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With 2 figures

Abstract: In many temperate regions, brown macroalgae fulfil essential ecosystem services such as the provision of structure, the fixation 
of nutrients and carbon, and the production of biomass and oxygen. Their populations in many regions around the globe have declined and/
or spatially shifted in recent decades. In this review we highlight the potential global and regional drives of these changes, describe the 
status of regionally particularly important brown macroalgal species, and describe the capacity of interactions among abiotic and biotic 
factors to amplify or buffer environmental pressure on brown macroalgae. We conclude with a consideration of possible management and 
restoration measures.
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1. Introduction

Anthropogenic activities have triggered environmental 
changes that greatly exceed the natural (Rockstrom et al. 
2009, Steffen et al. 2011, section 3). The speed of change 
in average environmental conditions and the increased fre-
quency of extreme events (heat waves, hypoxia) may exceed 
the potential of marine organisms for tolerance or adaptation 
(IPCC-AR5 2014, Koehn et al. 2011). Large-scale climate 
changes also interact with various regional-scale stressors. 
The compound effects of stressors may be additive, antago-
nistic or synergistic, but tend to be synergistic (“unexpect-
edly strong”) with increasing number of co-acting stressors 
(Crain et al. 2008, Brown et al. 2013).

Many marine populations are responding to global 

change (comprising climate change, shipping but also 
regional changes in coastal development, pollution or fish-

ing; reviewed by Firth & Hawkins 2011, see section 4) with 
changes in distribution, abundance, physiology and phenol-
ogy (e.g. Parmesan & Yohe 2003, Poloczanska et al. 2013). 
Retreating and advancing range margins, and contracting 
and fragmenting ranges are well documented in terrestrial 

systems, but are much less commonly reported from the 
marine realm-particularly for the ecologically important 
brown macroalgal species (e.g. Hawkins et al. 2009, and ref-
erences therein). Ongoing and expected changes in seaweed 
communities are relevant since seaweed-dominated habitats 
are hotspots of biodiversity, represent the bases of numer-
ous food webs and provide valuable ecosystem services 
(Wernberg et al. 2011a, Harley et al. 2012b).

Seaweeds may be particularly sensitive to global change 
because they are sessile, with limited propagule dispersal (but 
see Hobday 2000, Thiel & Gutow 2004, Coleman et al. 2011) 
and sensitive to temperature (Breeman 1988, Eggert 2012) 

                                                                                                                                                                                                © 2015 The authors 
DOI: 10.1127/pip/2015/0019                                   E. Schweizerbart´sche Verlagsbuchhandlung, Stuttgart, Germany,  www.schweizerbart.de

 Open Access Article

 

http://www.schweizerbart.de
mailto:mwahl@geomar.de


12 M. Wahl et al.

because unlike many heterotroph species they may not escape 
global warming by retreating into deeper (cooler but darker) 
waters. Seaweeds directly respond to most of the variables 
affected by global change (e.g. photon flux density, tempera-
ture, nutrients) in addition to being indirectly affected by shift-
ing demographic processes such as competition, consumption, 
parasitism and fouling (Wahl et al. 2011, Harley et al. 2012b, 
Koch et al. 2013). Such sensitivities have been expertly 
reviewed by Harley and co-workers (2012b) while Koch and 
colleagues (2013) have covered the interactive impacts of 
warming and acidification on macroalgal physiology. 
Observed large scale range shifts of macroalgae represent the 
integrated response to multiple and interactive stress (abiotic 
and biotic) on all ontogenetic stages of a species (e.g.Hawkins 
et al. 2009, Harley et al. 2012b) although patterns may differ 
remarkably between taxa and regions (e.g. Lima et al. 2007, 
Nicastro et al. 2013, Wernberg et al. 2011a). Regional dissimi-
larity in response patterns may result from differences in the 
interactions between local and global stressors and/or be due 
to abiotic changes being differently amplified or buffered by 
shifts in competition, consumption, parasitism, epibiosis, or 
diseases in the various ecosystems. In particular, the ecologi-
cal modulation of environmental stress is poorly understood. 
To help fill the gap between cause and effect (e.g. physiologi-
cal sensitivity as a proximate “cause” and range shifts as an 
“effect”) we here present several illustrative regional case 
studies of brown macroalgae (Fig. 1) under global change 
pressure. In contrast to the aforementioned reviews on mac-
roalgae in a changing world, we strive to differentiate between 
global and regional scale pressures and highlight the impor-
tance of stress modulation by biotic interactions. To achieve 
this, we describe in detail the state and prospects for important 
habitat-forming brown algal species from various biogeo-

graphic regions around the globe. We then summarize the sug-
gested direct and indirect pressures in these macroalgal 
communities to highlight the potential for connected buffering 
and amplifying feed-back loops among biotic and abiotic 
stresses on macroalgae. We particularly emphasise the indirect 
effects, i.e. the mediation of abiotic stress via shifting biotic 
interactions. This aspect of ecological modulation of global 
change impacts is very poorly known even as it becomes ever 
more apparent that such indirect effects may outweigh the 
direct effects of, for instance, warming or acidification (e.g. 
Harley et al. 2012b). Finally, we consider the range of man-
agement options for reversing declines of impacted macro-
algal populations in a changing world.

2. Potential pressures on macroalgae

2.1 Abiotic pressures

Increased human populations, particularly in coastal regions, 
have resulted in intensification of existing, as well as the 
emergence of new algal stressors, including coastal eutroph-
ication, hypoxia (Keeling et al. 2010), invasive species 
(Sutherland et al. 2014), disease (Sutherland et al. 2014), 
and anthropogenic climate change (IPCC-AR5 2014). The 
climate-related change in physicochemical properties of the 
environment has been thoroughly reviewed and will not be 
covered here (e.g. IPCC 2013, Graewe et al. 2013, Doney et 
al. 2012). In brief, climate change results in a range of effects 
on the ocean including precipitation and runoff changes, and 
temperature and circulation changes, while the direct effects 
of ocean acidification are just beginning to be revealed by 
a range of observational and experimental studies (Doney 
et al. 2012). These anthropogenic stressors, many with a 

Fig. 1. Global distribution of the major brown macroalgae species treated in this review [after 
Steneck & Johnson 2013, in: Bertness, M.D. et al. (2014), Marine Community Ecology and 
Conservation, Sinauer; GBIF and personal observation of the authors].
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long-term trend, compound an existing natural set of oscilla-
tions at a range of time scales from short-term storm events 
to annual and decadal climate fluctuations (e.g. ENSO, 
PDO) that influence the performance of brown macro-
algae. Climate variability has been an important factor in 
many studies on brown algae, particularly in understanding 

environmental stress – e.g. ENSO, temperature and nutrient 
availability impacting Macrocystis in California (Dayton et 
al. 1984). Insights from climate variability are also useful 
guides to the long-term change that may occur over coming 
decades. As an example, natural experiments with CO2 seeps 

are providing a window into the performance of algae in an 
“acidic” ocean (Hall-Spencer et al. 2008).

Model projections to 2100 and beyond strongly suggest 
that pH will decline further, ocean temperatures will rise in 
most places, and extremes will become more frequent (IPCC 
2013). The rate of warming, but presumably also the shift in 
other physical variables, varies among seasons and regions 
(e.g. Graewe et al. 2013, IPCC 2013, BACC 2010, Hobday 
& Pecl 2014). Direct CO2 impacts tend to be negative for 
crustose coralline algae but positive for fleshy macrophytes 
(Koch et al. 2013), but there are also implications of ocean 
acidification for the grazers of brown algae (urchins), and the 
early life history stages of many brown algae (Gaitán-Espitia 
et al. 2014). Too little work has been done on the different 
life stages of seaweeds or with multiple stressors to allow a 
clear picture to emerge (e.g. Wahl et al. 2011).

