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INTRODUCTION

The globe is warming at unprecedented rates and
models project warming to continue through the 21st
century in response to scenarios of greenhouse gas

emissions (Intergovernmental Panel on Climate
Change (IPCC) 2014). Warming is affecting ecosys-
tems worldwide (IPCC 2014) and signs of species
migration poleward have been reported over recent
decades (Walther et al. 2002, Poloczanska et al. 2013)
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ABSTRACT: Global warming may exert diverging effects on eelgrass (Zostera marina L.) popula-
tions originating from the northern versus the central part of the distribution range and on popu-
lations growing at saturating versus limiting light. We experimentally examined growth and phys-
iological temperature responses of 3 eelgrass populations adapted to different temperature
regimes in subarctic Greenland (2 populations) and in Denmark (1 population). Shoots were incu-
bated at 5 different temperatures (10, 15, 20, 25 and 28°C) for 15 to 16 d at a saturating irradiance
(200 µmol m−2 s−1) and one of the populations was also incubated at a limited irradiance of 50 µmol
m−2 s−1. All populations exhibited optimum temperatures of 20 to 25°C for photosynthesis and
growth under saturating light, while light limitation reduced the optimum by 5 to 10°C. When
compared at their respective in situ summer temperature (i.e. 10, 15 and 20°C), all populations
exhibited similar relative growth rates, indicating a capacity for local adaptation. The 2 subarctic
populations exhibited higher activation energy for growth and, hence, greater responsiveness to
warming than the centrally located population. However, subarctic populations were also more
sensitive to extreme high temperatures, showing faster increases in respiration rates and declines
in photosynthesis. Sensitivity to warming varied across light conditions with light-limited plants
being most vulnerable to extreme temperatures, causing a negative carbon budget. In conclusion,
projected warming would stimulate the performance of subarctic eelgrass populations but could
eventually compromise populations in the center of the distribution range, which currently grow
close to their temperature optimum.
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in response to isotherm migration (Burrows et al.
2011). To facilitate predictions of future distribution
ranges of species there is a demand for studies on
their temperature response. Most predictions have
assumed a similar temperature response over the
species distribution range (Müller et al. 2009, Jueter-
bock et al. 2013), but recent studies have highlighted
the need for taking into account possible changes in
temperature response over this range due to local
species adaptation (Bennett et al. 2015).

Eelgrass Zostera marina L. is the most widely dis-
tributed seagrass in the northern hemisphere (Den
Hartog 1979), where it plays a key role in the coastal
zone in terms of high productivity, stimulation of bio-
diversity, protection of the coastline, carbon storage
and nutrient retention (Serrano et al. 2011, Duarte et
al. 2013, Cole & Moksnes 2016). Z. marina occurs
from subtropical regions of southern Portugal and
Spain (Setchell 1935, Den Hartog 1979, Diekmann &
Serrao 2012) with summer seawater temperatures
close to 27°C (Newton & Mudge 2003) to subarctic
regions with summer temperatures around 10 to
15°C (Olesen et al. 2015), and to even colder Arctic
regions. The wide geographical distribution range of
this species demonstrates a broad temperature toler-
ance, but warming emerges as a potential stress on
eelgrass populations from the southern and central
part of the distribution range, where population
declines after periods of high temperature have been
observed (Phillips et al. 1983, Durako & Moffler 1987,
Reusch et al. 2005). At the northern distribution limit
of the species, by contrast, warming is likely to stim-
ulate growth and success of sexual reproduction and,
hence, a northward expansion, as has also been pre-
dicted for fucoid seaweed species (Jueterbock et al.
2013, Olesen et al. 2015).

Responses to warming depend on the species’ ther-
mal tolerance range and its capacity to adapt to local
temperature conditions (Short & Neckles 1999). A
wide range of metabolic rates increase exponentially
with warming and this uniformity in response facili-
tates comparisons of the sensitivity of metabolic pro-
cesses to warming expressed as the thermal energy
causing a given percent change in process rate, i.e.
the activation energy (Brown et al. 2004, Dell et al.
2011). While warming stimulates both photosynthe-
sis and respiration, rates of respiration tend to in -
crease faster than photosynthesis rates per 1°C of
warming (Marsh et al. 1986, López-Urrutia et al.
2006), and warming may thereby increase the risk of
rendering the carbon budget of the plants negative.
Acclimation (phenotypic plasticity) and/or local
adaptation (genetic adaptation) may to some extent

compensate such negative effects of warming (Davi-
son et al. 1991, Bergmann et al. 2010, Bennett et al.
2015).

In addition to the different temperature regimes
across the geographical distribution range, northern
and central/southern eelgrass populations are also
exposed to marked differences in the light climate.
While subtropical and temperate populations receive
light year round, eelgrass growing near the northern
limit has to cope with severe light limitation for major
parts of the year (e.g. McRoy 1969) due to the long
Arctic night in combination with sea ice cover.
Warming of the Arctic, occurring at twice the global
average rate (IPCC 2014), has already caused major
reductions in Arctic sea ice extent and projections
indicate that the Arctic summers will be ice free
within a few decades (Wang & Overland 2009). As a
result, more light may reach the seafloor annually
and stimulate growth of eelgrass in shallow Arctic
coastal areas (Krause-Jensen & Duarte 2014, Olesen
et al. 2015). Light limitation of eelgrass growth is
most pronounced near the depth limit where light
energy on an annual basis only just enables a posi-
tive carbon budget (Dennison 1987). The critical light
requirement of seagrass to maintain growth is
expected to increase with temperature (Lee et al.
2007). Hence, in a warming scenario, the deep-grow-
ing, light-limited seagrass ecosystems are more
likely than light-saturated populations to shift from
autotrophic to heterotrophic metabolism.

