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Warming and other climate changes: an overview

Anthropogenic activities are impacting Earth’s climate dynamics, causing rapid global 
climate change and increasing climate variability (IPCC 2007, 2012). Coastal marine 
ecosystems, which are among the most ecologically and socio-economically important 
on the planet (Costanza et al. 1997, Barbier et al. 2011), are already experiencing the 
effects of this physical forcing, with impacts on biodiversity and ecosystem functioning 
at multiple spatial and temporal scales (Harley et al. 2006, Hoegh-Guldberg and Bruno 
2010, Wernberg et al. 2011b, Doney et al. 2012). 

Although geological records show climatic changes throughout the history of 
the Earth, anthropogenic activities have been causing a rapid increase in atmospheric 
carbon dioxide (Hansen et al. 2006, IPCC 2007, Meehl et al. 2007). This increase 
in CO2, in combination with other greenhouse gases, has intensifi ed the infrared 
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opacity of the atmosphere and is generally believed to be the major cause of warming 
on the Earth’s surface (Sabine and Tanhua 2010). In May 2013, CO2 levels reached 
400 ppm for the fi rst time in human history, in fact, the last time in Earth’s history 
that CO2 concentrations were this high was 4.5 million years ago (National Oceanic 
and Atmospheric Administration 2013). Since 1960, mean land temperatures have 
increased by as much as 0.24ºC decade–1 (Hansen et al. 2006, Burrows et al. 2011). 
Oceans are currently taking up > 80% of the heat added to the atmosphere, and sea 
temperature consequently increases as the atmosphere warms. Over the past century, the 
mean global rate of ocean temperature increase has been 0.06–0.07ºC decade–1 although 
there has been pronounced heterogeneity in time and space (Burrows et al. 2011, Lima 
and Wethey 2012, Wu et al. 2012). In addition, the changing atmospheric conditions 
are also forcing changes in global wind patterns that are driving ocean circulation. This 
has resulted in a general strengthening of western boundary currents (Gulf Stream, 
Kuroshio Current, East Australia Current, Brazil Current and Agulhas Current) which 
carry warm tropical water towards temperate latitudes, further contributing to the net 
warming. The fastest warming ocean regions (0.09–0.23ºC decade–1) have therefore 
been found within these poleward-fl owing currents (Wu et al. 2012). The increase in 
global sea temperature is accompanied by changes to patterns and strength of winds 
and ocean currents, upwelling and the associated nutrient supply, ocean stratifi cation, 
a rise in sea levels, and changes in rainfall dynamics.

Oceans play a critical role in buffering the effects of increasing atmospheric 
CO2 concentrations. In the last two centuries, around 50% of anthropogenic CO2 
emissions (118 ± 19 Pg C, each Pg C is 1015 g of Carbon) have been absorbed by 
the oceans. The increase in dissolved CO2 in the oceans has increased bicarbonate 
(HCO3

–) concentrations, decreased the concentration of carbonate ions (CO3
2–) and 

caused a decline in pH of 0.02 units per decade over the past three decades (Hepburn 
et al. 2011; Doney et al. 2012). 

On top of the gradual shift in mean environmental conditions, there have changes 
to the occurrence of extreme events (IPCC 2012, Trenberth 2012). In their recent 
analysis of satellite derived global sea surface temperatures for the last 30 years, 
Lima and Wethey (2012) found that 46% and 38% of the worlds’ coastlines have 
experienced a signifi cant decrease in the frequency of extremely cold days and an 
increase in extremely hot days, respectively. Also, in 36% of temperate coastal regions 
the onset of the warm season was found to be advancing earlier in the year. Increases 
in extreme rainfall occurrences have resulted from the rising amount of water vapour 
in a warmer atmosphere (Trenberth 2012), modifying coastal salinity and stratifi cation 
as well as increasing terragenous sediment and nutrient runoff. Climate change models 
predict a further rise in the frequency and intensity of extreme events such as storms, 
including cyclones and hurricanes, and increasing wave heights, fl ooding and heat 
waves (IPCC 2012).

All of these physical and chemical changes interplay to impact marine macrophytes 
both directly and indirectly (Fig. 1) through changes in physiology, abundance, 
distribution, phenology and species interactions (Poloczanska et al. 2007, Kordas 
et al. 2011, Wernberg et al. 2011a, Gao et al. 2012, Harley et al. 2012, Richardson 
et al. 2012).
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Climate change is not the only peril for marine macrophytes. The worlds’ oceans 
are simultaneously affected by multiple human activities, such as eutrophication, 
fi shing, habitat destruction, hypoxia, pollution, and species introductions (Halpern 
et al. 2008, Wernberg et al. 2011b). Climate change, therefore, cannot be understood in 
isolation from these multiple stressors because complex interactions often determine 
the responses of organisms and ecosystems (Crain et al. 2008a, Wernberg et al. 2011b). 
Effects of climate change stressors can be subtle, but synergistic effects often causes 
loss of resilience making ecosystems more vulnerable to changes that previously 
could be absorbed (Folke et al. 2004, Ling et al. 2009a, Connell and Russell 2010, 
Wernberg et al. 2010). 

Ecosystem engineering macrophytes

Marine macrophytes, loosely defi ned as large primary producers in habitats substantially 
affected by salt water from the sea, play a critical role in most coastal ecosystems. 
Although marine macrophytes are very diverse taxonomically and functionally, they 
can be divided into four major groups: seaweeds, seagrasses, mangroves and salt 
marshes (Fig. 2).

Seaweeds (macroalgae) are found in most coastal habitats from tropical coral 
reefs to temperate and polar kelp forests (Mann 1973, Steneck et al. 2002). Usually 
seaweed habitats are associated with hard bottoms, although some soft bottom habitats 
can be dominated by unattached (e.g., Ulva, Gracilaria) or attached (e.g., Caulerpa) 
seaweeds (Thomsen et al. 2012). Even though seaweeds are generally restricted to 
coastal areas, they contribute about 50 Pg C year–1, or approximately 5%, of the total 
global marine productivity (Duarte and Cebrian 1996, Israel et al. 2010). Seaweed 

Figure 1. A conceptual model of the fl ow of impacts on ecosystem engineering macrophytes resulting from 
human activities. Anthropogenic activities have led to carbon dioxide accumulation in the atmosphere which 
has driven atmospheric and ocean warming, changes in circulation patterns, a rise in sea level, changes in 
ocean chemistry, and increased storm events. This diagram represents all major direct, and resulting indirect 
stressors, impacting marine macrophytes.
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habitats are particularly sensitive to direct disturbances from high temperatures (Tanaka 
et al. 2012, Smale and Wernberg 2013) or storms (Filbee-Dexter and Scheibling 2012) 
as well as altered species interactions such as increased rates of herbivory (Steneck 
et al. 2002, Ling et al. 2009a). Currently, seaweeds are generally not carbon limited, 
and increasing CO2 levels are likely to have little direct effect on many seaweeds 
(Beardall et al. 1998). However, decreasing pH associated with increased CO2 levels 
in seawater may have longer-term physiological, mechanical and structural effects on 
calcifying seaweeds (Kuffner et al. 2008). 

Seagrasses are the dominant ecosystem engineers in many intertidal and shallow 
subtidal soft-bottom ecosystems from tropical to sub-polar environments (Larkum 
et al. 1989). Seagrass ecosystems are among the most ecologically and economically 
valuable in the world (Short and Neckles 1999b, Connolly 2012). Seagrass are also 
highly productive and are recognized as signifi cant ecosystems in most coastal zones. 
Since seagrasses inhabit shallow coastal waters they are highly sensitive to fl uctuations 
in light, temperature, CO2, nutrients and sediment variability (Short and Neckles 
1999b, Connolly 2012). Physical damage and mass declines in seagrass populations 
are evident worldwide as a result of anthropogenic climate change (Short and Neckles 
1999a, Duarte 2002, Orth et al. 2006, Waycott et al. 2009).

Mangroves are salt-tolerant terrestrial forests located at the interface between land 
and sea, predominantly along tropical and subtropical coastlines (Nagelkerken et al. 
2008). These habitats occupy a total area of 181000 km2 worldwide and are ecologically 
highly signifi cant to marine systems (Alongi 2002). Their distribution is controlled 
by thermal regimes, tidal patterns and major ocean currents. Nevertheless, sea-level 

Figure 2. Examples of marine ecosystem engineers macrophytes. (A) Mangrove (M. Rule), (B) Salt marsh 
(C. Olabarria), (C) Intertidal seaweeds (M. Rule), (D) Seagrass bed (T. Wernberg), (E) Tropical Sargassum 
bed (T. Wernberg), (F) Kelp forest (T. Wernberg).

Thomas
Inserted Text
, but see Connell & Russell 2010



Threats to Ecosystem Engineering Macrophytes: Climate Change 205

rise is probably the greatest climate change challenge that mangrove ecosystems face. 
Geological records indicate that previous sea-level fl uctuations have created both crises 
and opportunities for mangrove communities (Field 1998). Mangroves can adapt to 
sea-level rise if it is slow enough, if adequate expansion space exists, and if other 
environmental conditions are met. Unfortunately, in many areas retreat is not possible 
due to urbanisation, increasing farmland and human utilisation of the coastal zone 
behind mangrove and saltmarsh communities. Consequently, mangroves experience 
a ‘coastal squeeze’ as sea levels rise. Loss of mangrove forest area will increase the 
threat to shoreline development, as well as reduce coastal water quality, biodiversity, 
nursery habitat, and result in major loss of coastal ecosystem function and damage to 
complex food-webs (Gilman et al. 2008).

Salt marshes are complex coastal systems made up of a diverse range of salt-
tolerant plants which colonize wave-protected shores in temperate regions. The 
halophytic vegetation within a salt marsh bind sediments, limit water motion and 
provide vital nursery habitat and protection for many commercially and ecologically 
important species (Simas et al. 2001, Bertness et al. 2004). Salt marsh formation is 
dependent on a complex set of conditions, where the relationship between run-off, 
inundation, sediment type and protection from exposure must be well balanced. Salt 
marshes are particularly vulnerable to sea-level rise, but increased storms, precipitation 
and changed sediment and nutrient regimes will also limit salt marsh performance. 
Loss of salt marshes will have negative implications for inhabiting communities, as 
well as recruitment from nursery habitats to other marine areas. A reduction in salt 
marshes will also lead to a loss of protection of coastlines and human development 
from erosion and storm damage (Simas et al. 2001).

