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Abstract
Introduced plants provide a unique opportunity to examine how plants respond through plasticity and adapta-

tion to changing climates. We compared plants of Spartina alterniflora from the native (United States, 27–43�N)
and introduced (China, 19–40�N) ranges. In the field and greenhouse, aboveground productivity of Chinese
plants was greater than that of North American plants. Aboveground biomass in the field declined with increasing
latitude in the native range, a pattern that persisted in the greenhouse, indicating a genetic basis. Aboveground
biomass in the field displayed hump-shaped relationships with latitude in China, but this pattern disappeared in
field and greenhouse common gardens, indicating phenotypic plasticity. Relationships in both geographic regions
were explained by temperature, which is probably the underlying environmental factor affecting aboveground
biomass. S. alterniflora has evolved greater biomass in China, but in the four decades since it was introduced, it
has not yet evolved the genetic cline in biomass seen in its native range. By working at lower latitudes in the
introduced range than have been sampled in the native range, we identified an optimum temperature in the
introduced range above which aboveground productivity decreases.

Geographic gradients in abiotic conditions such as temper-
ature are important determinants of geographic patterns in
species distributions (Walther 2003) and productivity (Berry
and Bjorkman 1980; Larjavaara and Muller-Landau 2012).
Organisms may respond to climate heterogeneity by pheno-
typic plasticity or adaptation (Aitken et al. 2008; Pereira et al.
2017). The ability to tolerate climate heterogeneity by
matching phenotype to the local environment through one or
both of these mechanisms can facilitate or constrain the dis-
persal and growth of organisms, thereby affecting species
ranges (Angert et al. 2011).

Recent increase in global temperature is predicted to have
widespread consequences for the distribution and abundance
of organisms (Parmesan 2006; Jiang et al. 2017). As tempera-
tures increase, areas of suitable climate will shift poleward and
upward in elevation for many species (Burrows et al. 2014). If
the rate of global warming exceeds the ability of individuals to
respond, local populations will become maladapted to the

novel climatic conditions in their current range (Franks et al.
2014; Catullo et al. 2015). Understanding whether geographic
clines in the phenotype are based on plasticity or genetic
mechanisms is important for predicting the effects of climate
change (Woods et al. 2012; Castillo et al. 2014; Li et al. 2016;
van Boheemen et al. 2019), because plasticity will in most
cases offer a more effective response to rapid abiotic changes.

Climate presents a particular challenge for invasive species,
because a single introduction event will consist of individuals
adapted only to the particular climatic conditions that occur
at the origin site (Rejmánek and Richardson 1996). Some inva-
sive species may have succeeded because they were introduced
multiple times from different source populations (Dlugosch
and Parker 2008). In the case of invasives sourced from single
populations or regions (Bossdorf et al. 2005), however, if an
introduction is to spread, the introduced individuals have to
either evolve new genetic clines related to climate or acclimate
to a wide range of climates via phenotypic plasticity (Maron
et al. 2004; Davidson et al. 2011). Thus, “natural experiments”
offered by the spread of invasive species offer unparalleled
insights into the mechanisms by which plants may respond
to changing climate at large spatial scales and at decadal
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timescales relevant to understanding global change (Moran
and Alexander 2014).

Salt marshes are among the most productive ecosystems in
the world and provide numerous ecosystem services and eco-
nomic benefits (Barbier et al. 2011). Many of these services
stem from the productivity and standing biomass of salt
marsh systems (Kirwan and Murray 2007). Productive plants
promote accretion by trapping sediment and producing
belowground biomass, allowing some resilience to relative sea
level rise (Kirwan and Megonigal 2013). Previous works indi-
cated that elevated CO2 level (Langley et al. 2009) and warmer
temperatures (Kirwan and Mudd 2012) could increase the abil-
ity of marshes to survive accelerated sea level rise by increas-
ing plant productivity and marsh vertical accretion. Other
works, however, indicate that, above some critical value, high
temperatures will be stressful to marsh plants, leading to lower
productivity (Giurgevich and Dunn 1979; Więski and Pen-
nings 2014; Li et al. 2018). Marshes can also persist on the
landscape by moving inland as terrestrial habitats submerge, if
the shoreward habitat is not blocked by human-made struc-
tures (Kirwan and Megonigal 2013; Strong and Ayres 2013).