The aim of this study was to compare the tempera-
ture response of 3 eelgrass populations adapted to
growth across a broad thermal gradient from near
the northern distribution limit to centrally in the dis-
tribution range. We also aimed to investigate how
temperature affects the performance of eelgrass
growing at saturating light versus at light limitation
reflecting the conditions near the lower depth limit of
the meadow, and in particular, how warming affects
the minimum light requirement for photosynthesis.
We hypothesized (1) that eelgrass adapted to low-
temperature environments have lower optimum tem-
perature for growth, photosynthesis and respiration,
and are more sensitive to thermal stress as compared
to populations adapted to higher temperature, and
(2) that shaded plants are more sensitive to thermal
stress than light-saturated plants, resulting in a
higher critical light level to maintain a positive car-
bon balance with increasing temperature. The study
was performed by comparing the response of 3 dis-
tinct eelgrass populations— 2 near the northern dis-
tribution limit growing at summer temperatures of 10
and 15°C, respectively, and 1 from the center of the
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biogeographical distribution growing at summer
temperatures of around 20°C — to the same range of
water temperatures (10–28°C). Also, the temperature
effect on shoots acclimated to saturating versus limit-
ing light was examined in 1 population. Growth rates
were measured as leaf elongation as well as shoot
biomass increase, to evaluate the potential effect of
higher respiratory carbon losses (of leaves and rhi-
zome/roots) relative to carbon assimilation with
increasing temperature. The novelty of this study
resides in the aim to evaluate the role of local adap-
tation in thermal performance in Z. marina, the sea-
grass species with the widest geographical distribu-
tion range.

MATERIALS AND METHODS

Experimental plants

We collected the experimental plants of Zostera
marina L. (eelgrass) from 3 meadows, 2 located at the
reported northernmost distribution limit in Green-
land (64° N) in the extensive Godthåbsfjord system
on the southwest coast near Nuuk (Kobbe Fjord
and Kapisillit), and 1 in the center of the distribu -
tion range (56° N) in Denmark (Århus Bay Fig. S1 in
the Supplement at www.int-res. com/ articles/ suppl/
m589  p059 _ supp. pdf). In spite of their relatively short
geographic distance apart (~80 km), the 2 popula-
tions from Greenland were adapted to different envi-
ronmental conditions (Olesen et al. 2015). The Kobbe
Fjord (64° 09’ N, 51° 33’ W) population was growing
at in situ summer temperatures of 8.5 to 10°C and at a
salinity of 34, while the Kapisillit (64° 28’ N, 50° 13’ W)
population was adapted to in situ summer temp -
eratures of 11.6 to 15°C and a salinity of 20 at the time
of collection in late August. For more information on
the Greenland eelgrass meadows see Olesen et
al. (2015). Summer temperatures in Århus Bay
(56° 23’ N, 16° 33’ E) ranged between 18 and 22°C
and the salinity was 25.

Shoots from both Greenland populations were
sampled at approximately 2 to 3 m water depth at
mean water level (tidal range 14.5 m, Richter et al.
2011). To avoid pseudo-replication by resampling the
same genotypes, the shoots were randomly collected
across the meadows from a boat at intervals of 5 to
10 m using a small rake attached to a rope that was
thrown and manually dragged for about 1 m on the
sea floor. The Greenland shoots were transported to
the laboratory in Århus, Denmark, wrapped in salt-
water-wetted tissue in open plastic bags, loosely

packed in cold bags and transferred to aquaria upon
arrival. Eelgrass shoots from the Århus population
were collected by hand at approximately 1 m depth
in early September using a similar sampling strategy
as for the Greenland populations to reduce the
risk of resampling the same genotype. The shoots
were transferred to cooling bags with seawater and
directly transported to the laboratory.

Experimental design

We kept the harvested shoots under laboratory
conditions at 5°C for 15 d (Greenland populations)
and at 15°C for 9 d (Århus population), a few degrees
below their in situ temperatures to avoid them ex -
ceeding their local summer temperature conditions.
The irradiance during this initial phase was 50 µmol
photons m−2 s−1 in a 16 h light:8 h dark cycle. We used
artificial seawater (Marinemix professional, HW Wie-
gand) with a salinity of 25, as an intermediate level of
the salinity at the 3 sampling locations. The incuba-
tion medium was enriched with nutrient solution
(Plant Nutrition+, Tropica Aquarium Plants) to yield a
concentration of 96 µM nitrogen (N) and 3.2 µM
phosphorous (P) to ensure sufficient levels of nutri-
ents for plant growth.

Prior to experimental start, shoots from each popu-
lation were progressively acclimated to the target
incubation temperatures of 10, 15, 20, 25 and 28°C.
The shoots were kept for 3 d at a given temperature
before they were directly transferred to a 5°C colder
or warmer aquarium until reaching the target tem-
perature. At the onset of the experiment, shoots had
acclimated to a specific experimental temperature for
at least 6 d, except for those transferred from 25 to
28°C, which had an acclimation period of 3 d. At the
onset of the experiment, we measured the initial
shoot fresh weight (FW) and length, counted the
number of leaves per shoot, adjusted the number of
rhizome segments to 3 and pierced a hole through
the leaves at the top of the leaf sheath with a hypo-
dermic needle for measurement of growth rate
(Sand-Jensen 1975, Short & Duarte 2001). Initially,
the shoots from Kobbe Fjord, Kapisillit and Århus
Bay had 3.98 ± 0.1, 4.3 ± 0.1 and 3.2 ± 0.7 leaves per
shoot (mean ± SE) and weighed 0.67 ± 0.05, 1.32 ±
0.06 and 1.24 ± 0.05 g FW, respectively. A randomly
selected subsample of shoots from each population
was kept for assessment of the initial fresh weight:
dry weight ratio (FW:DW).