Marine macrophyte habitats have some of the highest rates of primary production 
on Earth (Fig. 3). Marine macrophytes are essential ecological engineers, with 
important structuring and functioning roles, serving as food resources and providing 
physical habitat or nurseries for aquatic organisms, such as invertebrates, fi sh and birds 

Figure 3. Net annual primary production (g C m–2 year–1) of the major marine macrophyte systems, compared 
with some terrestrial communities. Redrawn from Mann (1973).
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(Beck et al. 2001, Hyndes et al. 2003, Bertness et al. 2004, Graham 2004, Wernberg 
et al. 2004, Nagelkerken et al. 2008, Thomsen et al. 2010). Analyses of the carbon 
budgets of marine vegetated systems indicate that they export signifi cant amounts 
of organic carbon to adjacent ecosystems (Cebrian 2002, Krumhansl and Scheibling 
2012) and also store great amounts of organic carbon in associated sediments (Duarte 
et al. 2005, Fourqurean et al. 2012). Alterations to these systems will have important 
consequences for the marine carbon budget, food-webs, coastal geomorphology and 
biodiversity.

Because of their ability to moderate environmental conditions (i.e., engineer 
the ecosystem) and reduce stress on associated organisms, ecosystem engineering 
macrophytes will become increasingly important to the maintenance of ecosystem 
function in a warmer, more stressful, future (Halpern et al. 2007). 

Responses of marine macrophytes to climate change

Knowledge of how marine macrophytes have responded, and will continue to respond, 
to the changing climate is important in order to understand ecosystem level impacts and 
to provide guidelines to manage and conserve marine communities. Yet, despite their 
substantial ecological and socio-economic importance, only ~ 20% of the combined 
experimental effort in climate change experiments has been directed towards primary 
producers (Wernberg et al. 2012a). Consequently, there is a relatively poor mechanistic 
understanding behind observed climate impacts on marine macrophytes.

Temperature

Changes in temperature directly infl uence the physiology of marine macrophytes. 
However, all physiological processes are not equally responsive to temperature change. 
For example, respiration is typically more temperature sensitive than photosynthesis 
(e.g., Stæhr and Wernberg 2009), and so the metabolic ‘costs of survival’ increase 
faster than primary production. Where marine organisms live close to their thermal 
tolerance limits even relatively small increases in temperature can have dramatic 
effects on physiological processes, such as increased metabolic rates, cell protein 
damage and reduction in membrane fl uidity (Eggert 2012), disruption to enzymatic 
processes, reduced nutrient uptake, photosynthetic inhibition, and respiratory stress 
(Davison and Pearson 1996). Prolonged exposure to increased temperatures can result 
in cellular and subcellular damage and reallocation of resources for protection and 
repair, leading to slowed growth, reduced productivity, delayed development, and 
eventually mortality (Harley et al. 2012). Extreme temperatures, if severe or prolonged, 
will lead to irreparable damage and death of macrophytes (i.e., disruptive stress sensu 
Eggert 2012). For instance, high temperatures associated with desiccation stress reduce 
recruitment of intertidal fucoids by directly infl uencing survival, but also indirectly 
by suppressing growth and reducing the likelihood of escape from grazing (Hawkins 
1981). Similarly, physiological stress over several weeks during an extended marine 
heat wave was likely the cause of the local extirpation and 100 km range contraction 
of a subtidal habitat-forming fucoid seaweed in Australia (Smale and Wernberg 2013). 
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While the physiological effects of thermal stress in macrophytes are relatively well 
established in the literature, the ecological relevance is mostly unknown. Few studies 
have focused on the relationship between the effects of sublethal thermal stress on the 
species fi tness or their competitive abilities (but see Wernberg et al. 2010, Martínez 
et al. 2012a). 

Beyond direct metabolic effects, water temperature is one of the main triggers 
for the timing of ontogenetic transitions such as spore production, fl owering and seed 
germination in marine macrophytes (e.g., Diaz-Almela et al. 2007, Mohring et al. 
2013). For example, temperature plays an important role in fl owering induction and 
development in seagrass (Zostera sp.) on the Great Barrier Reef. In these populations 
the initiation of fl owering occurs after a rapid rise in sea temperature, from the annual 
low, in conjunction with an increase in day length. Similarly, other species in this 
area fl ower in late spring before temperatures reach their summer peak. Therefore, 
changes to temperature regimes may disrupt these cues, and inhibit fl owering and seed 
germination (Waycott et al. 2007). It is well known that different ontogenetic stages 
of both plants and animals have different temperature sensitivities. For example, kelp 
gametophytes are often described as more thermo-tolerant than sporophytes (Dieck 
1993, Müller et al. 2012). A complete understanding of how temperature change might 
affect populations must therefore assess the thermal limits of all life stages (Russell 
et al. 2012).

Perhaps the most pervasive change due to rising ocean temperatures is the shift 
in distribution of many macrophytes (Lima et al. 2007, Fernández 2011, Wernberg 
et al. 2011a, Martínez et al. 2012b, Tanaka et al. 2012, Smale and Wernberg 2013). 
However, some species occur along coastlines with physical barriers, including 

Figure 4. Macrophytes impacted by climate change. (A) Direct physiological stress associated with record 
high temperatures during a marine heat wave caused a 100 km range contraction of the prominent fucoid 
seaweed Scytothalia dorycarpa in Western Australia (Smale and Wernberg 2013). (B) High summer 
temperatures have caused a change in fl owering and increased mortality of the seagrass Posidonia oceanica 
in the Mediterranean Sea (Diaz-Almela et al. 2007, Jorda et al. 2012). (C) Altered species interactions 
following increased dispersal and survival of the herbivorous sea urchin Centrostephanus rodgersii as a 
consequence of a strengthening of the fl ow of the warm East Australia Current, has caused overgrazing of 
seaweeds (e.g., the kelp Ecklonia radiata) leading to the formation of extensive urchin barrens in Tasmania 
(Ling et al. 2009b, Johnson et al. 2011, photo: S.D. Ling).
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geological (e.g., substratum), geomorphological (e.g., depth, topography), oceanic 
(e.g., upwelling, off/alongshore currents), as well as human associated activities (e.g., 
around metropolitan areas). In these cases range shifts following the new temperature 
clines may not be possible and continued warming can therefore result in extinctions 
as species-ranges keep contracting until they eventually ‘fall off the map’ (Wernberg 
et al. 2011a). A study from Portugal showed differences between cool- and warm-
water seaweeds in response to ocean warming. While warm-water species exhibited 
considerable range expansions cold-water species showed no clear patterns (Lima 
et al. 2007) perhaps illustrating the different population processes associated with range 
expansions and contractions. Vertical distribution shifts have also been observed in 
intertidal and shallow subtidal communities, with species shifting into deeper water 
where temperature fl uctuations are less dramatic (Harley et al. 2012). Nevertheless, 
other factors not related (or indirectly related) to changes in temperature may also 
explain, in part, some of the distributional shifts (Lima et al. 2007). These include 
biotic interactions (e.g., grazing and competition, Ling et al. 2009b), and anthropogenic 
effects over the coast (e.g., pollution, coastal erosion, Coleman et al. 2008, Connell 
et al. 2008).

CO2 and pH

Like all photosynthetic organisms, marine macrophytes use inorganic carbon during 
photosynthesis to create organic carbon-rich compounds. This does not, however, imply 
that the increasing CO2 levels will benefi t all marine macrophytes; large differences 
in the carbon uptake mechanisms between species prevent such clear-cut predictions. 

Carbon dioxide diffusion rates in seawater are four orders of magnitude lower than 
in air. Thus, for macrophytes that rely solely on CO2 diffusion, increases in CO2 could 
enhance photosynthetic performance and growth. This is the case for seagrasses, which 
evolved from terrestrial plants during the Cretaceous (~ 90 mya) when CO2 levels 
were considerably higher than at present, and so are often carbon limited (Beardall et 
al. 1998). Carbon dioxide addition experiments have found that seagrasses exposed 
to high CO2 levels, combined with increased nutrient concentrations, can access the 
greater concentrations of CO2 and boost their photosynthesis rates (Beardall et al. 
1998). It has been demonstrated that mangroves will also perform better when exposed 
to elevated CO2. In a long term study from the Caribbean, Rhizophora mangle showed 
enhanced total plant biomass, higher root:shoot ratios, as well as increases in seedling 
biomass, stem length, and total leaf area when subjected to CO2 concentrations double 
the atmospheric average (Farnsworth et al. 1996).

For seaweeds, predictions are more complicated as different species have different 
adaptations and strategies to deal with increasing carbon availability. Macroalgae that 
rely exclusively on CO2 uptake through diffusion are most likely to show enhanced 
photosynthesis under elevated CO2 levels. Conversely, macroalgae that use carbon 
concentration mechanisms (CCM) are predicted to show little response to elevated 
CO2, although down regulation of CCMs could be induced by elevated CO2 and 
allow the energy to be used for other purposes (Hurd et al. 2009). There is increasing 
evidence for the existence of CCMs in many species of macroalgae and in many 
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cases experimental studies have shown little growth response to CO2 increases (Israel 
and Hophy 2002). However, studies have shown that a number of ephemeral, fast 
growing turf-forming algae respond positively to increased CO2 when coupled with 
increases in other test-factors, such as, temperature and elevated nutrients (Russell 
et al. 2009a, Connell and Russell 2010). Moreover, evidence suggests that elevated 
CO2 has variable, but often positive, effects on kelps like Nereocystis luetkeana and 
Macrocystis pyrifera (Thom 1996, Roleda et al. 2012).

Carbon availability for photosynthesis is, however, not the only issue. Higher 
CO2-levels lead to lower seawater pH (‘acidifi cation’), and this can result in reduced 
photosynthesis, poor growth and even death of some algae (Israel and Hophy 
2002, Martin and Gattuso 2009). Calcifying algae, such as encrusting or articulated 
coralline algae, are among the most ubiquitous macrophytes in marine environments. 
Calcareous algae play a critical role in the settlement of many ecologically important 
invertebrates (Pearce and Scheibling 1990) and act as the ‘glue’ that consolidates reef 
structures, protecting them from storm damage (Madin et al. 2012). Calcifying algae 
are particularly sensitive to reduced pH in the ocean because it changes the solubility 
of different CO3-species, increases the metabolic costs of calcifi cation and, eventually 
the likelihood of dissolution. As such, reduced growth rates in calcifi ed algae have been 
linked to increasing ocean acidifi cation (Harley et al. 2012, Wernberg et al. 2012b). 
These effects are likely to be exacerbated by increasing temperatures. For example 
in the Mediterranean Sea, communities on rocky shores close to volcanic CO2 vents 
showed a signifi cant reduction in abundance of coralline algae with decreasing pH 
(Hall-Spencer et al. 2008). On temperate reefs, calcifying algae can occupy up to 80% 
of hard substrate, dominating space beneath canopies (Steneck et al. 2002, Wernberg 
et al. 2012b). Increasing oceanic CO2 could therefore reduce the competitiveness of 
calcifying algae over non-calcifying species, which may result in a reduction of reef 
diversity, as well as habitat and protection for a range of dependent communities 
(Beardall et al. 1998). Although ocean acidifi cation has been considered a major threat 
to marine organisms, effects are highly variable across and within taxonomic groups. 
Furthermore, a recent meta-analysis suggests that marine biota may be more resistant to 
ocean acidifi cation than previously suggested (Dupont et al. 2010, Hendriks et al. 2010).

