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Abstract

Sand dunes are important barriers to the coastal interior and provide habitat for numerous organisms. Species composi-
tion influences the shape and size of dunes, yet recent studies have documented changes in range of native species and
increased abundance of invasive species. Warming temperatures are attributed to changes in plant species distributions, yet
the effects of varying temperature on the physiology of dominant dune grasses in the southeast US are largely unknown.
We characterized how the temperature and light environments affected the physiology of dominant species differing in
photosynthetic pathways and compared to field values. Species physiological responses were not fully explained by dif-
ferences in photosynthetic pathways. Carex kobomugi (invasive C3) exhibited the highest rates of photosynthesis, sto-
matal conductance (GSW), and electron transport rate (ETR) at 20 to 40 °C compared to native species. Physiology of
Ammophila breviligulata (native C3) was negatively impacted at high temperatures, potentially impacting future range
distributions, whereas physiological performance was reduced at 25 °C and below in Panicum amarum (native C4). In
contrast, Uniola paniculata (native C4) exhibited similar photosynthetic rates to 4. breviligulata at most temperatures.
These results demonstrate that temperature differentially impacts species physiology and may impact future range distri-

butions with climate warming.
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Introduction

Despite the limited spatial scale of occurrence, dunes are
disproportionately valuable as a forefront ecosystem pro-
tecting important economic and natural systems (e.g., salt
marshes, forests, estuaries) that are vulnerable to rising sea-
level, storms, and saltwater intrusion (Barbier et al. 2011,
Feagin et al. 2015; Sigren et al. 2018; Innocenti et al. 2021).
Coastal sand dunes act as protection for the interior infra-
structure (Sigren et al. 2018). Dune formation from sand
accretions supports a positive feedback between sediment
movement and vegetation (Godfrey and Godfrey 1976;
Hesp 1988, 1989); dune formation and erosion relies heav-
ily on the type of vegetation present (Stallins and Parker
2003; Feagin et al. 2015; Maximiliano-Cordova et al. 2019;
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Riffe et al. in review). Dune shape and size is determined by
the species present and the resulting morphology (Hacker
et al. 2019; Jay et al. 2022; Riffe et al. in review) and these
species are considered ecosystem engineers.

Warming climate results in range expansion of south-
ern species and contraction of northern species (Channell
and Lomolino 2001; Goldstein et al. 2018). There is lim-
ited understanding of how dominant dune grasses respond
to temperature shifts associated with climate change which
will affect future species distributions and dune dynam-
ics along the Virginia coastline. Changes in dune species
ranges can impact dune shape and size with ecosystem
consequences (Sabo et al. 2024). Non-native species have
a greater invasion probability due to climate change and
land use change (McKinney and Lockwood 1999; Dukes
and Mooney 1999). Invasive species, many of which are
ecosystem engineers, have been known to affect the geo-
morphology of the landscape (Fei et al. 2014). For example,
Carex kobomugi was accidentally introduced in New Jer-
sey in the early 1900’s where it quickly spread south and it
was also occasionally used in dune plantings (Small 1954).
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This species is shorter and prostrate than many native dune
grasses (Riffe and Zinnert 2024), leading to unique dune
morphology. Understanding plant physiological response
to abiotic factors allows us to predict species distributions
with future climate scenarios (Wang et al. 2015; Heilmeier
2019).

Dominant dune building grasses along the US mid-
Atlantic coast include two C4 grasses, Uniola paniculata
and Panicum amarum and a C3 grass, Ammophila brevil-
igulata (hereafter referred to by genus). Previous research
identified these as the dominant dune species in Virginia
(Back Bay National Wildlife Refuge, Riffe and Zinnert
2024) along with the C3 invasive sedge, Carex kobomugi
(hereafter referred to by genus). Ammophila dominates in
Virginia and north while Uniola is more abundant in North
Carolina and south, however Uniola has been documented
to move further north as the region continues to warm with
fewer extreme freezing temperatures (Goldstein et al. 2018;
Huang et al. 2018). These species constrain dune shapes
and sizes through morphological differences in the rhizome
length between clonal individuals, stem density, and plant
height (Jay et al 2022; Riffe et al. in review). Uniola initially
forms a “hummock” style dune before coalescing (Gold-
stein et al. 2017), while Ammophila quickly builds lateral
dune ridges (Woodhouse et al. 1977). Uniola is a known
competitor with Ammophila (Harris et al. 2017; Brown et al.
2018). These native species also compete with the invasive
Carex in the US mid-Atlantic region (Charbonneau et al.
2020; Riffe and Zinnert 2024). In New Jersey, Carex cover
doubled in 10 years after invading previously Ammophila
vegetated habitat following a storm event (Charbonneau et
al. 2020). In Virginia, Carex and Uniola reduce the distribu-
tion of Ammophila across the dune. As the region continues
to warm (Huang et al. 2018), quantifying the physiological
responses of dominant dune species to temperature can help
predict how variations in climate will impact success and
growth of C3 and C4 species.