Coupled with increasing areas of anoxic waters and 
coastal eutrophication, the outlook for coastal temperate 
systems is poor, with dramatic changes in macroalgal com-
munities likely (Nellemann et al. 2008). Changes in indirect 
influences – e.g. nutrient supply, mixing, and grazing pressure 
are less certain, and model results of algal impact to date are 

conflicting. Overall, given the rate of change and compound-
ing of algal stressors, we consider the probability for long-
term impact is substantial. We show in subsequent sections 
that declines in single species are expected, with subsequent 
changes in community structure and composition likely, but 
less predictable (e.g. Wernberg et al. 2011b). For example, 
dramatic shifts in algal distributions attributed to coastal 
warming are reported for eastern Australia, where 85% of 
seaweed species had shifted south in the period 1990–2009 
compared to 1940–1960, while 56% on the west coast were 
recorded farther poleward (Wernberg et al. 2011a). Extreme 
events, particularly storms and marine heat waves also result 
in dramatic and large changes in distribution (Wernberg et al. 
2012). In the following sub-sections, we detail responses to 
a range of regional stressors including coastal development, 
herbivory, competition and disease.

2.2 Coastal development

Human-driven environmental changes through coastal 
development are producing combinations of environmental 
conditions that may push many ecological systems outside 
the environmental envelope in which they evolved. Indeed, 

there is an increase in reporting of algal-dominated transi-
tioning to contrasting states under altered environmental 
conditions (Airoldi et al. 2008). Some of the most striking 
of these occur in kelp forests which transition from a topo-
graphically complex, productive and diverse system to con-
trasting system of algae with topographic simplicity, lower 
diversity and productivity. These transitions from kelps to 
turf-dominated landscapes or algal mats occur in Norway, 
Sweden, Baltic, Mediterranean, Gulf of Maine, Australia and 
New Zealand (section 4.3).

A common feature associated with these changes is a degra-
dation of water quality that is enriched with resources, particu-
larly nutrients in the form of nitrogen from land-based activities 
(e.g. catchment management, wastewater treatment plants). 
Change of resource availability has long been known to play 
a fundamental role in regulating the productivity of individu-
als, species and, ultimately, communities (Harpole et al. 2011), 
but we are only just beginning to understand the implications of 
local activities that modify small-scale conditions and how they 
will combine with change in global conditions.

Resource enhancement is particularly problematic for the 
stability of algal dominated systems because they can trans-
form normally subordinate algae to become ecological dom-
inants. The very reason why ‘kelp-turf phase-shift’ tends to 
occur mostly on polluted coasts is because the altered water 
conditions favour a suite of species, which due to their physi-
ology (i.e. fast uptake of nutrients) and life history (ability to 
withstand high sediment loads) are well suited for polluted 
environments. The increase in carbon emissions and take-up 
by the oceans represents carbon enrichment on a global scale 
and has the potential to interact with coastal development 
to accelerate change (Russell et al. 2009). Unlike nitrogen 
enrichment, which tends to be localised and occur on rela-
tively rapid timescales of years to decades, carbon enrich-
ment occurs on biogeographic scales and accumulates more 
slowly. Hence, the nature of stasis or change within the next 
100 years will depend on interactions between local through 
global scale change in environmental conditions. For exam-
ple, nitrogen enrichment on some coasts likely increases 
the probability of community change, but for many coasts 
without nutrient pollution the enrichment of carbon alone 
may be insufficient to drive community change. Moreover 
the impact of resource enrichment will vary among species, 
potentially leading to shifts in species dominance that reflects 
species-specific limitations through contrasting physiolo-
gies (Falkenberg et al. 2013). As human activities modify 
resource availability at different scales and places, some spe-
cies may be released from these limitations while others may 
not be, potentially bringing considerable variability in the 
nature of change across the world’s rocky coasts.

Further changes in the coastal environment linked to 
human activity such as littoral constructions providing new 
hard substratum, changes in current regime, suspended matter 
and sedimentation rates (e.g. Bulleri & Chapman 2010), shifts 
in fishing pressure and disturbances linked to increasing 
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Fig. 2. Effects of some global change variables (grey) affecting the target macroalga (green) directly or indirectly via shifts in biotic 
interactions (orange). The conceptual scheme is incomplete, merely qualitative and mainly intended to illustrate the potential for amplify-
ing and buffering feed-back loops. Many but not all of the effects depicted are described in the text and referred to by the effect numbers 
of this graph. A = defense production, B = growth and reproduction, C = light harvesting, AG = anti-grazer defense, AF = anti-fouling 
defense. Digits = direct effect on or from the target macroalga. 1: shading lowers light harvest; 2: eutrophication may increase competi-
tiveness; 3: shading epibionts will reduce light harvest; 4: grazing reduces biomass and, thus, net growth, reproduction and light harvest-
ing; 5: diseases reduce fitness (growth, reproduction); 6: warming reduces fitness of brown alga at their equator-ward range margin; 
7: competition reduces fitness; 8,9: defenses may limit the effects of grazing and fouling. Letters = interaction among potential stressors. 
a: enhanced growth increases competitiveness; b: grazing may reduce the degree of fouling; c,d,e,f: bioinvasions may increase the 
numbers of pathogens, grazers, epibionts and competitors; g, h: warming tends to enhance grazing and fouling pressure, i: warming 
favors invasions; j,k: eutrophication favors ephemeral algal competitors (plankton, filamentous algae) and epiphytism, l: acidification 
favors non-calcifying over calcifying competitors, m: acidification may reduce grazing of calcifying consumers

tourist activities may reduce the habitat quality for macro-
algae but will not be treated in detail here.

2.3 Herbivory

In marine habitats, the removal of biomass by grazers (inter-
action “4” in Fig. 2) affects plant biomass stronger than in 
terrestrial habitats. This is due to a higher per capita effect of 
marine grazers (Cyr & Pace 1993) and a higher availability 

of seaweed biomass for grazers, because seaweeds often lack 
structural elements and, unlike terrestrial plants, lack below-
ground biomass (Hay 1991). Marine herbivores reduce, on 
average, 68% of the abundance of primary producers world-
wide (Poore et al. 2012). Strongest grazing effects were 
reported for rocky intertidal shores, while habitats dominated 
by vascular plants showed the weakest effects (Poore et al. 
2012). On tropical coasts 50 to 100% of seaweed production 



Responses of brown macroalgae to environmental change from local to global scales 15

is often consumed, mainly by herbivorous fishes (Hay 1997), 
while urchin grazing may denude kelp beds at boreal to polar 
latitudes (e.g. Norderhaug & Christie 2009), indicating that 
grazing by macro-herbivores is a major stressor for seaweeds 
at all latitudes. Yet, herbivores rarely consume individual 
seaweeds entirely. This allows seaweeds to respond to graz-
ing and to persist by either compensating grazing-induced 
biomass loss with growth or by deterring grazers (“8” in 
Fig. 2; Cronin 2001). As a consequence of this seaweed 
persistence, meso-herbivores also use seaweeds on which 
they feed as a habitat and nursery ground. This spatially 
close association between meso-herbivores and seaweeds 
makes strong species interactions and co-evolution possible. 
The grazing activity of meso-herbivores, for instance, may 
indirectly affect seaweed performance and fitness because 
thallus damage can increase seaweed susceptibility to dis-
eases (“p” in Fig. 2; see B5). Moreover, feeding scars in the 
thallus surface of tough seaweeds may facilitate consump-
tion by grazing species that have difficulties in penetrating 
undamaged thallus parts (Molis et al. 2010). Epibionts may 
enhance or reduce the consumption of the host alga depend-
ing on the identity of the grazer (Karez et al. 2000) and the 
epibionts (“n” in Fig. 2; Wahl & Hay 1995). On the other 
hand, grazing can be advantageous for seaweeds, because 
some grazers remove competing epiphytes (“o” in Fig. 2; see 

C4) without consumption of the underlying seaweed thallus, 
which receives more light and nutrients after the removal of 
the epiphytes (Underwood et al. 1992).

