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INTRODUCTION

Eelgrass meadows play key structural and trophic
roles in coastal ecosystems. The surfaces of leaves
and underground stems and roots as well as the
spaces between them serve as habitat, shelter and
nursing grounds for a wide spectrum of organisms,

e.g. bacteria, algae, invertebrates, fish and other ver-
tebrates (Franco et al. 2006, Fonseca et al. 2011).
While few species graze directly on eelgrass, leaving
much of the biomass for the detrivore food web
(Cebrián et al. 1997), eelgrass serves as a key food
source to many migrating and overwintering water-
birds (Nienhuis & Groenendijk 1986, Clausen et al.
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ABSTRACT: Eelgrass Zostera marina L. meadows are major structural and trophic components of
coastal ecosystems. The role of eelgrass in ecosystem functioning depends on biomass and pro-
duction of the meadows, which can fluctuate greatly during an annual cycle and be major tempo-
ral drivers of changes in the coastal zone. We analysed magnitude and seasonality of eelgrass
aboveground biomass, shoot density and production across temperature and latitude gradients
over the majority of the species’ distributional range, and investigated to what extent temperature
and/or light drive differences in these values. Eelgrass phenology (timing of peak biomass, start
and end of the growing season) showed strong effects of temperature and latitude, indicating that
seasonality was considerably advanced in warm areas at low latitudes compared to cold areas at
high latitudes. Magnitude of peak aboveground biomass, length of the growing season, mean
annual shoot density and aboveground production did not change significantly with either tem-
perature or latitude, indicating that these parameters were controlled mainly by other factors.
Annual variation in aboveground biomass and shoot density was significantly smaller in areas
with low summer temperature, indicating that while warm-water populations may show substan-
tial temporal variation in biomass, cold-water meadows are less dynamic. These findings were
supported by cold-water populations having a larger mean annual biomass and a greater invest-
ment in belowground parts. In all significant regressions, temperature was a better predictor of
population dynamics than latitude. This indicates that eelgrass phenology might advance consid-
erably in response to global warming, and suggests that the distributional range of this species
might be moving northwards. Given the key role of eelgrass in coastal ecosystems, these climate-
induced changes might entail substantial impacts on waterbirds, fish, invertebrates and other
organisms exploiting these meadows.
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2012). In several ways the meadows thus stimulate
biodiversity and food web complexity. Moreover, eel-
grass meadows dampen wave energy, trap particles,
stabilize the sediments and contribute to carbon se -
questration and nutrient cycling (Widdows et al.
2008, van Katwijk et al. 2010).

The structural diversity of eelgrass habitats and the
associated biodiversity depend on the standing eel-
grass biomass as well as on the continuous produc-
tion of new leaves, rendering new surfaces available
for colonization while old leaves decay. Similarly, the
trophic role depends on meadow productivity as well
as on the stimulating effect of meadow structure on
food web complexity. The magnitude and dynamics
of biomass and production are thus useful indicators
of the potential roles of seagrass meadows (Duarte
1989, Sfrisco & Ghetti 1998). In addition, the ratio of
biomass to production reflects the turnover of the
meadows. Annual biomass variability, timing of the
growth season and peak biomass reflect the changes
in habitat structure that seagrass-associated organ-
isms are subjected to over an annual cycle. Earlier
studies indicate that most of this variability reflects a
predictable seasonal response rather than a random
response (Duarte 1989).

Variation in eelgrass biomass and productivity over
an annual cycle reflects seasonal changes in growth
conditions such as temperature and light, and is
therefore likely to change across the broad latitudi-
nal range of the species. In Europe, this extends from
sub-tropical conditions in southern Iberia at 36° N to
Arctic conditions in northern Norway at 69° N (Green
& Short 2003). A pioneering study indicated that sea-
grass biomass variability is generally constrained by
latitude, with meadows at lower latitudes sustaining
a more constant biomass and a tendency of greater
daily production to biomass ratios compared to
meadows further north (Duarte 1989). Whether this is
also the case for eelgrass is yet to be explored. Recent
studies indicate that eelgrass in the north exhibits
lower annual leaf formation but similar maximum
aboveground biomass compared to eelgrass further
south (authors’ unpubl. data). This suggests that
northern populations in stable environments are able
to maintain a large overwintering biomass, allowing
high maximum aboveground biomass levels during
the short growing season (Olesen & Sand-Jensen
1994a). Correspondingly, we hypothesize that north-
ern eelgrass populations do not conform to the pat-
tern of increased seasonal variability northwards,
identified for seagrasses in general (Duarte 1989). It
is even probable that southern eelgrass populations
exhibit more seasonal variation than northern ones,

as high summer temperature has been reported to
render some southern populations annual (Phillips et
al. 1983). In addition, the maximum biomass achieved
during summer is expected to be largely un affected
by latitude or temperature, because self-shading
within the stands sets an upper limit for biomass
development (Olesen & Sand-Jensen 1994a).