Literature documenting physiological responses of these
species to variations in light and temperature is limited,
and Carex physiology data exists exclusively for the native
range. Studies investigating the effect of salinity flooding
concluded that Ammophila is the least salt tolerant species
of the dominant dune grasses, when compared to Spartina
patens, Uniola paniculata, and Panicum amarum var. ama-
rulum (Seneca 1969). Temperature studies on germination
of Ammophila, Panicum, and Uniola indicated ecotypic
variation in germination requirements, where seeds col-
lected from southern sites did not need a cold treatment,
while northern seeds required one (Seneca and Cooper
1971; Seneca 1972). Seeds of Ammophila from North Caro-
lina could withstand higher temperatures than seeds from
Michigan (Seneca and Cooper 1971). Panicum amarum
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var. amarum is sterile from seed (Seneca et al. 1976; Wood-
house et al. 1977), however the varietal Panicum amarum
var. amarulum has viable seeds (Seneca et al. 1972; Palmer
1975; Seneca et al. 1976). Studies of Carex in the native
coastal habitat of China, Korea, Japan, and Taiwan have
documented highest rates of photosynthesis and stoma-
tal conductance at 25 °C than any other temperature and
low water use efficiency (Ishikawa et al. 1990; Hwang and
Choo 2017). No physiology studies have been conducted on
Carex in the North American invasive range.

To understand how these species will respond to a chang-
ing climate, we quantified physiological responses (i.c.,
photosynthesis, stomatal conductance, electron transport
rate, water use efficiency, etc.) to light (02000 PAR pmol
CO? m? s7!) and temperature (2040 °C) for Ammophila,
Carex, Panicum, and Uniola in growth chamber experi-
ments and through field sampling. Quantifying limitations
to photosynthesis under different temperature regimes can
help predict future success and growth of these species with
climate fluctuations. We expected to observe higher rates
of photosynthesis and stomatal conductance with lower
water use efficiency for C3 species (Ammophila and Carex)
at lower temperatures than for C4 species (Panicum and
Uniola); however, at 30 °C and above, we expected C4 spe-
cies to have higher photosynthetic rates with higher water
use efficiency than C3 species. Electron transport rate was
expected to be higher in C4 species than in C3 species. Pre-
vious research found that dark respiration (R;) is not con-
trolled by photosynthetic pathway (Byrd et al. 1992), and
we expected no significant differences.

Methods
Study Species

Ammophila breviligulata, Uniola paniculata, Panicum
amarum var. amarum, and Carex kobomugi are perennial
dune graminoids that were used for this project. These were
the top four dominant species at Back Bay National Wildlife
Refuge, Virginia Beach, VA according to a recent vegetation
survey from 2020 (Riffe and Zinnert 2024) and all native
species are dominant along much of the mid-Atlantic coast
(Hacker et al. 2019). Ammophila and Uniola were sourced
from local nurseries, Pinelands Nursery & Supply (Colum-
bus, NJ) and Coastal Transplants (Bolivia, NC), respectively
in March 2022 as 2-inch plugs. Panicum and Carex were
collected from Back Bay National Wildlife Refuge. Pani-
cum was collected and not purchased due to concerns about
sourcing the correct sub-species (i.e., co-occurring Panicum
amarum var. amarulum,; Palmer 1975). Because Carex is
an invasive species it is not commercially available for sale
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and had to be collected. Mean annual temperature in the
region is 15.3 °C, mean maximum temperature is 39.7 °C
and mean minimum temperature is — 8.8 °C (Wood et al.
2024). During the growing season (from May to Septem-
ber), maximum temperatures in the region reach>20 °C and
minimum temperatures>10 °C (Zinnert et al. 2011).