For each treatment, 3 apical shoots (attached to 3
rhizome internodes with roots) were then placed in
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each of three 3 l cylindrical Perspex chambers (inter-
nal diameter 10 cm, height 30 cm), resulting in a total
of 9 shoots per temperature for each population. The
shoots were attached to plastic nets at the base of the
chambers to keep them in an upright position. The
chambers with seawater medium, as described
above, were continuously aerated with atmospheric
air. Water level and salinity were measured every
second day and the chambers were refilled with
fresh water to compensate for evaporation. Half of
the water in each chamber was renewed once a week
to ensure sufficient levels of nutrients. Saturating
irradiance of 200 µmol photons m−2 s−1 (Olesen &
Sand-Jensen 1993) below the water surface was pro-
vided by fluorescent tubes (Philips TL5HO, 39 W,
830/840) in a 16 h light:8 h dark cycle. Another set of
shoots from Kapisillit was incubated over the same
temperature range at an irradiance of 50 µmol pho-
tons m−2 s−1 to imitate summer irradiance conditions
near the deep edge of the meadow (Staehr & Borum
2011). The low-irradiance treatment was obtained by
covering the chambers with a shading screen. Hence,
for each temperature, the set-up included 3 replicate
chambers per population exposed to sa turating light
and 3 additional replicate chambers for the low irra-
diance treatment of Kapisillit shoots (see Fig. S2 in
the Supplement). The 12 Perspex chambers from
each temperature treatment were placed in a temper-
ature-controlled water tank (length: 60 cm, width:
40 cm, height: 30 cm) equipped with a heater, a ther-
mostat (IKS Aquastar Basis-System) and a water cir-
culation pump. Experimental temperature was con-
tinuously logged by HOBO loggers (UA-002-64,
Onset) placed in 1 of the 12 cylinders.

The growth experiment was run for 15 to 16 d to
ensure adequate formation of new leaf and rhizome
tissue for the photosynthesis measurements. We then
quantified a set of response parameters (see details
in the sections below) related to growth (leaf forma-
tion rate, leaf and rhizome elongation rates and rela-
tive growth rate) as well as a set of physiological
response parameters (net rate of leaf photosynthesis,
Pmax, and respiration, R, leaf Pmax:R ratio, and rhizome
and root respiration rates). The optimum tempera-
tures for growth and photosynthesis were estimated
as the temperature interval with the highest rates
measured and for respiration the interval with the
lowest rates. Activation ener gy was calculated for all
the above process rates. In addition, we measured
photosynthesis versus light response for entire shoots
from Kapisillit grown at saturating and limiting irra-
diance levels. Chlo rophyll a and b content was also
measured for these plants.

Growth responses

Leaf formation rate (new leaves d−1) was quantified
as the number of new leaves, identified as those
without a punched hole, divided by the incubation
period (in d). Leaf elongation rate per shoot (cm
shoot−1 d−1) was quantified as cm of new leaf material
produced, measured as the length of new leaves (i.e.
leaves without holes) plus, for each growing leaf, the
distance between the punched hole and the refer-
ence hole in the oldest leaf and divided by the incu-
bation period (Short & Duarte 2001). Rhizome elon-
gation rate (cm rhizome apex−1 d−1) was calculated as
the increase in rhizome length divided by the incu-
bation period. The relative growth rate (RGR, d−1)
was calculated as:

RGR = –Ln(Bf/Bi)/t (1)

where Bi is the initial and Bf the final DW of the shoot
(including rhizomes, new shoots formed during the
incubation and leaves shed during incubation) after
freeze drying for 24 h to constant weight, and t is the
incubation period in d.

Physiological responses: photosynthesis 
and respiration

Light-saturated photosynthesis (Pmax) and respi -
ration were measured on segments (10–15 cm) of
the second youngest leaf as oxygen production or
consumption at the end of the experiment. In addi-
tion, respiration rates were measured on the 2–3
youngest rhizome internodes including attached
roots. The leaf and rhizome segments of 3 replicate
shoots from each treatment were gently cleaned of
algae and dead plant material and placed in 30 ml
glass-stoppered bottles with artificial seawater
(salinity 25) at the same temperature as during the
growth experiment. Bottles were placed on a rotat-
ing wheel in a thermostat incubator. Each bottle
was provided with 2–3 glass beads to ensure
stirring and thereby minimize diffusion limitation.
Dark respiration of leaves and rhizomes was meas-
ured during incubation in total darkness for 90–
120 min prior to photosynthesis measurements of
leaves, which were conducted at a saturating irradi-
ance of 240 µmol m−2 s−1 provided by fluorescent
tubes. The reason for measuring the plants grown
under low light at saturating irradiance was to eval-
uate the effect of temperature on photosynthetic
light acclimation by comparing the photosynthetic
capacity of shoots from the 2 light treatments. The
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incubation medium in the bottles was completely
renewed with temperature-adjusted and aerated
salt water medium between measurements. To re -
duce the risk of photorespiration, the water for pho-
tosynthetic measurements was purged with N2 gas
to lower initial O2 concentration to approximately
80% saturation (Pedersen et al. 2013). Incubation
time for photosynthetic measurements (45–60 min)
was adjusted in order to maintain final oxygen con-
centration below 120% saturation and thereby pre-
vent bubble formation. At the end of the incubation,
the dissolved oxygen concentration was measured
with oxygen microelectrodes (Type OX-500, Uni -
sense A/S). Oxygen consumption and production
were subsequently calculated by subtracting the
oxygen change in control bottles incubated without
plant material. For each temperature, the electrode
was calibrated to 0 and 100% of air saturation.