Seagrass aboveground biomass fluctuations result
from changes in shoot size and changes in shoot den-
sity (Olesen & Sand-Jensen 1994a), with the cost of
building new shoots being much more expensive in
terms of nutrients and carbon than just producing
leaves (Duarte 1991). Seasonality of biomass in small
seagrass species (e.g. Cymodocea nodosa) can be
largely explained by seasonal changes in shoot den-
sity, whereas in large species (e.g. Posidonia spp.),
changes in leaf size are more important (Cebrián et
al. 1997). If indeed eelgrass populations do not con-
form to the pattern of increased seasonal variability
towards the north, this could be partly related to
reduced investment in new shoots and/or slower
shoot turnover in the colder north.

Information on eelgrass performance along the
wide-ranging thermal latitude gradient may also pro-
vide hints on how eelgrass meadows may respond to
future warming, using a space-for-time approach
(Fukami & Wardle 2005). For example, increases in
production and depth extension of kelp southwards
along Greenland’s coast, where water temperatures
are higher and the ice-free period longer, led to the
prediction that kelp will gain a more prominent role in
north Greenland in a warmer future (Krause-Jensen
et al. 2012). Isotherms currently move northwards at a
pace of 21.7 km per decade across the oceans (Bur-
rows et al. 2011) and recently Poloczanska et al.
(2013) demonstrated that phenology and abundance
of marine taxa change along with ocean surface tem-
perature changes. Hence, projected warming will po-
tentially cause changes in the magnitude, timing and
variability of eelgrass biomass and production, affect-
ing the role of these meadows in coastal ecosystems.
We hypothesize that the start of eelgrass growing sea-
son and timing of annual peak biomass will move for-
ward with increasing summer temperatures. Accord-
ingly, the longer ice-free periods in Arctic regions
may extend the growing season of eelgrass in the
present-day northern populations and stimulate a
northward expansion of the species, as sexual repro-
duction currently seems limited by low water temper-
atures (Silberhorn et al. 1983, authors’ unpubl. data).
Southern populations might experience increased
competition from tropical species, leading to a range-
shift in the species as a whole.
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Using previously published studies, we examined
the magnitude and seasonality of eelgrass above-
ground biomass and production across its distribu-
tional range and evaluated to what extent temperature
and latitude (reflecting a combination of in coming ir-
radiance and temperature) are important in account-
ing for potential differences between populations.
Specifically, we wanted to characterize the following
variables across the entire eelgrass distributional
range: (1) size and timing of annual peak aboveground
biomass, (2) start, end and length of the growing sea-
son, (3) mean annual aboveground biomass, annual
biomass variability and above/ belowground biomass
ratio, (4) mean annual shoot density and annual vari-
ability in shoot density and (5) annual production and
the turnover of biomass. Based on the results, we also
aimed to evaluate potential future changes in biomass
seasonality and production as a result of global
 warming.

MATERIALS AND METHODS

We extensively reviewed the previously published
scientific literature to obtain studies that describe
eelgrass aboveground biomass seasonality and pro-
duction as well as the influence of temperature and
latitude (Table 1, Fig. 1). This study included a total
of 40 published studies of shallow eelgrass popula-
tions (≈0.5 to 3 m depth) from across the northern
hemisphere at latitudes ranging from 29.1° to
66.2° N, and summer (June to August) temperatures
ranging from 10.5° to 29.8°C. Thus, our compilation
encompassed populations from most of the eelgrass
latitudinal range but excluded those at the northern-
most edge (up to 69° N, Olsen et al. 2013) due to the
lack of seasonal studies.

Eelgrass biomass and production

During an annual cycle, eelgrass aboveground bio-
mass development is more or less unimodal with a
bell-shaped pattern (Olesen & Sand-Jensen 1994b,
Meling-Lopez & Ibarra-Obando 1999), exhibiting a
mid-season peak with low but consistent growth
rates before and after this peak. The mid-season
peak in biomass development representing the ap -
parent growth period can be described as parabolic
growth, and seasonal changes in eelgrass biomass
can therefore be approximated by fitting quadratic
equations to time-series measurements. Using this
approach, the magnitude and timing of peak above-

ground biomass was determined as the y and x coor-
dinates of the parabola vertex, the start and end of
the growing season as the 2 parabola roots, and the
length of the growing season as the number of days
between these roots.

We identified all spatially defined studies where
changes in aboveground biomass seasonality followed
a hump-shaped pattern with a single biomass peak,
and included all studies with a reasonable quadratic
fit (R2 > 0.75, Table 1). Most (80%) eelgrass meadows
included in the compiled studies fulfilled this demand,
indicating that the criterion was reasonable. The stud-
ies that did not satisfy the hump-shaped pattern and
the quadratic fit either failed to have a single well-
 defined biomass peak (e.g. Thom 1990), had more
than one peak (e.g. Poumian-Tapia & Ibarra-Obando
1999) or had very few data (Hedal 1992). Delineation
of aboveground biomass as a quadratic function of
date ensured that standardised objective measures
were applied throughout the dataset, and in the
analyses of peak biomass and timing of peak biomass
and growth season, care was taken only to include the
parabola-like summer peak in aboveground biomass
development. In some cases data were only available
from the growing season, whilst in others biomass
measurements outside this period were omitted from
the quadratic fitting  analyses.