Growth Chamber Environment

Plants of similar sizes were potted with two individuals in a
3.8 L pot for both purchased and field collected species. Pots
were filled with a 50:50 mix of sand collected from Hog
Island, Virginia with commercially available play sand that
was sifted to remove larger grain sizes that were not found
in the Hog Island sand. Each pot was placed in plastic water-
ing trays which were filled three times a week throughout
the experiment to mimic access to groundwater. Plants were
stored in the Virginia Commonwealth University green-
house until the experiments began. Plants were grown in a
Conviron growth chamber (Model E15, Conviron, Winni-
peg, Manitoba) under a photosynthetically active radiation
(PAR) of approximately 1000 mmol m 2 s}, 48% relative
humidity, a photoperiod of 12 h. During the day, tempera-
tures were set to the experimental temperature, starting at
20 °C. At night, the temperature was 10 °C lower than the
experimental temperature to simulate diurnal temperatures.
Experimental temperatures were increased five degrees
every two weeks, starting at 20 °C and ending at 40 °C.

Physiological Measurements

After plants had acclimated for 2 weeks at the target temper-
ature, each plant (n=10) was measured at that temperature
using a Li-6400XT portable gas exchange system (Licor,
Lincoln, NE). At each temperature we collected photosyn-
thesis rates (A), stomatal conductance (GSW), and transpi-
ration rates (E), and electron transport rate (ETR). Light and
fluorescence curves were measured for each plant at 25 °C
and 35 °C. For these curves, the CO, was set to 400 ppm, and
the flow rate to 1000 pmol s~!. Photosynthetic light curves
were completed from a range of 0 to 2000 pmol m 2 5!
(n=10) using the Li-6400XT (Licor; Lincoln, NE) at two
temperatures (25 and 35 °C) for each species. Fluorescence
curves were used to collect the quantum yield of photosys-
tem II (OPSII also known as AF/Fm'"). Panicum was unable
to photosynthesize at 25 °C and was removed from further
analysis. Using photosynthetic data WUE (water use effi-
ciency), AQY (apparent quantum yield), LCP (light com-
pensation point), LSP (light saturation point), and R, (dark
respiration) were calculated.

WUE = A, /E (1)

WUE, Water Use Efficiency. Anet, Net photosynthetic

rate (umol CO, m 2 s™"). E, Transpiration rate (umol H,O
-2 1

m-s )

AQY = (v —y1) / (x2 —x1) (2)

AQY, Apparent Quantum Yield, the slope of the light limit-
ing portion of the light curve. Here PAR 0-500 was used. x,,
500 (umol m2s™"). x;, 0 (umol m2s ™)

LCP = — (b/m) 3)

LCP, Light Compensation Point, the light level when net
photosynthesis is 0. b, y-intercept (dark respiration point).
m, slope of the curve where it meets the x-axis (y=0)

LSP = (y —b) /m )

LSP, Light Saturation point, the light intensity that maxi-
mizes photosynthesis. y (Anet)=97% of Amax. b, y-inter-
cept (dark respiration point). m, slope of the curve where it
meets the x-axis (y=0).

Field Comparisons

The field comparison measurements were completed at
Back Bay National Wildlife Refuge in Virginia Beach, VA.
The northernmost mile (1.6 km) of the refuge is not open
for public access and was the focus of field data collected in
this study. All species were measured on the face of the fore-
dune. Measurements were completed on days where cloud
cover was low, during full sun, 11 am—2 pm. To capture sea-
sonal differences, measurements were performed in April,
June, August, and October 2023.

Using a Li-600 (Licor, Lincoln, NE) porometer and
fluorometer, measurements were taken at midday on sunny
days with minimal to no cloud cover. All four dune species
(Ammophila breviligulata, Uniola paniculata, Carex kobo-
mugi, and Panicum amarum) were included (n=15), rep-
lications included one plant from each species, which was
repeated 15 times. This method was used to account for time
of day on the plant. Individual plants were not repeated on
a single day and were chosen at random. This instrument
measures stomatal conductance and fluorescence of the leaf,
allowing for comparison to the growth chamber.

Statistical Methods

Light curves were analyzed using repeated measures
ANOVA with species and light levels (PAR) as factors. Pan-
icum was removed from light curve analyses at 25 °C due
to the plants respiring at all light levels. Temperature curves
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were analyzed using repeated measures ANOVA with spe-
cies and temperature as factors. Pairwise comparisons using
a Bonferonni adjustment were used for post-hoc analyses
of repeated measures ANOVA. Light curve metrics (AQY,
LCP, RD, LSP, A_,,) analyzed using one-way ANOVA or
Kruskal-Wallis when variances were unequal, with species
as the factor. Data were analyzed separately at 25 °C and
35 °C, except for the light curve metrics for Ammophila,
Carex, and Uniola which were analyzed with a t-test or
Wilcoxon test when variances were unequal. Regressions
of A, and GSW included data at 1500 and 2000 PAR, sep-
arated by temperature. Field measurements were analyzed
using 2-way ANOVA with month and species as factors,
and blocked by time of day. Post-hoc analysis for 2-way
ANOVA was done with a Tukey test. All analyses and visu-
alizations were completed in R (R studio 4.1.0).