Photosynthetic light response was measured on
whole shoots from the Kapisillit population grown at
high and low irradiance. Three shoots from each
temperature and light treatment were incubated at
their experimental temperature in a 200 ml closed
Perspex chamber and oxygen production or con-
sumption was measured with Fiber-Optic Oxygen
Microsensors connected to an OXY-4 4 channel fiber-
optic oxygen meter (PreSens Precision Sensing). We
used 3 separate chambers allowing 3 parallel meas-
ures. The chambers were placed in a temperature-
controlled water bath, and irradiance was provided
from fluorescent tubes (Philips TL5HO, 39 W, 830/
840) in the range of 0 to 380 µmol photons m−2 s−1.
Neutral density filters were used to obtain 7 different
photon flux densities. The chambers were stirred
with a magnetic stirrer bar and a plastic net (mesh
size 10 mm) was used to separate the stirrer from the
eelgrass shoot. Following a 30 min acclimation
period to darkness prior to incubation, the dark respi-
ration was measured over a 30–40 min period, after
which photosynthetic measurements proceeded at
gradually increasing irradiances. Oxygen concentra-
tion in the chambers were logged every 15 s and
metabolic rates were calculated by fitting a linear
regression line to the data omitting the first period
(5–10 min) at the initiation of each irradiance treat-
ment before rates stabilized. The oxygen concentra-
tion in the chambers was in the range of 80 to 150%
saturation. Measurements were aimed at identifying
light use efficiency, respiration rates and light com-
pensation points of whole shoots while maximum
photosynthetic rates (Pmax) were disregarded, as sat-
uration of whole shoots was not always obtained at
the highest irradiances of 380 µmol photons m−2 s−1

applied. The photosynthetic efficiency (α) was calcu-
lated from the initial slope of the P-I curve between 0
and 70 µmol photons m−2 s−1 at 10 and 15°C, and
between 0 and 105 µmol photons m−2 s−1 at 20, 25 and
28°C. Dark respiration rate (R) was estimated from
the intercept of the regression line on the ordinate
and the light compensation point (Ic) from the inter-
cept on the abscissa. At the end of the measurements,
the shoots were freeze-dried for 24 h and weighed.
The freeze-dried material was ground and the con-
centrations of chlorophyll a and b were determined
spectrophotometrically after extraction for 24 h in
darkness in 96% ethanol according to Lichtenthaler
(1987).

Activation energy

The activation energy was calculated to quantify
the thermal sensitivity of the eelgrass and to examine
if it differed among populations. The metabolic
 theory of ecology (MTE) suggests that the Boltz-
mann−Arrhenius model from chemical reaction
kinetics can be used to predict the rise of many bio-
logical rates with warming (Brown et al. 2004).
According to the MTE, the scaling of a biological rate
(BR) with temperature (T, in Kelvin), is:

BR = BRi · e(E/kT) (2)

where E is the activation energy, k is Boltzmann’s
constant, and BRi is the initial biological rate. We
used a similar approach to also examine the sensitiv-
ity of the fall of biological rates to warming when
optimum temperature is exceeded, following Dell et
al. (2011).

Statistical analysis

All values are reported as means ± SE. Differences
in eelgrass performance between temperature treat-
ments, populations or light levels were tested using
2-way analysis of variance (ANOVA), and a 1-way
ANOVA was used to test differences among popula-
tions in their performance at ambient temperature.
Tukey’s test was applied to identify the treatments
that differed significantly. Data was checked for
homogeneity of variance using Bartlett’s test. We
used regression analysis on log-transformed para -
meters to estimate the activation energy of the vari-
ous growth/physiological rates in each population.
All data treatment and statistical analysis was per-
formed using the IBM SPSS, v.11.
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RESULTS

Growth response at saturating light

The 3 eelgrass populations grew at relatively simi-
lar rates when experimentally exposed to their in situ
temperature (i.e. ~10°C for Kobbe Fjord, ~15°C for
Kapisillit and ~20°C for Århus Bay) despite the 10°C
range in in situ temperatures (Fig. 1, left panels;
Table S1 in the Supplement). Hence, for all growth
variables (leaf formation, leaf and rhizome elonga-
tion, relative growth), rates at the respective in situ
temperature did not differ significantly between pop-
ulations even though the population from the coldest
subarctic site (Kobbe Fjord) exhibited slightly lower
mean levels (Fig. 1, left panels, Table S1).

However, subarctic eelgrass grew significantly
faster than cold-temperate eelgrass when compared

across the full experimental temperature range,
which represented an overall warming for the sub-
arctic eelgrass (Fig. 1, left panels, Table S2). Hence,
subarctic Greenland populations produced new
leaves faster (on average by 60% for Kobbe Fjord
and 80% for Kapisillit) than the cold-temperate Dan-
ish population (Århus Bay, Fig. 1, left panels). Simi-
larly, rhizomes from Greenland populations elon-
gated, on average, 2.5-fold faster than those of the
Danish populations when exposed to the experimen-
tal temperature range (Fig. S3, left panel). The ampli-
tude of leaf, rhizome and overall plant growth fluctu-
ations (coefficient of variation, Table S3) across the
experimental temperature range also tended to be
wider in subarctic than cold-temperate populations.

