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ABSTRACT: Effects of global warming on marine
ecosystems are far less understood than they are in
terrestrial environments. Macrophyte-based coastal
ecosystems are particularly vulnerable to global
warming, because they often lack species redun-
dancy. We tested whether summer heat waves have
negative effects on an ecologically important eco-
system engineer, the eelgrass Zostera marina L., and
whether high genotypic diversity may provide re-
silience in the face of climatic extremes. In a meso-
cosm experiment, we manipulated genotypic diver-
sity of eelgrass patches fully crossed with water
temperature (control vs. temperature stress) over
5 mo. We found a strong negative effect of warming
and a positive effect of genotypic diversity on shoot
densities of eelgrass. These results suggest that eel-
grass meadows and associated ecosystem services
will be negatively affected by predicted increases
in summer temperature extremes. Genotypic diver-
sity may provide critical response diversity for main-
taining seagrass ecosystem functioning, and for
adaptation to environmental change.
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INTRODUCTION

Climate change affects the structure and functioning
of many ecosystems (Gitay et al. 2002, Schroter et al.
2005). Coastal ecosystems are particularly vulnerable,
because their resilience and capacity to buffer addi-

*Email: aehlers@ifm-geomar.de

Edge of a dense, healthy eelgrass Zostera marina meadow in
the western Baltic Sea.
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tional environmental stresses have already been under-
mined by human impacts such as overharvesting, pol-
lution, eutrophication, and habitat destruction (Holling
1973, Hughes et al. 2003). Moreover, many distur-
bances are acting at the terrestrial-marine interface
and are predicted to increase, such as increased land
run-off after floods, higher wave energies (due to
increased storm frequency) and increasing turbidity.
The negative effects of ocean warming on coastal biota
are already evident (Harley et al. 2006 and references
therein).

Global and regional climate models not only forecast
a rise in mean temperatures, but also an even stronger
increase in frequency and intensity of extreme climatic
events (IPCC 2007). Heat waves, such as the 2003 sum-
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mer heat wave in Europe, are likely to occur more fre-
quently (Schéar & Jendritzky 2004, Beniston et al. 2007).
Moreover, a regional climate model for the Baltic Sea
area predicts an increase in mean summer tempera-
tures of 3 to 5°C within the next century, which lies
above the predicted global warming average (BACC
2006). In order to predict the fate of coastal communi-
ties and ecosystems, an assessment of the vulnerability
of key coastal species to climate change is necessary
(Short & Neckles 1999, Harley et al. 2006). In the pre-
sent study, we tested the effects of global warming on
a Baltic population of the eelgrass Zostera marina L., a
dominant coastal species that, as an ecosystem engi-
neer (sensu Jones et al. 1994), contributes largely to
habitat provision, nutrient cycling and primary pro-
ductivity in temperate coastal ecosystems. Sustained
water temperatures exceeding 25°C have been repeat-
edly reported to cause decline or die-off of eelgrass,
both in the field and under experimental conditions
(Short & Neckles 1999 and references therein, Bintz et
al. 2003). Most recently, die-back was observed for dif-
ferent seagrass species following the heat wave in
summer 2003 (Mayot et al. 2005, Reusch et al. 2005).

In addition to the effects of temperature, we also
tested for the effects of genotypic diversity of eelgrass
on the performance of experimental communities. In
marine ecosystems that are structured by foundation
species such as seagrasses, kelps, mussels, oysters, or
rockweeds, species diversity at the level of structuring
species is low (Bruno et al. 2003, Micheli & Halpern
2005). Recent evidence suggests that different func-
tional traits displayed by distinct genotypes play an
analogous role to species diversity in these environ-
ments, i.e. more genotypically diverse populations show
enhanced resilience to different disturbances or settling
success compared to less diverse communities (Hughes
& Stachowicz 2004, Gamfeldt et al. 2005, Reusch et al.
2005, Reusch & Hughes 2006). Evidence for genetic or
genotypic diversity buffering the negative effects of
global warming is thus far only observational.