Results

Maximum photosynthesis rates obtained from light curves
at 25 °C and 35 °C did not significantly differ among Carex,
Ammophila, and Uniola (25 °C, X?=2.77, p=0.25; 35 °C,
X?=5.25 p=0.15; Tables S1-S3). Ammophila had signifi-
cantly higher A___at 25 °C (5.05+£0.46 umol CO, m 2 s !)
than 35 °C (2.83+0.51 umol CO, m 2s™!; p=0.02; Table 1).
Carex and Uniola had no significant differences in A,
between the two temperatures. Dark respiration rates (R;)
and light saturation points (LSP) did not differ by photosyn-
thetic pathways, but species differences were observed. Ry
rates were 69% higher for Panicum (—1.35+0.09 umol CO,
m 2s™") than Ammophila (—1.97+0.20 pmol CO, m s 1) at
35 °C. Light compensation point (LCP) was lower in Uniola
than Ammophila at 25 °C (X*=6.79, p=0.03, Table 1). LSP
at 25 °C was 78% lower for Uniola (1350+89 numol pho-
tons m 2 s ') than Ammophila (1738+97 umol photons
m2s™'; Table 1).

Species differences were observed for stomatal conduc-
tance (GSW), electron transport rate (ETR), and the quan-
tum yield of photosystem II (®pgr). GSW was significantly
higher for Carex at all light levels relative to all other spe-
cies at 25 °C (Interaction, F=2.78, p=0.001; Table S4),
except Ammophila at 2000 PAR (Table S5). There were no
significant differences in GSW for Ammophila and Uniola
at 25 °C. At 35 °C there was no significant interaction for
GSW (F=1.12, p=0.32; Table S6), but the main effect of
species was significant (F=5.91, p=0.002; Table S6) with
Carex exhibiting higher rates than the other species (Table
S6). GSW rates were similar in Ammophila to both C4 spe-
cies (Uniola and Panicum). Ammophila and Carex had
two times higher ETR at both temperatures (25 °C, Inter-
action: F=19.83, p<0.0001; 35 °C, Interaction: F=12.44,
<0.0001; Tables S7-S10) which is expected of C3 species.
No differences occurred between Ammophila and Carex or
Panicum and Uniola. ®pg was also higher for Carex and
Ammophila than Uniola at both temperatures and Panicum
at 35 °C (25 °C, Interaction: F=5.38, p<0.0001; 35 °C,
Interaction: F=4.03, p<0.001; Fig. 1; Tables S11-S14).

Temperature curves resulted in several species and
temperature interactions for A, (Interaction: F=9.73;
p <0.0001; Fig. 2; Tables S15, S16), GSW (Interaction:
F=5.09; p<0.0001; Tables S17, S18), and E (Interaction:
F=10.05; p<0.0001; Tables S19, S20). However, there were
no species differences for WUE due to the variation (Table
S21). Overall, Carex had the highest A, ., GSW, and transpi-
ration (E) rates. Ammophila (3.39+0.35) had significantly
higher photosynthetic rates than Uniola (0.39+0.22 umol
CO, m 2 s 1) at 20 °C and Panicum at 20 to 25 °C. A, was
near 0 umol CO, m 2 s™! for Panicum at all temperatures
except 30 °C (3.29+0.78 pumol CO, m 2 s™!) and 35 °C
(4.49+3.33 pumol CO, m 2 s7!) indicating a narrow tem-
perature tolerance. GSW and E were significantly higher
for Ammophila and Uniola at temperatures 20 to 35 °C
(Fig. 2), Panicum GSW rates were near 0 at all tempera-
tures except 30 and 35 °C (Fig. 2; Table S3d). A, and GSW

Table 1 Means and standard errors for physiological metrics for each species at two temperatures, 25 °C and 35 °C, data calculated from light

curves

Physiology metrics Temp (°C) Ammophila Carex Panicum Uniola
Maximum photosynthetic rate (umol CO, m2s™!) 25 5.05+0.465 6.22+0.37 NA 5.33+0.78
35 2.83+0.514 4.73+0.61 4.05+1.06 4.25+0.64
Dark respiration rate (umol CO, m ™2 s™!) 25 —1.57+0.16 —1.87+0.25 NA —1.25+0.20
35 -1.97+0.20° -1.71£0.13* -1.35+0.09"  —1.78+0.13*"
Apparent quantum yield 25 0.009+0.001 0.011£0.0003  NA 0.010+0.001
35 0.008+0.001 0.008+0.001 0.008+0.001 0.010+0.001
Light compensation point (umol photons m™=s™%) 25 83.74+8.94" 101.10+24.40%° NA 56.29+5.20"
35 138.42+31.72 115.08+22.52 97.45+22.28 97.64+15.13
Light saturation point (umol photons m 2 s™!) 25 1738+97° 1594 +59°° NA 1350+89*
35 1374+159 177663 1344+164 1320+180

