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ABSTRACT: The wide distribution range of eelgrass Zostera marina L. encompasses a broad temperature gradient potentially affecting the timing of life history events (phenology), which may
also change with global warming. We explored the temperature dependence of eelgrass phenology by analysing published studies reporting the timing of in situ flowering, seed maturation and
seedling emergence across a range of latitude (26.8−56.8° N) and annual mean air temperature
(6.4−23.7°C). The timing of events changed significantly along the latitude and temperature gradients, being delayed towards northern, colder locations. On average, an increase in annual mean
temperature by 1°C advanced the formation of flowering shoots by 12 d and the maturation of
seeds by 10.8 d. Seedlings from warmer locations tended to emerge in autumn, whereas coldwater seedlings did not appear until late winter or early spring resulting in an overall advancement of 9.7 d per 1°C increase in annual temperature. The mean monthly temperature associated
with specific life history events showed the strongest temperature specificity for maturation of
seeds (range 13.5−20.2°C) and largest variability for the emergence of seedlings (range −1 to
20.2°C). Overall, increased latitude resulted in lower temperature thresholds for flowering, seed
maturation and emergence of seedlings, indicating that such thresholds are subject to local adaptation or acclimation rather than being universal across the distribution range. Using a time-forspace approach, our results suggest that future warming will result in advanced timing of life history events of eelgrass and increased capacity for sexual reproduction at northern latitudes.
KEY WORDS: Zostera marina · Phenology · Seasonality · Temperature · Warming · Latitude ·
Flowering · Seeds · Seedling

INTRODUCTION
Eelgrass Zostera marina L. fulfils important roles
as an ecosystem engineer in estuarine and coastal
waters. This submerged plant creates shelter for
ecologically and economically important faunal
species, enhances biodiversity, contributes to sediment stability, carbon and nutrient storage, and
improves water clarity (Gutiérrez et al. 2011,
Duarte et al. 2013). Eelgrass is the most widely dis*Corresponding author: dkj@bios.au.dk

tributed seagrass species across a range of latitudes,
from warm temperate waters up to northern Arctic
regions (den Hartog 1970, Jarvis et al. 2012, Olesen
et al. 2015). Distinct life history strategies and a
wide tolerance to a range of salinity and temperature conditions allow this seagrass species to exploit areas from brackish estuaries to open oceans
over a large geographical range (den Hartog 1970,
Walker et al. 2001, Lee et al. 2007a, Nejrup & Pedersen 2008).
© The authors 2018. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
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Most eelgrass populations are perennial and depend predominantly on asexual reproduction for
meadow maintenance, whereas sexual reproduction
provides seeds for fast recovery following biomass
reduction and dispersal to new habitats (Den Hartog
1970, Olesen & Sand-Jensen 1994b, Greve et al.
2005, Lee et al. 2007b). Allocation of energy to sexual
reproduction varies greatly within and among geographic locations (<10−36% of total shoots), and
tends to increase in response to environmental disturbance and nutrient enrichment (Phillips et al.
1983a, Olesen 1999, Cabaço & Santos 2012, Johnson
et al. 2017). Annual populations invest predominantly in sexual reproduction to survive as seeds during unfavourable periods and mainly occur in areas
with frequent disturbance (e.g. ice-scour, strong
storms or bird grazing) (Robertson & Mann 1984, van
Lent & Verschuure 1994) or thermal stress causing a
complete loss of biomass (Meling-López & IbarraObando 1999, Kim et al. 2014). As yet, there is no
clear evidence for genetic differences between annual and perennial populations (Keddy & Patriquin
1978, Gagnon et al. 1980, Ferber et al. 2008), suggesting large phenotypic plasticity in allocation of
energy to sexual versus clonal reproduction even
within short geographical distances (Keddy & Patriquin 1978, Jarvis et al. 2012, Kim et al. 2014). Hence,
no life history strategy seems to provide a superior
survival mechanism at a given latitude.
The seasonal timing and duration of life history
events also varies across eelgrass populations. For example, in the Gulf of California, at the southern distribution limit of eelgrass, seedlings emerge in late autumn and complete their life cycle in mid-spring in
order to survive the less favourable hot summer
season as seeds (Santamaría-Gallegos et al. 2000).
These populations have an annual reproductive strategy and complete their life cycle within a few months.
In more northern populations, seedlings may appear
during spring and persist as mature plants for several
years through clonal growth. Flowering does not
occur until after at least 1 yr of growth, and seeds remain dormant during the cold winter months (Keddy
& Patriquin 1978, van Lent & Verschuure 1994). The
timing of reproductive phases in plants is strongly influenced by climate, with temperature considered the
most important controlling factor in temperate and
subarctic regions, which implies a strong effect of latitudinal position on phenology (Badeck et al. 2004,
Forrest & Miller-Rushing 2010, Baskin & Baskin
2014). Since the energy of the sun drives seasonal and
latitudinal temperature gradients, photoperiod ultimately plays a role in any temperature-related