There was no consistent difference in optimum
growth temperature across subarctic and cold-tem-
perate populations (Table S3). Warming enhanced
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Fig. 1. Growth responses (left columns) and physiological responses (right columns) of Zostera marina populations from
Greenland (Kobbe Fjord, Kapisillit) and Denmark (Århus) to a range of experimental temperatures including the in situ tem-
perature at the time of collection of each of populations, i.e. 10°C for Kobbe Fjord, 15°C for Kapisillit, and 20°C for Århus. Let-
ters indicate significant differences between temperatures according to the 2-way ANOVA (see Table S2 in the Supplement)
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eelgrass growth rates up to optimum temperatures
ranging between 20 and 25°C, whereas minimum
growth rates were observed at the lowest (10°C) and
the highest (28°C) temperature treatments (Fig. 1).
Only shoots exposed to 28°C showed stages of leaf
necrosis in all the populations. However, subarctic
eelgrass populations were more sensitive than cold-
temperate ones to warming up to optimum tempera-
ture, as reflected by their generally higher growth
activation energies (Table S3). The sensitivity of eel-
grass growth to increased temperature also differed
depending on whether warming occurred below or
above optimum temperature. The decline of growth
rates when warming exceeded optimum temperature
tended to be more abrupt (activation energy: 0.49–
1.41 eV) than growth stimulation as temperatures
increased to the optimum (activation energy: 0.22–
0.80 eV, Table S3). These ‘de-activation energies’ did
not show consistent differences between subarctic
and cold-temperate populations.

Photosynthesis and respiration response at
 saturating light

Eelgrass from the cold-temperate Århus Bay popu-
lation exhibited significantly higher net leaf photo-
synthesis and leaf Pmax:R ratio at its in situ temp -
erature (i.e. 20°C) than did subarctic Greenland
populations at their in situ temperature (10°C for the
Kobbe Fjord population, 15°C for the Kapisillit popu-
lation), whereas leaf and rhizome respiration rates
were similar among populations (Table S1).

The physiological response to the experimental
temperature range differed between populations
(Fig. 1, right panels, Table S2). Respiration rates of
leaves and rhizomes were significantly higher for the
coldest-adapted subarctic population (Kobbe Fjord)
while Pmax was similar among populations (Table S2).
This resulted in generally lower leaf Pmax:R ratio along
the experimental temperature range for the coldest-
adapted subarctic population (Fig. 1, Table S2), al-
though all 3 populations maintained autotrophic leaf
metabolism during day hours for the entire tempera-
ture range tested (Pmax:R > 1, Fig. 1).

Pmax and the leaf Pmax:R ratio showed bell-shaped
responses to temperature with similar optimum
 temperature (20°C) for subarctic and cold-temperate
eelgrass populations, but with the highest amplitude
of fluctuations in the coldest subarctic population
(Kobbe Fjord, Fig. 1, Table S3). Eelgrass rhizome res-
piration increased with increasing temperature along
the entire experimental temperature range in all

populations (Fig. S4), and leaf respiration re sponded
similarly in the cold-temperate population (Århus
Bay, Fig. 1), while that of the subarctic populations
exhibited a bell-shaped temperature response peak-
ing at 20°C (Kapisillit) and 25°C (Kobbe Fjord, Fig. 1).

At saturating light, the activation energy for Pmax

ranged between 0.77 eV and 0.99 eV while warming
up to optimum temperature, and did not vary consis-
tently with the in situ summer temperature of the
populations (Table S3). However, when warming
exceeded the optimum temperature, Pmax of subarctic
populations was more sensitive to temperature than
that of the cold-temperate population, with de-acti-
vation energies being 2- to 4-fold higher (see Table
S3). The activation energy of eelgrass rhizome respi-
ration (0.53–0.67 eV) and leaf respiration (0.27–0.46
eV) was lower than that of Pmax, and kept increasing
across all treatment temperatures (Table S3). The
sensitivity of the Pmax:R ratio to warming beyond
20°C was highest for the coldest subarctic population
(Kobbe Fjord), which had highest activation energy
(Table S3), and thus was most prone to shift to het-
erotrophy in extreme warming conditions, which,
however, are unlikely at those latitudes.

Effect of light limitation on growth, photosynthesis
and respiration

Light limitation significantly reduced average eel-
grass growth rates, except leaf elongation rate,
across the experimental temperature range (Fig. 2,
Table S4). Shading also caused a significant re -
duction, of 5 to 10°C, in optimum growth tempera-
ture of light-limited compared to light-saturated eel-
grass (Fig. 2, Table S3). The effect of low light was
similar across the temperature gradient, showing no
sig nificant interaction between temperature and
light treatments (Table S4). There was no consis-
tent difference between the activation energies of
growth rates under saturating and limiting light
(see Table S3).

Limiting light also altered the physiological re -
sponse of eelgrass to warming (Fig. 2, right panel).
Hence, Pmax and the Pmax:R ratio of eelgrass leaves
grown under low light were significantly enhanced
when incubated under saturating light at all temper-
atures except at 10°C (Fig. 2, Table S4). By contrast,
limiting light did not significantly affect eelgrass leaf
and rhizome respiration across the tested tempera-
ture range (Table S4). The amplitude of the fluctua-
tions in Pmax and the Pmax:R ratio in re sponse to tem-
perature was markedly wider in eelgrass grown
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under low than high light, whereas that of the respi-
ration rates was similar between light treatments
(Table S3). Eelgrass grown under low light exhibited
a similar optimum temperature (20°C) for Pmax and
the Pmax:R ratio as those grown under high light
(Table S3). The activation energies of Pmax and the
Pmax:R ratio below the optimum temperature were
about 50% higher for plants grown under low than
high light, while those of rhizome and leaf respiration
were relatively similar (Table S3).