The dominant plant in North American salt marshes is the
grass Spartina alterniflora, with a latitudinal range of 27–45�N
(Kirwan et al. 2009). S. alterniflora was introduced to China in
1979 at Luo Yuan Bay, Fujian Province (26.5�N) from three
source populations in the U.S.A.: Morehead City, North Caro-
lina (34.7�N), Sapelo Island, Georgia (31.4�N), and Tampa Bay,
Florida (27.7�N) (Xu and Zhuo 1985). S. alterniflora now occurs
over ~ 20� of latitude in China (An et al. 2007; Liu et al.
2016), from 19�N to 40�N. This has been the largest Spartina
invasion in the world, and extends to lower latitudes than
S. alterniflora occupies in North America (Strong and
Ayres 2013).

Most previous works indicate that S. alterniflora productiv-
ity increases with warmer temperatures. There is a strong lati-
tudinal gradient in aboveground biomass across the Atlantic
and Gulf Coasts of North America, where biomass in low lati-
tudes is approximately twice as high as biomass in high lati-
tudes (Turner 1976; Kirwan et al. 2009; Crosby et al. 2017).
Experimental warming in the northeastern United States, and
greenhouse warming experiments, also indicates that produc-
tivity increases with temperature (Charles and Dukes 2009).
However, studies done at low latitudes suggest that
S. alterniflora has a relatively low temperature optimum for
photosynthesis that could be exceeded with future climate
warming. For example, gas exchange measurements suggest
that net carbon assimilation (photosynthesis minus respira-
tion) begins to decrease at temperatures typical of summer
maximum daily temperatures in Georgia (Giurgevich and
Dunn 1979). Consistent with these results, Więski and Pen-
nings (2014) found that annual productivity of S. alterniflora
in Georgia decreased in warmer years. To date, a decrease in
plant biomass at low latitudes has not been observed in geo-
graphic studies within the native range of S. alterniflora,

perhaps because marshes are replaced by mangroves at low lat-
itudes (below 27�N latitude) in North America. Because inva-
sive S. alterniflora grows abundantly from ~ 19�N to ~ 40�N
latitude along the coast of China, coexisting with mangroves
over the lower latitude part of this range (Zhang et al. 2012),
examining latitudinal patterns of plant aboveground biomass
in China, where S. alterniflora also occupies a wide latitudinal
range, should reveal any negative effects of high temperatures.

The phenotype of S. alterniflora varies dramatically across
latitudinal gradients in its native and introduced ranges
(Strong and Ayres 2013; Liu et al. 2016). In its native range in
North America, S. alterniflora varies across latitude in stem
height and diameter (Seliskar et al. 2002; Travis and Grace
2010), flowering time (Crosby et al. 2015), palatability to her-
bivores (Salgado and Pennings 2005), and other traits (Elsey-
Quirk et al. 2011). Much of this latitudinal variation has a
genetic basis (Seliskar et al. 2002; Travis and Grace 2010;
Salgado and Pennings 2005; Elsey-Quirk et al. 2011). Similarly,
the phenotype of S. alterniflora varies dramatically across lati-
tudinal gradients in China; however, most of this variation
appears to be due to phenotypic plasticity (Liu et al. 2016,
2017), perhaps because plants have not had time to evolve
genetic clines in the four decades since their introduction. The
only exception to this pattern is sexual reproduction, which
appears to be under strong selection for high seed set at high
latitudes in China (Liu et al. 2016, 2017). The only study to
look at latitudinal variation in S. alterniflora biomass in China
did not find a latitudinal pattern in biomass (Zheng et al.
2018), but was a literature review of primary studies that used
different methodologies at different sites, and covered only a
portion (24–34�N) of the geographic range of S. alterniflora in
China.

Here, we compare aboveground biomass of S. alterniflora in
two geographic regions (North America [native] and China
[introduced]). First, we tested whether the latitudinal pattern
in aboveground biomass of S. alterniflora was the same or dif-
ferent in its native and introduced ranges. Second, we tested
whether the relationship between aboveground biomass and
temperature was the same in the native and introduced
ranges. Third, we used common garden experiments in the
field and greenhouse to determine the relative importance of
phenotypic plasticity and genetic adaptation in producing
these geographic clines.