Lower case letter codes indicate a significant difference among species at a given temperature resulting from a one-way ANOVA. Uppercase
letter codes indicate significant differences between temperatures within a species based on t-tests
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Fig. 1 Light Curves at 25 °C (left side) and 35 °C (right side) with net
photosynthesis (A), stomatal conductance (GSW), electron transport
rate (ETR), and the quantum yield of photosystem II (®pg;) as the
response variables from top to bottom. The independent variable is

were positively linearly related for all species at high light
(1500-2000 PAR) at 25 and 35 °C (Fig. 3). The slope for
Panicum was higher than other species (Fig. 3). A, and
ETR were not related in Carex at 25 °C, but were positively
linearly related for all species at 35 °C (Fig. 4). At 35 °C the
relationship was weaker for Ammophila (R*=0.22) than at
25°C (R2=0.44).

Results from the field experiment indicated several spe-
cies differences in physiology. Carex had significantly higher
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photosynthetically active radiation (PAR), the light level. Color coded
by species, points are means and error bars are standard error. Full
repeated measures ANOVA results are in the supplement

ETR (Species effect: F=8.67; p<0.0001; Fig. 4; Tables S22,
S23) and ®pgy (Species effect: F=5.68; p=0.001; Tables
S24, S25) than Ammophila and Panicum, but not differ-
ent from Uniola. There was a significant interaction GSW
(Interaction: F=2.03, p=0.04; Table S26). Carex GSW was
significantly higher than Panicum in all months, and higher
than Ammophila and Uniola during October (Species effect:
F=29.66; p<0.0001; Table S27). E rates were 1.5 to 2 times
higher in Carex and differed significantly among species
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Fig. 2 Temperature curves with net photosynthesis (A), stomatal conductance (GSW), water use efficiency (WUE), and electron transport rate
(ETR). Color coded by species, points are means and error bars are standard error. ANOVA tables can be found in the supplement

(Species effect: F=32.22; p<0.0001; Table S28), except
for Ammophila and Uniola which had similar transpiration
rates (Table S29). E was lowest in Panicum.

Discussion

Species differences occurred in several physiological
responses, most notable across temperatures, and were not
always separated based on photosynthetic pathways. Carex
(invasive C3) exhibited the highest rates of A,.,, GSW, and
E across temperatures from both lab and field measure-
ments. Interestingly, high GSW and E rates did not result
in lower WUE for Carex. There were no significant differ-
ences among species in WUE at any temperatures. Panicum
(native C4) had consistently low rates of A, GSW, and E
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at all temperatures except 30 and 35 °C, indicating a narrow
thermal optimum window. Surprisingly, Ammophila (native
C3) and Uniola (native C4) exhibited many physiological
similarities at most temperatures, although LCP and LSP
were lower in Uniola and ETR was higher in Ammophila.
A obtained from light curves did not differ among spe-
cies, however Ammophila had lower A, at 35 °C com-
pared to 25 °C which may result in growth limitations at
high temperatures.

Photosynthetic Pathway

Although many physiological responses were not explained
by photosynthetic pathways, a few measurements were
consistent with C3 vs. C4 expectations. For example, ETR
and ®pg were significantly higher in C3 than C4 species
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at multiple light levels. ETR was not a limiting factor for
photosynthesis in C3 or C4 species. Although C3 species
are less photosynthetically efficient than C4 species due to
increased photorespiration, high rates of ETR in Ammo-
phila and Carex likely contributed to the high rates of A
observed in these C3 species. GSW rates were lower in C4
species because they are more photosynthetically efficient
(Wang et al. 2015). WUE was not lower in C3 species as
expected, and there was high variation among all species.
C4 species are known to be physiologically prepared for hot
and dry climate conditions but can also thrive in a variety
of conditions (Watcharamonkol et al. 2018). Here we found
that Panicum and Uniola were physiologically active at dif-
ferent temperatures. Panicum A, was near 0 pmol CO,
m 2 s~ below 30 °C and peaked at 35 °C, while Uniola A,
peaked at 25 °C, similar to Ammophila. These species will
likely respond differently to a warming climate. Phylogeny
plays an important role in understanding the physiological
responses of C4 species (Taylor et al. 2010) and may explain
differences observed in this study.