Changes in circulation patterns 

Warming of the upper layers of the ocean combined with alterations to wind patterns, 
drive changes to major ocean currents (Wu et al. 2012), greater stratifi cation of the 
water column and a deepening of the thermocline (Harley et al. 2006). The results 
include greater intrusion of warm, nutrient-poor waters at higher latitudes and reduced 
upwelling of nutrient-rich waters (Johnson et al. 2011). Upwelled nutrients fuel growth 
and reproduction in benthic and planktonic algae, and future changes in upwelling 
regimes/dynamics could have important consequences for ecosystem productivity 
(Harley et al. 2006, Hoegh-Guldberg and Bruno 2010). For example, the decline 
of giant kelp (Macrocystis pyrifera) populations in Tasmania (Australia) has been 
attributed to an increase in the strength of the East Australia Current, now bringing 
warm and nutrient poor water onto the coast (Johnson et al. 2011). Altered circulation 
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patterns also affect species distributions. Shifts from kelp (Ecklonia) to Sargassum 
dominated communities have been reported in Japan as a result of a strengthening of 
the Kuroshio current, leading to regional warming (Tanaka et al. 2012). In Portugal, 
Lima et al. (2007) reported poleward expansions of warm-water species of seaweeds 
presumably as a result of a weakening of coastal upwelling. There are also cases of 
intensifi ed upwelling allowing cool-water species to expand into previously warmer 
areas. This was the case in South Africa, where a dominant canopy-forming kelp 
(Ecklonia maxima) expanded its distribution limit by ~ 70 km (Bolton et al. 2012). 

Many marine macrophytes rely on water movement for dispersal, and changes 
to ocean currents and upwelling are, therefore, also likely to have implications for 
population connectivity and recruitment. For example, Coleman and colleagues 
(2011) found strong positive correlations between the strength of coastal currents and 
genetic connectivity among kelp (Ecklonia) populations around Australia. Dispersal 
and recruitment of seagrasses and mangroves are also highly dependent on currents 
(Kendrick et al. 2012). For example the viability of mangrove (Avicennia marina) 
propagules diminishes over time, and seeds can only successfully establish within 4–5 
days of release. In New Zealand, southern populations of this species are controlled 
by limited transport of propagules from northern populations; thus, any climate 
induced changes to circulation patterns may lead to poor population replenishment, 
and ultimately loss of mangrove stands (Osunkoya and Creese 1997). 

Sea level rise

The average global sea level is rising at a rate of 3.3 mm year–1 due to thermal expansion 
of the oceans and freshwater input from melting glaciers, and most models estimate that 
by 2100 sea levels will be between 0.5 to 1.2 m higher than today (Harley et al. 2006, 
Hoegh-Guldberg and Bruno 2010). The most obvious result of increased sea level is that 
current macrophyte habitats above or near the surface will be permanently submerged, 
and current subtidal habitats will deepen, causing changes in physical conditions (e.g., 
reduced light penetration and wave exposure). This is particularly important in regions 
where the rocky shore is mostly horizontal (e.g., eastern Mediterranean) and in lagoons 
and estuaries with extremely low slopes. Since more than 14% of worlds coastline can 
be categorised as low sloping rapid sea-level rise would cause an inundation of the 
intertidal zone by seawater, turning the platforms into subtidal reefs (Cazenave and 
Lovel 2010). Vaselli et al. (2008) showed that on NW Mediterranean rocky shores 
a rise in sea level in the range of 5 to 50 cm would increase the availability of steep 
substrata (> 40º) by almost 60%, drastically modifying the dominant assemblages. 
Because they are highly specialized, and often live close to their tolerance limits, 
mangroves are particularly sensitive to minor variation in hydrological or tidal regimes. 
In the laboratory, Rhizophora mangle seedlings subjected to simulated increased tidal 
inundation showed reduced growth and photosynthetic rates, which would eventually 
lead to reduced recruitment and increased mortality (Poloczanska et al. 2007). Marshes 
will be also affected by rising sea level. Numerical models suggest that an increase 
in the rate of sea level rise together with a reduction in sediment supply will lead to 
greater inundation, expansion of channel networks, and conversion of marshland 
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into subtidal mudfl ats (Kirwan and Temmerman 2009). Many species are, however, 
expected to shift their distributions landward, and should be able to keep pace with 
predicted rates of sea level rise. However, a major hurdle for landward retreat is lack 
of habitat availability due to human development.

Ultra-violet radiation

Ultraviolet radiation is, strictly speaking, not a symptom of climate change. 
However, increased penetration of UV radiation from ozone depletion, as a result of 
human activities, also has a detrimental effect of marine systems on a global scale 
(Poloczanska et al. 2007, Harley et al. 2012). Ultraviolet (UV) radiation is known 
to harm physiological processes in marine macrophytes through damage to DNA 
and inhibition of photosynthesis and nutrient uptake. This can lead to a reduction 
in productivity and biomass (Beardall et al. 1998). For example, net photosynthesis 
of the mangrove seedlings (Rhizophora apiculata) decreased by 59% with a 40% 
increase in UV (Connolly 2012). Low levels of UV-A (long wave lengths, 315–400 
nanometers) have been shown to enhance photosynthesis and repair photo-damaged 
molecules, whereas UV-B (short wave lengths, 280–315 nanometers) mostly has 
harmful effects. Importantly, responses to UV appear to be species specifi c, and are 
often determined by the environment that an organism inhabits. For example, the 
seaweed Gracilaria lemaneiformis showed reduced photosynthetic effi ciency (on 
sunny days) with increased levels of UV-B, whereas photosynthetic effi ciency (during 
the sunrise period) increased with elevated UV-A (Xu and Gao 2010). More generally, 
intertidal algae are better adapted, than subtidal algae to cope with the increased UV 
stress, and many species have evolved strategies such as (photo) repair mechanisms. 
Similarly, some seagrasses have adaptations to cope with UV-stress; for example, when 
exposed to increased UV shallow water Halophila ovalis shows less stress than the 
deeper water Posidonia australis (Beardall et al. 1998). As discussed for heat stress, 
increased UV typically has stronger negative effect on the juvenile phase of the life 
cycle, and recruits tend to be more sensitive to light fl uctuations. For example, while 
mature Rizophora mangle trees perform best in full sunlight, their seedlings do better 
in the understory environment because the ontogenetic development in mangroves 
produces changes in light adaptation (Farnsworth et al. 1996). Similar ontogenetic 
changes have been observed in some kelp species. Fejtek et al. (2011) found that adult 
Macrocystis pyrifera can survive in much shallower waters than populations occur, but 
the susceptibility of the juveniles to high light and UV levels limit its vertical range. 
This is also the case for many other species of kelp around the world (Wiencke et al. 
2006). A reduction in recruitment has implications for the replenishment of damaged 
populations; thus, the effects of UV are often interactive, and magnify other climate 
change conditions. 

Extreme events—storms and heat waves

Biological responses to environmental conditions are often determined by extremes 
in conditions rather than average levels (Gaines and Denny 1993). A recent report 
from the IPCC (IPCC 2012) concluded that the magnitude and frequency of extreme 
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weather events is increasing as a consequence of climate change (see also Poloczanska 
et al. 2012, Trenberth 2012).

Storms and extreme heat wave events can cause mass mortality of marine 
macrophytes over short time periods. For instance, large losses of seagrass meadows 
have been observed in Australia following major storms and cyclones, as a result of 
physical disturbance to the substrate and undermining of roots and rhizomes (Connolly 
2012), and in Canada, a hurricane severely decimated subtidal kelp beds (Filbee-Dexter 
and Scheibling 2012).

Sometimes the ultimate cause of impact associated with storms, are not the storms 
themselves. Storms are often also associated with disturbance to sediments and peak 
rainfall, which can result in large-scale fl ooding, the re-suspension of particulate 
matter, increased turbidity, sedimentation and nutrients from run-off, and fl uctuations 
in salinity. All of these secondary effects can have detrimental effects on macrophytes 
through sedimentation and nutrient-fuelled blooms of algae causing reduced light 
penetration, smothering and hypoxia (Airoldi 2003, Thomsen et al. 2012). For example, 
in 1992 an intense tropical cyclone caused a pulse in re-suspension of particulate 
matter and turbidity which killed more than 1,000 km2 of seagrass in Hervey Bay 
(Australia) in 1992 (Orth et al. 2006). Flooding and freshwater runoff also decrease 
salinity, and this can have dramatic effects on intertidal mangroves and seagrasses 
(UNESCO 1993, Short and Neckles 1999a, Vaselli et al. 2008). Mangroves are 
particularly susceptible to fl uctuations in salinity, and rely on both freshwater run-off 
and tidal inundation for survival. When salinity is too high or low, mangrove growth 
and survival can be compromised. Most marine seagrasses grow best within a narrow 
salinity range, and many species suffer reduced growth, productivity, and die-back 
during salinity fl uctuations associated fl ooding and increased rainfall (Waycott et al. 
2009, Riddin and Adams 2010).

Heat waves are becoming more frequent and more severe, and their local and 
regional scale impacts on marine macrophytes are dramatic (Poloczanska et al. 2012). 
For example, in the summer of 2003 a heat wave in the Mediterranean Sea began 
in early June 2003 and lasted until mid-August, with air temperature records about 
3–6ºC above the seasonal average in many parts of Europe and seawater temperature 
up to 28.8ºC (Sparnocchia et al. 2006). As a consequence, large-scale seagrass 
mortality occurred (Garrabou et al. 2009), and shoot mortality rates were unusually 
high, exceeding recruitment rates in most areas (Marba and Duarte 2010). Similarly, 
large-scale seagrass dieback occurred in Spencer Gulf, South Australia in February 
2003, where air temperatures exceeded 40ºC, coupled with exceptionally low tides in 
the middle of the day, over several consecutive days. During this heat wave seagrass 
shoots suffered high damage to chloroplasts, causing high mortality rates, resulting 
in the loss of nearly 13,000 ha of seagrass (Connolly 2012). Another more recent heat 
wave occurred off the west coast of Australia in 2011, where temperatures exceeded 
anything recorded for > 140 years, remaining signifi cantly elevated for ~ 10 weeks 
across ~ 2,000 km coastline causing widespread ecological impacts (Pearce et al. 2011, 
Wernberg et al. 2013). The soaring temperatures led to detrimental physiological stress 
to habitat-forming seaweeds, causing extensive loss of seaweed canopies and a 100 km 
range contraction of a prominent endemic species with likely ecosystem-wide fl ow-on 
effects (Smale and Wernberg 2012, Smale and Wernberg 2013, Wernberg et al. 2013).
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Seagrasses in the World Heritage lise Shark Bay were also severely impacted by the 2011 marine heat wave (Fraser et al 2014).Fraser MW, Kendrick GA, Statton J, Hovey RK, Zavala-Perez A, Walker DI (2014) Extreme climate events lower resilience of foundation seagrass at edge of biogeographical range. Journal of Ecology, 102, 1528-1536.
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Biological stressors—diseases, epiphytes  and invasions

In addition to the physical drivers associated with climate change itself, biologically 
stressors such as diseases, epiphytes and invasive species will also impact marine 
macrophytes.