Materials and methods
Study sites and field sampling

S. alterniflora is continuously distributed along the East and
Gulf coasts of the U.S.A., so we sampled 13 geographical loca-
tions at intervals of 1–2� of latitude along the East Coast, and
additional 3 locations within the Gulf Coast (Fig. 1a;
Table S1). The locations ranged over 16� of latitude from
27.7�N (Florida) to 43.3�N (Maine). S. alterniflora is discontinu-
ously distributed in the introduced range, limiting our ability
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to find study sites, so we sampled 13 geographical locations at
intervals of 1–2� of latitude in China (Fig. 1b; Table S1). These
locations ranged over 20� of latitude from 19.5�N (Hainan
province) to 39.9�N (Liaoning province). All sampling was
conducted from September to November 2014, except for
three sites (Danzhou, Dandong, and Hulu Island) in China
that were sampled from September to October 2015, which
represented the end of the growing season at all locations. At
this time, the peak of flowering had passed and plants were
beginning to senesce. Year to year variation can affect plant
biomass in S. alterniflora (Więski and Pennings 2014), but this
variation is weaker than the latitudinal patterns (Liu
et al. 2016).

At each location, we worked at two sites, 2–3 km apart. At
each site, we sampled five 0.5 × 0.5 m quadrats, with at least
30 m spacing between quadrats. S. alterniflora plants vary in
height across elevation within a marsh, with “tall-form”

plants achieving the greatest heights and standing biomass
(Richards et al. 2005). All quadrats were deployed in tall-form
S. alterniflora where S. alterniflora grows along the creekbank or
low in the marsh in order to standardize sampling among sites
and countries.

We harvested the aboveground biomass from each quadrat
and weighed it in the field. A single representative shoot from
each quadrat was taken to the laboratory, dried at 60�C to
constant mass, and weighed. The dry mass : fresh mass ratio
of these shoots was used to calculate dry mass for each

quadrat. Data from the 10 quadrats at each location were
pooled to give a single value per location.

Field common gardens in the introduced range
To evaluate the relative importance of abiotic conditions

and plant genetic variation in driving latitudinal patterns in
aboveground biomass within the introduced range, we
established four common gardens along the East Coast of
China spanning ~ 20� of latitude (Fig. 1b). The low-latitude
sites were located at Leizhou in Guangdong province (20.9�N),
mid-latitude sites at Yunxiao in Fujian province (23.9�N), and
Yueqing in Zhejiang province (28.3�N), and the high-latitude
sites at Dongying in Shandong province (38.0�N). The com-
mon garden sites were established in intertidal mudflats in the
field in the vicinity of existing S. alterniflora populations. Each
garden was established from March to April 2013 (Yunxiao
garden) or 2014 (Leizhou, Yueqing, and Dongying garden).
Each common garden consisted of 10 plots spaced at least 5 m
apart. Each plot consisted of 10 PVC tubes (16 cm in diameter
and 33 cm deep). Plant germinated from a single-seed family
(defined as a single quadrat) from each location was haphaz-
ardly assigned to one of the 10 pipes in each garden and
allowed to grow until one or two shoots in most PVC tubes
flowered, which took one (Yunxiao garden) or two (Leizhou,
Yueqing, and Dongying gardens) growing seasons. As plants
in each garden senesced, we harvested all aboveground bio-
mass within each PVC tube, dried it, and weighed it from

Fig. 1. Map of field sites in the native (U.S.A., black circle: a) and introduced (China, gray circle: b) ranges. Survey sites are indicated with circles; four
field common garden sites are indicated with squares in the introduced range.

Liu et al. Geographic variation of Spartina biomass

1401



September to November 2013 (Yunxiao garden) and 2015
(Leizhou, Yueqing, and Dongying gardens). More detailed
methods and experimental results for plant height, shoot den-
sity, flowering, and seed set are presented in Liu et al.
(2016, 2017).