In the present study, we used temperature-controlled
indoor mesocosms to test the hypothesis that a simu-
lated summer heat wave has a negative effect on
eelgrass performance. In a factorial design, we also
manipulated the genotypic diversity of eelgrass to test
its ability to buffer losses caused by warming.

MATERIALS AND METHODS

Study species. Our study organism, the eelgrass
Zostera marina L., is distributed worldwide in northern
temperate coastal zones, where it forms extensive
meadows that stabilize coastal sediments and provide
the basis of diverse food webs (Williams & Heck 2001,

Duffy 2006). The clonal growth of Z. marina allows
replicated shoots (ramets) of the same genotype to be
isolated. Therefore, as proven by previous studies in
this system (Williams 2001, Hughes & Stachowicz
2004, Reusch et al. 2005, Ransbotyn & Reusch 2006), Z.
marina is a suitable organism to test for the importance
of genotypic diversity, and is expected to continue to
be used in future research (Duffy 2006, Reusch &
Hughes 2006, Procaccini et al. 2007).

Donor site and clonal mapping. The Zostera ma-
rina plants used for this study were obtained from
dense perennial eelgrass beds in Maasholm, Schlei
(54°41'N, 10°00'E), a shallow estuary on the Ger-
man Baltic coast. Beds grow at a depth of 1.6 to
1.8 m and are composed of clones that range from
0.1 to 10 m? in size (Hammerli & Reusch 2003). Eel-
grass was sampled in April 2004 at 33.3 cm intervals
based on a 10 x 10 m grid within a closed eelgrass
meadow using SCUBA. Leaf tissue (1 cm length) was
taken from the shoot nearest to every grid point,
resulting in 900 individual samples. Leaf samples
were dried and stored in individual tubes on silica
gel. DNA was extracted using Qiagen DNeasy Plant
Kit. A multiplex PCR amplification using 4 micro-
satellite markers (GenBank Acession Nos.: AJ249307,
AJ249305, AJ009900, AJ009898) was carried out in
accordance with published protocols (Reusch 2002,
Hammerli & Reusch 2003, Reusch et al. 2005). Sam-
ples ran on an ABI 3100 capillary sequencer and
alleles were scored using GenScan Analysis 3.1 and
Genotyper 2.0 Software (Applied Biosystems 2001).
Based on the resulting clone map, 12 eelgrass clones
with sufficient numbers of shoots (ramets) were tar-
geted for sampling in June 2004, 6 of which covered
an area of >2 m?.

Experimental design. The experiment was con-
ducted in an indoor mesocosm facility at the Leibniz
Institute for Marine Sciences in Kiel, Germany. It was
set up as a randomised block design in 12 tanks
(blocks) containing 4 sub-containers each. Every con-
tainer (= plot) was planted with 18 eelgrass ramets
(independent shoot units = one main shoot attached to
an 8 to 10 cm rhizome). The experiment was a 2 x 3
factorial design with warming (heated/ambient) and
genotypic diversity of eelgrass (1, 3, 6 genotypes) as
independent variables (Fig. 1). Six tanks were heated
(see below); the other 6 were held at ambient temper-
ature. Each tank was considered as 1 block and con-
tained 4 plots, of which 2 were 1-genotype treatments
(monocultures), 1 was a 3-genotype treatment and 1
was a 6-genotype treatment, randomly assigned to a
position within the block. For each warming level, we
had 2 replicates of 1-genotype treatments of 6 clones
(n = 24) and 6 replicates each of 3- and 6-genotype
treatments (n = 12).
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Within the highest diversity level, half of the 6-geno-
type treatments were composed of the 6 genotypes
used for 1- and 3-genotype plots (see Fig. 1; 6);
another 6 treatments were composed of a random
assortment of 6 genotypes drawn from a total of 12
genotypes (6(12). This was done to assure composi-
tional replication at the highest diversity level, as for-
mer diversity experiments were criticised for the fact
that higher diversity plots were more similar to one
another in composition than lower diversity plots
(Fukami et al. 2001).