Mean annual aboveground biomass and mean
annual shoot density was determined as the overall
mean of all available measurements for each study
where data on these parameters were presented, and
annual variation in biomass and shoot density as
the coefficient of variation (CV). Quantifying these
measures did not rely on the abovementioned quad-
ratic fit, and for this reason the sample sizes in these
analyses included additional data sets not satisfying
the criteria outlined above. The analysis of annual
variation in aboveground biomass and shoot density
(CV) was somewhat complicated by the habitat-
dependent life history strategy of eelgrass, as inter-
tidal populations may sometimes demonstrate high
seasonal variability and even develop an annual
growth strategy, while subtidal populations are gen-
erally perennial (Phillips et al. 1983). Studies from
intertidal populations (e.g. Van Lent & Verschuure
1994) were consequently omitted from the analyses
of annual variation. Belowground biomass was only
reported in a subset of the included studies, but for
all data sets with available data the above/below-
ground biomass ratio at time of maximum leaf bio-
mass was calculated. All data on annual leaf biomass
production were obtained with leaf marking tech-
niques (viz. Short & Duarte 2001).
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Reference                                                          Country                               Sampling       Latitude     Mean temp.     Seasonal 
                                                                                                                          years              (° N)       (°C, Jun–Aug)    coverage

Aioi (1980)                                                         Japan                                 1975−1976          35.1                24.3            Mar−Dec
Bach (1993)                                                       Denmark                                 1988               54.6                16.0            May−Nov
Beal et al. (2004)a                                             Maine (USA)                     1995−1996          44.8                15.7             Jan−Nov
Cabello-Pasini et al. (2003)a                            Mexico                               1999−2000          30.3                23.3             Jan−Dec
Cebrián et al. (1997)                                         Spain                                  1991−1993          42.3                21.8             Jan−Dec
Guidetti (2000)a                                                Italy                                         1997               45.7                21.9             Feb−Dec
Guidetti et al. (2002)                                        Italy                                         1997               45.4                22.3             Feb−Nov
Hayashida (2000)a                                            Japan                                      1977               34.4                24.1            May−Nov
Heck & Thoman (1984)                                    Virginia (USA)                  1978−1980          37.4                24.4            Mar−Nov
Hedal (1992)a                                                    Denmark                                 1991               55.4                16.2             Apr−Sep
Ibarra-Obando (1989)a                                     Mexico                                    1982               30.3                27.8             Jun−Nov
Jacobs (1979)                                                    France                                     1976               48.4                16.1             Jan−Dec
Kentula & McIntire (1986)                               Oregon (USA)                   1979−1981          45.2                13.9             Feb−Sep
Lalumiere et al. (1994)                                     Canada                              1986−1991          54.1                10.5             Jun−Nov
Lee et al. (2004)b                                               Korea                                 2002−2003          35.1                24.2             Jan−Dec
Lee et al. (2005)                                                Korea                                 2001−2003          34.5                24.0             Jan−Dec
Lee et al. (2006)                                                Korea                                 2001−2002          34.7                23.9             Jan−Dec
Mcroy (1974)a                                                   Alaska (USA)                     Not given           56.4                9.7             Jun−Oct
Meling-Lopez & Ibarra-Obando (1999)          Mexico                               1997−1998          29.1                29.7             Jan−Dec
Mizushima (1985)                                             Japan                                      1980               43.6                15.2            May−Dec
Naumov (2007)                                                 Russia                                 1988−2002          66.2                12.3             Apr−Oct
Nelson & Waaland (1997)                                Washington (USA)            1990−1992          48.3                16.2             Jan−Dec
Nienhuis & De Bree (1980)                              The Netherlands               1974−1976          51.4                16.5             Jan−Dec
Olesen & Sand-Jensen (1994b)                       Denmark                            1990−1991          56.4                15.2             Mar−Oct
Orth & Heck (1980)                                          Virginia (USA)                  1976−1978          37.3                24.6             Jan−Dec
Orth & Moore (1986)                                        Virginia (USA)                  1978−1980          37.2                24.6             Jan−Dec
Pedersen & Borum (1993)                                Denmark                            1988−1989          55.5                16.5             Feb−Dec
Penhale (1977)a                                                 North Carolina (USA)            1974               34.4                25.6             Jan−Dec
Poumian-Tapia & Ibarra-Obando (1999)a      Mexico                               1987−1988          30.1                23.3             Jan−Dec
Robertson & Mann (1984)                                Canada                              1979−1980          44.4                17.0             Jan−Dec
Roman & Able (1988)                                       Massachusetts (USA)        1986−1987          41.5                20.4             Jan−Nov
Sand-Jensen (1975)                                          Denmark                                 1974               55.4                16.2             Mar−Oct
Sfriso & Ghetti (1998)                                       Italy                                    1994−1995          45.5                22.0             Jan−Dec
Taniguchi & Yamada (1979)                            Japan                                 1975−1976          37.3                23.1             Jan−Dec
Thom (1990)a                                                    Washington (USA)            1986−1987          49.0                15.0             Jan−Aug
Thorne-Miller et al. (1983)                              Rhode Island (USA)          1978−1980          41.6                20.3             Apr−Dec
Van Lent & Verschuure (1994)                        The Netherlands               1987−1989          51.8                16.4             Jan−Dec
Watanabe et al. (2005)a                                    Japan                                 1999−2000          43.0                15.9            May−Dec
Wetzel & Penhale (1983)                                  Virginia (USA)                  1979−1980          37.4                24.4             Jan−Dec
Wium-Andersen & Borum (1984)a                  Denmark                            1978−1979          55.5                16.5             Jan−Dec

aStudies not satisfying the R2 > 0.75 quadratic fit
bProduction data only

Table 1. References included in this study of eelgrass Zostera marina biomass seasonality and production. Some of these 
studies contained data from several spatially separate sites, and hence contributed more than one data point