The parallel measurements of the photosynthetic
response of whole plants from Kapisillit grown under
low and high irradiance provided more detail on
photosynthesis under low irradiance. The size of the
plants did not vary significantly between light- and
temperature treatments prior to the photosynthetic
measurements, and the overall biomass averaged
0.230 ± 0.014 g DW shoot−1 and the leaf to rhizome +

root biomass ratio averaged 2.06 ± 0.13. The photo-
synthetic efficiency (α) showed no significant differ-
ence between temperatures or between light- and
shade-acclimated plants across the experimental
temperature range in spite of the slightly higher α of
shaded plants at intermediate temperatures relative
to lower and higher temperatures (Fig. 3, Table S5).
Respiration rates (R) were also similar for light-
and shade-grown plants, and were unaffected by
temp eratures up to 25°C, whereas they increased
markedly upon further increase in temperature.
Combining α and R resulted in the minimum light
requirement for photosynthesis (Ic) being slightly
but significantly lower (average 31.1 ±3.2 µmol
photons m−2 s−1 at 10–25°C) for shade-acclimated
plants compared to light-acclimated plants (average
42.3 ± 3.5 µmol  photons m−2 s−1 at 10–25°C). Above
25°C, the light compensation point increased for
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Fig. 2. Growth responses (left columns) and physiological responses (right columns) of Zostera marina from subarctic Green-
land (Kapisillit) populations grown under low (50 µmol photons m−2 s−1) and high light (200 µmol photons m−2 s−1) to different
temperatures. Letters indicate significant differences between temperatures according to the 2-way ANOVA (see Table S4 

in the Supplement)
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both plant types (Fig. 3). Chlorophyll content was
significantly affected by light and temperature con-
ditions during growth with higher concentrations
in shade- acclimated compared to light-acclimated
plants. For shade-acclimated plants, the chlorophyll
content was higher at 20 to 28°C than at 5 and 10°C,
whereas the chlorophyll content in light-acclimated
plants only varied slightly with temperature. This dif-
ference in temperature effect was reflected in a signif-
icant light−temperature interaction (Fig. 3, Table S5).

DISCUSSION

Temperature optimum and tolerance ranges across
populations

The majority of the tested growth and physiological
variables of the 3 eelgrass populations showed a
characteristic bell-shaped temperature-response
pattern (e.g. Dell et al. 2011) and were significantly
affected by temperature in spite of the low number of
replicates (n = 3). Remarkably, the Greenland popu-
lations growing near the northern distribution limit
and the Danish population growing centrally in the
distribution range exhibited relatively similar opti-
mum temperatures ranging from 20 to 25°C for

growth and photosynthesis variables when grown
under high irradiance. Had we included smaller tem-
perature intervals than the 5°C intervals used in our
experiment, it is likely that slight differences in opti-
mum temperature among the 3 populations would
have been found. The observed temperature opti-
mum is within the range observed in most other sim-
ilar experimental studies on eelgrass from various
locations across the geographical distribution range
(Table 1, Lee et al. 2007).

Maximum leaf respiration rates occurred, however,
at a higher temperature for the Danish (>28°C) than
the Greenland populations (20 to 25°C), matching
earlier reports of maximum respiration rates occurring
at 30.4 to 36.8°C for other Danish eelgrass populations
(Staehr & Borum 2011). This suggests an important
adaptation enabling the Danish population to better
cope with the higher in situ temperatures. The physio-
logical performance was measured on new leaf tissue
formed at the respective experimental temperatures.
However, whether a longer acclimation phase than
used here (14–15 d) would increase the heat tolerance
of the Greenland plants warrants further study.

Even though all the tested populations exhibited
wide thermal breadths over the 14–15 d experimental
period, there were signs of temperature stress at high
temperatures, especially in the subarctic populations.
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Fig. 3. Photosynthetic response of whole Zostera marina plants from subarctic Greenland (Kapisillit) grown under low and
high light. (A) Photosynthetic efficiency, α, (B) respiration rate, R, (C) minimum light requirements for photosynthesis, Ic, and
(D) chlorophyll content. Letters indicate significant differences between temperatures according to the 2-way ANOVA (see 

Table S5 in the Supplement). NS indicates no significance
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These signs included the lower temperature optimum
for leaf respiration reported above, as well as the low
Pmax:R ratio of the coldest-acclimated subarctic popu-
lation (Kobbe Fjord) at temperatures above optimum.
An additional sign was higher deactivation energies
of subarctic populations, suggesting they were more
sensitive to temperatures exceeding optimum levels,
while the Danish population was better adapted to
high temperatures. In line with this, previous compar-
isons of the temperature response along broad

thermal gradients in eelgrass identified the southern,
most warm-exposed populations as being more toler-
ant to warm temperatures and better capable of
restoring their photosynthetic apparatus after a heat
shock than more northern populations (Bergmann et
al. 2010, Franssen et al. 2011, 2014, Winters et al.
2011, Jueterbock et al. 2016). Overall, these results
highlight the relevance of local thermal adaptation to
coping with potential scenarios of global warming,
with southern populations demonstrating a higher re-
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Parameter Latitude Location Length of the Experimental T Optimum Source
(°N) experiment (d) range (°C) T (°C)

RGR 34.6 Japan 60 0−30 20 Abe et al. (2008)
(g DW g−1 d−1) 44.4 Oregon, USA 14 4.5−23.6 18 Kaldy (2014)