Greenhouse common garden
Although we could plant field common gardens with the

introduced populations of S. alterniflora in the introduced range,
we could not include genotypes from the U.S.A. because we did
not want to cause the introduction of additional genotypes to
China. Therefore, to compare the importance of genetic differ-
ences and phenotypic plasticity in creating the latitudinal pat-
terns of biomass between the native and the introduced ranges,
we conducted a common garden experiment in a greenhouse at
the Xiang’an campus of Xiamen University (24�370N,
118�180E). The common garden consisted of 10 rectangular
plastic pools (length: 1.2 m, width: 0.9 m, depth: 0.3 m). Each
plastic pool contained 26 plastic buckets (18 cm in diameter
and 24 cm deep), whichwere grouped into five rows and six col-
umns. Each bucket was filled with a mixture of 50% Jiffy’s peat
substrate (Jiffy Products International BV, Moerdijk, the Nether-
lands) and 50% vermiculite by volume. Each bucket had four
1 cm diameter holes in the sides and one hole in the bottom to
allow exchange of water with the water in the pool.

In March 2015, seeds from each seed family that had been
collected during the 2014 field sampling expeditions were ger-
minated and grown in a growth chamber until seedlings were
approximately 5 cm tall. One haphazardly chosen seedling
per seed family (160 from the U.S.A.; 100 from China) was

transplanted into a single, haphazardly selected plastic bucket,
with each location (16 from the U.S.A.; 10 from China) repli-
cated once in each pool, and a separate seed family from each
location in each pool. Pools were filled with artificial sea water
(10 PSU) that had been amended with fertilizer (C:N:P
15-15-15; 0.5 g per bucket) to ~ 2 cm above the soil level in
the pots. Water in the pools was completely replaced once a
month but without additional fertilizer. Salinity was checked
every other day and freshwater was added as needed to main-
tain salinity.

We harvested all the aboveground biomass from each
bucket on 15 October 2015, after most plants had senesced.
Biomass was dried at 60�C to constant mass and weighed. In
March 2016, we separated a 15–20-cm-long rhizome bearing
one or two shoots from each clone, transplanted the rhizome
into a new bucket in a new soil mixture, and fertilized the
pool as above. Plants were cultivated and biomass measured in
October 2016 to give 2 years of data.

Abiotic data
To relate the aboveground biomass of S. alterniflora to abiotic

conditions, we collected six soil samples near the quadrats at
each location during field sampling. Replication was reduced to
three at a few locations for logistic reasons. We measured pore-
water salinity (PSU) using the soil rehydration method
(Pennings and Richards 1998). We measured the carbon and
nitrogen contents of a subsample of each soil sample with a
Vario ELIII elemental analyzer after the soil subsample was air
dried in the laboratory and pulverized using an oscillating mill.

Fig. 2. Aboveground biomass of Spartina alterniflora: (a) field survey in relation to latitude in the native and introduced ranges. (b) Average over all sites
for the native and introduced ranges. Significance levels: *p < 0.05; **p < 0.01.
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To relate the aboveground biomass of S. alterniflora to climate,
we calculated annual mean temperature, the annual number of
growing degree days (> 10�C), annual mean precipitation and
annual mean tidal range for each location using climate data
(1981–2010) and tide range (2013–2015) from NOAA (NCDC,
http://www.ncdc.noaa.gov) for sites in the U.S.A. China climate
data (1981–2010) and tide data (2004–2013) were obtained from
the stations closest to each site in the Climate Information for
the Chinameteorological data sharing service system (http://cdc.
nmic.cn/), and in the tide tables published by the National
Marine Data & Information Service (http://www.nmdis.gov.cn).
Moreover, we also collected climate data during experiment
(2013–2015) from the above website to compare the climate dif-
ferences between years. Growing degree days is a measure of how
much daily temperatures exceed a threshold temperature neces-
sary for significant plant growth and therefore reflects both
the temperature and the duration of the growing season (Miller
et al. 2001).

Statistical analysis
For statistical analyses of field data, results from replicate

plots were averaged to yield a single data point for each loca-
tion. For analysis of greenhouse and field common garden
data, results for the surviving seed families (3–10, Table S2) at
each location were averaged to yield one single data point for
each location. For both field and common garden data, we
used linear and quadratic regression to examine potential rela-
tionships between aboveground biomass and various predictor
variables, including latitude of origin, annual mean tempera-
ture, annual growing degree days, annual mean tidal range,