Fig. 1. Locations (stars) included in this study of eelgrass Zostera marina seasonality
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Some studies included only few measurements
during the course of an entire year. The number of
data points will undeniably affect several of the
parameters measured in this study, and the varying
number of measurements between studies can influ-
ence acceptability of the quadratic fit, annual varia-
tion (CV) and annual means. However, re-running
the analyses with different subsets of studies (>6 and
>8 data points yr−1) did not affect overall conclusions,
but only resulted in declining power of the statistical
analyses. As a consequence, we decided to include
all available data. We found no significant trend in
the amount of available data across latitude and tem-
perature (F1,33 < 2.428, p > 0.129), and given the high
number of data points in our analysis, we are confi-
dent that potential biases did not significantly influ-
ence the results.

Temperature and latitude

As a measure of temperature, we used long-term
(1950 to  2000) site-specific summer means (June to
Au gust), independently derived from www. world
clim.  org (Hijmans et al. 2005), which provides free
atmospheric climatic data for ecological modeling.
Al though local water temperatures were preferred
in this study, the spatial detail necessary to incorpo-
rate local effects proved unavailable on the geo-
graphical scale covered here. Water temperature
may depend strongly on local water currents and
coastal topography, and may therefore differ from
local air temperatures. In most circumstances, how-
ever, air temperature has been shown to be a good
replacement of actual water temperature, because
of the rapid heat exchange and resultant equilib-
rium be tween surface waters and the atmosphere
(Cabello- Pasini et al. 2003, Lee et al. 2006). As a
consequence, and to fully incorporate temperature
differences on a fine spatial scale, we relied on air
temperatures to model potential effects of tempera-
ture on eelgrass biomass and production. Latitudes
were provided directly by the source literature, or in
a few cases, inferred from detailed descriptions of
the study sites. Latitude is directly linked to insola-
tion, and therefore tightly coupled to both the
amount of light and the amount of thermal heat
reaching the Earth’s surface. While availability of
light is determined almost exclusively by latitudinal
position of the Earth, substantial variation in tem-
perature arise from several factors, including ocean
currents, distribution of land masses and local
hydrological conditions. If photo-period was the

most important factor controlling seasonal above-
ground biomass patterns of eelgrass meadows, lati-
tude should therefore be a good predictor of ob -
served patterns. In contrast, if temperature was the
main driver behind these patterns, actual summer
temperature of the study sites should be a better
explanatory factor than latitude.

As would be expected, temperature and latitude
were highly correlated (Pearson’s r = −0.87), and sep-
arating the effects of individual predictors from mul-
tiple regression analyses was therefore troublesome,
due to multicollinearity. As a consequence, the influ-
ence of covariates was examined by means of linear
and quadratic regression analyses and subsequent
model comparisons (using Akaike’s Information Cri-
terion [AIC], cf. Burnham & Anderson 2002) between
the fitted regressions of temperature and latitude on
each dependent variable. The evidence ratio (how
many times one model is a better fit to the data than
another, sensu Motulsky & Christopoulos 2004) be -
tween competing models served as a measure indi-
cating how well temperature and latitude predicted
the observed patterns. As a measure of how well the
regression lines approximated the real data, the coef-
ficient of determination (R2) was calculated for all fits.
For all regressions, normality of residuals was evalu-
ated by normal quantile plots and Shapiro-Wilk test
statistics.

RESULTS

Model comparisons between linear and quadratic
fits did not support the inclusion of quadratic terms in
any of the analyses describing effects of temperature
and latitude on response variables (ΔAIC < 2 in all
comparisons with quadratic fit as the best model). As
a consequence, all reported regression analyses in
this section are representative of linear relationships.

Biomass seasonality

The magnitude of the annual peak aboveground
biomass varied greatly across the northern hemi-
sphere (mean ± SE: 246.2 ± 22.6 g dw [dry weight]
m−2), with no clear effect of either summer tempera-
ture (F1,45 = 1.395, p = 0.244; Fig. 2a) or latitude
(F1,45 = 2.153, p = 0.149; Fig. 2b). Timing of peak
aboveground biomass (194.1 ± 4.9 DOY [day of the
year]) changed significantly across both temperature
(F1,45 = 106.90, p < 0.001; Fig. 2c) and latitude (F1,45 =
78.61, p < 0.001; Fig. 2d). Warmer areas and lower

75



Mar Ecol Prog Ser 506: 71–85, 2014

latitudes resulted in an earlier peak biomass, whereas
cold areas at higher latitudes were associated with
later peaks. Timing of the peak biomass moved for-
ward by 5.5 d per 1°C increase in temperature and
3.0 d per 1° latitude southward (Table 2).