55.5 Denmark 21 18−27 21 Höffle et al. (2011)
56 Aarhus 15−16 10−28 20 This study
64 Kobbe Fjord 15−16 10−28 20 This study
64 Kapisillit 15−16 10−28 25 This study
64 Kapisillit Low 15−16 10−28 20 This study

Pmax 34.4 California, USA 0.5 4−21 21 Drew (1979)
(µmol O2 g−1 h−1) 36.5 California, USA 21 5−30 25 Zimmerman et al. (1989)

37.2 China 30 10−25 20 Niu et al. (2012)
37.4 Chesapeake Bay, USA 7 8−30 19 Evans et al. (1986)
40.5 Massachusetts, USA 4 10−28 25 Marsh et al. (1986))
55 Izembek Lagoon, 2 0−40 30 Biebl & McRoy (1971)

USA (subtidal)
55 Izembek Lagoon, 2 0−40 35 Biebl & McRoy (1971)

USA (intertidal)
55.4 Denmark 44 10−20 10−20 Nejrup & Pedersen (2008)
55.8 Denmark (Feb) 1−2 5−35 21.7 Staehr & Borum (2011)
55.8 Denmark (Apr) 1−2 5−35 24 Staehr & Borum (2011)
55.8 Denmark (Aug) 1−2 5−35 23.9 Staehr & Borum (2011)
56 Aarhus 15−16 10−28 20 This study
64 Kobbe Fjord 15−16 10−28 20 This study
64 Kapisillit 15−16 10−28 20 This study
64 Kapisillit Low 15−16 10−28 20 This study

Leaf respiration rate
(µmol O2 g−1 h−1) 36.5 California, USA 21 5−30 25 Zimmerman et al. (1989)

37.2 China 30 10−25 25 Niu et al. (2012)
40.5 Massachusetts, USA 4 0−35 15 Marsh et al. (1986))
55.8 Denmark (Feb) 1−2 5−35 30.4 Staehr & Borum (2011)
55.8 Denmark (Apr) 1−2 5−35 35 Staehr & Borum (2011)
55.8 Denmark (Aug) 1−2 5−35 36.8 Staehr & Borum (2011)
56 Aarhus 15−16 10−28 >28 This study
64 Kobbe Fjord 15−16 10−28 25 This study
64 Kapisillit 15−16 10−28 20 This study
64 Kapisillit Low 15−16 10−28 15−25 This study

Pmax:Rleaf 36.5 California, USA 21 5−30 5−25 Zimmerman et al. (1989)
37.2 China 30 10−25 20 Niu et al. (2012)
40.5 Massachusetts, USA 4 0−35 5 Marsh et al. (1986)
56 Aarhus 15−16 10−28 20 This study
64 Kobbe Fjord 15−16 10−28 20 This study
64 Kapisillit 15−16 10−28 20 This study
64 Kapisillit Low 15−16 10−28 20 This study

Table 1. Literature survey of temperature response of eelgrass Zostera marina to experimental temperatures. RGR: relative 
growth rate; Pmax: net rate of leaf photosynthesis; Rleaf: leaf respiration rate
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silience to heat stress. As a consequence, extending
the comparison of eelgrass temperature response to
include warm-temperate populations in addition to
subarctic and cold-temperate ones would likely show
a clearer shift of temperature tolerance ranges in re-
sponse to experienced local temperatures, in agree-
ment with previous observations of variability in ther-
mal breadth across the species distribution range in
marine vegetation (Bennett et al. 2015). An increased
temperature sensitivity was also observed for kelp
growing along a latitude gradient in Australia with
higher Q10-values for gross photosynthesis (Q10: 3.35
vs. 1.45) and respiration (Q10: 3.82 vs. 1.65) of popula-
tions growing at colder vs. warmer in situ tempera-
tures (Staehr & Wernberg 2009).

The negative effects of high temperatures on eel-
grass performance probably become more distinct
with increasing exposure time, which may explain
some of the variability in optimum temperature
observed among studies (Table 1, Lee et al. 2007).
For example, Nejrup & Pedersen (2008), who applied
a long experimental period (44 d), found hampered
growth and markedly increased mortality at the
highest test temperatures (25–30°C) and, as a conse-
quence, relatively low optimum temperatures for
growth and photosynthesis (10–20°C). Longer expo-
sure to adverse temperature conditions may also
reduce the allocation of energy reserves, such as
fatty acids in leaves (P. Beca-Carretero et al. unpubl.)
and carbohydrates, to the underground biomass
(Fig. S1), causing a decrease in the internal carbon
storage for winter survival. Consequently, the length
of the period with suboptimal conditions is a critical
factor for observed tolerance ranges and temperature
optima.

Light limitation affects temperature response

Our study further showed that light limitation
(50 µmol photons m−2 s−1), simulating the conditions
at the lower depth limit, lowered the optimum tem-
perature for growth by about 5°C. More drastic
declines in optimum temperature (by 10–25°C) upon
irradiance reduction have been reported when sea-
grasses are exposed to sudden shifts in temperature
(Bulthuis 1987, Masini et al. 1995), suggesting that
eelgrass possesses a high potential for physiological
acclimation upon long-term exposure to temperature
and light conditions. Both examples emphasize, how-
ever, that plants in warmer environments (T > 20°C)
are more susceptible to shading than plants in cooler
environments.