changes in phenology along latitudinal gradients (Hut
et al. 2013). While photoperiod is also identified as a
common proximate driver of latitudinal changes in
seasonal phenology of insects and terrestrial plants
(Badeck et al. 2004, Hut et al. 2013), there is no evidence of such relationships for seagrasses except regarding the circadian reproductive phenology of Thalassia testudinum (van Tussenbroek et al. 2009). The
newly published eelgrass genome revealed that eelgrass lacks the phytochrome C gene (PHYC) that is
linked to photoperiodic control of flowering in most
plants, suggesting that timing of eelgrass flowering is
more controlled by temperature (Olsen et al. 2016).
In eelgrass, the timing of flower development and
seed formation occurs increasingly later towards the
north along the Pacific (33−56° N) and Atlantic (35−
45° N) coasts of North America (Phillips et al. 1983b).
However, no clear relationships between temperature and the timing of the different reproductive
phases were observed among the 6 populations studied by Phillips et al. (1983b), and the authors suggested that eelgrass might be adapted to the different temperature regimes across the latitudinal
gradient. Another observational study at 4 locations
along the west Atlantic coast (35−44° N ) showed a
similar delay in the flowering periodicity towards the
north, but the reproductive stages occurred at similar
temperatures, indicating that the same lower threshold temperatures initiate specific life history events
across latitudes (Silberhorn et al. 1983).
Eelgrass populations occur at high latitudes up to
subarctic Greenland (64.5° N, Olesen et al. 2015) and
northern Norway (69.8° N, Olsen et al. 2013) where
water temperatures barely reach the threshold temperature of 15°C suggested to initiate anthesis (Setchell 1929, Silberhorn et al. 1983). However, flowers
and mature seeds have been observed in subarctic
Greenland, although sexual reproduction is presumably constrained by short growing seasons and low
temperatures (Olesen et al. 2015). In addition to flowering, seedling recruitment is another important life
cycle stage for which phenology may change with
latitude. Temperature has a strong influence on seed
germination, and seedling emergence often shows
an obvious seasonal pattern under natural conditions, but there is a lack of studies comparing its timing among geographical locations (Probert & Brenchley 1999, Orth et al. 2000). Hence, more information
on the timing of the suite of eelgrass life history
events across the distribution range is needed to
evaluate to what extent temperature changes associated with latitude influence the reproductive phenology of eelgrass.
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In this study, we aimed to identify how the timing
of life history events and reproductive patterns of
eelgrass change along gradients in latitude, temperature and photoperiod, with potential temperature
controls being relevant in the context of climate
warming. The hypothesis was that the timing of life
history events is delayed at northern colder locations
relative to southern warmer locations. Secondly, we
hypothesised that universal threshold temperatures
initiate the timing of specific life history events of eelgrass across the distribution range. The hypotheses
were tested through a compilation and analysis of
studies reporting in situ flowering, seed maturation
and germination of seedlings to assess differences in
timing across latitude and temperature.

81

a time-point. This accounts for the emergence of
seedlings, the initiation, peak and termination of the
flowering period and the seed maturation.
Secondly, data were extracted from graphs that
represented a variable (e.g. number of seedlings)
characterising a certain life stage of eelgrass on the
y-axis and time on the x-axis. If not described in the
text, the date was extracted from these graphs using
GraphClick 2 (version 3.0.3). The time-point that corresponded with the first observation of flowering and
emergence of seedlings, respectively, was used as
data. All time-point data are presented as day of the
year (DOY).

Eelgrass life history events
MATERIALS AND METHODS
Data collection
We searched the scientific literature using the following terms ‘eelgrass OR Zostera marina’ AND ‘temperature OR latitude’ AND ‘flowering OR germination’
in Web of Science on 24 August 2016. This resulted in
58 records, which were checked for relevance in relation to our research questions. Additional literature (49
studies) was found by cross-referencing. We identified
and included a total of 30 studies that described the life
history events of eelgrass (Table 1, Fig. 1). The eelgrass
populations of the studies occurred in shallow waters
(i.e. 0 to 3 m depth) from across the northern latitude
ranging from 26.8 to 56.8° N (Fig. 1), and at mean annual air temperatures ranging from 6.4 to 23.7°C
(Table 1). While the compilation encompasses populations from a large latitudinal range, it does not include
the northernmost edge, where no studies have addressed phenology with sufficient detail.
The life history events of eelgrass such as emergence of seedlings, flowering and seed maturation
occur year-round across latitudes. To extract timepoint data of life history events from eelgrass populations, the following sequence of steps was performed. First, we checked whether a life history
event was linked to an exact date described in the
methods or results that thereafter was used as a timepoint. Instead of an exact date, often a whole month
was given as a time-point. To use such data, the middle day of that month was used as a time-point.
Lastly, the time-point was occasionally specified by
naming the period of the month, such as the beginning or the end of the month. In these cases, the middle of the first or last week of the month was used as