Start of the growing season (96.5 ±
5.1 DOY) showed a significant re -
gres sion with both temperature
(F1,45 = 41.03, p < 0.001; Fig. 3a) and
latitude (F1,45 = 28.16, p < 0.001;
Fig. 3b), with an earlier start of the
growing season associated with
warmer areas and lower latitudes.
Termination of the growing season
(291.7 ± 6.2 DOY) showed a similar
pattern, and ended earlier in areas
with higher mean summer tempera-
ture (F1,45 = 70.68, p < 0.001; Fig. 3c)
and lower latitude (F1,45 = 66.81, p <
0.001; Fig. 3d). Overall the growth
season started 4.64 d earlier and
ended 6.36 d earlier per 1°C increase
in temperature, and started 2.38 d
earlier and ended 3.62 d earlier per
1° latitude southward (Table 2). Al -
though both start and end of the
growth period was affected by tem-
perature and latitude, the parallel
advancement of these events re -
sulted in a constant length of the
growing season (192.6 ± 4.9 DOY)
across both gradients (temperature:
F1,45 = 1.515, p = 0.225; Fig. 3e; lati-
tude: F1,45 = 2.918, p = 0.094; Fig. 3f).

Mean annual aboveground biomass (122.6 ± 8.4 g
dw m−2) tended to be larger in colder areas (F1,62 =
5.973, p = 0.017; Fig. 4a), but did not change signifi-
cantly across latitudes (F1,62 = 2.273, p = 0.137;
Fig. 4b). Annual variation in biomass (CV: 0.72 ±
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Dependent variable             Temperature (°C, M1)  Latitude (° N, M2)                    ER
                                                                         Estimate         SE              R2            Estimate        SE             R2      (temperature:
                                                                                                                                                                                          latitude)

Size of peak biomass (g dw m−2)                       4.97             4.21          0.03            −3.52            2.40         0.05             0.66
Timing of peak biomass (DOY)                      −5.57***        0.54          0.70               3.04***       0.34         0.63         124.00
Start of the growing season (DOY)                −4.71***        0.74          0.48               2.43***       0.46         0.38           42.48
End of the growing season (DOY)                  −6.43***        0.76          0.61               3.65***       0.45         0.60             2.37
Length of the growing season (d)                   −1.18             0.96          0.03               0.92            0.54         0.06             0.51
Mean annual biomass (g dw m−2)                   −4.07*           1.67          0.09               1.38            0.91         0.04             6.58
Annual biomass variation (CV)                         0.023***      0.007        0.18            −0.006          0.004       0.04           32.57
Above/belowground biomass ratio                  0.207**       0.059        0.26            −0.100**      0.031       0.23             2.34
Mean annual shoot density (shoots m−2)          9.38           19.79          0.01               5.63          10.74         0.01             0.97
Annual variation in shoot density (CV)            0.014*         0.007        0.10            −0.002          0.005       0.01             4.10
Aboveground production (g dw m−2 yr−1)        1.392         31.30          0.00             14.61          15.48         0.04             0.62

Table 2. Model comparisons between the effects of mean summer temperature and latitude on each of the dependent variables
measured. For each dependent variable, ‘estimate’ (with standard error [SE]) indicates the slope of the regression line (R2) with
mean summer temperature or latitude. The evidence ratios (ER) indicate how many times summer temperature is a better fit to
the data than latitude. Temperatures were derived from www.worldclim.org (Hijmans et al. 2005). Significance levels: *p < 0.05, 

**p < 0.01, ***p < 0.001. DOY: day of the year

Fig. 2. (a,b) Peak aboveground biomass (dw: dry weight) and (c,d) timing of
peak biomass in eelgrass Zostera marina meadows as a function of (a,c) mean
summer temperature (June to August) and (b,d) latitude. Solid lines indicate 

significant linear regressions; dashed lines are upper and lower 95% CI
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Fig. 3. (a,b) Start of the growing season, (c,d) end of the growing season and (e,f) length of the growing season in eelgrass
Zostera marina meadows as a function of (a,c,e) mean summer temperature (June to August) and (b,d,f) latitude. Solid lines 

indicate significant linear regressions; dashed lines are upper and lower 95% CI
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Fig. 4. (a,b) Mean annual biomass (dw: dry weight), (c,d) annual variation in biomass, and (e,f) above/belowground biomass ra-
tio in eelgrass Zostera marina meadows as a function of (a,c,e) mean summer temperature (June to August) and (b,d,f) latitude. 

Solid lines indicate significant linear regressions; dashed lines are upper and lower 95% CI
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0.04) was generally larger in warmer areas (F1,59 =
12.878, p < 0.001; Fig. 4c), but did not exhibit a signif-
icant latitudinal gradient (F1,59 = 2.522, p = 0.118;
Fig. 4d). Above/ belowground biomass ratio (2.8 ±
0.29) at time of peak aboveground biomass was posi-
tively related to summer temperature (F1,35 = 12.490,
p = 0.001; Fig. 4e) and negatively related to latitude

(F1,35 = 10.350, p = 0.003; Fig. 4f), and
these relationships were significant
even with the exclusion of 2 possible
outliers with very high ratios (Fig. 4e,f).
The ratio increased by 0.207 per 1°C
increase in temperature and by 0.100
per 1° latitude south ward (Table 2),
and probably reflects a longer life-
span of belowground parts in the
colder northern waters. Indeed, mean
annual shoot density (718.0 ± 88.5
shoots m−2) did not change across
temperature (F1,41 = 0.225, p = 0.638;
Fig. 5a) and latitude (F1,41 = 0.275, p =
0.603; Fig. 5b), but annual variation in
shoot density (CV: 0.35 ± 0.03) was
larger in warmer areas (F1,38 = 4.295,
p = 0.045; Fig. 5c) — although it did
not change significantly across the
latitudinal gradient (F1,38 = 1.203, p =
0.280; Fig. 5d).