and soil pore-water salinity. We compared aboveground bio-
mass in the field and common garden between the native and
introduced ranges using t-tests. Range and latitude interaction
of aboveground biomass were tested by mixed model with
range, latitude, latitude2, range × latitude, range × latitude2 as
fixed factors, and subsite as random effect due to no replicates
for each seed family in the field survey and greenhouse com-
mon garden. The quadratic latitude term was dropped from
the model if it is not significant. Because the same clones were
analyzed in the 2 years of the common garden and above-
ground biomass changed in mean scores over years, we used
repeated-measures ANOVA (mixed model) to compare above-
ground biomass between the introduced and native ranges to
develop a time course for the range effect. We used a mixed
model with garden location, latitude, garden location × lati-
tude as fixed factors, and seed family as the random effect in
the field multiple common gardens in the introduced range.
Moreover, we used multivariate correlations to analyze the
relationships between latitude and abiotic variables in the
introduced and native ranges separately. In an effort to deter-
mine the relative influence of the different abiotic factors on
aboveground biomass, we examined a full model (Best regres-
sion model) consisting of range, temperature (or temperature2

for nonlinear relationships), precipitation, tide range, range ×
temperature (or temperature2 for nonlinear relationships),
range × precipitation, and range × tide range to detect the
most important factors. Best regressions were selected using
stepwise regression based on AIC. We performed all data ana-
lyses with the R statistical software (R Development Core
Team 2016).

Fig. 3. Aboveground biomass of Spartina alterniflora: (a) 10 field locations grown in four common gardens relation to latitude in the introduced range.
(b) Relationships between aboveground biomass and latitude of origin for four common gardens; biomass was not related to latitude of origin. Signifi-
cance level: ***p < 0.001.
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Results
Abiotic conditions across latitude in the introduced and
native ranges

The abiotic variables measured were correlated with each
other (Fig. S1). In particular, latitude, annual average tempera-
ture, annual number of growing degree days, and annual pre-
cipitation were strongly correlated with each other. The best
multiple regression models for S. alterniflora aboveground bio-
mass identified average temperature and salinity as the best
predictors of variation in S. alterniflora aboveground biomass
in the field and field common gardens (Table S3).

Relationship between S. alterniflora aboveground biomass
and latitude

The aboveground biomass of S. alterniflora in the native
range decreased with increasing latitude (Fig. 2a). In the intro-
duced range in China, however, which included sites from
lower latitudes than were sampled in the native range, bio-
mass showed a hump-shaped relationship with latitude. The
relationships differed among ranges (Table S4a). Moreover, the
regression relationship peaked at values ~ 1/3 greater than in
the native range. Across all the sites, aboveground biomass in
the Chinese range was 15% greater than and differed from
that in the native range (Fig. 2b; Table S4a). If the data from

Fig. 4. Aboveground biomass of Spartina alterniflora in relation to latitude in the native and introduced ranges in the greenhouse common garden (a)
in the first year and (b) second year; overall average for field populations grown in greenhouse common garden (c) in the first year and (d) second year;
native range (U.S.A.) n = 16 locations; introduced range (China) n = 10 locations. Significance levels: *p < 0.05; **p < 0.01; ***p < 0.001.
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both ranges were pooled, they showed a hump-shaped rela-
tionship with latitude (Fig. 2a).

Aboveground biomass variation in field and greenhouse
common gardens

In the four field common gardens in China, aboveground
biomass of S. alterniflora showed a hump-shaped relationship
with garden latitude (Fig. 3a). However, aboveground biomass
did not vary with latitude of origin (Fig. 3b; Table S4b).

In the greenhouse common garden, aboveground biomass
of S. alterniflora plants from the native range decreased with
latitude of origin in both years (Fig. 4a,b). However, above-
ground biomass of plants from China showed a weak positive
relationship with latitude in the first year and no relationship
in the second year (Fig. 4a,b). Averaged across all locations of
origin, aboveground biomass of plants from the introduced
range tended to be higher than biomass of plants from the
native range, but this difference was only statistically signifi-
cant in the first year (Fig. 4c,d; Table S4c,d). Otherwise, for the
two-year greenhouse common garden, with years considered
in the aggregate using repeated measure ANOVA, there is no
significant difference between range, but differ among years
(Table S4e).