During the reproductive stage, eelgrass undergoes
several life cycle events such as flower development,
pollen release, pollination, seed production, seed dispersal, seed germination and seedling emergence.
This study focused on the flowering period, seed
maturation and seedling emergence. We extracted
information on the timing of the start, the peak and
the end of the flowering season, the timing of the
start and peak of seed maturation and the timing of
emergence of seedlings. Some studies described
multiple stages of flower and seed development,
from which the specific reproductive stage and timepoint could be extracted. However, most often the
reproductive stage was described by the presence of
reproductive shoots as recognized by macroscopic
flower structures. In this case, the earliest observation of reproductive shoots was used as a time-point
related to the start of the flowering period, and the
time-point of peak flowering represented the time of
maximum number of reproductive shoots.
The peak of mature seeds was mentioned in several
studies. However, most information on mature seeds
came from studies that involved eelgrass germination
experiments where seeds were collected from the
field. These studies did specify if there was a peak in
the presence of mature seeds at that time-point; however, the goal was often to collect a large amount of
seeds for the experiment. Therefore, it was assumed
that the collectors of the seeds chose a time-point
where the number of mature seeds was at a maximum. Hence, the collection date of the seeds was
used as a time-point for the peak of mature seeds.
The date of seedling emergence was extracted
either directly from the text of the compiled studies or
from graphs representing the number of shoots or the
number of seedlings against time. In the case of an
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Table 1. Studies included in the analysis of timing of eelgrass Zostera marina flowering, seed formation and seedling emergence along a gradient of latitude and annual mean temperature. Some studies contained data from several locations. For
studies with no information on sampling frequency (unknown), the date of observation of a specific event was given. Mean
temperature (temp.) represents monthly mean air temperature extracted from www.worldclim.org (Hijmans et al. 2005) and
averaged over a 30 yr period (1971−2000)
Region
Country

Sampling
years

Latitude
(°N)

Mean temp.
(°C)

Sampling
frequency

Northeast Pacific
Washington (USA)
Oregon (USA)
Mexico
Mexico
Mexico
Washington (USA)
Mexico
Mexico
Mexico
Mexico

1974−1976
2004−2006
1998
1987
1997−1998
1974−1976
1980
1997−1998
1977−1980
1994−1995

46.6
44.4
31.8
30.5
29.2
29.1
29
29
28.8
26.8

9.9
11
16.5
19
23.1
23.1
23.2
23.2
23.7
21.7

Monthly
Every 2 mo
Monthly
Monthly
Monthly
Monthly
Seed collection
Monthly
Unknown
Every 3 wk

Phillips et al. (1983a)
Boese et al. (2009)
Cabello-Pasini et al. (2002)
Poumian-Tapia & Ibarra-Obando (1999)
Meling-López & Ibarra-Obando (1999)
Phillips et al. (1983a)
McMillan (1983)
Meling-López & Ibarra-Obando (1999)
Phillips & Backman (1983)
Santamaría-Gallegos et al. (2000)

56.8
55.5
51.8
51.7
51.5
51.5
51.5
48.8

7.7
8.1
9.9
9.9
10
10
10
11.2

Monthly
Monthly
Bi-monthly
Seed collection
Bi-monthly
Bi-monthly
Seed collection

Olesen & Sand-Jensen (1994a)
Greve et al. (2005)
de Cock (1981)
van Lent & Verschnure (1995)
de Cock (1981)
Hootsmans et al. (1987)
van Lent & Verschnure (1995)

11.3
11.7
11.7
11.8
11.8
15.5
14.2
14.2
14.4
16.2

Seed collection
Monthly
Bi-monthly
Seed collection
Seed collection
Seed collection
Monthly
Seed collection

Yamaki & Ogawa (2009)
Zhang et al. (2016)
Wang et al. (2016)
Pan et al. (2011)
Pan et al. (2012)
Yamaki & Ogawa (2009)
Kim et al. (2014)
Park & Lee (2007)

2004

39.1
37.4
37.2
37
37
35.2
35.1
35.1
34.8
34.3

1975−1976
1980
1975−1977
1975
1980
2008
1978
1980
2007−2008

44.7
44.7
43.8
40.7
37.5
37.3
37.3
37.3
34.7

6.4
6.4
6.7
11.4
14.6
14.9
14.8
14.8
17.1

Bi-monthly
Monthly
Unknown
Weekly
Weekly
Seed collection
Seed collection
Weekly
Monthly

Northeast Atlantic
Denmark
1990−1991
Denmark
2001
The Netherlands
1977
The Netherlands and UK
1989
The Netherlands
1977
The Netherlands
1983
The Netherlands and UK
1989
Northwest Pacific
Japan
China
China
China
China
Japan
South Korea
South Korea
Japan
Northwest Atlantic
Nova Scotia (Canada)
Nova Scotia (Canada)
Nova Scotia (Canada)
New York (USA)
Virginia (USA)
Virginia (USA)
Virginia (USA)
Virginia (USA)
North Carolina (USA)

2005
2009
2013
2009
2010
2005
2008−2009
2005

annual population, the first shoots observed were
noted as a time-point for the emergence of seedlings.
This approach could not be used for perennial populations, since shoots are present all year round. Because the period of seedling emergence from seeds
released in late summer/autumn extended beyond 1
January of the following year, the time-point data
(DOY) were adjusted so that the dates of onset would
increase continuously, by adding 365 to the values of
DOY after 31 December.