The growth of seagrasses living near the depth
limit is dependent on low minimum light require-
ments and high photosynthetic efficiency (α) (Lee
et al. 2007) to allow for a positive carbon balance.
Hence, shade acclimation is often reflected in in -
creased pigment content, increased α and a decrease
in compensation irradiance, as also observed in this
study (Olesen et al. 2002, Ralph et al. 2007, York et al.
2013). Warming did not affect α but increased res -
piration with warming resulted in markedly higher
minimum light requirements above a growth temp -
erature of 25°C. This suggests that eelgrass has
the ability to acclimate its photosynthetic efficiency
within the expected realized temperature range in
the northern populations but little capacity to survive
at low light conditions once this threshold tempera-
ture is exceeded due to high respiratory demands. A
high ability for temperature acclimation of photosyn-
thesis under low light has also been demonstrated for
the kelp Saccharina latissima, for which specimens
grown at 5 and 15°C achieved similar rates of light-
limited photosynthesis and similar Ic and Ik (light
intensity beyond saturation) values at their respec-
tive growth temperatures (Davison et al. 1991).
Hence, within the temperature range of 10 to 25°C,
the studied eelgrass populations maintained an aver-
age light compensation point for photosynthesis of
31.1 µmol photons m−2 s−1 for light-limited and
42.3 µmol photons m−2 s−1 for light-replete plants, but
this increased to 61.4 and 68.9 µmol photons m−2 s−1,
respectively, at 28°C. These values are high com-
pared to those obtained from measurements on
leaves (Lee et al. 2007) but whole-plant light require-
ments are generally higher due to the respiratory
demands of rhizomes and roots (Olesen & Sand-
Jensen 1993, Staehr & Borum 2011).

Overall, the low variability we observed in the
response of respiration and α in light- and shade-
acclimated plants across the tested temperature
range suggests a high phenotypic plasticity of eel-
grass. This ability helps them survive variable light
and temperature conditions across their latitudinal
distribution range, across seasons (Olesen & Sand-
Jensen 1993, Staehr & Borum 2011) and along depth
gradients.

Reductions in underwater light due to anthropo -
genic and natural disturbances are the main causes
of large-scale seagrass die-off (Short & Wyllie-
 Eche verria 1996, Waycott et al. 2009). Such negative
effects of light limitation are likely to increase in a
warmer future. Currently, eelgrass populations at
their southern distribution limit die-back during
warmer periods (Moore et al. 1996), and should be
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particularly prone to experiencing additional stress
from shading in a warmer future. Extreme heat
waves were also found to be more detrimental for
deep than shallow Posidonia oceanica populations
(Marbà et al. 2010). At the northern distribution
range of eelgrass, by contrast, warming in com -
bination with extended open water (i.e. free of sea
ice) periods, and hence more light on the seafloor,
should stimulate growth and photosynthesis since, as
demonstrated here, current in situ temperatures are
far below optimum temperatures at these latitudes.
Our findings thereby support recent predictions of
northward expansion of eelgrass in a warmer future
(Clausen et al. 2014, Olesen et al. 2015).

Acclimation and adaptation to 
temperature regimes

Knowledge of the potential of eelgrass for acclima-
tion and genetic adaptation to varying temperature
regimes is relevant for predicting future temperature
tolerance ranges and temperature optima of the
plant. Local adaptation would typically imply that
thermal tolerance ranges vary in concert with local
temperature ranges (Bennett et al. 2015). The broad
temperature tolerance range in combination with the
similarity in experimental temperature optimum
among distant eelgrass populations suggest that the
species’ thermal breadth is largely conserved across
the distribution range. However, the fact that all pop-
ulations were able to grow at comparable rates at
their respective in situ temperature, and the higher
deactivation energy of photosynthesis, indicative of
faster degradation processes beyond the thermal
optima in the subarctic compared to the cold-temper-
ate population, suggest some adaptation to in situ
temperatures. Further studies are needed to identify
if these differences have a genetic basis or result
from phenotypic plasticity.

Overall, our results suggest a broad thermal tol -
erance of eelgrass along the geographical distribu-
tion range. Other broadly distributed aquatic plants,
such as Potamogeton pectinatus, have also been
characterized as thermally tolerant rather than
locally adapted to prevailing temperature regimes
(Pilon & Santamaría 2002). For cold-water macro-
algae it has been found that temperature require-
ments for growth and survival relate to the climatic
history of the regions and the origin of the species.
Hence, cold-temperate species with a relatively short
history in the polar regions show limited adaptation
to the cold and, like eelgrass, have temperature

optima well above in situ temperatures, while the
few endemic Arctic macroalgae that have been
exposed to cold waters for 3 million years show a
higher degree of adaptation and endemic Antarctic
species, having been exposed to cold waters for at
least 14 million years, show the highest level of
 adaptation (Wiencke et al. 1994, Wulff et al. 2009).

In conclusion, our findings suggest that warming
may generate different effects on eelgrass popula-
tions from the northern versus the central part of the
distribution range.

The projected increase of sea surface temperature
in Greenland of 4 to 5°C by the end of this century
(IPCC 2014, scenario A1B) will likely stimulate eel-
grass performance with the potential for northward
expansion, while projected increases of 2 to 3°C
(IPCC 2014, scenario A1B) for Danish coastal waters
are more critical as Danish eelgrass populations
already live close to their optimal temperature.
Moreover, our study pointed out that populations
growing at limited light are more susceptible to
 further warming than those exposed to saturated
irradiance. Overall, these findings have implications
for the management of shallow coastal ecosystems,
emphasizing the importance of ensuring good light
conditions and overall good growth conditions to
enhance the resilience of eelgrass meadows to
 elevated temperature (Lefcheck et al. 2017).
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