Available data on annual leaf pro-
duction (mean ± SE: 788.5 ± 102.0 g
dw m−2 yr−1) revealed no significant
regression with either temperature
(F1,24 = 0.002, p = 0.965; Fig. 6a) or lat-
itude (F1,24 = 0.891, p = 0.355; Fig. 6b).
Biomass turnover (production/bio-
mass ratio) ranged from 0.83 to 8.09

and was inversely related to temperature (F1,23 =
8.476, p = 0.008) but revealed no significant regres-
sion with latitude (F1,23 = 3.482, p = 0.075) (data not
shown). Biomass turnover was calculated from a lim-
ited data set in which peak biomass tended to in -
crease with temperature, as opposed to the larger
data set where no significant regression between

peak biomass and temperature was
found. As biomass production was
overall unaffected by temperature we
therefore assumed that there was no
overall indication of a temperature
effect on biomass turnover.

The effects of temperature and
latitude

Model comparisons between re -
gres sion models with temperature or
latitude as independent variables re -
vealed that — for all significant linear
regressions — temperature was the
best predictor of the observed rela-
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Fig. 5. (a,b) Mean annual shoot density and (c,d) annual variation in shoot den-
sity in eelgrass Zostera marina meadows as a function of (a,c) mean summer
temperature (June to August) and (b,d) latitude. Solid lines indicate significant 

linear regressions, dashed lines are upper and lower 95% CI

Fig. 6. Annual leaf production (dw: dry weight) of eelgrass Zostera marina
meadows as a function of (a) mean summer temperature (June to August) and 

(b) latitude



Mar Ecol Prog Ser 506: 71–85, 2014

tionships (Table 2). In particular, timing of peak bio-
mass, start of the growth season and annual biomass
variation showed strong support for a dependence on
temperature, with earlier growth season and larger
biomass variability in warmer areas. Mean annual
biomass and annual variation in shoot density were
also considerably better explained by temperature
than by latitude. The re maining growth parameters
(size of peak biomass, end of the growing season,
length of the growing season, above/belowground
biomass ratio and leaf biomass production) all had
evidence ratios <3, making it difficult to confidently
determine any potential causal links (Kass & Raftery
1995).

DISCUSSION

Large-scale spatial patterns in eelgrass biomass
and production

The annual peak aboveground biomass of shallow
water eelgrass populations was unaffected by large-
scale differences in seasonal climate across the range
of latitudes (29.1° to 66.2° N) and summer air temper-
atures (10.5 to 29.8°C) studied here (Fig. 2). This con-
firms previous observations of eelgrass populations
having the potential to develop high abundances
even in Arctic regions, which are characterized by a
short growing season with a low number of days
available for biomass growth (McRoy 1970). The very
large variability in peak aboveground biomass
among populations in this study suggests that local
factors can be more important than large scale fac-
tors in controlling biomass accumulation during the
growth season. Physical exposure to waves and cur-
rents exerts major control on the biomass and distri-
bution of shallow eelgrass populations (Krause-
Jensen et al. 2003) and is a likely key player in the
regulation of peak biomass in shallow exposed areas.
Other local factors such as unsuitable sediments
(Koch 2001), eutrophication-enhanced shading due
to light attenuation in the water column (Krause-
Jensen et al. 2003), shading by mats of filamentous
macroalgae (Rasmussen et al. 2013) and top-down
control (Baden et al. 2012) may also constrain bio-
mass accumulation locally.

The annual mean aboveground biomass, by con-
trast, tended to be larger (Fig. 4a,b) and less vari-
able (Fig. 4c,d) in colder areas, suggesting that cold-
water populations are able to maintain high
aboveground biomass during winter (McRoy 1969).
This relationship contrasts previous findings where