Bi-monthly

Reference

Morita et al. (2007)
Keddy & Patriquin (1978)
Robertson & Mann (1984)
Keddy (1987)
Churchill & Riner (1978)
Silberhorn et al. (1983)
Jarvis & Moore (2015)
Orth & Moore (1983)
Silberhorn et al. (1983)
Jarvis et al. (2012)

Latitude, temperature and photoperiod
The latitudes of the study locations were obtained
directly from the text or, alternatively approximated
from Google Maps based on descriptions of the
study area. Air temperature data were extracted
from www.worldclim.org (Hijmans et al. 2005) as
monthly temperature data averaged for a 30 yr
period (1970−2000) for each study location (Table 1).
Long-term temperature averages were used rather
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Fig. 1. Locations of Zostera marina populations included in this study. Green outlines show the approximate global distribution
of Zostera marina based on Moore & Short (2006)

than data for specific years, as we aimed to establish
as general and robust relationships as possible
along the latitudinal gradient while avoiding effects
of short-term temperature variability at specific
sites. The time-points of each life history event were
coupled to the mean monthly temperature of the
month of observation as well as to the mean annual
temperature. Air temperature is considered to be a
good proxy for water temperature due to the equilibrium between surface water and atmosphere
from heat exchange, and also because the studies
used for this review encompassed shallow study
sites (0−3 m) (Cabello-Pasini et al. 2003, Lee et al.
2006). As the proxies are not exact representations
of the temperatures experienced by the seagrass
meadows, the identified temperature thresholds
along the latitudinal gradient should be considered
relative rather than precise. Similar precautions
would have been necessary had we instead used
satellite-based sea surface temperature (SST) data
(van Wynsberge et al. 2017).
Data on photoperiod were extracted for the month
of the various life history events at the latitude representing each of the sites, using the link: http://astro.
unl.edu/classaction/animations/coordsmotion/day
lighthoursexplorer.html

Data analysis
In order to test the hypothesis that the timing of
eelgrass life history events depends on latitude and
temperature, we explored the relationships and
conducted linear regression analysis of each life history event as a function of latitude and mean annual
temperature, respectively. Temperature and latitude
were highly correlated (Pearson’s r = −0.87), so to
avoid multicollinearity, no multiple regressions were

performed. We further explored temperature thresholds of specific life history events by quantifying the
temperature range of the events, i.e. the temperature associated with the month of the event, to
address the degree of temperature sensitivity of the
events. We also explored, through linear regression
analysis, whether the temperature thresholds of the
events are universal or differ across the eelgrass
distribution range. Moreover, in parallel to the
analysis of temperature thresholds of life history
events, we also explored potential photoperiod
thresholds of the events using similar methods. All
statistical analyses were performed using RStudio
(Version 0.99.489).
The limited dataset does not allow us to resolve the
effects of temporal trends in temperature. Instead,
we use the established relationships between phenology and temperature to identify the relative
change in phenology with temperature and use this
in a space-for-time approach to suggest how phenology may respond to warming.

RESULTS
Flowering
The timing of the start of the flowering period
(mean ± SE: 102.7 ± 12.9 DOY) changed significantly
across latitude (F1, 24 = 39.02, p < 0.001; Fig. 2a,
Table 2) and with the associated mean annual temperature (F1, 23 = 40.36, p < 0.001; Fig. 2b). The timing
of the flowering peak (147.7 ± 11.2 DOY) also showed
a significant relationship with latitude (F1, 21 = 26.61,
p < 0.001; Fig. 2c) and mean annual temperature
(F1, 20 = 27.12, p < 0.001; Fig. 2d, Table 2). Accordingly, the start and peak of flowering occurred earlier
in the year at the lowest latitudes (e.g. January and
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Fig. 2. Timing of the (a,b) start, (c,d) peak, (e,f) end and (g,h) duration of the flowering period in Zostera marina meadows as a
function of latitude (panels a,c,e,g) and associated annual mean air temperature (panels b,d,f,h). Annual, perennial and mixed
populations are marked with different symbols to show that in spite of differing reproductive strategies, they follow the same
general relationships between phenology and latitude/temperature. The solid lines indicate a significant linear regression; the
dashed lines are the upper and lower 95% confidence interval. Regression statistics are given in Table 2

Table 2. Comparisons between the effects of latitude and mean annual air temperature on the timing of the dependent variables measured in Zostera marina populations. For each dependent variable, the estimated slope of the regression line with
latitude and with mean annual air temperature, respectively, is shown. Number of observations (n), standard error (SE) and coefficient of determination (R2) are indicated. DOY: day of the year. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001
Variable

n

Start of flowering period (DOY)
Peak of flowering period (DOY)
End of flowering (DOY)
Flowering period (no. of days)
Start of mature seed formation (DOY)
Peak of mature seed formation (DOY)
Start of seedling emergence (DOY)

25
21
15
15
10
16
18

Latitude (°N)
Estimate
SE
7.302***
5.754***
3.007
−3.676**
9.172***
5.650***
6.826***

1.169
1.115
1.440
1.154
1.647
0.741
1.033

R2
0.603
0.537
0.174
0.379
0.750
0.781
0.704

Annual temperature (°C)
Estimate
SE
R2
−12.250***
−6.731***
−5.051
6.321*
−10.82***
−9.821 ***
−9.730***

1.928
1.292
3.294
2.646
1.390
1.073
2.180

0.621
0.554
0.083
0.251
0.856
0.838
0.513
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March at 26.8° N), where mean annual temperatures
were highest (up to 23.3°C), and later in the season at
higher latitudes (e.g. July and September at 44.7° N),
where mean annual temperatures were lowest (down
to 6.4°C). The onset of flowering advanced by 7.3 d
per 1° decrease in latitude and was delayed by 12.3 d
per 1°C increase in mean annual temperature
(Table 2). The timing of the peak flowering period
advanced 5.8 d per 1° decrease in latitude and was
delayed by 6.7 d per 1°C increase in mean annual
temperature (Table 2). The timing of the end (218.9 ±
12.8 DOY) of the flowering period did not show a significant relationship with latitude or mean annual
temperature (Fig. 2e,f). The duration of the flowering
period (128.9 ± 12.2 d) changed significantly across
latitude (F1,14 = 10.16, p < 0.01; Fig. 2g) and across
mean annual temperatures (F1,13 = 5.706, p < 0.05;
Fig. 2h). The flowering period was longer at lower
latitudes (e.g. 182 d at 34.7° N ) than at higher latitudes (e.g. 80 d at 51.5° N), decreasing by 3.7 d per 1°
increase in latitude.