Relationship between S. alterniflora aboveground biomass
and temperature

Whether in the field or in the common gardens, end-of-
season aboveground biomass of S. alterniflora was correlated
with annual mean temperature. In the native range, biomass
increased linearly with temperature (Fig. 5a). In China, biomass
showed a hump-shaped relationship with temperature, peaking
at ~ 17�C (Fig. 5a). If the data from both ranges were pooled to

identify an overall pattern, they showed a hump-shaped rela-
tionship with temperature. Similar results were obtained using
annual growing degree days instead of annual mean tempera-
ture (Fig. S2a). In the field common gardens, biomass again
showed a hump-shaped relationship with the annual mean
temperature of the common gardens, again peaking at ~ 17�C
(Fig. 5b). Similar results were obtained using annual growing
degree days instead of annualmean temperature (Fig. S2b).

We found aboveground biomass increased with tide range
(Fig. S3a), and decreased with soil pore-water salinity (Fig. S3b).
However, we did not find other correlations with annual mean
precipitation, soil C, N, and C : N ratios (data not shown).

Discussion
We found strong evidence for hump-shaped relationships

between S. alterniflora aboveground biomass and latitude in
introduced plants (Fig. 2a), which contrasts with our findings
(Fig. 2a), and previous work (Turner 1976; Kirwan et al. 2009)
showing a continuous increase in biomass with decreasing lat-
itude in native plants in North America. The most likely abi-
otic driver of these patterns is temperature, which also showed
a hump-shaped relationship with aboveground biomass in the
introduced range. This, together with other data from the
native range, indicates that there is an optimum temperature
for S. alterniflora productivity, beyond which warmer tempera-
tures lead to reduced S. alterniflora productivity.

Niche theory predicts that a species should perform opti-
mally in the middle of its latitudinal range, with decreased
performance toward higher or lower latitudes (Cody 1991).
Many geographically widespread species show this pattern
(Moles et al. 2009). Given this, it is surprising that past studies

Fig. 5. Field aboveground biomass of Spartina alterniflora in relation to annual mean temperature (a) in the native and introduced ranges and (b) in
the field common gardens. Significant levels: *p < 0.05; **p < 0.01; ***p < 0.001.
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of geographic variation in S. alterniflora in its native range
(considering sites at 27�N and higher latitudes) found that bio-
mass increased linearly from high to low latitudes (Turner
1976; Kirwan et al. 2009; Crosby et al. 2017). In contrast, stud-
ies of S. alterniflora shoot height in China that considered sites
at latitudes as low as 20�N found a hump-shaped pattern, but
they did not report on plant biomass (Liu et al. 2016, 2017).
Here, we show that S. alterniflora biomass exhibits a hump-
shaped pattern vs. latitude in China. Moreover, because the
humps peak around the latitudes that represent the lowest-
latitude sites sampled in North America, it is likely that previ-
ous studies from North America did not find a hump-shaped
pattern simply because they did not sample at sufficiently low
latitudes.

In the native range, S. alterniflora is replaced by mangroves
at low latitudes in the Mississippi River deltaic plain (McKee
et al. 2004), Florida (Osland et al. 2013), and Texas (Guo et al.
2013). In contrast, intertidal areas in southern China have
large areas suitable for S. alterniflora but below the elevations
at which local mangroves occur (Zhang et al. 2012), allowing
S. alterniflora to spread to lower latitudes than those it
occupies in its native range.

Although we have plotted data as a function of latitude,
plants are not responding to latitude per se but to some abi-
otic factor(s) that correlate with latitude (Fig. S1; Hijmans et al.
2005). The most likely candidate is temperature (Table S3).
Our results demonstrating climate-related geographic adapta-
tion in productivity of S. alterniflora are consistent with other
research that has shown strong localized temperature adapta-
tion in both experimental and natural settings (Kirwan et al.
2009; Liu et al. 2016). At high latitudes, cold temperature
limits the survival of S. alterniflora (Idaszkin and Bortolus
2011), and rising temperatures are likely to increase annual
net primary production (ANPP) (Charles and Dukes 2009). In
contrast, unusually high temperatures at low latitudes are
likely to decrease ANPP (Dunn et al. 1987; Więski and Pen-
nings 2014; Liu and Pennings 2019). Thus, our finding of a
hump-shaped relationship between aboveground biomass
and average temperature across large areas in the introduced
range is consistent with previous site-specific work, and indi-
cates an optimum annual average temperature of ~ 17�C for
S. alterniflora productivity.