Micro-organisms are ubiquitous in seawater, and the way they interact with 
macrophytes is likely to change under future climate scenarios (Campbell et al. 2011). 
Climate change can infl uence the prevalence and severity of disease outbreaks in marine 
ecosystems. Increased disease can contribute to declines of populations or species, 
especially for generalist pathogens. Increasing environmental stress associated with 
climate changes will likely decreases host susceptibility to diseases (Campbell et al. 
2011), increase disease virulence and abundance, and increase disease vectors and 
the expansion of pathogen ranges (Hoegh-Guldberg and Bruno 2010, Wernberg et al. 
2012b). For example, fungi (Fusarium sp.) can cause dieback of salt marsh (Spartina 
alternifl ora) when the plants are subjected to high temperatures and drought stress 
(Alber et al. 2008). In the past, seagrass communities have been severely affected 
by diseases. For example, the Atlantic-wide loss of eelgrass (Zostera marina and 
Thalassia testudinum) meadows resulted from a combination of environmental stress 
and the wasting disease associated with a fungus (Labyrinthula zosterae, Duarte 2002). 
In kelps, bacteria are the causative agents of red spot disease, whereas the known 
pathogens of the dark spot disease are endophytic brown fi lamentous algae. Field 
observations from different parts of the world document massive rates of infection 
prevalence by endophytic brown algae with mostly unknown pathogenic effects (Eggert 
et al. 2010). Heat stress in seaweeds also cause lowered chemical defenses (Campbell 
et al. 2011), which can lead to heavy epiphytism with detrimental consequences for 
kelp forests (Andersen et al. 2011, Smale and Wernberg 2012).

Global climate change can effect species distributions and resources availability 
thus, inducing biological invasions (Occhipinti-Ambrogi 2007). Climatic change 
affects non-indigenous species by altering environmental conditions, resource levels 
and native communities of the invaded habitat (Thomsen et al. 2011). Global warming 
coincides with an increase in human transport activities, which increases vectors for 
introductions (Hoegh-Guldberg and Bruno 2010). Changes in temperature may favour 
the settlement of invasive species where it was previously too cold. For example, 
warming conditions in the Mediterranean favoured the establishment of the green 
seaweed Caulerpa taxifolia, which produces toxic secondary metabolites potentially 
leading to Posidonia oceanica die-back (de Villèle and Verlaque 1995, but see Glasby 
2012, Thomsen et al. 2012 for alternative interpretations). Increasing sea temperature 
is also putting pressure on endemic species, reducing potential competitive advantage 
over invaders. In Australia, summer heat waves events associated with global climate 
change have seen large scale die-backs in kelp beds. This mass mortality facilitated the 
establishment of the invasive macroalga, Undaria pinnatifi da (Valentine and Johnson 
2003, Valentine and Johnson 2004). 

Increasing temperature is not the only climate change-related factor affecting 
the outcome of invasions. Changes in atmospheric circulation, storm frequency, and 
precipitation alter the dispersion and invasiveness of non-indigenous species. In a 
recent laboratory experiment, increasing temperature and pCO2 altered the success 
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and performance of the brown seaweed Sargassum muticum at multiple points in the 
life cycle (Vaz-Pinto et al. 2012). Finally, non-indigenous species that have become 
well-established in recipient communities are expected to alter community response 
to climate. For example, in rock pools of the western Atlantic coast of the Iberian 
Peninsula, macroalgal assemblages invaded by S. muticum might be more resistant 
increasing temperature and CO2 in future climate scenarios (Olabarria et al. 2012).

Cumulative effects of multiple stressors

Many climate and non-climate physical, chemical and biological changes in the 
environment are occurring simultaneously (Halpern et al. 2008, Wernberg et al. 2011b). 
Consequently, marine macrophytes are subjected to multiple concurrent stressors 
at any one time, and these are likely to act in concert rather than in isolation (Crain 
et al. 2008a). To this end, almost all observed impacts on marine macrophytes possibly 
related to climate change have involved multiple stressors (Wernberg et al. 2011b, 
Harley et al. 2012). For example, losses or declines of habitat-forming macroalgae in 
Australia over the past decades were attributed to historical overfi shing of herbivore 
predators (Ling et al. 2009a), pollution and reduced water quality associated with 
urbanization (Coleman et al. 2008, Connell et al. 2008). In the Gulf of Maine, kelp 
beds have suffered dramatic changes in the last twenty-fi ve years mainly due to an 
increase of seawater temperatures in summer, overfi shing and the introduction of non-
indigenous species (Harris and Tyrrell 2001), where temperature mediated outbreaks of 
invasive bryozoans cause extensive defoliation of kelps and increases in the invasive 
Codium seaweeds (Scheibling and Gagnon 2009). 

Higher CO2 and nutrient levels boost the growth and productivity of turf-forming 
seaweeds, which can block the recruitment of kelps (Gorman et al. 2009), while 
acidifi cation reduces the calcifi cation and recruitment of coralline crusts (Russell 
et al. 2009b), and these effects are further exacerbated by increasing temperatures 
(Martin and Gattuso 2009, Diaz-Pulido et al. 2012). In addition, ocean acidifi cation 
may disrupt the feeding biology of some herbivores, limiting their ability to control 
the climate-enhanced growth of opportunistic turfs (Russell et al. 2009b, Falkenberg 
et al. 2010). Temperature and CO2 concentrations can also modulate the effects of UV 
radiation on the germination, growth and survivorship of kelps and fucoids (Hoffman 
et al. 2003, Swanson and Fox 2007).

For mangroves, increasing temperatures are causing stress, which is being 
exacerbated by increased inundation as a result of sea level rise and rainfall. Storms 
can cause damage to trees and defoliation, and the runoff can compound the pressure 
by introducing higher sediment loads which smother pneumatophores. While high 
rates of sedimentation are detrimental to mangroves, moderate sedimentation can 
enhance growth through increased availability of nutrients (Ellis et al. 2004, Lovelock 
et al. 2007). More toxic chemicals are also likely to wash from local watersheds to 
have negative effects of mangrove trees. Changes in salinity also co-occur with storm 
runoff, and this can have a negative or positive effect; populations existing in estuaries 
where salinity is low are likely to be put under further pressure as salinities decline. 
Populations occurring in oceanic waters, or arid areas where salinity is extreme may 
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benefi t from freshwater infl ow and may exhibit increased growth rates, biodiversity 
and expansions in mangrove area (Gilman et al. 2008). Similarly, higher nutrient 
concentrations in runoff water may also have a positive effect on mangrove growth. 
Any one of these changing conditions has the potential to cause mortality, or at least 
reduced growth of mangroves, but in combination the effects are more severe (Gilman 
et al. 2008). Such effects may be exacerbated or ameliorated when acting with other 
anthropogenic stressors such as, nutrient loading or CO2 (McKee and Rooth 2008, 
Cherry et al. 2009). 

Seagrasses are often simultaneously infl uenced by multiple stressors at different 
temporal and spatial scales (Björk et al. 2008). For example, the negative effect 
associated with sea level rise and increased storm intensity/frequency is depth-
dependant, and interacts with a reduction in the amount of available light reaching the 
seagrass canopy (Short and Neckles 1999a). In combination with organic enrichment, 
extreme events such as fl oods, droughts and heat waves, may also impact seagrass 
meadows. In the Mondego estuary (Portugal), which has experienced signifi cant 
eutrophication in the last 20 years, drought events caused salinity to increase above 
35 ppt, increasing pressure on the seagrass, Z. noltii, and negatively affected meadow 
biomass (Cardoso et al. 2008). 

In order to fully understand the effects of global climate change on marine 
macrophytes, it will be important to understand interactive effects and possible 
synergies (Crain et al. 2008b, Wernberg et al. 2012b). Until recently most marine 
climate change research involved single-stressor experiments focused on animals, 
highlighting an urgent need to conduct more studies with macrophytes, and in particular 
using multiple-stress approaches (Wernberg et al. 2012a).

Scaling up from physiological response to community—
ecosystem level responses

Marine biota does not respond uniformly to climate change stressors. Experimental 
work has shown that even species with similar ‘climate traits’ (i.e., similar effect of 
climate change on one or several ecosystem functions) can respond very differently to 
the same environmental stressors. For example, responses of macroalgae to increases 
in temperature and CO2 varies greatly, even among species belonging to the same 
functional group (Martin and Gattuso 2009). The lack of uniform easy-to-predict 
responses will have important implications for marine ecosystems where some species 
play disproportionately strong roles in community structure and function (Kroeker 
et al. 2010). 

Most marine research on climate change published to date have used highly 
controlled single species experiments to look for specifi c responses and improve our 
understanding of physiological mechanisms (Wernberg et al. 2012a). Whilst these 
experiments are extremely important, they represent highly artifi cial experimental 
conditions, being isolated from common biological interactions (e.g., competition, 
predation, facilitation). Biological interactions may buffer or amplify individual 
responses thereby altering predicted assemblage or ecosystem-level responses (Kordas 
et al. 2011). For example, increasing CO2 can cause seagrass photosynthetic rates to 
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increase by 50% which may deplete the surrounding CO2 pool, maintain an elevated pH 
and thus, protect associated calcifying organisms (Kroeker et al. 2010). Similarly, kelp 
loss might be exacerbated by the positive effects of increasing CO2 and temperature 
on non-calcifying algal turfs, i.e., kelp inhibitors (Connell and Russell 2010).

Therefore, ecological change in coastal systems will refl ect the combined infl uence 
of direct environmental impacts on individual species and indirect effects resulting 
from changes in interspecifi c interactions. Presently, there is little certainty of the 
actual effects of future climate change and how species will respond. When coupled 
with the intrinsic complexity of ecosystems, it is diffi cult to predict the consequences 
for biodiversity and ecosystem function. Ecosystem responses will depend on the 
pace and magnitude of climate changes and the longevity of species and their role in 
the ecosystem (Harley et al. 2012). Thus, it is important to conduct experiments with 
multiple species, simple assemblages or even complex subsets of whole ecosystems 
(Wernberg et al. 2012a). Such microcosm/mesocosm experiments have been used 
with great success to mimic pelagic ecosystems, but have yet to be fully exploited 
by researchers studying climate effects on benthic communities (but see Olabarria 
et al. 2012). 

Climate related changes in species interactions are often a consequence of shifts in 
species ranges, resulting in new species interactions as well as disruptions of existing 
interactions. Higher trophic levels are often more sensitive to climate change than 
plants. Secondary consumers not only suffer their own specifi c climate related stress, 
but are generally dependent on these primary producers, which may be exhibiting 
reduced biomass, localised extinctions and rapidly altering their distributions. These 
bottom-up changes to food webs can lead to localised extinctions and important 
alterations to ecosystem function (Kordas et al. 2011, Wernberg et al. 2012b).