Start seed
(day of year)

300

85

Seed maturation and seedling emergence
The timing of the first appearance of mature seeds
(163.0 ± 17.1 DOY) changed significantly across latitudes (F1, 9 = 31.0, p < 0.001; Fig. 3a) and across associated mean annual temperatures (F1, 9 = 60.59, p <
0.001; Fig. 3b). The timing of the peak appearance of
mature seeds (172.9 ± 12.7 DOY) also changed significantly across latitude (F1,15 = 58.14, p < 0.001; Fig. 3c)
and mean annual temperature (F1,15 = 83.84, p <
0.001; Fig. 3d). Similarly to the flowering events,
seeds at lower latitudes started maturing earlier in
the year, e.g. the peak of mature seeds occurred in
March at 26.8° N at a mean annual temperature of
21.7°C, as compared to late August at 48.8−51.7° N at
mean annual temperatures of 10−11°C. The timing of
the first appearance of mature seeds advanced 9.2 d
per 1° decrease in latitude and by 10.8 d per 1°C
increase in mean annual temperature (Table 2). The
timing of the peak appearance of mature seeds
advanced 5.7 d per 1° decrease in latitude and by
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Fig. 3. Timing of the (a,b) start and (c,d) peak of mature seed formation and (e,f) start of the period of seedling emergence in
Zostera marina meadows, as a function of latitude (panels a,c,e) and associated annual mean air temperature (panels, b,d,f).
For seedling emergence (e,f) we used an adjusted day of year (DOY) scale encompassing days of 2 yr (Y0 = year of seedling
production [gray shade] and Y1 = the following year) because some populations already exhibit seedling emergence in the autumn of the year of the seed production while in most cases seedlings emerge the following year. Other details as in Fig. 2
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9.8 d per 1°C increase in mean annual temperature
(Table 2).
The time of emergence of new seedlings (172.9 ±
29.3 DOY) changed significantly across latitude
(F1,17 = 43.70, p < 0.001; Fig. 3e) and with mean annual temperature (F1,17 = 19.92, p < 0.001; Fig. 3f). At
lower latitudes with relatively high mean annual
temperatures, seedlings were first observed in late
autumn, whereas at higher latitudes with lower
mean annual temperatures, seedlings occurred in
winter or early spring following seed release in
autumn the preceding calendar year (Fig. 3e,f). Accordingly, the timing of the earliest observed
seedlings moved forward by 6.8 d per 1° decrease in
latitude and by 9.7 d per 1°C increase southward
(Table 2). The peak and end of the period of seedling
emergence were not analysed due to low numbers of
observations.
The relationships between timing of events and latitude explains 38−78% of the variability and the relationship between timing of events and temperature
explains 25−86% of the variability in the data. In
both cases, the least variability is explained for the
length of the flowering period and most variability is
explained for the timing of peak seed formation
(Table 2).

Threshold temperature of life cycle events
The mean monthly temperature associated with the
specific life history events, i.e. the threshold temperature of events, generally showed high variability
across sites. Hence, the temperature associated with
the start, peak and end of flowering across latitudes
ranged from −0.3 to 17.7°C, 11.7 to 24.6°C and 9.1 to
26.5°C, respectively (Table 3). The lowest monthly air
temperature (−0.3°C) associated with the occurrence
of reproductive shoots was reported from New York,
Table 3. Average, minimum (min) and maximum (max) of
monthly temperature associated with various life history
events of Zostera marina across its distribution range. The
number of observations (n) is indicated
Life history event
Start of flowering period
Peak of flowering period
End of flowering period
Start of mature seed formation
Peak of mature seed formation
Start of seedling emergence

Temperature (°C)
average (min−max)

n

10.5 (−0.3−17.7)
17.9 (11.7−24.6)
20.5 (9.1−26.5)
16.8 (13.5−20.2)
20.9 (16.7−25.4)
10.3 (−1.0−20.2)

