.08 1.66 0.198 2.07%
Ree xBio 1 0.14 2.78 0.112 3.45%
1HFX Typ 1 0.71 13.97 0.001 17.35%
1HFxBio 1 0.33 6.49 0.016 8.06%
Typx Bio 1 0.00 0.03 0.865 0.04%
Ree xXLHFx Typ 1 0.18 3.58 0.058 4.44%
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Ree x1HFx Bio 1 0.09 1.76 0.197 2.19%
Ree XTypx Bio 1 0.02 0.45 0.501 0.56%
1HFX Typx Bio 1 0.00 0.00 0.982 0.00%
Ree xLHFx Typx Bio 1 0.00 0.06 0.806 0.08%
Res 37 1.88

Total 52 4.10

COMMUNITY STRUCTURE

Source df SS PseudaF P(perm)  Contribution
Reef (Ree) 1 5522 5.96 0.001 4.81%
IS'*HF(1HB 1 48156 51.95 0.001 41.97%
2" HFtype (Typ) 1 2027 2.19 0.021 1.77%
2"d HFbiomass(Bio) 1 1694 1.83 0.060 1.48%
Ree xLIHF 1 4009 4.32 0.001 3.49%
Ree XTyp 1 1876 2.02 0.045 1.64%
Ree xBio 1 982 1.06 0.414 0.86%
1HFX Typ 1 1664 1.80 0.061 1.45%
1HFxBio 1 1182 1.27 0.237 1.03%
Typx Bio 1 541 0.58 0.807 0.47%
Ree xXLHFx Typ 1 877 0.95 0.479 0.76%
Ree xLHFx Bio 1 771 0.83 0.568 0.67%
Ree XTypx Bio 1 566 0.61 0.787 0.49%
1HFx Typx Bio 1 829 0.89 0.488 0.72%
Ree xIHFx Typx Bio 1 917 0.99 0.485 0.80%
Res 37 34300

Total 52 114730
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Appendix6.9
Laboratory grazing experiment. Permutation bdaetbrial analysis of variance based on the

percentage of biomass lo#ll factors werereated asixed.

Source df SS PseudeF P(perm) Contribution
Grazers (Gra) 1 5 0.18 0.657 0.10%
2" habitat former (2HP 2 635 11.39 0.001 13.06%
1%t habitat former (1HP 3 283 3.39 0.023 5.83%
Season (Sea) 1 1 0.05 0.830 0.03%
Gra x2HF 2 65 1.16 0.327 1.34%
Gra x1HF 3 115 1.38 0.277 2.38%
Gra x Sea 1 22 0.79 0.401 0.45%
2HFX 1HF 5 350 2.52 0.03 7.21%
2HFx Sea 2 68 1.22 0.286 1.40%
1HFx Sea 3 173  2.07 0.104 3.57%
Gra x2HFx 1HF 5 286 2.05 0.082 5.88%
Gra x2HFx Sea 2 9 0.15 0.857 0.18%
Gra x1HFx Sea 3 65 0.78 0.511 1.34%
2HFX 1HFx Sea 5 183 1.31 0.273 3.77%
Gra x2HFx 1HFx Sea 5 147 1.05 0.363 3.02%
Res 88 2451

Total 131 4858
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