Species Specific Physiology

These results indicate varying levels of plasticity among
species. Correlations between A, and GSW indicate sto-
matal conductance regulates photosynthesis for all species
regardless of photosynthetic pathway. We observed higher
A, .« In Ammophila at 25 °C compared to 35 °C, which has
implications for restoration projects, distributions across the
dune, and habitat range along the southeast US with warm-
ing climate. Previous studies at Back Bay National Wildlife
Refuge have noted declines in abundance and performance
of Ammophila (Woods et al. 2023; Riffe and Zinnert 2024).
Ammophila is widely planted in Virginia and North Caro-
lina, but survival and growth may be limited if tempera-
tures continue to warm in the region as has been historically
noted (Huang et al. 2018). Although ETR was higher for
Ammophila relative to C4 plants in our experimental study,
these results were not observed in the field where plants are
exposed to multiple abiotic and biotic stressors. In our envi-
ronmental chamber study, plants were regularly watered,
whereas in the field, dune faces tend to have low soil mois-
ture during the summer (Fischman et al. 2019; Zinnert,
unpublished data). High variation in WUE resulted in no
significant differences among species and temperatures,
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making it difficult to assess the contribution of how these
species will respond to concurrent increases or decreases in
precipitation and water availability. Further studies inves-
tigating drought and flooding impacts to the physiology of
these dominant dune grasses will enhance robust projec-
tions of future climate scenarios.

Panicum has a narrow temperature optimum window and
cannot grow at low temperatures. It tends to be the last spe-
cies to green up on the dunes (Riffe, personal observation).
This study found that Panicum is unable to photosynthesize
at temperatures 25 °C and below, indicating that it has likely
adapted to a shorter growing season (Seneca et al. 1976).
In the US mid-Atlantic region, Panicum exhibits a shorter
growth form relative to other co-occurring species (Walker
and Zinnert 2022; Riffe and Zinnert 2024) and relative to
Panicum that grows further south (Fischman et al. 2024).
Cooler temperatures in the US mid-Atlantic region com-
pared to the southeastern US may limit Panicum growth
due to photosynthetic temperature limitation observed in
this study. However, at 35 °C Panicum had high rates of
photosynthesis. As climate warms, Panicum may increase
dominance at higher latitudes as observed at sites in Vir-
ginia (Sabo et al. 2024). Panicum has been found to increase
growth when co-planted with Uniola (Sciolino 2024), and
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vice versa (Fischman et al. 2024). Along the Florida coast,
Panicum has been described as a pioneer species, increasing
species richness when planted (Fischman et al. 2024).

Compared to Panicum, Uniola was capable of photosyn-
thesizing at lower temperatures and exhibited similar rates
across most temperatures as Ammophila. Uniola is slowly
expanding northward attributed to warming temperatures
(Goldstein et al. 2018), but the low photosynthetic rates
observed at 35 and 40 °C could indicate growth limitations
in warmer climates. Higher rates at cooler temperatures
(20 to 25 °C) may contribute to northern range expan-
sion. Growth of Uniola is not affected by the presence of
Ammophila (Brown et al. 2018), or other dominant species
(Sciolino 2024), but Uniola tends to outcompete Ammoph-
ila (Harris et al. 2017). Uniola also builds dunes that differ
from those built by Ammophila (Jay et al. 2022, Riffe et al.
in review). Although Uniola and Ammophila exhibited sev-
eral similar physiological responses to temperature, Uniola
has a competitive advantage that may further contribute to
observed declines in Ammophila (Brown et al. 2018; Woods
et al. 2023; Riffe and Zinnert 2024).
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Invasive Species

Carex exhibited physiological responses typical of inva-
sive species, with a wider thermal range of tolerance than
the dominant native species. Carex had consistently high
rates of stomatal conductance and transpiration in both the
growth chamber experiments and field measurements. Pre-
vious physiology on Carex in its native habitat, found that
photosynthetic capacity was controlled by stomatal conduc-
tance, with a decreased stomatal opening in the middle of
the day when temperatures were highest (Hwang and Choo
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2017). Although stomatal conductance was linearly related
to photosynthesis, stomatal conductance of Carex was high
at midday across multiple months and rates remained con-
sistent from 30 to 40 °C. Transpiration in Carex increased
with temperature as well, indicating high water use at high
temperatures. High transpiration rates along with traits that
maximize resource capture (Riffe and Zinnert 2024) may
further explain the mechanism of Carex invasion. As cli-
mate warms, Carex has a physiological and functional trait
advantage (Riffe and Zinnert 2024) that will likely enhance
growth of this species relative to native dune species.
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Conclusions and Implications