25
19
16
11
17
20

USA, in late January and was only slightly lower than
the measured local water temperatures (0.5−3°C;
Churchill & Riner 1978). The temperature associated
with the maturation of seeds was less variable,
ranging from 13.5−20.2°C for the start of appearance
of mature seeds to 16.7−25.4°C for the peak occurrence of mature seeds (Table 3). The least temperature-specific event was the emergence of seedlings,
which occurred at a temperature range from −0.1 to
20.2°C (Table 3). These ranges of temperature thresholds represent the variability in temperature associated with given life history events across latitudes and
regions. They are of interest, as a narrow range suggests universal temperature thresholds of events
while a broad range signals the opposite.
Temperature thresholds of flowering, seed maturation and emergence of seedlings also tended to decline along the latitude gradient, so that the events occurred at lower temperature for northern as opposed
to southern eelgrass populations (Fig. 4). This was the
case for the temperature at the peak and end of the
flowering period (Fig. 4c,e), the temperature at the
peak of occurrence of mature seeds (Fig. 4d) and the
temperature at the emergence of seedlings (Fig. 4f,
Table 4). On average, the monthly temperature associated with the peak and end of flowering declined by
0.42 and 0.58°C for each degree increase in latitude,
respectively. Similarly, the monthly temperature associated with the peak of seed maturation and the emergence of seedlings declined by 0.21 and 0.32°C for
each degree increase in latitude, respectively (Table 4).
The relationships were strongest for the temperature
associated with the peak and the end of flowering, explaining 48−50% of these variables (Table 4).
In parallel, not surprisingly, the threshold photoperiod of flowering, seed maturation and emergence
of seeds increased along the latitude gradient, so
that the events occurred at a longer photoperiod for
northern as opposed to southern eelgrass populations (see Fig. S1 in the Supplement at www.
int-res.com/articles/suppl/m590p079_supp.pdf). The
range in photoperiod associated with the events was
narrow, however, especially for the peak in seed
formation for which associated photoperiod ranged
between 11.9 and 14.6 h across all latitudes (Table S1
in the Supplement). The relationships were significant for the photoperiod associated with the start and
peak of flowering (Fig. S1a,c), the peak of mature
seed formation (Fig. S1d) and the start of seedling
emergence (Fig. S1f, Table S2). On average, the photoperiod associated with the start and peak of flowering increased by 15 and 5 min d−1 for each degree
increase in latitude, respectively, while the photo-
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Fig. 4. Mean monthly temperature associated with the occurrence of various life history events of Zostera marina as a function
of latitude of the population. The life history events are: (a) start, (c) peak and (e) end of the flowering period, and (b) start and
(d) peak of mature seed formation and (f) emergence of seedlings. Other details as in Fig. 2

period of peak seed formation and start of seedling
emergence increased by 4 and 6 min d−1, respectively, for each degree increase in latitude. By contrast, the photoperiod associated with the end of
flowering and the start of seed formation showed no
significant relationship with latitude (Table S2).
Table 4. Relationships between the average air temperature
(°C) of the month associated with the various life history
events and latitude (°N) of the studied Zostera marina populations. For each dependent variable, the estimated slope of
the regression line with latitude is shown with standard error
(SE) and coefficient of determination (R2). Number of observations (n) is given in Table 3. Significance levels: *p < 0.05,
**p < 0.01, ***p < 0.001
Dependent variable

Estimate

Monthly temperature associated with:
Start of flowering period
0.284
Peak of flowering period
−0.424***
End of flowering period
−0.583**
Start of mature seed formation 0.020
Peak of mature seed formation −0.213*
Start of seedling emergence
−0.318*

SE

R2

0.155
0.101
0.147
0.144
0.074
0.114

0.089
0.479
0.497
0.108
0.310
0.263

DISCUSSION
Changes in eelgrass phenology along gradients in
latitude and temperature
Our study shows that the timing of life history
events of Zostera marina changes along gradients of
latitude and temperature and is generally delayed at
northern colder locations relative to southern warmer
locations. Hence, the start and the peak of the flowering period and of seed maturation occur earlier in the
southern, warmer areas and later in the northern,
colder areas. A similar pattern was found for seedling
emergence, which occurred during the autumn in
warmer areas and during spring in colder areas. The
dataset did not include sufficient combined datasets
on seed ripening and seedling emergence to evaluate the time elapsed between these events and
whether this also shows a latitudinal trend. However,
the slightly steeper slope of the relationship between
‘start of seedling emergence’ and latitude compared
to the slope between ‘peak of mature seed formation’
and latitude suggests that the period from seed
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ripening to seedling emergence increases towards
the north.
Mean annual temperature was generally a superior
predictor of the timing of eelgrass life history events
than was latitude, as relationships with mean annual
temperature exhibited the highest coefficient of
determination (R2). This is likely because eelgrass at
a given latitude represents a variety of growth conditions both with respect to temperature, which e.g.
is higher for a given latitude on the Gulf Streaminfluenced west coast of Europe relative to the Atlantic coast of N orth America, but also with respect to
other factors such as salinity that may also affect eelgrass reproduction (Phillips et al. 1983a).
Overall, our results of a general delay in reproductive phenology from south to north are in line with an
earlier comparison of the successive development in
flowering stages in eelgrass populations along the
coasts of North America (Phillips et al. 1983b, Silberhorn et al. 1983). Our study extends these findings to
the entire distribution area of eelgrass from where
we could find seasonal studies in phenology, i.e. from
26.8 to 56.8° N and also identified temperature as a
main predictor of this relationship. The findings
likely extend even further north to subarctic and Arctic eelgrass populations near the northern distribution limit where flowering eelgrass has been observed, e.g. in late August in subarctic Greenland
waters (64° N ) at water temperatures of 13−15°C
(Olesen et al. 2015), and in northern N orway
(69.2° N) at 9°C (Olsen et al. 2013). However, a lack of
seasonal observations from the Artic prevented an
evaluation of life history timing of eelgrass at the
northern limit. For eelgrass populations at 64° N in
Greenland, a high degree of clonality as well as a
general lack of seedlings suggest that the temperature increase in the period preceding a given event,
i.e. degree days, is just at the lower limit for completing the reproductive cycle and may set the northern
distribution limit (Olesen et al. 2015). For eelgrass,
reproductive shoots develop from vegetative shoots
(Setchell 1929), and a close coupling between reproductive and vegetative growth is therefore likely. As
temperature is a main driver of metabolic processes
including plant growth and development (Brown et
al. 2004), the low temperatures in the north should
delay the timing of individual events as well as the
completion of the reproductive cycle. Indeed, species
distribution models (generally encompassing terrestrial plants) show that the northern limit of species’
ranges appears to be determined mainly by the
inability to undergo full fruit maturation, while the
southern limit appears to be caused by the lack of