The experimental mesocosm tanks had a volume of
600 1 each and contained ambient Baltic Sea water
with a flow rate of 100 1 h™! per tank. Additionally, the
water within the tanks was circulated by air bubbles
released by a perforated hose at the bottom of each
tank, to prevent microalgal blooms at the water sur-
face. Individual plots consisted of four 48 x 41 x 16 cm
polyethylene compartments embedded within each
tank. These compartments were filled with sandy
sediment to a height of 12 cm. Each tank was equipped
with a light panel (2 x 150 W, HQI-lamp), 50 cm above
the water surface with a diurnal rhythm of 15:9 h
light:dark, according to the high latitudinal light
regime during summer months. Average light levels
were 144 umol m~2 s7! (just below water surface) and
65 pmol m2 s7! (20 cm below surface).

Sediment was taken from a nearby shoreline and
enriched with sediment from the donor seagrass bed,
to provide original microfaunal and microbial compo-
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Fig. 1. Experimental set-up of the indoor mesocosm facility at
IfM-GEOMAR, Kiel, Germany, comprising 12 blocks (= tanks
of 600 1) containing 4 plots each. Grey shading represents
warmed tanks. Eelgrass Genotypes G-L were planted in
monoculture; 3- and 6-genotype mixtures are indicated by
letters or letter combinations. 6 plots with a 6-genotype
mixture containing ramets from all 6 Genotypes G-L; 6y
plots randomly composed out of a wider pool of 12 genotypes,
containing Genotypes G-L and 6 others that were not cultured
as monocultures

nents as an inoculum. To control the growth of epi-
phytic algae we added 250 individuals of the grazing
snail Littorina littorea L. to each tank. Isopods Idothea
baltica L. (12 ind. per tank) were added as alternative
grazers. In addition, natural settlement and growth of
larvae from Kiel fjord was allowed, resulting in recruit-
ment of mostly mussels (Mytilus edulis, Mya arenaria)
and polychaetes (Nereidae, Pygospionidae) within our
mesocosms.

The experiment was set up in mid-June 2004. After
an initial 6 wk of acclimatisation, the water tempera-
ture in half of the tanks was raised to 25°C, which
replicated the conditions observed in 2003 (Reusch et
al. 2005), when a heat wave caused increased warm-
ing across northern Europe (Schar & Jendritzky 2004).
Stainless steel heating rods (5 x 300 W per tank),
placed into the water columns and maintained for
4 wk (4 August to 1 September 2004), were used for
the warming treatment. The remaining 6 tanks were
held at ambient water temperature of Kiel Fjord (see
‘Results’; Fig. 2). After the heating period, eelgrass in
the experiment was allowed to develop under ambi-
ent flow-through conditions for 6 wk, until the shoots
were destructively harvested from 10 to 15 October
2004.

Response variables. Water temperatures were re-
corded daily during the heating period. In October, the
eelgrass was destructively harvested, allowing shoots
per treatment to be counted and main shoots and
newly developed lateral shoots to be distinguished;
plant biomass was separated into above- and below-
ground parts. Epiphytes were wiped off the shoots,
and rhizomes were cleaned from adherent sediment
particles before being dried for >24 h at 60°C and
weighed to the closest 0.1 mg. Biomasses were then
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Fig. 2. Water temperatures during the experimental period

in summer 2004. The background temperature from Kiel

fjord was measured at a depth of 6 m; daily mean tempera-

tures of ambient and heated treatments are shown as blue
and red lines
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summed up per genotype per treatment. We made 2
additional shoot counts during the experiment, one
before (July) and one after (September) experimental
warming. For the analyses, shoot numbers were from
pooled main and lateral shoots. Epiphyte cover, grazer
counts and distribution records were taken on 1 Sep-
tember 2004.