Research suggests that interspecifi c interactions shift from generally negative 
(e.g., competitive, predatory) when the environment is benign to generally positive 
(e.g., facilitative) when the environment is stressful (Bertness and Callaway 1994). For 
instance, in salt-marshes from New England (United States) the nature and intensity of 
interactions between neighbour plants depend on latitudinal and inter-annual variation 
in climate. In the south (where heat stress is common), species interactions tend to be 
facilitative, whereas in the north (where abiotic conditions are more benign) interactions 
are more competitive. Furthermore, interactions are more facilitative in warmer versus 
cooler years (Bertness and Ewanchuk 2002). Similar large-scale patterns have been 
found within a species; In Australia Wernberg et al. (2010) found that intra-specifi c 
facilitation dominated at warm northern latitudes (heat stressed) but intra-specifi c 
competition dominated at cool southern (more benign) latitudes. It is therefore expected 
that many interactions will shift from competitive to facilitative under increasing 
temperature stress associated with climate changes (Halpern et al. 2007). Additionally, 
important changes in interactions might result when the geographic range of species 
shifts, and when the seasonal timing of life history events of interacting species fall 
into, or out of, synchrony. 
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 Conversely, the addition of new consumers can have substantial impacts on macrophytes systems through changes top-down control, maintaining fundamentally changed systems (Verges et al. 2014, Bennett et al 2015).
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Integration adaption in the responses

Despite evidence illustrating the potential of microevolution to generate rapid 
phenotypic changes at short time scales (Pereyra et al. 2009), in species with lifespans 
like those of macrophytes, probably the most relevant component of adaptive potential 
to climate change are phenotypic plasticity and genetic variability. Both mechanisms 
are able to act within a generation, while evolutionary genetic changes involve multiple 
generations. Thus, understanding trait plasticity and limits to adaptation is essential 
to predict rates of extinction owing to climate change, as well as estimating the effect 
of environmental change on community ecology and ecosystem services (Bridle and 
Vines 2007). Together with phenotypic plasticity, genetic variability is the second 
immediate mechanism that allows a population to persist when its local environment 
changes (Chevin et al. 2010). Evidence of the importance of genetic diversity on the 
ability of macrophytes to cope climate change are already available in the literature. 
Ehlers et al. (2008) found a strong negative effect of warming and a positive effect of 
genotypic diversity on shoot densities of eelgrasses. Similarly, Pearson et al. (2009) 
provided evidences of mal-adaption to heat shocks and dehydration stress from low 
diverse edge population of the brown algae Fucus serratus. 

Conclusions and future issues

Macrophytes are critical components of marine ecosystems, and while the evidence 
for substantial climate change impacts on marine macrophytes is increasing (Wernberg 
et al. 2011b, Harley et al. 2012), experimental work on macrophytes is substantially 
under-represented in the research effort (Wernberg et al. 2012a). A better understanding 
of interactions between macrophytes and climate change is critical because of the 
important contribution of this group to functioning of many ecosystems and its 
potential role on amelioration of environmental stress (Halpern et al. 2007). Despite 
the increase in the number of studies in the last decade, there are still signifi cant 
gaps in our knowledge. Harley et al. (2012) summarizes these knowledge-gaps for 
macroalgae, but we contend that they apply generally to marine macrophytes and 
re-iterate them here: (1) the importance of rates, timing, magnitude, and duration of 
environmental change, (2) non-additive effects of multiple stressors, (3) population-
level implications of variable environmental impacts among life-history stages, 
(4) the scope for population or species-level adaptation to environmental change, and 
(5) ecological responses at the level of communities and ecosystems, including tipping 
points and sudden phase shifts. 

Acknowledgements

TW was supported by a Future Fellows grant from the Australian Research 
Council. FA was supported by the European Regional Development Fund (ERDF) 
through the COMPETE—Operational Competitiveness Program and national 
funds through FCT—Foundation for Science and Technology, under the project 
“PEst-C/MAR/LA0015/2011” and the FCT funded projects PHYSIOGRAPHY 



218 Marine Macrophytes as Foundation Species

(PTDC/MAR/105147/2008) and CLEF (PTDC-AAC-AMB-102866-2008). CO was 
supported by the Spanish Government through the Ministry of Science and Innovation-
FEDER under the project CLINVA (CGL2009-07205).

References
 Airoldi, L. 2003. The effects of sedimentation on rocky coast assemblages. Oceanography and Marine 

Biology 41: 161–236.
 Alber, M., E.M. Swenson, S.C. Adamowicz and I.A. Mendelssohn. 2008. Salt Marsh Dieback: An overview 

of recent events in the US. Estuarine, Coastal and Shelf Science 80: 1–11.
 Alongi, D.M. 2002. Present state and future of the world’s mangrove forests. Environmental Conservation 

29: 331–349.
 Andersen, G.S., H. Steen, H. Christie, S. Fredriksen and F.E. Moy. 2011. Seasonal patterns of sporophyte 

growth, fertility, fouling, and mortality of Saccharina latissima in Skagerrak, Norway: implications 
for forest recovery. Journal of Marine Biology, ID 690375.

 Barbier, E.B., S.D. Hacker, C.J. Kennedy, E.W. Koch, A.C. Stier and B.R. Silliman. 2011. The value of 
estuarine and coastal ecosystem services. Ecological Monographs 81: 169–193.

 Beardall, J., S. Beer and J.A. Raven. 1998. Biodiversity of marine plants in an era of climate change: some 
predictions on the basis of physiological performance. Botanica Marina 41: 113–123.

 Beck, M., K. Heck, K. Able, D. Childers, D. Eggleston, B. Gillanders, B. Halpern, C. Hays, K. Hoshino, 
T. Minello, R. Orth, P. Sheridan and M. Weinstein. 2001. The identifi cation, conservation, and 
management of estuarine and marine nurseries for fi sh and invertebrates. BioScience 51: 633–641.

 Bertness, M.D. and R. Callaway. 1994. Positive interactions in communities. TRENDS in Ecology and 
Evolution 9: 191–193.

 Bertness, M.D. and P.J. Ewanchuk. 2002. Latitudinal and climate-driven variation in the strength and nature 
of biological interactions in New England salt marshes. Oecologia 132: 392–401.

 Bertness, M.D., B.R. Silliman and R. Jefferies. 2004. Salt marshes under siege: Agricultural practices, land 
development and overharvesting of the seas explain complex ecological cascades that threaten our 
shorelines. American Scientist 92: 54–61.

 Björk, M., F. Short, E. Mcleod and S. Beer. 2008. Managing seagrasses for resilience to climate change. 
The International Union for the Conservation of Nature and Natural Resources.

 Bolton, J.J., R.J. Anderson, A.J. Smit and M.D. Rothman. 2012. South African kelp moving eastwards: the 
discovery of Ecklonia maxima (Osbeck) Papenfuss at De Hoop Nature Reserve on the south coast of 
South Africa. African Journal of Marine Science 34: 147–151.

Bridle, J.R. and T.H. Vines. 2007. Limits to evolution at range margins: when and why does adaptation 
fail? Trends in Ecology and Evolution 22: 140–147.

 Burrows, M.T., D.S. Schoeman, L.B. Buckley, P. Moore, E.S. Poloczanska, K.M.Brander, C. Brown, 
J.F. Bruno, C.M. Duarte, B.S. Halpern, J. Holding, C.V. Kappel, W. Kiessling, M.I. O’Connor, 
J.M. Pandolfi , C. Parmesan, F.B. Schwing, W.J. Sydeman and A.J. Richardson. 2011. The pace of 
shifting climate in marine and terrestrial ecosystems. Science 334: 652–655.

 Campbell, A.H., T. Harder, S. Nielsen, S. Kjelleberg and P.D. Steinberg. 2011. Climate change and disease: 
bleaching of a chemically defended seaweed. Global Change Biology 17: 2958–2970.

 Cardoso, P.G., D. Raffaelli and M.A. Pardal. 2008. The impact of extreme weather events on the seagrass 
Zostera noltii and related Hydrobia ulvae population. Marine Pollution Bulletin 56: 483–492.

 Cazenave, A. and W. Lovel. 2010. Contemporary sea level rise. Annual Review of Marine Science 
2: 145–173.

 Cebrian, J. 2002. Variability and control of carbon consumption, export, and accumulation in marine 
communities. Limnol. Oceanogr. 47: 11–22.

 Cherry, J.A., K.L. McKee and J.B. Grace. 2009. Elevated CO2 enhances biological contributions to 
elevation change in coastal wetlands by offsetting stressors associated with sea-level rise. Journal 
of Ecology 97: 67–77.

 Chevin, L.-M., R. Lande and G.M. Mace. 2010. Adaptation, plasticity, and extinction in a changing 
environment: towards a predictive theory. PLoS Biol. 8: e1000357.

 Coleman, M.A., B.P. Kelaher, P.D. Steinberg and A.J.K. Millar. 2008. Absence of a large brown macroalga 
on urbanized rocky reefs around Sydney, Australia, and evidence for historical decline. Journal of 
Phycology 44: 897–901.



Threats to Ecosystem Engineering Macrophytes: Climate Change 219

Coleman, M.A., J. Chambers, N.A. Knott, H.A. Malcolm, D. Harasti, A. Jordan and B.P. Kelaher. 2011. 
Connectivity within and among a network of temperate marine reserves. PLoS ONE 6: e20168.

 Connell, S.D. and B.D. Russell. 2010. The direct effects of increasing CO2 and temperature on non-calcifying 
organisms: increasing the potential for phase shifts in kelp forests. Proceedings of the Royal Society 
B: Biological Sciences.

 Connell, S.D., B.D. Russell, D.J. Turner, S.A. Shepherd, T. Kildea, D. Miller, L. Airoldi and A. Cheshire. 
2008. Recovering a lost baseline: missing kelp forests from a metropolitan coast. Marine Ecology 
Progress Series 360: 63–72.

 Connolly, R. 2012. Seagrass. pp. xx-xx. In: Poloczanska, E.S., A.J. Hobday and A.J. Richardson (eds.). 
A Marine Climate Change Impacts and Adaptation Report Card for Australia 2012. NCCARF 
Publication.

 Costanza, R., R. d’Arge, R. de Groot, S. Farberk, M. Grasso, B. Hannon, K. Limburg, S. Naeem, 
R.V. O’Neill, J. Paruelo, R.G. Raskin, P. Sutton and M. van den Belt. 1997. The value of the worlds 
ecosystem services and natural capital. Nature 387: 253–260.

 Crain, C.M., K. Kroeker and B.S. Halpern. 2008a. Interactive and cumulative effects of multiple human 
stressors in marine systems. Ecology Letters 11: 1304–1315.