Besides biotic factors, environmental characteristics 
may affect seaweed accessibility and palatability for graz-
ers. Exposure to ultraviolet radiation (UVR), for instance, 
induced higher levels of UVR-blocking phlorotannins in 
the brown seaweed Fucus vesiculosus and stimulated con-
sumption by the isopod Idotea granulosa (Pavia et al. 1997). 
Furthermore, chemical anti-herbivory defences are affected 
in some macroalgae by irradiance and temperature (“1” & 
“6” in Fig. 2; see 4.1). Moreover, wave exposure may shift 
isopod consumption among Fucus species, because isopods 

were able to attach better to the narrow-leafed F. vesiculosus 

than to its broad-leafed congener F. serratus (Engkvist et al. 
2004). In addition, thallus toughness may be higher on wave-
exposed than on wave-sheltered shores, which also affects 
grazing impact (M Molis, unpubl. data).

Several anthropogenic factors are likely to increase rather 
than decrease grazing impact in a future ocean. First, cas-
cading effects of overfishing may lead to stronger grazing 
pressure on seaweed assemblages, because of the reduced 
top-down control of (meso-)grazers. Second, ongoing deple-
tion of stratospheric ozone will increase future irradiance 
of UVB radiation particularly in intertidal habitats, which 
may increase the consumption of seaweeds by herbivores 
like Idotea granulosa (Pavia et al. 1997). Third, native her-
bivores may provide biotic resistance to plant invasions 
(Parker & Hay 2005), but the arrival of non-indigenous 
herbivores eliminates this ecosystem service (Parker et al. 

2006), which may strongly affect the species composition of 
the macrophytobenthos of recipient habitats. Fourth, effects 
of ocean acidification may weaken the calcareous anti- 
herbivory mechanism of certain seaweeds, but may not affect 
palatability of non-calcified seaweeds (“m” in Fig. 2; Gutow 
et al. 2014). Yet in combination with adverse effects on cal-
cified herbivores and higher temperatures, ocean acidifica-
tion may cause shifts from kelp to algal turfs (“l” in Fig. 2; 

Connell & Russell 2010, see 3.2 & 4.3). Finally, in a warmer 
ocean we should expect an increase in grazing impact due 
to higher metabolic activities (“g” in Fig. 2), reduced herbi-
vore defences (“6” –> “8” in Fig. 2; Weinberger et al. 2011), 
increased herbivore populations (“g” in Fig. 2; Hernandez 
et al. 2010) and higher grazer diversity (“i”, “f” in Fig. 2; 

Hawkins et al. 2009), and – enhanced by eutrophication – 
blooms of epiphytes (“h”, “k” in Fig. 2) (Saunders et al. 
2010), all of which would promote a decline of large brown 
seaweed species.

2.4 Competition

Competition occurs when two organisms require the same 
limited resource(s) (exploitation competition) or when one 
organism blocks access of other organisms to resources 
required by the latter (interference competition) (e.g. Schiel 
& Foster 2006). Macroalgae need hard substratum for attach-
ment, nutrients, O2, CO2 (or HCO3-), numerous micronutri-
ents and trace elements for biomass build-up and light as a 
source of energy. Densely suspended particles (e.g. plankton, 
seston and sediments), but also shading neighbours as well as 
epibionts, interfere with a host alga’s access to energy (“3”, 
“7” in Fig. 2). Dense epibiosis may also hinder the access of 
thallus cells of their host to gases or nutrients (“3” in Fig. 2; 

e.g. Wahl et al. 2011). Sediment deposits may reduce the 
availability of settlement substratum through inorganic dep-
osition or organic deposition through the crash of plankton 
blooms (Berger et al. 2004). Sessile invertebrates compete 
with macroalgae for hard substratum. All primary producers, 
plankton, epibiotic algae, neighbouring macroalgae poten-
tially compete for dissolved nutrients. The identity of the 
competitors differs among seasons, depth and region. The 
intensity of the competition depends on the identity and bio-
mass of competitors, the overlap in required resources, the 
local availability of these resources and the capacity of the 
species in question to store the resources (Schiel & Foster 
2006, Wahl et al. 2011, Karez & Chapman 1998). The capac-
ity of many brown macroalgae to store energy and resource 

in a chemical form (laminaran, mannitol and the like) allows 
them to survive episodes of reduced resource availability 
(e.g. light shortage in winter, nutrient shortage in down-
welling phases, etc.) (Lehvo et al. 2001, Rioux et al. 2009).

Anthropogenic changes to the marine environment have 
the potential of modifying actual competitive relationships 
(HilleRisLambers et al. 2013, Wahl et al. 2011, Harley et al. 
2012a): warming may shift competitive interactions by dif-
ferentially affecting the interacting species; eutrophication 
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may alleviate the competition for nutrients (“2” in Fig. 2) but 
also enhance the biomass of competitors (“j”, “k” in Fig. 2; 

favouring fast growing ephemeral forms to the disadvantage 
of perennial maroalgae, in general); acidification may reduce 
competition with calcifiers (“l” in Fig. 2; epibionts, com-
petitors for hard substratum or nutrients) and – generally – 
favour autotrophs relative to heterotrophs; bioinvasions may 
introduce new competitors (“d” in Fig. 2). The most impor-
tant groups of competitors for macroalgae are (i) ephemeral 
autotrophs (plankton, filamentous macroalgae) which have 
the capacity to bloom by scavenging light and nutrients 
more efficiently in favourable periods and pass unfavourable 
periods in some resting form; (ii) small and fast-growing 
micro-epibionts like bacteria and diatoms taking up nutrients 
“upstream” of the macroalga and shading the host from light; 
(iii) other macroalgae with similar requirements, (iv) sessile 
invertebrates occupying hard substratum (Schiel & Foster 
2006, Rohde et al. 2008, Wahl et al. 2011, Short et al. 2014, 
Berger et al. 2003). Coastal constructions may enhance sedi-
mentation stress, the availability of hard substratum and the 
rate of biological invasions by providing “stepping stones” 
(e.g. Bulleri & Airoldi 2005). Co-existence between the dif-
ferent competing groups is often facilitated by strongly fluc-
tuating environmental conditions (e.g. Namba 1984, Wilson 
2011). Despite decades of field study on competition in the 
brown algae, most models that focus on the shifting distribu-
tion of algal species under climate change neglect how shift-
ing competitive interactions may amplify the more direct 
effects of e.g. warming or acidification (but see Connell et 
al. 2013), and as a result considerable uncertainty remains 
associated with projections.