Data analysis. The experiment was laid out as a fac-
torial split plot design. For the main analysis we used a
generalized linear mixed effects model (GLMM);
‘genotypic diversity’ was considered a continuous and
‘'warming’ a categorical fixed factor, whereas 'block’
was treated as a random factor, which was nested
within the ‘warming’ treatment. The response vari-
ables were shoot density per plot from shoot counts in
July, September and October. In addition, we analysed
eelgrass biomass in October. When necessary, data
were transformed (logjo) to meet model assumptions.
Where this was not possible, we used a non-parametric
test (e.g. for epiphyte cover). All analyses were con-
ducted using the General Linear Model platform
within STATISTICA for Windows v. 6.1 software (Stat-
Soft, www.statsoft.com).

RESULTS

The warming treatment was maintained at a mean
water temperature (+SE) of 25.3 £ 0.1°C during the
experimental warming period (Fig. 2). This was on
average 5.0 £ 0.2°C above the ambient temperature in
the control tanks. The timing of the warming treatment
corresponded to the warmest summer temperatures
measured in Kiel Fjord in 2004 (Fig. 2) and closely
simulated observed field conditions during the 2003
heat wave.

Warming had a negative effect on eelgrass shoot
density. In July, 1 mo after planting and prior to warm-
ing, shoot numbers were not statistically different
between warmed and ambient tanks (Fig. 3A). Six
weeks later, directly after termination of the heat treat-
ment (2 September 2004), a negative effect of warming
on shoot density was apparent but not statistically sig-
nificant (p = 0.05029). In the following 6 wk up to the
final sampling in October, we observed increased
detachment of shoots in all tanks, unrelated to former
warming treatment (¢-test, counts of drifting shoots on
surface of tanks, p = 0.24). However, final shoot count
in October showed on average 44 % fewer shoots in
warmed treatments compared to treatments which had
experienced ambient water temperatures (p = 0.029;
see Table 1, Fig. 3C). Plants in ambient water tanks
had developed more lateral shoots compared to for-
merly warmed treatments, where mainly terminal
shoots had been maintained (GLM, heat; F, 3, = 4.29;
p = 0.048).

The positive effect of eelgrass genotypic diversity
developed over the experimental period (Table 1). In
July, we found a tendency towards a positive effect of
increased genotypic diversity on eelgrass shoot density
(p = 0.056). In September, there was a significant posi-
tive effect of genotypic diversity on shoot numbers (p =
0.021). Six weeks later in October this effect became
even more apparent (p = 0.014). A positive diversity
effect was also observed between the 2 variants of
plots of highest diversity in July. Those 6-genotype
mixtures assembled from a pool of 12 genotypes (612))
had developed more shoots than those composed out
of a pool of 6 genotypes (6)) (t-test, p = 0.006). During
September and October, the differences in shoot den-
sities between the 2 variants of high-diversity treat-
ments disappeared ({-test, p > 0.5). For all censuses of
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Fig. 3. Zostera marina. Response of the eelgrass to warming: shoot numbers (mean + SE) for ambient (®) and warmed (0O) experi-

mental mesocosms for the 3 genotypic diversity levels (1-, 3- and 6-genotypes) in (A) July (before heat treatment), (B) September

(termination of heat treatment) and (C) October 2004 (6 wk after heat treatment). Sample sizes are n = 24 for 1-genotype
treatments, and n = 12 for others
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Table 1. General linear mixed effects model (GLMM) of the effects of experimental warming and genotypic diversity on eelgrass
shoot density. ‘Genotypic diversity’ was treated as a continuous, and ‘warming’ as a categorical fixed factor, while ‘block’ was
treated as a random factor. Diversity or Div: genotypic diversity; Warming or W: experimental warming; Block (W): block was

nested within the warming treatment

Source df July September October Denominator

F P F P F P
Warming 1 1.65 0.227 4.95 0.050 6.49 0.029 Block (W)
Block (W) 10 1.34 0.267 0.68 0.729 1.48 0.206 Residual
Diversity 1 4.68 0.056 7.41 0.021 8.79 0.014 Block (W) x Div
Warming x Div 1 1.63 0.230 0.38 0.550 0.24 0.635 Block (W) x Div
Block (W) x Div 10 1.17 0.355 0.21 0.993 0.28 0.979 Residual
Residual 24

shoot numbers we found no interaction for ‘warming’
and 'genotypic diversity' (Table 1; all p > 0.2). Further,
we found neither temperature nor diversity effects on
eelgrass above- or belowground biomass (data not
shown; p >0.1).