 Crain, C.M., K.J. Kroeker and B.S. Halpern. 2008b. Interactive and cumulative effects of multiple human 
stressors in marine systems. Ecology Letters 11: 1304–1315.

 Davison, I.R. and G.A. Pearson. 1996. Stress tolerance in intertidal seaweeds. Journal of Phycology 
32: 197–211.

 de Villèle, X. and M. Verlaque. 1995. Changes and degradation in a Posidonia oceanica bed invaded by 
the introduced tropical alga Caulerpa taxifolia in the north western Mediterranean. Botanica Marina 
38: 79–87.

 Diaz-Almela, E., M. Nuria and C.M. Duarte. 2007. Consequences of Mediterranean warming events in 
seagrass (<i>Posidonia oceanica</i>) fl owering records. Global Change Biology 13: 224–235.

 Diaz-Pulido, G., K.R.N. Anthony, D.I. Kline, S. Dove and O. Hoegh-Guldberg. 2012. Interactions between 
ocean acidifi cation and warming on the mortality and dissolution of coralline algae. Journal of 
Phycology 48: 32–39.

 Dieck, I.T. 1993. Temperature tolerance and survival in darkness of kelp gametophytes (Laminariales, 
Phaeophyta): ecological and biogeographical implications. Marine Ecology Progress Series 
100: 253–264.

 Doney, S.C., M. Ruckelshaus, J. Emmett Duffy, J.P. Barry, F. Chan, C.A. English, H.M. Galindo, 
J.M. Grebmeier, A.B. Hollowed, N. Knowlton, J. Polovina, N.N. Rabalais, W.J. Sydeman and 
L.D. Talley. 2012. Climate change impacts on marine ecosystems. Annual Review of Marine Science 
4: 11–37.

 Duarte, C.M. 2002. The future of seagrass meadows. Environmental Conservation 29: 192–206.
 Duarte, C.M. and J. Cebrian. 1996. The fate of marine autotrophic production. Limnology and Oceanography 

41: 1758–1766.
 Duarte, C.M., J.J. Middelburg and N. Caraco. 2005. Major role of marine vegetation on the oceanic carbon 

cycle. Biogeosciences 2.
 Dupont, S., N. Doreya and M. Thorndyke. 2010. What meta-analysis can tell us about vulnerability of marine 

biodiversity to ocean acidification? Estuarine, Coastal and Shelf Science 89: 182–185.
 Eggert, A. 2012. Seaweed responses to temperature. pp. 47–66. In: Bischof, CWaK (ed.). Seaweed Biology. 

Springer-Verlag, Berlin Heidelberg.
 Eggert, A., A. Peters and F. Kupper. 2010. The potential impact of climate change on endophyte infections 

in kelp sporophytes. pp. 139–154. In: al. AIe (ed.). Seaweeds and their Role in Globally Changing 
Environments, Cellular Origin, Life in Extreme Habitats and Astrobiology.

 Ehlers, A., B. Worm and T.B.H. Reusch. 2008. Importance of genetic diversity in eelgrass Zostera marina 
for its resilience to global warming. Marine Ecology Progress Series 355: 1–7.

 Ellis, J., P. Nicholls, R. Craggs, D. Hofstra and J. Hewitt. 2004. Effects of terrigenous sedimentation on 
mangrove physiology and associated macrobenthic communities. Marine Ecology Progress Series 
270: 71–82.

 Falkenberg, L.J., O.W. Burnell, S.D. Connell and B.D. Russell. 2010. Sustainability in near-shore marine 
systems: promoting natural resilience. Sustainability 2: 2593–2600.

 Farnsworth, E.J., A.M. Ellison and W.K. Gong. 1996. Elevated CO2 alters anatomy, physiology, growth, 
and reproduction of red mangrove (Rhizophora mangle L.). Oecologia 108: 599–609.



220 Marine Macrophytes as Foundation Species

 Fejtek, S.M., M.S. Edwards and K.Y. Kim. 2011. Elk Kelp, Pelagophycus porra, distribution limited due 
to susceptibility of microscopic stages to high light. Journal of Experimental Marine Biology and 
Ecology 396: 194–201.

 Fernández, C. 2011. The retreat of large brown seaweeds on the north coast of Spain: the case of Saccorhiza 
polyschides. European Journal of Phycology 46: 352–360.

 Field, C.D. 1998. Rehabilitation of mangrove ecosystems: an overview. Marine Pollution Bulletin 
37: 383–392.

 Filbee-Dexter, K. and R. Scheibling. 2012. Hurricane-mediated defoliation of kelp beds and pulsed delivery 
of kelp detritus to offshore sedimentary habitats. Marine Ecology Progress Series 455: 51–64.

 Folke, C., S. Carpenter, B. Walker, M. Scheffer, T. Elmqvist, L. Gunderson and C.S. Holling. 2004. Regime 
shifts, resilience, and biodiversity in ecosystem management. Annual Review of Ecology Evolution 
and Systematics 35: 557–581.

 Fourqurean, J.W., C.M. Duarte, H. Kennedy, N. Marbà, M. Holmer, M.A. Mateo, E.T. Apostolaki, 
G.A. Kendrick, D. Krause-Jensen, K.J. McGlathery and O. Serrano. 2012. Seagrass ecosystems as a 
globally signifi cant carbon stock. Nature Geoscience 5: 505–509.

 Gaines, S.D. and M.W. Denny. 1993. The largest, smallest, highest, lowest, longest, and shortest: extremes 
in ecology. Ecology 74: 1677–1692.

 Gao, K., E. Helbling, D.-P. Häder and D. Hutchins. 2012. Responses of marine primary producers to 
interactions between ocean acidifi cation, solar radiation, and warming. Marine Ecology Progress 
Series 470: 167–189.

 Garrabou, J., R. Coma, N. Bensoussan, M. Bally, P. Chevaldonne, M. Cigliano, D. Diaz, J.G. Harmelin, 
M.C. Gambi, D.K. Kersting, J.B. Ledoux, C. Lejeusne, C. Linares, C. Marschal, T. Perez, M. Ribes, 
J.C. Romano, N. Teixido, O. Torrents, M. Zabala, F. Zuberer and C. Cerrano. 2009. Mass mortality 
in Northwestern Mediterranean rocky benthic communities: Effects of the 2003 heat wave. Global 
Change Biology 15: 1090–1103.

 Gilman, E.L., J. Ellison, N.C. Duke and C. Field. 2008. Threats to mangroves from climate change and 
adaptation options: A review. Aquatic Botany 89: 237–250.

 Glasby, T.M. 2012. Caulerpa taxifolia in seagrass meadows: killer or opportunistic weed? Biological 
Invasions.

 Gorman, D., B.D. Russell and S.D. Connell. 2009. Land-to-sea connectivity: linking human-derived 
terrestrial subsidies to subtidal habitat change on open rocky coasts. Ecological Applications 
19: 1114–1126.

 Graham, M.H. 2004. Effects of local deforestation on the diversity and structure of southern California 
giant kelp forest food webs. Ecosystems 7: 341–357.

 Hall-Spencer, J.M., R. Rodolfo-Metalpa, S. Martin, E. Ransome, M. Fine, S.M. Turner, S.J. Rowley, 
D. Tedesco and M.-C. Buia. 2008. Volcanic carbon dioxide vents show ecosystem effects of ocean 
acidifi cation. Nature 454: 96–99.

 Halpern, B.S., B.R. Silliman, J.D. Olden, J.P. Bruno and M.D. Bertness. 2007. Incorporating positive 
interactions in aquatic restoration and conservation. Frontiers in Ecology and the Environment 
5: 153–160.

 Halpern, B.S., S. Walbridge, K.A. Selkoe, C.V. Kappel, F. Micheli, C. D’Agrosa, J.F. Bruno, K.S. Casey, 
C. Ebert, H.E. Fox, R. Fujita, D. Heinemann, H.S. Lenihan, E.M.P. Madin, M.T. Perry, E.R. Selig, 
M. Spalding, R. Steneck and R. Watson. 2008. A global map of human impact on marine ecosystems. 
Science 319: 948–952.

 Hansen, J., M. Sato, R. Ruedy, K. Lo, D.W. Lea and M. Medina-Elizade. 2006. Global temperature change. 
Proc. Natl. Acad. Sci. USA 103: 14288–14293.

 Harley, C.D.G., A. Randall Hughes, K.M. Hultgren, B.G. Miner, C.J.B. Sorte, C.S. Thornber, L.F. Rodriguez, 
L. Tomanek and S.L. Williams. 2006. The impacts of climate change in coastal marine systems. 
Ecology Letters 9: 228–241.

Harley, C.D.G., K.M. Anderson, K.W. Demes, J.P. Jorve, R.L. Kordas, T.A. Coyle and M.H. Graham. 2012. 
Effects of climate change on global seaweed communities. Journal of Phycology 48: 1064–1078.

 Harris, L.G. and M.C. Tyrrell. 2001. Changing community states in the Gulf of Maine: synergism between 
invaders, overfi shing and climate change. Biological Invasions 3: 9–21.

 Hawkins, S.J. 1981. The infl uence of Patella grazing on the fucoidan barnacle mosaic on moderately 
exposed rocky shores. Kieler Meeresforsch 5: 537–544.

 Hendriks, I.E., C.M. Duarte and M. Álvarez. 2010. Vulnerability of marine biodiversity to ocean acidifi cation: 
a meta-analysis. Estuarine, Coastal and Shelf Science 86: 157–164.



Threats to Ecosystem Engineering Macrophytes: Climate Change 221

 Hepburn, C.D., D.W. Pritchard, C.E. Cornwell, R.J. McLeod, J. Beardall, J.A. Raven and C.L. Hurd. 2011. 
Diversity of carbon use strategies in a kelp forest community: implications for a high CO2 ocean. 
Global Change Biology 17: 2488–2497.

 Hoegh-Guldberg, O. and J.F. Bruno. 2010. The impact of climate change on the world’s marine ecosystems. 
Science 328: 1523–1528.

 Hoffman, J.R., L.J. Hansen and T. Klinger. 2003. Interactions between UV radiation and temperature limit 
inferences from single-factor experiments. Journal of Phycology 39: 268–272.

 Hurd, C.L., C.D. Hepburn, K.I. Currie, J.A. Raven and K.A. Hunter. 2009. Testing the effects of ocean 
acidification on algal metabolism: recommendations for experimental designs. Journal of Phycology 
45: 1236–1251.

 Hyndes, G.A., A.J. Kendrick, L.D. MacArthur and E. Stewart. 2003. Differences in the species- and size-
composition of fi sh assemblages in three distinct seagrass habitats with differing plant and meadow 
structure. Mar. Biol. 142: 1195–1206.

 IPCC. 2007. Climate Change 2007, Synthesis Report. A Contribution of Working Groups I, II, and III to 
the Third Assessment Report of the Intergovernmental Panel on Climate Change. In. Cambridge 
University Press, Cambridge, UK.