Here we demonstrate that photosynthetic pathway is not a
reliable indicator of physiological performance to changes
in temperature. The invasive sedge, Carex outperformed
native species with consistently higher photosynthetic rates
at all temperatures except 35 °C. This along with high rates
of stomatal conductance and transpiration across tempera-
tures contribute to the success of this invasive species in the
dune system (Riffe and Zinnert 2024). Without active man-
agement Carex will continue to expand and dominate dune
systems along the US East Coast. Reduced physiological
performance at high temperatures will likely limit growth
of Ammophila with climate warming and restrict the dis-
tribution to cooler climates. Conversely, Panicum distribu-
tion and growth is limited by low temperatures as it was
unable to photosynthesize at 20 or 25 °C, but higher rates
at 30 °C may indicate future northern expansion if the cli-
mate continues to warm. Surprisingly, several physiological
responses of Uniola were similar to C3 species (i.e., com-
parable photosynthetic rates at 25 °C). Warming in cooler
months may contribute to a northern range expansion of
Uniola. These results demonstrate that species-specific
physiological responses must be considered when making
future predictions. Species growth is impacted by temper-
ature and will likely influence future distributions, which
have landscape-level implications due to species influence
on dune shape and size (Jay et al. 2022; Riffe and Zinnert
2024; Sabo et al. 2024).

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s12374-0
26-09503-0.

Acknowledgements This work was funded by the US National Sci-
ence Foundation (NSF) through sustained support of the Virginia
Coast Reserve Long Term Ecological Research project (DEB-1832221
and DEB-2425178) to JCZ. Access to Back Bay National Wildlife
Refuge was provided by the U.S. Fish and Wildlife Service with our
main point of contact being Lauren Mowbray. We would like to thank
past and present members of the coastal plant ecology lab, specifically:
Alexander Sabo, Andrew White, Laura Marin, Ryan Hearl, and Kara
Bergstrom who were always on call to help water plants!

Data Availability Data will be available on Zenodo once accepted. A
draft of the data upload can be sent upon request from the correspond-
ing author.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended

@ Springer

use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Byrd GT, Sage RF, Brown RH (1992) A Comparison of Dark Respira-
tion between C; and C, Plants. Plant Physiol 100:191-198

Walker SL, Zinnert JC (2022) Whole plant traits of coastal dune veg-
etation and implications for interactions with dune dynamics.
Ecosphere 13:e4065. https://doi.org/10.1002/ecs2.4065

Barbier EB, Hacker SD, Kennedy C, Koch EW, Stier AC, Silliman
BR (2011) The value of estuarine and coastal ecosystem services.
Ecol Monogr 81:169-193

Brown JK, Zinnert JC, Young DR (2018) Emergent interactions influ-
ence functional traits and success of dune building ecosystem
engineers. J Plant Ecol 11(4):524-532

Channell R, Lomolino MV (2001) Trajectories to extinction: spatial
dynamics of the contraction of geographical ranges. J Biogeogr
27(1):169-179

Charbonneau BR, Nicoletta R, Wootton LS (2020) A decade of expan-
sion of the invasive plant Carex kobomugi in a coastal foredune
system. Biol Invasions 22:2099-2112

Dukes JS, Mooney HA (1999) Does global change increase the suc-
cess of biological invaders? Trends Ecol Evol 14(4):135-139

Feagin RA, Figlus J, Zinnert J, Sigren J, Martinez ML, Silva R,
Smith W, Cox D, Young DR, Carter G (2015) Going with the
flow or against the grain? The promise of vegetation for protect-
ing beaches, dunes, and barrier islands from erosion. Front Ecol
Environ 13(4):203-210

Fei S, Phillips J, Shouse M (2014) Biogeomorphic impacts of invasive
species. Annu Rev Ecol Evol Syst 45:69-87

Fischman HS, Crotty SM, Angelini C (2019) Optimizing coastal resto-
ration with the stress gradient hypothesis. Proc R Soc B Biol Sci
286:20191978

Fischman H, Cromwell C, Morton J, Temmink R, van der Heide TA,
Adams P, Angelini C (2024) Leveraging successional facilitation
to improve restoration of foundational dune grasses along a fre-
quently disturbed coastline. Restor Ecol 32(7):e14207

Godfrey PJ, Godfrey MM (1976) Barrier Island ecology of cape look-
out national seashore and vicinity, North Carolina. N.P.S. Sci
Monogr 9:160