2.5 Diseases

Disease is a fundamental process that affects the ecology 
and evolution of all organisms, by altering their perfor-
mance, fitness or survival but is often overlooked by ecolo-
gists relative to other processes (e.g. herbivory, competition, 
etc.). Diseases can have catastrophic impacts by causing 
widespread mass mortality (e.g. Harvell et al. 2001) or 
more subtle, persistent impacts, without necessarily increas-
ing mortality (Prenter et al. 2004). Such sub-lethal impacts 
(e.g. reduced growth and fecundity; Burdon 1987, Myers & 
Kuken 1995, Villalba et al. 2004; 5 in Fig. 2) occur because 
recovery from, resistance to or tolerance of disease typically 
incur substantial fitness or performance costs (Boots 2008, 
Gemmill & Read 1998). In addition to direct impacts, dis-
ease can also indirectly affect hosts by altering their interac-
tions with other organisms. For example, diseased hosts may 
be more or less susceptible to consumers (“p” in Fig. 2; Stout 

et al. 2006) and infection may alter an individual or species’ 
competitive ability (“q” in Fig. 2; Park 1948, Schall 1992). 
Recent innovations in the field of molecular microbiology, 
along with improved accessibility to many environments 
have facilitated the inclusion of disease as a factor in eco-
logical studies.

Our understanding of disease in natural populations of 
macroalgae is in its infancy. However, descriptive studies 
from many parts of the world suggest that diseases are com-
mon and affect diverse macroalgal species. Correa and asso-
ciates have described many seaweed diseases from the coast 
of Chile, including a whitening phenotype in Gracilaria 

chilensis (Correa & Flores 1995), ‘green patch’ and ‘deform-
ative’ diseases in Iridaea laminarioides (Correa et al. 1994, 
Correa et al. 1993) and endophytic infections of Chondrus 

crispus (Correa & McLachlan 1992). Endophytic infections 
cause thallus deformations in the kelp Saccharina latissima 

in the Baltic (Peters & Schaffelke 1996) and also appear to 
influence its depth distribution (Schaffelke et al. 1996a). A 
bacterial bleaching disease affecting a chemically-defended 
red seaweed (Delisea pulchra) was recently described in 
Australia. This condition was more common when water 
temperatures were high (“n” in Fig. 2) and algal chemi-
cal defences low (Campbell et al. 2011, Case et al. 2011, 
Fernandes et al. 2012). Although this disease does not increase 
algal mortality, it has dramatic impacts on the fecundity of 
affected individuals and also increases algal susceptibility to 
grazing (“p” in Fig. 2; Campbell et al. 2014a). On recent 
continental-scale surveys of Ecklonia radiata (the domi-
nant kelp in temperate Australia) and Phyllospora comosa 

(a large, canopy-forming fucoid), putative disease symptoms 
were widespread in natural populations of macroalgae, par-
ticularly during summer, and were correlated with changes 
in both algal chemistry and surface-associated microbial 
communities (Marzinelli, Campbell et al. in prep.). Diseases 
are a frequent problem in seaweed aquaculture (reviewed by 
Gachon et al. 2010), where bacterial (e.g. Craigie & Correa 
1996, Largo et al. 1999, Park et al. 2006), algal (e.g. Bolton 
et al. 2009), fungal (e.g. Amano et al. 1996) and viral (e.g. 
Gachon et al. 2010) pathogens impact the quality and quan-
tity of yields of cultivated red (e.g. Kakita & Kamishima 
2006), green (e.g. Bolton et al. 2009) and brown (e.g. Park 
et al. 2008) seaweeds. How well this information translates 
for natural ecosystems remains unclear.

Recent evidence suggests that the incidence and/or sever-
ity of diseases in natural marine ecosystems are increasing 

(Harvell et al. 2002, Jackson 2001, Lafferty et al. 2004). 
The influence of environmental change on disease dynam-
ics is likely to be complex, with direct and indirect impacts 
on both hosts and pathogens. Abiotic stressors can increase 
disease risk in macroalgae (Campbell 2011, Schaffelke et al. 
1996a) and environmental change can impact upon the abun-
dance (Pomeroy & Wiebe 2001), ‘behaviour’ (e.g. enhanced 
virulence; Banin et al. 2002, Rosenberg & Falkovitz 2004) 
or distribution of pathogens (Cook et al. 1998, Ford 1996). 
Many marine microbes have temperature-regulated viru-
lence (Klinkert & Narberhaus 2009, Konkel & Tilly 2000), 
becoming more infective when waters warm up (“n” in 
Fig. 2). Thus, it is possible that in warmer oceans, more 
stressed and susceptible hosts will be exposed to more abun-
dant, widespread and virulent pathogens. Although rarely 
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confirmed, diseases have been implicated in mass mortali-
ties of macroalgae. For example, widespread losses of the 
canopy-forming kelp E. radiata from coastal habitats around 
Goat Island, near New Zealand were associated with a cold 
water anomaly (Cole & Babcock 1996), overgrazing by her-
bivorous amphipods (Haggitt & Babcock 2003) and an abun-
dance of virus-like particles on necrotic kelp tissues (Easton 
1995, Easton et al. 1997). Environmentally-mediated disease 
was suggested as a potential cause of range fragmentation of 

the large fucoid alga P. comosa in Australia (Coleman et al. 
2008) and a bacterial pathogen caused widespread mortality 
of encrusting coralline algae on reefs in the tropical Pacific 
(Littler & Littler 1995), but remains unidentified. Diseases 
of macroalgae appear to be prevalent and widespread and 
should therefore be included as another potential important 
ecological factor in seaweed ecology. The advent of novel 
molecular tools combined with experimental ecology ren-
ders such investigations possible now.

3. Regional examples of stress impact

In the following subsections we consider the current status 
and expected change of foundational algal species, including 
Ascophyllum nodosum, Laminaria hyperborea (and some 
other Laminaria species), Fucus vesiculosus, Macrocystis 

pyrifera and Ecklonia radiata. These large, perennial, can-
opy-forming macroalgae represent three-dimensional habi-
tats harbouring numerous species of epibionts, sub-canopy 
flora and associated motile fauna, including juvenile fish 
(e.g.Thompson et al. 1996, Kersen et al. 2011, Ronnback 
et al. 2007). They contribute substantially to water quality by 
the fixation of nutrients and carbon, by the provision of oxy-
gen, and by buffering environmental stress (e.g. acidifica-
tion). Their ecological importance and their contribution to 
ecosystem functioning are increasingly recognized, as is the 
threat of their potential declines (e.g. Wernberg et al. 2011a, 
Harley et al. 2012b).

3.1  The bladderwrack Fucus vesiculosus in the 

Baltic Sea

During the past four decades, the distributional area of one of 
the major macrophyte species of the Baltic Sea, Fucus vesic-

ulosus, has shrunk by over 95% (e.g. Berger et al. 2004, Torn 
et al. 2006 and references therein). This reduction mainly 
reflects a massive shoaling of the macroalgae. The trend has 
slightly reversed in the rocky shores of W-Sweden (Nilsson 
et al. 2004) but apparently not in the rest of the Baltic Sea 
(Torn et al. 2006). F. vesiculosus is the only macroalga pro-
viding the abovementioned ecosystem services in almost the 
entire Baltic Sea including much of the low-salinity regions 
of the eastern and northern regions. The observed decrease 
is, thus, alarming.