 IPCC. 2012. Summary for Policymakers. pp. 1–19. In: Field, C.B., V. Barros, T.F. Stocker, D. Qin, 
D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G.-K. Plattner, S.K. Allen, M. Tignor and 
P.M. Midgley (eds.). Managing the Risks of Extreme Events and Disasters to Advance Climate Change 
Adaptation. A Special Report of Working Groups I and II of the Intergovernmental Panel on Climate 
Change. Cambridge University Press, Cambridge, UK, and New York, NY, USA. 

 Israel, A. and M. Hophy. 2002. Growth, photosynthetic properties and Rubisco activities and amounts of 
marine macroalgae grown under current and elevated seawater CO2 concentrations. Global Change 
Biology 8: 831–840.

Israel, A., R. Einav and J. Seckbach. 2010. Seaweeds and their Role in Globally Changing Environments. 
Springer, London.

 Johnson, C.R., S.C. Banks, N.S. Barrett, F. Cazassus, P.K. Dunstan, G.J. Edgar, S.D. Frusher, C. Gardner, 
M. Haddon, F. Helidoniotis, K.L. Hill, N.J. Holbrook, G.W. Hosie, P.R. Last, S.D. Ling, J. Melbourne-
Thomas, K. Miller, G.T. Pecl, A.J. Richardson, K.R. Ridgway, S.R. Rintoul, D.A. Ritz, D.J. Ross, 
J.C. Sanderson, S.A. Shepherd, A. Slotwinski, K.M. Swadling and N. Taw. 2011. Climate change 
cascades: shifts in oceanography, species’ ranges and subtidal marine community dynamics in eastern 
Tasmania. Journal of Experimental Marine Biology and Ecology 400: 17–32.

 Jorda, G., N. Marba and C.M. Duarte. 2012. Mediterranean seagrass vulnerable to regional climate warming. 
Nature Clim. Change, advance online publication.

 Kendrick, G.A., M. Waycott, T. Carruthers, M.L. Cambridge, R. Hovey, S. Krauss, P. Lavery, D. Les, 
R. Lowe, O. Mascaró, J. Ooi Lean Sim, R.J. Orth, D. Rivers, L. Ruiz-Montoya, E.A. Sinclair, 
J. Statton, J.K. van Dijk and J. Verduin. 2012. The central role of dispersal in the maintenance and 
persistence of seagrass populations. Bioscience 62: 56–65.

 Kirwan, M. and S. Temmerman. 2009. Coastal marsh response to historical and future sea-level acceleration. 
Quaternary Science Reviews 28: 1801–1808.

 Kordas, R.L., C.D.G. Harley and M.I. O’Connor. 2011. Community ecology in a warming world: The 
infl uence of temperature on interspecifi c interactions in marine systems. Journal of Experimental 
Marine Biology and Ecology 400: 218–226.

 Kroeker, K.J., R.L. Kordas, R.N. Crim and G.G. Singh. 2010. Meta-analysis reveals negative yet variable 
effects of ocean acidifi cation on marine organisms. Ecology Letters 13: 1419–1434.

 Krumhansl, K. and R. Scheibling. 2012. Production and fate of kelp detritus. Marine Ecology Progress 
Series 467: 281–302.

 Kuffner, I.B., A.J. Andersson, P.L. Jokiel, K.u.S. Rodgers and F.T. Mackenzie. 2008. Decreased abundance 
of crustose coralline algae due to ocean acidifi cation. Nature Geoscience 1.

 Larkum, A.W.D., A.J. McComb and S.A. Shepard. 1989. Biology of Seagrasses—A Treatise on the Biology 
of Seagrasses with Special Reference to the Australian Region. Elsevier, Amsterdam.

 Lima, F.P. and D.S. Wethey. 2012. Three decades of high-resolution coastal sea surface temperatures reveal 
more than warming. Nat. Commun. 3: 704.

Lima, F.P., P.A. Ribeiro, N. Queiroz, S.J. Hawkins and A.M. Santos. 2007. Do distributional shifts of northern 
and southern species of algae match the warming pattern? Global Change Biology 13: 2592–2604.



222 Marine Macrophytes as Foundation Species

 Ling, S.D., C.R. Johnson, S.D. Frusher and K.R. Ridgway. 2009a. Overfi shing reduces resilience of kelp 
beds to climate-driven catastrophic phase shift. Proceedings of the National Academy of Sciences of 
the United States of America 106: 22341–22345.

 Ling, S.D., C.R. Johnson, K. Ridgway, A.J. Hobday and M. Haddon. 2009b. Climate-driven range extension 
of a sea urchin: inferring future trends by analysis of recent population dynamics. Global Change 
Biology 15: 719–731.

 Lovelock, C.E., I.C. Feller, J. Ellis, A.M. Schwarz, N. Hancock, P. Nichols and B. Sorrell. 2007. Mangrove 
growth in New Zealand estuaries: the role of nutrient enrichment at sites with contrasting rates of 
sedimentation Oecologia.

 Madin, J.S., T.P. Hughes and S.R. Connolly. 2012. Calcifi cation, storm damage and population resilience 
of tabular corals under climate change. PLoS ONE 7: e46637.

 Mann, K.H. 1973. Seaweeds: their productivity and strategy for growth. Science 182: 975–981.
Marba, N. and C.M. Duarte. 2010. Mediterranean warming triggers seagrass (Posidonia oceanica) shoot 

mortality. Global Change Biology 16: 2366–2375.
Martin, S. and J.-P. Gattuso. 2009. Response of Mediterranean coralline algae to ocean acidifi cation and 

elevated temperature. Global Change Biology 15: 2089–2100.
Martínez, B., F. Arenas, M. Rubal, S. Burgués, R. Esteban, I. García-Plazaola, F. Figueroa, R. Pereira, 

L. Saldaña, I. Sousa-Pinto, A. Trilla and R. Viejo. 2012a. Physical factors driving intertidal macroalgae 
distribution: physiological stress of a dominant fucoid at its southern limit. Oecologia 170: 341–353.

Martínez, B., R.M. Viejo, F. Carreño and S.C. Aranda. 2012b. Habitat distribution models for intertidal 
seaweeds: responses to climatic and non-climatic drivers. Journal of Biogeography 39: 1877–1890.

 McKee, K.L. and J.E. Rooth. 2008. Where temperate meets tropical: multifactorial effects of elevated 
CO2, nitrogen enrichment, and competition on a mangrove-salt marsh community. Global Change 
Biology 14: 971–984.

Meehl, G.A., T.F. Stocker, W.D. Collins, P. Friedlingstein, A.T. Gaye, J.M. Gregory, A. Kitoh, R. Knutti, 
J.M. Murphy, A. Noda, S.C.B. Raper, I.G. Watterson, A.J. Weaver and Z. Zhao. 2007. Global climate 
projections. pp. 747–845. In: Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, A.M. Tignor and 
H.L. Miller (eds.). Climate Change 2007: The Physical Science Basis Contribution of Working Group 
I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 
University Press, Cambridge, UK and New York, NY, USA. 

Mohring, M.B., T. Wernberg, G.A. Kendrick and M.J. Rule. 2013. Reproductive synchrony in a habitat-
forming kelp and its relationship with environmental conditions. Mar. Biol. 160: 119–126.

Müller, R., C. Desel, F.S. Steinhoff, C. Wiencke and K. Bischof. 2012. UV-radiation and elevated 
temperatures induce formation of reactive oxygen species in gametophytes of cold-temperate/Arctic 
kelps (Laminariales, Phaeophyceae). Phycological Research 60: 27–36.

Nagelkerken, I., S.J.M. Blaber, S. Bouillon, P. Green, M. Haywood, L.G. Kirton, J.O. Meynecke, J. Pawlik, 
H.M. Penrose, A. Sasekumar and P.J. Somerfi eld. 2008. The habitat function of mangroves for terrestrial 
and marine fauna: A review. Aquatic Botany 89: 155–185.

National Oceanic and Atmospheric Administration. 2013. Carbon Dioxide at NOAA’s Mauna Loa 
Observatory reaches new milestone: Tops 400 ppm. In: Reseach Matters published online. <http://
researchmatters.noaa.gov/news/Pages/CarbonDioxideatMaunaLoareaches400ppm.aspx>.

Occhipinti-Ambrogi, A. 2007. Global change and marine communities: Alien species and climate change. 
Marine Pollution Bulletin 55: 342–352.

Olabarria, C., F. Arenas, R.M. Viejo, I. Gestoso, F. Vaz-Pinto, M. Incera, M. Rubal, E. Cacabelos, P. Veiga 
and C. Sobrino. 2012. Response of macroalgal assemblages from rockpools to climate change: effects 
of persistent increase in temperature and CO2. Oikos.

Orth, R.J., T.J.B. Carruthers, W.C. Dennison, C.M. Duarte, J.W. Fourqurean, K.L. Heck, Jr., A.R. Huges, 
G.A. Kendrick, W.J. Kenworthy, S. Olyarnik, F.T. Short, M. Waycott and S.L. Williams. 2006. 
A global crisis for seagrass ecosystems. Bioscience 56: 987–996.

Osunkoya, O. and R.G. Creese. 1997. Population structure, spatial pattern and seedling establishment 
of the Grey Mangrove, Avicennia marina var. australasica, in New Zealand. Australian Journal of 
Botany 45: 707–725.

Pearce, A., R. Lenanton, G. Jackson, J. Moore, M. Feng and D. Gaughan. 2011. The “marine heat wave” 
off Western Australia during the summer of 2010/11. Fisheries Research Report No. 222. Department 
of Fisheries, Western Australia, 40 pp.

Pearce, C.M. and R.E. Scheibling. 1990. Induction of metamorphosis of larvae of the green sea urchin, 
Strongylocentrotus droebachiensis, by coralline red algae. Biol. Bull. 179: 304–311.



Threats to Ecosystem Engineering Macrophytes: Climate Change 223

Pearson, G.A., A. Lago-Leston and C. Mota. 2009. Frayed at the edges: selective pressure and adaptive 
response to abiotic stressors are mismatched in low diversity edge populations. Journal of Ecology 
97: 450–462.

Pereyra, R.T., L. Bergstroem and L. Kautsky. 2009. Rapid speciation in a newly opened postglacial marine 
environment, the Baltic Sea. BMC Evolutionary Biology 9: 70.

Poloczanska, E.S., R.C. Babcock, A. Butler, A.J. Hobday, O. Hoegh-Guldberg, T.J. Kunz, R. Matear, 
D.A. Milton, T.A. Okey and A.J. Richardson. 2007. Climate change and Australian marine life. 
Oceanography and Marine Biology: An Annual Review 45: 407–478.

Poloczanska, E.S., A.J. Hobday and A.J. Richardson. 2012. Extreme events and climate change. pp. xx-xx. 
In: Poloczanska, E.S., A.J. Hobday and A.J. Richardson (eds.). A Marine Climate Change Impacts 
and Adaptation Report Card for Australia 2012. 