seagrasses in general showed less seasonality at
lower latitudes, attributable to a longer growing
season and a more constant light climate (Duarte
1989). Low seasonal variability in cold-water popu-
lations is also suggested by recent findings in
Greenland, where eelgrass populations develop a
high summer biomass, although annual leaf forma-
tion rates are substantially lower than further south,
and populations are probably unable to support
large changes in size during seasonal biomass
development (authors’ unpubl. data). The more sta-
ble population dynamics of cold-water eelgrass pop-
ulations might be related to re duced respiration and
decomposition rates at lower temperatures (Brown
et al. 2004), enabling the maintenance of a high bio-
mass during winter. High seasonality of eelgrass
biomass towards warmer areas, on the other hand,
may occur in populations that ex perience severe
die-back at high temperatures during late summer
(Orth & Moore 1986) and near the southern distri-
bution limit of eelgrass, where populations are often
annual as they survive the warm summer as seeds
(Phillips et al. 1983, Meling-Lopez & Ibarra-Obando
1999). The lower seasonal fluctuations in eelgrass
aboveground biomass of cold-water populations
might be partly explained by the finding that shoot
density fluctuations are lower here too (Fig. 5c).
Populations in colder areas may therefore extend
shoot life span, requiring less investment in energy-
expensive production of new shoots through clonal
growth at the start of the growing season; and the
gradual decrease in biomass fluctuations along the
warm−cold gradient may be a consequence of
reduced shoot turnover and in creased shoot life
span northwards. However, wide ranges of seasonal
biomass variability occurred over the entire range of
latitudes included, which emphasizes that effects of
the annual climatic cycle can be obscured by other
drivers (e.g. disturbance) of population variability.

Results from the analysis of above/belowground
biomass ratio indicated that eelgrass meadows grow-
ing under warm conditions at low latitudes invested
comparatively less energy in roots and rhizomes rel-
ative to leaves (Fig 4e,f), a strategy that matches well
with annual growth patterns and complete seasonal
loss of belowground parts (Meling-Lopez & Ibarra-
Obando 1999).

Annual leaf production of eelgrass ranged 12-fold
among populations, with no clear trend across either
latitude or temperature gradients. However, data
were only available from a rather narrow range of
latitudes (35° to 56° N) and summer temperatures (14
to 24°C). The lack of a clear trend in aboveground
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biomass production might relate to the somewhat off-
setting effects of slow annual leaf formation rates in
northern populations (authors’ unpubl. data) and a
shorter period of aboveground biomass development
in the south (Meling-Lopez & Ibarra-Obando 1999,
Jarvis et al. 2012).

Parameters reflecting the timing of eelgrass above-
ground biomass development (timing of peak bio-
mass, start and end of the growing season) showed
clear large scale patterns closely coupled to gradi-
ents in temperature and latitude (Figs. 2c,d & 3a−d).
All 3 parameters advanced considerably at higher
temperatures and lower latitudes, resulting in a for-
ward shifting of the entire growing season when
moving from cold, high-latitude areas towards
warmer low-latitude regions. As a consequence, the
length of the growing season did not change signifi-
cantly along any of the 2 gradients (Fig. 3e,f). The
changing seasonality of eelgrass biomass seemed to
be principally driven by differences in temperature,
as variation in all significantly changing parameters
relating to seasonal dynamics were better explained
by mean summer temperature than by latitude
(Table 2). The mid-summer drop in biomass found
near the southern limit of eelgrass distribution may
be related to growth inhibition as well as increased
leaf loss and shoot mortality at high temperatures
(Phillips et al. 1983, Lee et al. 2005, Jarvis et al. 2012).
Negative impacts of high water temperature has
been attributed to (1) increased respiration rate rela-
tive to photosynthesis, generating carbon imbalance
in the plants, and (2) heat stress, which may also
result in damaged membranes and enzymes leading
to impairment of the photosynthetic system (Marsh et
al. 1986, Taiz & Zeiger 2010, Franssen et al. 2011).
Increased shoot mortality during periods in late sum-
mers with unusually high temperature can also be
related to oxygen stress leading to meristematic
degradation. This may result from an indirect effect
of low water column oxygen due to high microbial
activity in the sediments, or by the direct effect of
high respiratory oxygen demand in the plants —
which can lead to anoxic meristematic tissue even at
relatively high water column oxygen concentrations
(Raun & Borum 2013). A comprehensive evaluation
on how temperature af fects several physiological and
fitness-related variables (photosynthesis, respiration,
leaf elongation rate, shoot size, survival, etc.) is given
by Nejrup & Pedersen (2008). Consequently, high
summer temperatures may also play a role in ex -
plaining why the growing season of eelgrass tends to
move forward rather than become extended in warm
areas.

Potential responses of eelgrass growth dynamics to
warming

Findings from this study may provide hints that
help predict changes in seasonal dynamics of eel-
grass biomass in response to future global warming.
Temperature was identified in our study as the
most important driver behind the variation in all sig-
nificantly changing parameters across the northern
hemi sphere (Table 2), allowing a space-for-time ap -
proach to cautiously predict future changes (Fukami
& Wardle 2005). Thus, the slope estimates of the lin-
ear regression analyses in Table 2 might serve as an
indication of how single parameters respond to in -
creasing temperatures. The most striking realisation
from this approach might be that eelgrass biomass
dynamics can be expected to advance 5 or 6 d for
each 1°C warming. Timing of peak biomass, start of
the growing season and end of the growing season
all showed clear progressive trends as a result of
higher mean summer temperatures, and a global
temperature rise of 3.4°C (equivalent to the A2 sce-
nario in IPCC 2007) would result in a ∼19 d earlier
peak in eelgrass biomass by 2090 to 2099.

Over the past 50 yr, the rate of warming at sea
and on land between 30 and 60° N has averaged
0.13 and 0.30°C per decade, with some coastal areas
warming at ~0.5°C per decade, respectively (Bur-
rows et al. 2011). This im plies that the start of the
growing season and peak aboveground biomass of
eelgrass meadows (Table 2) might have advanced
by 1 to 3 d per decade during this period, which is
at the slowest range of that reported for other mar-
ine organisms (average = 4.4 d per decade; Polo -
czanska et al. 2013).