Earlier research suggested eutrophication (enhancing epi-
biosis) was the main driver of the decline of F. vesiculosus 

(“k” in Fig. 2; Vogt & Schramm 1991) however, recent evi-
dence suggests it is rather a multifactorial phenomenon (Wahl 
et al. 2011 and references therein): in the Western Baltic, 
Fucus is presently found between 0 and 2m depth (Wahl 
et al., own obs.). Eutrophication enhances grazing (Hemmi 
et al. 2005) and leads to denser plankton in spring and sum-
mer (BACC 2010) that, through shading, limits the growth 
of Fucus below 4–5 m, but enables it above 4m (Rohde et 
al. 2008). However, between 2 and 4 m, reduced irradiation 
(“1” in Fig. 2) plus increasingly warm water temperatures 
(“6” in Fig. 2) impact the capacity of the algae to produce 
chemical antifouling and antifeeding defenses (Weinberger 
et al. 2011). At the same time, circumstantial evidence sug-
gests that fouling and feeding pressure have increased in the 
last decades (e.g. Korpinen et al. 2007): warming enhances 
microbial fouling (“h” in Fig. 2; Wahl et al. 2010), warm-
ing plus eutrophication enhance fouling by filamentous algae 
(“h”, “k” in Fig. 2; Berger et al. 2004, Korpinen et al. 2007) 
and reduce recruitment of F. vesiculosus (Berger et al. 2004), 
and warming increases both the number and the per capita 
consumption of mesograzers (“g” in Fig. 2; Leidenberger 
et al. 2012, own unpubl. data) which, in their turn, are less 
and less controlled by fishes due to overfishing. Coastal 
constructions increase local sedimentation rates, which 
leads to suffocation of algal recruits (Berger et al. 2003). 
One invasive macroalga, Gracilaria vermiculophylla is a 

direct competitor of F. vesiculosus (“d” in Fig. 2) and indi-
rectly impacts Fucus by favouring its consumers (isopods) 
(Weinberger et al. 2008): isopods hide in Gracilaria during 

daytime from their fish predators, but preferentially feed on 
nearby Fucus (and its epibionts) at night rather than on well-
defended Gracilaria. Whether new pathogens or parasites 
impact Fucus additionally, or whether native pathogens or 
parasites are more virulent due to changing environmental 
conditions or a weakening of the macroalga’s defenses is not 
known. The roles of these multiple stressors, their interac-
tions and the existence of several feedback loops have been 
demonstrated for the Western Baltic (see references above). 
How this complex stress regime shifts along the alga’s distri-
butional range remains to be investigated.

3.2 Kelp Laminaria spp. in the Northern Atlantic

The genus Laminaria comprises more than 30 species, mainly 
distributed along the cold-temperate and polar coasts of both 
hemispheres, where Laminaria-standing crops reach 47 kg 
biomass m-2 (Bartsch et al. 2008). Laminaria species are 

economically (e.g. as source for alginates) and ecologically 
(e.g. as bio-engineers) important kelps. A single Laminaria 

hyperborea specimen, for instance, can provide a habitat 
for >10,000 individual mobile macroscopic invertebrates 
(Christie et al. 2003). For the last two decades, a growing 
number of studies report on changes in demographic param-
eters of Laminaria populations, presumably due to changes 
in the abiotic and biotic environment (Bartsch et al. 2008). 
Furthermore, a decline in the density of different Laminaria 
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populations along European coasts has been observed, e.g. 
for L. digitata in Brittany and UK (Raybaud et al. 2013). 
The warming of the oceans is seen as one, perhaps the most 
important, cause of these changes in the biogeographic dis-
tribution of several Laminaria species, because temperature 

strongly controls their performance, survivorship, reproduc-
tion, and recruitment (Müller et al. 2009, Harley et al. 2012a, 
Bartsch et al. 2013). The growth range of cold-temperate 
Laminaria species, for instance, is between 0 and 20° C and 
continuous exposure to higher temperatures for about one 
month or longer will kill Laminaria species (Bartsch et al. 
2008). Consequently, the distribution range of the cold-tem-
perate Laminaria species is predicted (Raybaud et al. 2013, 
Müller et al. 2009) to shift northward, with empirical support 
of L. hyperborea arrival on the southern coasts of Svalbard 
(Müller et al. 2009), because growth and reproduction will 
improve under the milder winter conditions at higher latitude 
and deteriorate during hotter summer months at lower lati-
tude. Besides temperature, ultraviolet radiation (UVR) is also 
known to affect the population structure of Laminaria spe-
cies. Wiencke et al. (2006), for instance, showed detrimen-
tal UVR effects on germination rate in Laminaria species. 
Current depletion levels of stratospheric ozone suggest that 
Laminaria species dwelling from polar to temperate regions 

could be affected and that the detrimental UVR effects on 
zoospore structure and physiology, germination success, and 
growth may be intensified in a warmer ocean (Steinhoff et al. 
2008, Müller et al. 2008). According to the IPCC (2014), 
the intensity of storms and ultimately wave exposure will 
increase, in particular in the Arctic. Consequently, older, 
larger, and more rigid specimens should be more frequently 
dislodged, which may alter vertical distribution patterns of 
Laminaria species that show different susceptibility to wave 
action, such as L. hyperborea with a stiff compared with  
L. digitata with a flexible stipe.

The arrival of non-indigenous species represents 
another source of environmental stress for Laminaria 

species. The number of released spores by L. longicruris 

from the NW Atlantic, for instance, was reduced nearly 
100-fold in kelps that were completely covered by the 
non-indigenous bryozoan Membranipora membranacea 

(“c” in Fig. 2; Saier & Chapman 2004). In addition, the 
calcareous, sheet-like bryozoan colonies increased the 
brittleness in the thallus of several Laminaria species, 

stimulating wave-induced defoliation (e.g. Krumhansl 
et al. 2011). Grazing by e.g. the snail Lacuna vincta, can 

also promote Laminaria canopy loss, because feeding 

scars and grazing-induced perforations function as pre-
determined breaking points (Krumhansl et al. 2011). By 
concentrating grazing damage on non-encrusted areas of 
blades, L. vincta may act synergistically with M. mem-

branacea to increase the likelihood of blade breakage and 
canopy loss (O’Brien et al. 2013). Infestation by endo-
phytes may also exert a stress on Laminaria species. In 
the Baltic Sea, for instance, survival of shallow-water 

Saccharina latissima was strongly reduced, apparently 

because endophyte (Streblonema aecidioides)-induced 
host deformations were stronger in specimens living at 
shallow than at greater depth (Schaffelke et al. 1996b).

In a future ocean, we expect Laminaria species to shift 
poleward and to deeper depth, with potentially strong 
regional effects on the diversity and structure of benthic 
communities.

3.3 Ecklonia radiata in southern Australia

Canopies of macroalgae represent southern Australia’s 
predominant habitat along its rocky coast, with Ecklonia 

radiata being the most common kelp (Connell & Irving 
2008). At the centre of this distribution, however, canopies 
have undergone wholesale loss within several locations of 
intense coastal development. Here, the human population 
has increased tenfold over the last 30 years with exponential 
increases in the discharge of sewage and storm water that 
has increased coastal nutrient and sediment loads (Connell 
et al. 2008). This liberation of resources in the form of nutri-
ents has enabled weedy species (i.e. turf-forming or mat-
forming algae; Connell et al. 2014) to expand and displace 
perennial species of canopy-forming algae (“j” in Fig. 2; 