The analysis of the performance of individual geno-
types suffers from limited power due to the small sam-
ple size (n = 2) for each genotype in monoculture under
both temperature conditions. Nevertheless, there is
some statistical support for differential performance
among clones. Individual genotypes yielded signifi-
cantly different shoot numbers in July, prior to experi-
mental warming (1-way ANOVA, F; 13=5.18; p=0.004).
Post-hoc comparisons between genotypes showed that
this difference was due to Genotype I (p <0.05; see
Fig. 4), which generally performed best. In September
and October, no significant differences between shoot
numbers of individual monocultures and their reaction
to warming were detectable (Fig. 4). In ambient treat-
ments, all 6 genotypes increased their shoot densities
until September, when 4 of them began to loose shoots.
Genotype I showed a nearly linear increase of shoots

until harvest in October. In the warmed plots, mono-
cultures composed of the Genotypes H, L and K) were
strongly affected by raised temperatures and were not
able to produce numerous new shoots. The other 3
genotypes (G, I, J) reached shoot densities similar to
those in ambient tanks in September. At the point of
harvest in October, shoot density in warmed treat-
ments in all but one genotype (I) had declined below
initial densities (Fig. 4).

Cyanobacterial mats probably influenced light and
nutrient conditions, and thus seagrass productivity in
the mesocosms. Estimations of cover per tank at the
end of the heating period (1 September 2004) revealed
that on average 3% of ambient treatments were
covered by biofilm-forming cyanobacteria, coating
sediment surface or plants, compared to 28 % cover in
the warmed plots (Mann-Whitney U-test; U= 5.5; p =
0.041). We also found an effect of warming on the dis-
tribution of the main grazer Littorina littorea. In heated
tanks, 16 % of snails attached themselves to the inner
tank wall above the water surface compared to 7% in
the ambient tanks (1-way ANOVA; F, ;o = 20.6; p =
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Fig. 4. Zostera marina genotypes and their responses to experimental warming. Shoot numbers in replicates of 6 eelgrass clones
(G-L) are shown for ambient (®) and warmed (0) experimental mesocosms in (A) July (before heat treatment), (B) September
(termination of heat treatment) and (C) October 2004 (6 wk after heat treatment)
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0.001). Despite their altered behaviour, the final abun-
dance of snails in October was not affected by warm-
ing (1-way ANOVA; p > 0.5). In all tanks, additional
snails had recruited over the experimental period.

DISCUSSION

Although there is a growing body of literature on
coastal ecosystems and the possible effects of climate
change (Short & Neckles 1999, Duarte 2002, Gitay et
al. 2002, Hughes et al. 2003, Oviatt 2004, Harley et al.
2006), few experiments simulated realistic increases in
water temperature in coastal communities (but see
Williams 2001, Bintz et al. 2003, Allison 2004). To our
knowledge, our experimental study is the first that
directly manipulated water temperatures as a compo-
nent of global change combined with different geno-
typic diversities in any plant community. Our experi-
ment demonstrated a negative effect of temperature
conditions, simulating the 2003 summer heat wave in
Europe, on a temperate population of eelgrass Zostera
marina. The percentage loss of shoot numbers in our
warmed tanks relative to the control tanks (44 %)
approached the magnitude of shoot loss observed in
the field during the 2003 heat wave, compared to
former years (48 to 52 %; Reusch et al. 2005). Further-
more, we observed a positive effect of high genotypic
diversity on eelgrass shoot densities. This outcome was
less pronounced in our experiment, compared with
effects observed in the field in 2003 (Reusch et al.
2005).