chilling temperatures that are necessary to break
bud dormancy. Hence phenology is a key adaptive
trait in shaping species distribution (Chuine 2010).
Latitude and temperature also affect the seasonality in eelgrass standing biomass, with earlier onset of
seasonal biomass increase and peak biomass in
warmer and southern areas compared to cold areas
at higher latitudes (Clausen et al. 2014). However,
the study by Clausen et al. (2014) indicated smaller
shifts in the timing of the start of the growing season
and the peak biomass (2−3 d per 1° latitude) across
latitudes than for start and peak of the flowering
period (6−7 d per 1° latitude) found here. This suggests that sexual reproduction is more responsive to
latitudinal climatic variation than seasonal biomass
development. The current study suggests that the
length of the flowering season decreases with 3.7 d
per 1° latitude northwards and also tends to be
shorter at lower annual temperatures. Hence, seed
formation in northern populations may be restricted
by lower temperatures that slow the rate of development and by shorter growing seasons that reduce the
time for development of reproductive shoots and
maturation of seeds. Seed maturation also occurred
later in the season in colder, more northern populations (Fig. 3), which is in line with earlier findings
showing that seeds are released from reproductive
shoots much later (4−5 mo) in central compared to
southern populations within the distribution range
(Orth et al. 2000).
The timing of seedling emergence was closely coupled to gradients in latitude and temperature, suggesting that seeds from warmer, low-latitude populations germinate in autumn, whereas germination of
seeds produced at higher latitudes is delayed until
winter and early spring. Timing of seed germination
and seedling establishment are critical, due to their
strong vulnerability to environmental conditions
(Marion & Orth 2012, Infantes et al. 2016). Hence,
seed dormancy during the harsh winters of northern
latitudes may protect against germination when unfavourable conditions occur and seedling emergence
is coordinated with the beginning of the growth season return of light in the spring as suggested for terrestrial plants (Baskin & Baskin 2014). At warmer,
lower latitudes, optimal conditions occur after the hot
summer, and germination seems to be stimulated
when temperatures cool in autumn (Moore et al.
1993). However, processes involved in the transition
from seeds to seedlings are poorly understood even
though these early life stages often are major bottlenecks in eelgrass recovery, and represent key information for restoration and conservation strategies.
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Other factors potentially influencing eelgrass
phenology
Although temperature is a strong predictor of the
timing of life history events, other variables could
also be of importance and may contribute to explaining the variability at given temperature settings.
Water depth and light attenuation may delay the
duration and the timing of start and peak of flowering (Jacobs & Pierson 1981, Olesen et al. 2017). Other
local factors such as salinity may also affect germination success, with reduced salinity stimulating and
advancing the emergence of seedlings (Phillips et al.
1983a, Pan et al. 2011). The timing of the end of the
flowering season was, in particular, unrelated to latitude and temperature, suggesting that other drivers
obscure the effect of climatic factors. For example,
light attenuation may shorten the duration of the
flowering season of eelgrass (Palacios & Zimmerman
2007), and it is possible that nutrient-induced shading by opportunistic macroalgae, epiphytes or phytoplankton may exert a similar effect.