Connell & Russell 2010). This switch by low-lying mats 
from competitive subordinates to competitive dominants 
occurs in locations where quality has been degraded by ter-
restrially derived nitrogen, most notably catchments where 
urbanisation has been zoned and rapid residential develop-
ment ensued (Gorman et al. 2009). The precise mechanism 
of kelp loss probably occurs via the ability of mats to trap 
sediment into their structure and prevent the successful 
attachment of spores of kelp and their subsequent recruit-
ment back onto rock. The relative abundance of different 
types of algae often reflects resource limitations, but many 
of these constraints are undergoing large, rapid shifts. 
These new environmental conditions appear to favour spe-
cies with fast rates of colonization, growth and short gen-
eration times that can competitively displace lower growing 
and longer-living space-holders when resource availability 
is increased (Gorman & Connell 2009). The most notable 
of these are turf-forming or mat-forming algae (Connell 
et al. 2014). These algae are characteristically small, with 
high surface-area-to-volume ratios and high demand for 
resources relative to canopy-forming algae. Physiologically, 
they require substantial resources to enable their normally 
ephemeral status to become competitively superior to peren-
nial species that characterize canopies. Mats are normally 
ephemeral as their covers fluctuate rapidly in response to 
the availability of resources for growth. An emerging issue, 
therefore, is the uptake of increasing carbon emissions by 
the oceans to increase the availability of carbon; resource 
enrichment at a global scale that is observable in accelerated 
mat growth across tropical and temperate coasts (Connell 
et al. 2013). Co-limitations between nitrogen and carbon are 
relieved by enrichment to enable mat expansion to increase 
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at double the current rate (Falkenberg et al. 2013). Within 
the next 100 years, the levels of nutrient and carbon enrich-
ment may combine in synergistic ways that accelerate the 
expansion of mat-forming algae at a pace that far exceeds 
that observed over the last 30 years (Russell et al. 2009). 
Unlike nitrogen enrichment, which tends to be localised and 
occur on relatively rapid timescales of years to decades, car-
bon enrichment occurs on biogeographic scales and accu-
mulates more slowly. Whilst nitrogen and carbon provide 
direct benefits for kelp, their indirect effects on kelp, via turf 
expansion, exceeds any positive effect.

3.4 The giant kelp Macrocystis

Giant kelp, Macrocystis, forms an iconic “kelp forest” 
habitat with a dense surface canopy along coastal regions 
of the eastern Pacific Ocean from Baja California to south-
east Alaska; the southern hemisphere coastlines of South 
America, South Africa, New Zealand, and Australia; and 
around many sub-Antarctic islands (Graham et al. 2007b, 
Fig. 1). This widespread distribution and diversity of growth 
forms led to several species being recognized, although 
recent consensus based on genetic evidence is that there is a 
single, morphologically plastic, species, M. pyrifera (Coyer 
et al. 2001; Graham et al. 2007a). Macrocystis forests sup-
port a rich diversity of species, including commercially valu-
able abalone, rock lobster, and many species of finfish. In 
some regions, Macrocystis is also commercially harvested 
for alginates, which are used in a range of food products.

Ecological studies of Macrocystis forests, particularly 

those based on long-term natural and designed experiments 
have made a strong contribution to several ecological “prin-
ciples” involving stress. Foremost of these is the discovery 
of marine trophic cascades, with the kelp-urchin-otter inter-
actions considered a classic in ecology (Estes et al. 1998, 
Foster & Schiel 1988). Predator-prey experiments, based 
in Macrocystis habitats, revealed the importance of urchin 
grazing (“4” in Fig. 2; Dean et al. 1984, Harrold & Reed 
1985), while clearing experiments revealed responses of 
the understory algal species and showed competition for 
resources between algal species (“7” in Fig. 2; e.g. Graham 
et al. 2007b). Long-term monitoring has also been impor-
tant in kelp forest ecology, with variation in distribution and 
abundance in response to stressors observed on many time 
scales. Californian studies first showed the importance of 
nutrient supply (“j”, “k” in Fig. 2), which varied with ENSO 
events and sewage spills (Tegner et al. 1995). Extreme 
events play an important role in kelp forest dynamics, with 
storms capable of eliminating large forests (Dayton et al. 
1992). Opportunistic study following storms showed succes-
sional stages of recovery that revealed complex dynamics 
and interactions (e.g. Tegner et al. 1997).

In Tasmania, reanalysis of aerial survey photographs 
and mapping from the 1940’s have revealed a long-term 
Macrocystis decline attributed in part to climate change 
and coastal warming (Johnson et al. 2011, Edyvane 2003). 

With less than 10% of former kelp forest habitat remain-
ing in south-east Australia, in 2012 Macrocystis was the 
first Australian marine community to be listed as endan-
gered (EPBC-Act 1999). Long-term change in Macrocystis 

distribution has also been linked to increased sedimenta-
tion associated with coastal development and dredging. 
In recent times, grazing by a range-shifting sea urchin 
Centrostephanus has led to extensive barrens and placed 
additional pressure on kelp forests and their associated spe-
cies in eastern Tasmania (Ling et al. 2009, Ling 2008). Loss 
of predators of grazing urchins in kelp forest has been sug-
gested to make these systems less stable and vulnerable to 
climate change (Steneck et al. 2002, Johnson et al. 2011). 
In California there is evidence that an oceanic regime shift 
has resulted in climate now becoming more of a forcing 
factor (Parnell et al. 2010). Harvesting of Macrocystis in 

South America has caused declines in the past (Vasquez 
& Vega 1999), which led to attempts to culture plants for 
aquaculture feeds. Unpredictably, Macrocystis populations 

in northern Chile began to decrease after the 1999 La Niña 
(Vega et al. 2005). The direct cause remains unknown but 
may be linked to Macrocystis recruitment failure (Graham 
et al. 2007b). Early Macrocystis life history stages may be 
vulnerable to a different set of stressors than mature plants 
– for example, Gaitán-Espitia et al. (2014) showed that ele-
vated temperature and pCO2 decreased germination rates 

and increased spore mortality. Overall, Macrocystis is vul-
nerable to a wide range of local stressors associated with 
human activities throughout its range, and to a growing set 
of stressors associated with global warming.

3.5  Knotted wrack Ascophyllum nodosum in the 

Northern Atlantic

The genus Ascophyllum consists of a single species,  

A. nodosum, confined to the North Atlantic Ocean. It is 
widely distributed, and the most abundant species (in bio-
mass) on North Atlantic rocky shores. Standing crops typ-
ically range from 20 to 28.9 kg fresh wt.m-2 (Vadas et al. 
2004). Annual productivity has been estimated up to 894 g 
C . m-2 . yr-1 with 50–60% percent of standing biomass lost 
to detrital pools through ice scour and rafting, suggesting 
turnover every 2 years in disturbed locations (Mathieson et 
al. 1982, Cousens 1984, Vadas et al. 2004). Ascophyllum is 

an important economic resource. Harvesting has increased, 
peaking at 37,000 tonnes in 2007 (Ugarte et al. 2009) in 
Atlantic Canada alone, for products ranging from fertilizer, 
cosmetics and, nutritional supplements to packing material to 

ship seafood. It is an open question whether current harvest-
ing practices (cutting ~15–30 cm above holdfast) will sustain 
populations that fluctuate in response to climate change.

A. nodosum is the foundation species in North Atlantic 
sheltered rocky shore ecosystems. Its detrital biomass pro-
vides a large subsidy for secondary consumers/decompos-
ers, whereas consumption by herbivores is a relatively 
small fraction of production. On both sides of the Atlantic, 
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consumer effects are variable, often weak, with the greatest 
impact on germlings (Vadas et al. 1992, Cervin & Aberg 
1997, Dudgeon & Petraitis 2005). Ascophyllum has strong 
non-trophic effects on communities. Canopies dampen 
physical stress especially in upper shore habitats (Bertness 
& Leonard 1997, Leonard 2000), thereby enhancing sur-
vivorship and diversity compared to habitats without 
Ascophyllum (Hacker & Gaines 1997, Larsen 2012, Watt 
& Scrosati 2013).