Richardson, A.J., C.J. Brown, K. Brander, J.F. Bruno, L. Buckley, M.T. Burrows, C.M. Duarte, B.S. 
Halpern, O. Hoegh-Guldberg, J. Holding, C.V. Kappel, W. Kiessling, P.J. Moore, M.I. O’Connor, 
J.M. Pandolfi , C. Parmesan, D.S. Schoeman, F. Schwing, W.J. Sydeman and E.S. Poloczanska. 2012. 
Climate change and marine life. Biology Letters. 

Riddin, T. and J.B. Adams. 2010. The effect of a storm surge event on the macrophytes of a temporarily 
open/closed estuary, South Africa. Estuarine, Coastal and Shelf Science 89: 119–123.

Roleda, M.Y., J.N. Morris, C.M. McGraw and C.L. Hurd. 2012. Ocean acidifi cation and seaweed 
reproduction: increased CO2 ameliorates the negative effect of lowered pH on meiospore germination 
in the giant kelp Macrocystis pyrifera (Laminariales, Phaeophyceae). Global Change Biology 
18: 854–864.

Russell, B.D., J.-A.I. Thompson, L.J. Falkenberg and S.D. Connell. 2009a. Synergistic effects of climate 
change and local stressors: CO2 and nutrient-driven change in subtidal rocky habitats. Global Change 
Biology 15: 2153–2162.

 Russell, B.D., J.A.I. Thompson, L.J. Falkenberg and S.D. Connell. 2009b. Synergistic effects of climate 
change and local stressors: CO(2) and nutrient-driven change in subtidal rocky habitats. Global 
Change Biology 15: 2153–2162.

 Russell, B.D., C.D.G. Harley, T. Wernberg, N. Mieszkowska, S. Widdicombe, J.M. Hall-Spencer and 
S.D. Connell. 2012. Predicting ecosystem shifts requires new approaches that integrate the effects of 
climate change across entire systems. Biology Letters 8: 164–166.

Sabine, C.L. and T. Tanhua. 2010. Estimation of anthropogenic CO2 inventories in the ocean. Annual 
Review of Marine Science 2: 175–198.

Scheibling, R.E. and P. Gagnon. 2009. Temperature-mediated outbreak dynamics of the invasive bryozoan 
Membranipora membranacea in Nova Scotian kelp beds. Marine Ecology Progress Series 390: 1–13.

Short, F.T. and H.A. Neckles. 1999a. The effects of global climate change on seagrasses. Aquatic Botany 
63: 169–196.

Short, F.T. and H.A. Neckles. 1999b. The effects of global climate change on seagrasses. Aquatic Botany 
63: 169–196.

Simas, T., J.P. Nunes and J.G. Ferreira. 2001. Effects of global climate change on coastal salt marshes. 
Ecological Modelling 139: 1–15.

Smale, D. and T. Wernberg. 2012. Ecological observations associated with an anomalous warming event 
at the Houtman Abrolhos Islands, Western Australia. Coral Reefs 31: 441–441.

Smale, D. and T. Wernberg. 2013. Extreme climatic event drives range contraction of a habitat-forming 
species. Proceedings of the Royal Society B 280: 2012–2829.

Sparnocchia, S., M.E. Schiano, P. Picco, R. Bozzano and A. Cappelletti. 2006. The anomalous warming 
of summer 2003 in the surface layer of the Central Ligurian Sea (Western Mediterranean). Annales 
Geophysicae 24: 443–452.

Stæhr, P.A. and T. Wernberg. 2009. Physiological responses of Ecklonia radiata (Laminariales) to a latitudinal 
gradient in ocean temperature. Journal of Phycology 45: 91–99.

Steneck, R.S., M.H. Graham, B.J. Bourque, D. Corbett, J.M. Erlandson, J.A. Estes and M.J. Tegner. 2002. 
Kelp forest ecosystems: biodiversity, stability, resilience and future. Environmental Conservation 
29: 436–459.

Swanson, A.K. and C.H. Fox. 2007. Altered kelp (Laminariales) phlorotannins and growth under elevated 
carbon dioxide and ultraviolet-B treatments can infl uence associated intertidal food webs. Global 
Change Biology 13: 1696–1709.

Tanaka, K., S. Taino, H. Haraguchi, G. Prendergast and M. Hiraoka. 2012. Warming off southwestern Japan 
linked to distributional shifts of subtidal canopy-forming seaweeds. Ecology and Evolution n/a-n/a.



224 Marine Macrophytes as Foundation Species

Thom, R.M. 1996. CO2-Enrichment effects on eelgrass (Zostera marina L.) and bull kelp (Nereocystis 
luetkeana (mert.) P. & R.). Water, Air, and Soil Pollution 88: 383–391.

Thomsen, M.S., T. Wernberg, A. Altieri, F. Tuya, D. Gulbransen, K.J. McGlathery, M.Holmer and 
B.R. Silliman. 2010. Habitat cascades: the conceptual context and global relevance of facilitation 
cascades via habitat formation and modifi cation. Integr. Comp. Biol. 50: 158–175. 

Thomsen, M.S., J.D. Olden, T. Wernberg, J.N. Griffi n and B.R. Silliman. 2011. A broad framework to 
organize and compare ecological invasion impacts. Environmental Research 111: 899–908.

Thomsen, M.S., T. Wernberg, A.H. Engelen, F. Tuya, M.A. Vanderklift, M. Holmer, K.J. McGlathery, 
F. Arenas, J. Kotta and B.R. Silliman. 2012. A meta-analysis of seaweed impacts on seagrasses: 
generalities and knowledge gaps. PLoS ONE 7: e28595.

Trenberth, K. 2012. Framing the way to relate climate extremes to climate change. Climatic Change 
115: 283–290.

UNESCO. 1993. Impact of expected climate change on mangroves. In: UNEP-UNESCO Task Team, Report 
of the First Meeting, Rio de Janeiro, 1–3 June 1992, II. UNESCO Reports in Marine Science 61.

Valentine, J.F. and C.R. Johnson. 2004. Establishment of the introduced kelp Undaria pinnatifi da following 
dieback of the native macroalga Phyllospora comosa in Tasmania, Australia. Marine and Freshwater 
Research 55: 223–235.

Valentine, J.P. and C.R. Johnson. 2003. Establishment of the introduced kelp Undaria pinnatifi da in Tasmania 
depends on disturbance to native algal assemblages. Journal of Experimental Marine Biology and 
Ecology 295: 63–90.

Vaselli, S., I. Bertocci, E. Maggi and L. Benedetti-Cecchi. 2008. Assessing the consequences of sea level 
rise: effects of changes in the slope of the substratum on sessile assemblages of rocky sea-shores. 
Marine Ecology Progress Series 368: 9–22.

Vaz-Pinto, F., C. Olabarria and F. Arenas. 2012. Role of top-down and bottom-up forces on the invasibility 
of intertidal macroalgal assemblages. Journal of Sea Research, in press.

Waycott, M., C. Collier, K. McMahon, P. Ralph, L. McKenzie, J. Udy and A. Grech. 2007. Vulnerability 
of seagrasses in the Great Barrier Reef to climate change. pp. 193–299. In: Johnson, J.E. and 
P.A. Marshall (eds.). Climate Change and the Great Barrier Reef. Great Barrier Reef Marine Park 
Authority and Australian Greenhouse Offi ce Australia. 

Waycott, M., C.M. Duarte, T.J.B. Carruthers, R.J. Orth, W.C. Dennison, S. Olyarnik, A. Calladine, 
J.W. Fourqurean, K.L. Heck, A.R. Hughes, G.A. Kendrick, W.J. Kenworthy, F.T. Short and 
S.L. Williams. 2009. Accelerating loss of seagrasses across the globe threatens coastal ecosystems. 
Proceedings of the National Academy of Sciences 106: 12377–12381.

Wernberg, T., M.S. Thomsen, P.A. Staehr and M.F. Pedersen. 2004. Epibiota communities of the introduced 
and indigenous macroalgal relatives Sargassum muticum and Halidrys siliquosa in Limfjorden 
(Denmark). Helgoland Marine Research 58: 154–161.

Wernberg, T., M.S. Thomsen, F. Tuya, G.A. Kendrick, P.A. Staehr and B.D. Toohey. 2010. Decreasing 
resilience of kelp beds along a latitudinal temperature gradient: potential implications for a warmer 
future. Ecology Letters 13: 685–694.

Wernberg, T., B. Russell, M. Thomsen, C. Gurgel, C. Bradshaw, E. Poloczanska and S. Connell. 2011a. 
Seaweed communities in retreat from ocean warming. Current Biology 21: 1828–1832.

Wernberg, T., B.D. Russell, P.J. Moore, S.D. Ling, D.A. Smale, A. Campbell, M.A. Coleman, 
P.D. Steinberg, G.A. Kendrick and S.D. Connell. 2011b. Impacts of climate change in a global hotspot 
for temperate marine biodiversity and ocean warming. Journal of Experimental Marine Biology and 
Ecology 400: 7–16.

Wernberg, T., D.A. Smale and M.S. Thomsen. 2012a. A decade of climate change experiments on marine 
organisms: procedures, patterns and problems. Global Change Biology 18: 1491–1498.

Wernberg, T., D.A. Smale, A. Verges, A. Campbell, B.D. Russell, M.A. Coleman, S.D. Ling, P.D. Steinberg, 
C.R. Johnson, G.A. Kendrick and S.D. Connell. 2012b. Macroalgae and temperate rocky reefs. 
pp. xx-xx. In: Poloczanska, E.S., A.J. Hobday and A.J. Richardson (eds.). Report Card of Marine 
Climate Change for Australia; detailed scientifi c assessment NCCARF Publication.

Wernberg, T., D.A. Smale, F. Tuya, M.S. Thomsen, T.J. Langlois, T. de Bettignies, S. Bennett and 
C.S. Rousseaux. 2013. An extreme climatic event alters marine ecosystem structure in a global 
biodiversity hotspot. Nature Climate Change 3: 78–82.

 Wiencke, C., M.Y. Roleda, A. Gruber, M.N. Clayton and K. Bischof. 2006. Susceptibility of zoospores 
to UV radiation determines upper depth distribution limit of Arctic kelps: Evidence through field 
experiments. Journal of Ecology 94: 455–463.



Threats to Ecosystem Engineering Macrophytes: Climate Change 225

 Wu, L., W. Cai, L. Zhang, H. Nakamura, A. Timmermann, T. Joyce, M.J. McPhaden, M. Alexander, B. Qiu, 
M. Visbeck, P. Chang and B. Giese. 2012. Enhanced warming over the global subtropical western 
boundary currents. Nature Climate Change 2: 161–166.

Xu, J. and K. Gao. 2010. Use of UV-A energy for photosynthesis in the red macroalga Gracilaria 
lemaneiformis. Photochemistry and Photobiology 86: 580–585.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