Evidence is quickly piling up that global warming
is uneven across the globe (Burrows et al. 2011) and
it will affect Arctic areas to a greater extent than
southern latitudes (Høye et al. 2007, Clausen &
Clausen 2013). Thus, the changing seasonality might
be amplified in cold water populations compared to
those in temperate areas. If these predictions hold,
the consequences of changing biomass seasonality
may extend beyond eelgrass ecology. Eelgrass is a
keystone species of many coastal habitats, and entire
communities of birds, fish, arthropods and algae, as
well as numerous epiphytic and epibenthic organ-
isms, might face substantial changes in the structure
and seasonality of coastal habitats (Franco et al. 2006,
Waycott et al. 2009). The role of eelgrass in nutrient
cycling, wave dampening, sediment suspension and
carbon sequestration may likewise be altered (Wid-
dows et al. 2008, van Katwijk et al. 2010). Our find-
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ings indicate that while eelgrass seasonality might
respond strongly to a warming world, maximum bio-
mass, annual production and annual shoot density
are likely to be largely unaffected, or at least mainly
influenced by other factors. As a consequence, the
ecological effects related to the structural composi-
tion of eelgrass habitats may be relatively minor,
whereas effects related to temporal dynamics may be
much more pronounced. Rather than a steady rise in
temperature, extreme events are ex pected to become
increasingly important as a re sult of global warming
(IPCC 2007), and the potential temperature stress
associated with these events may be especially sig-
nificant to eelgrass biomass dynamics.

To herbivorous waterbirds foraging directly on eel-
grass leaves in temperate areas during early autumn,
the forward shift in available aboveground biomass
might lead to extensive declines in suitable autumn
foraging habitats. This expected loss of preferred
food sources could, in turn, result in lower winter sur-
vival (Clausen et al. 2012). So far, most autumn phe-
nologies of herbivorous waterbirds have been un -
changed or even delayed (Lehikoinen & Jaatinen
2012), and ultimately this development may result in
a phenological mismatch between food availability
and waterbird arrival in their autumn staging areas.
The mechanisms behind the apparently restricted
window of substantial aboveground eelgrass growth
are not completely understood, but seem to be
related to rapidly declining photosynthesis/respira-
tion ratios at high temperatures (Marsh et al. 1986,
Lee et al. 2005). However, changing light attenuation
and nutrient availability may also affect the length of
the period with suitable environmental conditions for
continued growth (Nelson & Waaland 1997, Kaldy &
Lee 2007).

In addition to a general forward shifting of the
growth season in a warmer future, it is also highly
likely that the distribution of eelgrass will move
north ward, as has been predicted for temperate
macro algae (Muller et al. 2009, Krause-Jensen et al.
2012). Whereas biomass development of populations
at the northern distributional edge does not seem
limited, low temperatures seem to limit reproduction
by seeds and reduce the possibility for expansion and
northward spread of eelgrass meadows (authors’
unpubl. data.). A warmer future is therefore likely
to stimulate a northward expansion of the leading
edge of distribution. The southern distributional li -
mit is also likely to move northward in a warmer
future be cause high temperatures exert substantial
pressure on those populations (Jarvis et al. 2012). It
should be noted that eelgrass populations most

likely differ considerably in local adaptation and
plas ticity to temperature tolerance. For example,
some  mid- latitude populations may also be threat-
ened by in creasing temperatures, as these could suf-
fer com paratively more from temperature stress than
populations more adapted to coping with tempera-
ture extremes. Hence, Franssen et al. (2011) found
that in terms of gene expression patterns, recovery
from thermal stress (25 to 27°C) was delayed in
plants from mid-latitude populations compared to
southern populations.

Eelgrass is known to show great plasticity in both
growth strategy and life-history traits across its distri-
butional range (Phillips et al. 1983, Jarvis et al. 2012),
and acclimation to local environments is a character-
istic of many eelgrass meadows (Olesen & Sand-
Jensen 1993, Kaldy & Lee 2007). The wide range of
factors regulating eelgrass growth substantially com-
plicates identification of overall patterns, and fully
clarifying how large-scale differences in temperature
and light affect eelgrass seasonality relies on the
ability to control local regulating factors. These fac-
tors include local differences in habitat conditions
which also affect eelgrass, e.g. light attenuation,
exposure, sediment conditions, nutrient levels, and
competition, which were impossible to quantify in
this study. Likewise, obtaining local water tempera-
tures instead of local air temperatures could poten-
tially improve the explanatory power of this en -
vironmental driver. However, including these factors
relies on thorough knowledge of individual sites, and
is not feasible given the geographical scope of this
study. In summary, despite the great plasticity of eel-
grass growth patterns and the many factors that con-
trol eelgrass dynamics, our results suggest a strong
effect of temperature on biomass seasonality. Deci-
phering the exact physiological limitations be hind
these consistent temporal patterns might further
advance our understanding of how climatic change
can alter the key structural and trophic role of eel-
grass in coastal ecosystems.
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