Temperature thresholds of life history events
The delay in the timing of life history events
towards the north could be due to the same universal
threshold temperature of events occurring later in
the year further north, or it could represent a change
in the threshold temperatures across latitudes. Universal temperature thresholds for stages in flower
development were found across the latitude gradient
35−44° N along the Atlantic coast of N orth America
(Silberhorn et al. 1983). However, our study demonstrates that such universal threshold temperatures
cannot be extended across the distribution range of
eelgrass. Rather, our study indicates that temperature thresholds of peak flowering, seed maturation
and emergence of seedlings decrease along the latitudinal gradient, suggesting that such thresholds are
subject to local adaptation or caused by a degree of
phenotypic plasticity (Badeck et al. 2004, Winters et
al. 2011, Jueterbock et al. 2016, Reusch 2014). This
was particularly conspicuous for the emergence of
seedlings for which the threshold temperature
ranged over 21°C and, on average, declined by 0.3°C
for each degree increase in latitude. Temperature
has a strong influence on the timing and rate of seed
germination, and laboratory studies indicate thermal
optimum ranges of 6−11 or 10−15°C for seeds originating from latitudes of 50 and 35° N , respectively
(Probert & Brenchley 1999, Abe et al. 2008).
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Germination is depressed or can be prevented at
high temperatures (McMillan 1983), which probably
plays a role in the timing of seedling emergence in
warm-water populations, where autumn germination occurs as water temperatures decline below
15°C (Moore et al. 1993). In cold-water populations,
where the main period of seedling appearance
occurs in spring, seeds seem to require a cold winter
period to induce peak germination because these
seeds experience similar temperatures in autumn as
in spring but they do not germinate in autumn
(Keddy & Patriquin 1978, Robertson & Mann 1984,
Valdemarsen et al. 2010). Whether this difference in
temperature requirement across the latitudinal gradient is caused by genetic differentiation or by environmental conditions such as day length or temperature during which seeds are matured and
dispersed remains to be tested. The response to seasonal temperature changes is not always clear, however, as seedlings may appear outside the period of
maximum germination, although in low numbers,
and environmental factors such as sediment organic
content, oxygen conditions and seed burial depth
also play a role in inducing seed germination
(Moore et al. 1993, Probert & Brenchley 1999, Jarvis
& Moore 2015).
The threshold temperature for maturation of seeds
was the most temperature-specific and heat-requiring phase of the reproductive cycle (Table 3), suggesting that seed maturation may represent the bottleneck setting the northern limit of successful
reproduction. However, mature seeds can be carried
by floating reproductive shoots over long distances,
thereby potentially enabling new populations to establish beyond the northern limit of in situ seed maturation (Harwell & Orth 2002, Kendrick et al. 2012).
The temperature thresholds of life history events
identified here on the basis of air temperatures may
diverge somewhat from water temperature thresholds, which may generally be slightly lower, but this
would not affect the identified trends and relative
differences in temperature specificity between life
history events. For more precise estimates of threshold temperatures, the best way would be to use common garden experiments to assess phenological responses to temperature of eelgrass distributed along
a latitudinal gradient or to monitor water temperatures in the canopy at a wide selection of sites along
with frequent observations of the populations to precisely identify the timing of each reproductive event.
Such an experiment would require a coordinated
effort in a large-scale international collaboration. So
far, the current compilation represents the most com-
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prehensive overview of seasonality in eelgrass life
history events across the species’ distribution area.
While we also observed that the events in many
cases occurred at a longer photoperiod further north,
we interpret potential thresholds in photoperiod as
being less important than temperature thresholds for
the timing of events, as there is no support for such a
relationship in the seagrass literature. For example,
light does not seem to affect the seed germination
process in eelgrass (Hootsmans et al. 1987, Moore et
al. 1993). The observation of earlier flowering on the
warmer east coast of the USA compared to the colder
west coast at the same latitude also indicates a larger
relative importance of temperature vs. photoperiod
in controlling eelgrass phenology (Phillips et al.
1983b). Similarly, in the current data set, the formation of reproductive shoots is initiated earlier in the
warmer Chesapeake Bay at 37° N than at the colder
China coast at the same latitude.

Space for time
Using a space-for-time approach, findings from this
study can help predict changes in reproductive
strategies of eelgrass in response to climate warming.
As higher temperatures were found to overall stimulate and advance eelgrass life history events, the
slope estimates of the identified regression lines of
the timing of a given reproductive stage versus temperature can serve as an indicator of how these life
history events may respond to an increase in temperature. The start of flowering is, for example, predicted to occur 12 d earlier with a temperature
increase of just 1°C. Overall, an increase in temperature is predicted to shift eelgrass distribution northwards by stimulating sexual reproduction given that
other habitat requirements, e.g. in terms of light and
nutrient conditions, remain suitable (Kaldy & Lee
2007). While a temperature increase is likely to stimulate northern populations, the southernmost populations probably already occur at their high-temperature limit so that a temperature rise would cause
negative impacts due to heat stress, which can
increase shoot mortality (N ejrup & Pedersen 2008,
Bergmann et al. 2010) and probably hamper flowering (Cabaço & Santos 2012).
As populations differ in their tolerance to stress
(Bergmann et al. 2010, Salo et al. 2014), which may
reflect genetic differences or acclimative responses,
space-for-time substitution should be used with caution to predict responses to climate change. For terrestrial plants, there is ample evidence that warming

speeds up development and leads to earlier shifts to
the next phenological stage (Badeck et al. 2004).
However, a lack of time series implies very limited
evidence of whether responses of marine plants to
warming are plastic or adaptive, and a recent review
therefore addresses the potential for adaptive responses, as evaluated from space-for-time studies,
rather than solid evidence (Reusch 2014). For Zostera
marina, common garden experiments suggest that
local adaptation of the photophysiology to prevailing
temperature regimes is possible (Winters et al. 2011).
This is supported by a larger heat tolerance of southern Z. marina populations being linked with transcriptomic resilience, which is lacking in more northern populations (Franssen et al. 2011, Winters et al.
2011, Jueterbock et al. 2016). For the fresh/brackish
Potamogeton pectinatus, reciprocal transplantations
across latitude gradients indicated a compressed life
cycle in northern populations, which may reflect
local adaptation to a sub-arctic climate (Santamaría
et al. 2003). For Z. marina, there is no evidence of
how much the latitudinal trends in reproductive timing are caused by adaptive differentiations among
populations. If phenological changes along climate
gradients represent adaptation rather than acclimation, ample time may be needed for the plants to
adjust to climate change. Also, low genetic diversity
and reduced sexual reproduction suggest lower
adaptive potential at the species’ geographical limits
compared to central populations (Olsen et al. 2013,
Reusch 2014).

CONCLUSIONS
This study suggests a strong influence of latitude
and temperature on the timing of life history events
of eelgrass populations, which can help predict
future eelgrass distribution patterns in response to
global temperature rise (Chuine 2010). The severity
of climate change impact on reproductive timing,
however, depends on the extent to which the
observed latitudinal changes are due to plastic
responses to local temperature regimes or adaptive
differentiation among populations.
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