The negative effect of the prolonged water tempera-
ture maxima on shoot densities increased over time
(see Table 1, Fig. 3). The difference in final shoot den-
sities between ambient and warmed treatments was
due to a shift in the growth strategy of eelgrass under
warmed conditions. Ramets in warmed treatments
showed less vegetative recruitment (as new lateral
shoots) in October than those in ambient treatments.
This observation is in accordance with previous studies
where eelgrass in combination with other macrophytes
was exposed to increased water temperatures (Bintz
et al. 2003).

Considering the heat waves that have already
occurred in Europe, and a predicted increase in such
events (Beniston et al. 2007), our temperature treat-
ment of 25°C water temperature for 4 wk represents a
highly probable scenario. Continuously high tempera-
tures during the day and night reduce the internal oxy-
gen concentration in eelgrass to critically low levels,
especially during the night (Borum et al. 2006).

Increased genotypic diversity had a positive effect
on shoot density after termination of the warming
treatment in September and October. The mechanisms

underlying these patterns are unclear. We suggest a
selection effect, as the average performance of Geno-
type I, which also performed well in monoculture, was
better than that of all other genotypes. Another possi-
bility would be facilitation, for example, acting via
complementarity of resource use. It is further unknown
whether positive diversity effects will also appear after
the establishment of a permanent stressor or multiple
stressors acting synergistically on an eelgrass system.

Taken together, field observations and mesocosm
results jointly support the hypothesis that genotypic
diversity is important in providing different responses
to environmental variation (Whitham et al. 2003, Gam-
feldt et al. 2005, Hughes et al. 2005). Although we
found statistical support for among-genotype differenti-
ation in shoot density only in July, field data from 2003
showed highly differentiated responses of individual
eelgrass genotypes to prolonged summer temperature
maxima (Reusch et al. 2005). This genetic variation
may be critical in maintaining the resilience of ecosys-
tems that are based on single habitat-forming species
(Duffy 2006, Reusch & Hughes 2006) and may provide
the potential for selection towards heat-tolerant geno-
types and hence adaptation to changing environmen-
tal conditions.

Without doubt, our planted mesocosm ‘community’
did not capture the full complexity of natural seagrass
communities. For example, other grazer species such
as isopods and amphipods were underrepresented in
our experiment and may react differently to ocean
warming than littorinid snails. The observed appear-
ance of cyanobacterial mats and the reduced grazing
activity of gastropods may be an artefact of our meso-
cosms. Therefore, we cannot completely exclude the
possibility that the negative response of shoot density
to the warming treatment was produced by indirect
processes that exacerbated direct temperature effects.
Nevertheless, the magnitude of negative temperature
effects observed here was nearly identical to field
observations (Reusch et al. 2005). Moreover, our find-
ings are in line with studies and observations on other
seagrass species (Koch & Erskine 2001, Mayot et al.
2005).

Losses of seagrass over the last decades are dramatic
and may accelerate with increasing climate change
(Short & Neckles 1999 and references therein; Oviatt
2004). As seagrass meadows represent important
habitats on marine soft-bottom sediments in higher
latitudes, regional decline or extinction of this species
could lead to regime shifts in coastal areas, with unpre-
dictable ecosystem effects (Harley et al. 2006).

Our results present a stark warning that eelgrass
meadows and their associated ecosystems may not be
able to keep pace with rapid global warming. In
the present study, we found that genotypic diversity
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enhanced resistance to temperature stress. Therefore,
it is wise to protect seagrass bed genetic diversity
in order to maximize the capacity of meadows to
resist disturbances associated with global change. This
applies particularly to beds that are being restored by
habitat mitigation (Williams 2001). The potential for
seagrass beds to undergo rapid evolutionary adapta-
tion as a response to warming stress as a function of
genetic variation in critical traits associated with stress
tolerance still is largely unexplored. Thus, the conser-
vation of genetic and genotypic diversity may be cru-
cial for evolutionary adaptation of eelgrass systems to
global climate change (Reusch & Wood 2007).
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