Previous studies at particular sites suggested additional con-
trols on biomass, including river discharge and rainfall (Więski
and Pennings 2014), both of which affect salinity (Snedden
et al. 2015) and tide range (Turner 1976; Snedden et al. 2015).
Thus, temperature is not the only relevant causal factor of
plant productivity. For example, biomass increases with tidal
range and decreases with salinity in all Northern Hemisphere
data pooled together, but neither explains much of the varia-
tion in biomass (R2 = 0.06, p = 0.09 and R2 = 0.15, p = 0.04,
respectively, Fig. S3a,b). We also acknowledge that population
variation in biomass may have been affected by other abiotic
factors, such as inundation time (Snedden et al. 2015; Peng

et al. 2018) and eutrophication (Deegan et al. 2012). Neverthe-
less, we consider temperature to be a more likely cause of
between-population variation in biomass than these other fac-
tors. Given increasing global temperatures, we focus here on
population adaptation to temperature.

In the common gardens in China, aboveground biomass
did not vary with latitude of origin. Although common gar-
dens were conducted in different years, the temperature
annual variation had little impact on the results. We therefore
conclude that geographic patterns are due to plasticity rather
than genetic differences. Genetic studies of S. alterniflora in
China show relatively little differentiation across latitudes
(Deng et al. 2007), which is expected given that S. alterniflora
was introduced less than four decades ago (Xu and Zhuo
1985; An et al. 2007). In contrast, native range plants still
show biomass differences in the common garden, indicating
genetic variation across latitude from the native range.
Genetic studies of Spartina in North America show clear geo-
graphic differentiation (Strong and Ayres 2013). However, this
genetic differentiation has not been correlated with pheno-
typic differences. We are currently unable to confirm whether
genotypes respond to climate in distinct ways, and how these
interactions affect the patterns in the native range, but multi-
ple common garden experiments are a powerful method to
test it in the future (Liu et al. 2017).

Biomass was higher in China than in North America in
both the field and the greenhouse common garden. Possible
explanations are genetic mixing during introduction (Strong
and Ayres 2013; Qiao et al. 2019), or eutrophication (Zhao
et al. 2015). Another possibility is that plants make the marsh
less suitable over time (Edwards and Mills 2005), either by
using up resources or accumulating pathogens. All plants were
sampled in low marsh or creekbank habitats, so differences in
biomass were not likely due to differences in elevation.

Plant growth modulates above- and belowground processes
that build soil (Kirwan and Megonigal 2013), suggesting that
our findings are applicable to understanding marsh resilience
in the face of sea level rise and other environmental drivers.
Aboveground biomass enhances the deposition of mineral
sediment on the soil surface, whereas belowground biomass
contributes directly to increases in soil volume (Morris et al.
2002; Nyman et al. 2006; Langley et al. 2009; Mudd et al.
2010). Therefore, marsh accretion may be enhanced or dimin-
ished by the nonlinear temperature responses we observed,
where temperatures higher or lower than optimum may
reduce salt marsh resilience. Nevertheless, we did not quantify
belowground biomass, and so do not know whether it follows
the same latitudinal patterns that we observed for above-
ground biomass. For example, Crosby et al. (2017) found that
S. alterniflora allocated relatively more biomass belowground
in high- than low-latitude marshes. Therefore, it remains
uncertain to what extent our observations of aboveground
biomass will actually influence vertical accretion and salt
marsh resilience.
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Together, our results uniquely illustrate a hump-shaped
relationship between productivity and latitude that can only
be observed with studies that extend beyond S. alterniflora’s
native range. Given this, and given that S. alterniflora already
performs poorly at low latitudes in its native range in warm
years (Więski and Pennings 2014), our results suggest that
climate warming may have negative consequences for
S. alterniflora across much of the southern portion of its
native range.

Finally, we found that phenotypic plasticity plays an
important role in mediating variation in productivity across
latitude in the introduced range in China. This variation is
mainly induced by latitudinal variation in annual mean tem-
perature, which gave us a model to test whether warming will
decrease the productivity of S. alterniflora elsewhere in the
world. However, genetic adaptation plays a major role in
mediating geographic variation in productivity in the native
range. This suggests the possibility that the plastic responses
observed in China four decades after the introduction of
S. alterniflora may become fixed genetic responses over longer
time scales through genetic assimilation (Lande 2009).
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