Historically, Ascophyllum ranged from Baffin Island and 
northern Norway in the north to New Jersey and northern 
Portugal in the south in the western and eastern Atlantic 
Ocean, respectively. Present day southern limits are Long 
Island Sound and Viano do Castelo in Portugal (Araujo et 
al. 2012, Keser et al. 2005). Models predicting distributional 
changes to projected climate change vary. A fine-scale model 
indicates its distribution responds to non-climatic drivers. A 
coarser-scale thermal niche model predicts an expanded dis-
tribution into the Arctic, little change in the western south-
ern limit, but an 8–10° northward shift in the eastern North 
Atlantic (Martinez et al. 2012, Jueterbock et al. 2013).

Two lines of evidence implicate warming as a potential 
driver of future Ascophyllum population dynamics. In Long 
Island Sound, growth over 24 years increased with a 1.6°C 
rise to the present ambient temperature of 23°C (Keser et al. 
2005). Nearby populations in the thermal plume of a power 
plant decreased growth and increased mortality above 25°C. 
An emerging trend is a shift in phenology ~2 weeks earlier 
in the spring (S. Dudgeon, pers. obs.), which coincides with 
a model of gamete release correlated with SST (Bacon & 
Vadas 1991). Phenological shifts alter growth, survivorship 
and the timing and strength of species interactions (Kordas 
& Dudgeon 2011, Kordas & Dudgeon 2009) and are consist-
ent with the “northward shift of the southern limit” hypoth-
esis under climate change.

Ascophyllum shows great longevity; fronds >20 years 
[S. Dudgeon, pers. obs] and genets many decades (Aberg 
1992) have been reported. Local populations persist for 
centuries (Aberg 1992) and phylogeographic architec-
ture indicates Ascophyllum has survived >1 glacial/inter-
glacial cycle (Olsen et al. 2010). Anthropogenic impacts 
from warming (and correlated changes) and harvesting 
pose the greatest threat to populations and, hence, south-
ern temperate sheltered shore ecosystems that depend on 
it (Ugarte et al. 2009). Ascophyllum population structure 

and life history may be a double-edged sword in the con-
text of predicted changes. On one hand, longevity and 
overlapping generations may buffer populations against 
losses in genetic diversity due to drift (Araujo et al. 2012), 
which may enable adaptation. On the other hand, these 
traits render Ascophyllum-dominated communities vulner-
able to ecological catastrophes in a changing environment 
(Petraitis et al. 2009, Petraitis & Dudgeon, in review). In 
these respects, Ascophyllum-dominated shores are particu-
larly useful models for predicting the dynamics of systems 

whose composition and function depends on a foundation 
species with top-heavy population structures of many long-
lived adults and few, poorly recruiting juveniles.

4. Management and restoration

The preceding sections have demonstrated that in many 
regions, macroalgae have experienced contractions of their 
distributional range and are likely to continue doing so under 

climate change. Since large algal species are ecological pil-
lars of regional benthic diversity, the threat of losing species 
and of reduced ecosystem function should represent a moti-
vation for implementing counter measures.

In the face of observed macroalgal declines, a range of 
options to offset losses have been trialled. Passive manage-
ment, including creation of protected areas or reduction of 

coastal pollution, is a common approach yet may not be suf-
ficient if there is an ongoing trend in the stressors associ-
ated with the observed decline. For example, bioclimatic 
modelling studies incorporating future climate scenarios 

suggest that Macrocystis may become geographically more 
restricted in the future, and while a move to deeper cooler 
waters will be possible in some ocean regions, light limita-
tion will generally prevent such movement (Graham et al. 
2007a). Thus, while conservation in a preventative sense 
is a partial solution to the challenge of habitat degradation, 
the status of many of the world’s ecosystems clearly dem-
onstrates that passive conservation is not sufficient (Lotze 
et al. 2006). In the marine realm, between 50–90% of eco-
systems remain in a degraded state from which they fail to 
recover despite extensive conservation efforts (Lotze et al. 
2006, Lotze et al. 2011). Therefore, there is a need to go 
beyond conservation to restoration, i.e. not only minimize 
biodiversity loss, but also recover what has been lost (Young 
et al. 2005). The application of habitat restoration to differ-
ent marine systems is, however, very uneven, with kelp for-
ests receiving much less attention than other habitats such as 
coral reefs or sea grasses, despite similar impacts (Goodsell 
& Chapman 2009). Habitat restoration has seen limited suc-
cess via “replanting” Macrocystis into areas where it has 
disappeared, suggesting that long term change in habitat 
suitability has occurred (e.g. Sanderson et al. 2004, but see 
Campbell et al. 2014). Management of Macrocystis grazers 
(urchin control), via direct intervention (culling), reintroduc-
tion/translocation of predators, and minimum size limits for 
harvested predators (rock lobster) is also being trialled in 
Tasmania (Johnson et al. 2011). Evidence for the importance 
of predators in limiting urchin grazing suggests that manag-
ing for predator biomass may be the most widely applicable 
strategy (Ling et al. 2010). Maintaining viable populations in 
some regions may require even more radical climate adap-
tion strategies (Koehn et al. 2011), including translocation 
from “resilient” populations, and consideration of artificial 
fertilization to maintain nutrient supplies.
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The aim of restoration, i.e. to actively return ecosystem 
structure and function from a degraded state to a previous, 
natural condition or less degraded state, is intrinsically eco-
logical and thus requires thorough ecological understand-
ing of the interactions and processes that shape ecosystems 
to define sensible goals and successfully achieve them 
(Underwood 1996). Clearly defined goals and quantitative 
data collected in a way that allows for testing of specific eco-
logical hypotheses are essential (Young et al. 2005, Goodsell 
& Chapman 2009).

It is useful to think of restoration as the opposite of an 
environmental impact and take advantage of the well-devel-
oped ecological theory on the subject (e.g. ‘Beyond BACI’ 
[Before-After Control-Impact] designs; Underwood 1992) 
and extend it to restoration ecology (Underwood 1996, 
Chapman 1999). The “impact” or restoration success can be 
effectively determined in designs that take into considera-
tion spatial and temporal variability by assessing replicated 
restored, reference (the ‘goal’, pristine or less degraded 
areas) and unrestored (‘controls’) locations, several times 
before and after the restoration effort (Chapman 1999). This 
allows defining clear goals against which to measure suc-
cess, while, at the same time, taking into account the intrinsic 
variability of natural systems.

Seeding and/or transplantation of juvenile or adult thalli 
have been used as techniques for restoring seaweed popu-
lations, particularly where propagule supply is low and 
recruitment is enhanced by the presence of a canopy (e.g. 
Stekoll & Deysher 1996, Hernandez-Carmona et al. 2000, 
Campbell et al. 2014b). The aim is thus to get recruitment 
and eventually establish a self-sustaining population with 
similar ecology to those in reference areas (Campbell et al. 
2014b). Other techniques focus on artificially modifying 
the environment (e.g. increasing substratum complexity) 
to enhance recruitment (e.g. Terawaki et al. 2001, Deysher 
et al. 2002). However, before embarking in such labour-
intensive habitat restoration experiments and increasing 
the spatial extent (Hobbs & Norton 1996, Peterson et al. 
2003), it is necessary to understand what caused the decline 
of the habitat in the first place, as restoring habitats where 
the cause(s) of its initial decline have not been removed 
or reduced would be a waste of resources (Connell et al. 
2008, Goodsell & Chapman 2009). We acknowledge, how-
ever, that linking cause and effect may be difficult when 
the drivers of a decline are multifactorial and interactive 
as described in the previous sections. Improving environ-
mental conditions such as enhancing water quality may be 
sufficient to restore lost algal beds directly or indirectly, 
e.g. by reducing algal turfs and thereby enhancing kelp 
recruitment (Gorman & Connell 2009). Indeed, the connec-
tion between research and government policy in southern 
Australia provides an example whereby knowledge (and 
decision making) across local through global scales pro-
vides solutions to some of the most vexing challenges for 
attaining social goals of sustainability, biological conserva-

tion and economic development. For example, by recognis-
ing the consequences of breaching co-limitation, managers 
have the capacity to reduce or even reverse the effects of 
carbon emissions (Ghedini et al. 2013). This capacity has 
been recognised by coastal policy makers of South Australia 
who have redoubled their effort to reduce coastal nitrogen 
loads by 75%. Engineering improvements to wastewater 
treatment plants, water-recycling and improved catchment 
management sought to reduce 5000 tonnes of nitrogen per 
annum (Gorman et al. 2009). By reducing this local stressor, 
a resource under local control, the co-limitation of nitrogen 
with carbon was re-established to dramatically slow the 
rates of algal mat expansion (Falkenberg et al. 2013). Once 
the direct factors responsible for macroalgal declines are 
removed or reduced, understanding the ecological processes 
and interactions operating in those systems is crucial, given 
that some indirect processes (e.g. high grazing/low prop-
agule supply Schiel & Foster 1992, Hernandez-Carmona 
et al. 2000, Carney et al. 2005) can limit restoration success 
(Goodsell & Chapman 2009). Finally, determining what 
additional ecosystem values are likely to be added through 
the restoration of a certain habitat-forming species where, 
in principle, other functionally similar species are still pre-
sent, will allow informed decisions on the desirability and/
or benefits of restoration (Marzinelli et al. 2013).

5. Synthesis and conclusions

The five examples of impact on habitat-forming brown mac-
roalgae all describe an ongoing or expected range shift, most 
often accompanied by a range contraction. Responses to sets 
of drivers for this process differ in some aspects but overall 
show much consensus. Interestingly, in no instance are the 
“classical” global change components (warming, acidifica-
tion, UV, eutrophication) considered strong enough stressors 
to have produced the observed population responses, alone, 
nor in combination. Interactive effects among global abiotic 
and regional abiotic and biotic factors seem to be responsi-
ble; Fucus vesiculosus seems to respond most to warming 

and eutrophication interacting with grazing and epibiosis, 
Laminaria spp. to warming and UV radiation interacting 
with grazing, diseases and epibiosis, Ecklonia radiata to 

eutrophication and acidification interacting with competi-
tion, Macrocystis pyrifera to warming, nutrients and storms 

interacting with grazing and epibiosis, as well as acidifica-
tion interacting with recruitment and Ascophyllum nodosum 

to warming interacting with phenology and to harvesting. In 
the majority of cases the biotic interactions seem to amplify 
the abiotic drivers. In contrast to the brown macroalgae, fila-
mentous competitors, epibionts, mesograzers, and pathogens 
may benefit from ongoing change. Multiple biotic interac-
tions may also buffer the overall impact when, for instance 
grazers reduce epibionts, or pathogens affect competitors. 
Since most of the abiotic factors and the species in a mac-
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roalgal community influence each other, the dynamics in 
this system will be subject to multiple, connected feedback 
loops as depicted in Fig. 2. For instance, the direct impact of 
a nutrient increase will be neutral to moderately beneficial 
for brown macroalgae in most regions. It will also, however, 
boost the development of small, fast growing algae in the 
plankton, as epibionts on macroalgae or as benthic “turf” 
(including drifting mats of filamentous algae). All of these 
compete with macroalgae for nutrients and carbon (CO2 or 
HCO3-), the former two also for light and the latter for settle-
ment substratum for macroalgal propagules. After a bloom 
of plankton or turf, the decaying biomass may contribute 
to hypoxic conditions in the benthos. Blooms of ephemeral 
algae will be favoured by acidification acting additively or in 
synergy with eutrophication. The appearance of hypoxia is 
promoted also by warmer conditions that accelerate micro-
bial re-mineralization activity and, via stable stratification, 
inhibit the oxygenation of deeper water. Lack of energy 
driven by nutrient and irradiance depletion through epibionts 
and plankton will weaken the chemical defenses of macroal-
gae against herbivory and epibiosis. The latter will permit 
even more fouling of macroalgal surfaces which, besides 
the described effects, will also increase drag and hence 
mechanical vulnerability to storms (the intensity and preva-
lence of which are expected to increase in many regions). 
Warming will contribute to the susceptibility of many cold-
adapted brown macroalgae to herbivory by weakening their 
defenses and their (compensatory) growth rates in addition 
to accelerating population growth and activities of many 
mesograzers. On the other hand, increasing feeding rates 
may reduce ephemeral competitors (turf, epibionts) which 
usually are less well defended. The occasional upwelling of 
hypoxic water bodies could temporarily reduce herbivory 
while not severely impacting the macroalgae. There is much 
more potential for ecological amplification or buffering of 
abiotic environmental change in the system depicted in the 
figure – even without including forecasted shifts in fishing 
and harvesting, sedimentation, chemical pollution, hypoxia, 
UVR or storminess. Warming and nutrient pollution in this 
review have been suggested to be the most threatening single 
pressures on brown macroalgae (highlighted in Fig. 2). It is, 
however, important to note that such factors are often identi-
fied at times when macroalgae already show signs of decline. 
We have observational evidence that global warming and 
eutrophication may have beneficial impacts on brown mac-
roalgae in winter when temperature tends to be sub-optimal 
and when no ephemeral competitors are around.

Beside the general consensus, the regional case studies 
rank some of the stressors differently. This may reflect dif-
ferential physiological sensitivity of the foundational mac-
roalga in a given region or the species it interacts with. It 
may also be attributable to different combinations of global 

and local stressors in the regions considered. Regional 
stress regimes show differing combinations of global 
(e.g. warming) and regional (e.g. pollution, fishing) pres-

sures (e.g. Firth & Hawkins 2011).The rate of change and 
sometimes even the direction of change vary at the tempo-
ral scale from seasons to decades and among regions (e.g. 
BACC 2010, Lima & Wethey 2012). Biogenic fluctuations 
(e.g. pH, O2) at different temporal and spatial scale will 
produce alternating phases of adverse versus benign condi-
tions which may buffer or amplify the impact of a stressor 
(Cornwall et al. 2014).

The large number of feedback loops represented by inter-
actions among abiotic and biotic pressure make the long-
term impact of global change challenging to predict. This 
renders societal adaptation difficult. On the other hand, inter-
actions between global and local pressures provide a tool for 
environmental management (Ghedini et al. 2013). Although 
global warming cannot be stopped or reversed in the com-
ing decades, since most of the above-mentioned stressors act 
in an additive or even synergistic manner with local-scale 
stressors, we could reduce the net negative impact of warm-
ing, by manipulating those “buttons” which are amenable to 
local management. Reducing the input of nutrients or even 
removing extant nutrient loads by, e.g. large scale algal farm-
ing, should mitigate the warming effect on fouling organisms. 
Reducing overfishing in trophically structured systems may 
reduce population sizes of mesograzers (snails, amphipods, 
isopods) and alleviate grazing pressure on macroalgae the 
defenses of which are weakened by warming. Out-planting 
native genotypes that are less susceptible to warming and/or 
better defended might help restoring lost macroalgal fields. 
While reducing local stress is perhaps the only realistic 
option for short to mid-term environmental management, 
without significant reduction in greenhouse gas emissions, 
the long-term prospects for large brown macroalgae in many 
locations seem limited.
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