Goldstein EB, Moore LJ, Duran Vinent O (2017) Lateral vegetation
growth rates exert control on coastal foredune “hummockiness”
and coalescing time. Earth Surf Dyn 5:417-427

Goldstein EB, Mullins EV, Moore LJ, Biel RG, Brown JK, Hacker SD,
Jay KR, Mostow RS, Ruggiero P, Zinnert JC (2018) Literature-
based latitudinal distribution and possible range shifts of two US
east coast dune grass species (Uniola paniculata and Ammophila
breviligulata). Peer) 6:¢4932

Hacker SD, Jay KR, Cohn N, Goldstein EB, Hovenga PA, Itzkin M,
Moore LJ, Mostow RS, Mullins EV, Ruggiero P (2019) Species-
specific functional morphology of four US Atlantic coast dune
grasses: biogeographic implications for dune shape and coastal
protection. Diversity 11:82

Harris AL, Zinnert JC, Young DR (2017) Differential response of bar-
rier island dune grasses to species interactions and burial. Plant
Ecol 218:609-619

Heilmeier H (2019) Functional traits explaining plant responses to past
and future climate changes. Flora 254:1-11

Hesp PA (1988) Morphology, dynamics and internal stratification of
some established foredunes in southeast Australia. Sedimentary
Geol 55(1-2):17-41


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ecs2.4065
https://doi.org/10.1007/s12374-026-09503-0
https://doi.org/10.1007/s12374-026-09503-0

Journal of Plant Biology (2026) 69:133-143

143

Hesp PA (1989) A review of biological and geomorphological pro-
cesses involved in the initiation and development of incipient
foredunes. Proc R Soc Edinb B Biol Sci 96:181-201

Huang H, Zinnert JC, Wood LK, Young DR, D’Odorico P (2018)
Non-linear shift from grassland to shrubland in temperate barrier
islands. Ecol 99(7):1671-1681

Hwang J-S, Choo Y-S (2017) Solute patterns and diurnal variation of
photosynthesis and chlorophyll fluorescence in Korean coastal
sand dune plants. Photosynthetica 55(1):107-120

Innocenti RA, Feagin RA, Charbonneau BR, Figlus J, Lomonaco P,
Wengrove M, Puleo J, Huff TP, Rafati Y, Hsu TJ, Maragues MV,
Tsai B, Button T, Pontiki M, Smith J (2021) The effects of plant
structure and flow properties on the physical response of coastal
dune plants to wind and wave run-up. Estuar Coast Shelf Sci
261:107556

Ishikawa S, Oikawa T, Furukawa A (1990) Photosynthetic character-
istics and water use efficiency of three coastal dune plants. Ecol
Res 5:377-391

Jay KR, Hacker SD, Hovenga PA, Moore LJ, Ruggiero P (2022) Sand
supply and dune grass species density affect foredune shape along
the US Central Atlantic Coast. Ecosphere 13:¢4356

Maximiliano-Cordova C, Salgado K, Martinez M, Mendoza E, Silva
R, Guevara R, Feagin RA (2019) Does the functional richness
of plants reduce wave erosion on embryo coastal dunes? Estuar
Coast 42:1730-1741

McKinney ML, Lockwood JL (1999) Biotic homogenization: a few
winners replacing many losers in the next mass extinction. Trends
Ecol Evol 14(11):450-453

Palmer PG (1975) A biosystematic study of the Panicum amarum - P.
amarulum complex (Gramineae). Brittonia 27:142—150

Riffe EC, Zinnert JC (2024) Impact of invasive Carex kobomugi on the
native dune community in a US mid-Atlantic coastal system. Biol
Invasions 26:1195-1208

Riffe EC, Zinnert JC, Moore LJ, Sabo AB, Castorani MCN, Cornish
M, Burkett T. Species specific dune grass traits impact embryonic
dune morphometrics. Ecosphere (in review)

Sabo AB, Cornish MR, Castorani MCN, Zinnert JC (2024) Drivers of
dune formation control ecosystem function and response to dis-
turbance in a barrier island system. Sci Rep 14:11405

Seneca ED (1969) Response to temperature and salinity of four
dune grasses from the Outer Bank of North Carolina. Ecology
50(1):45-53

Seneca ED, Cooper AQ (1971) Germination and seedling response to
temperature, daylength, and salinity by Ammophila breviligulata
from Michigan and North Carolina. Bot Gaz 132(3):203-215

Seneca ED (1972) Germination and seedling response of Atlantic
and Gulf coasts populations of Uniola paniculata. Am J Bot
59(3):290-296

Seneca ED, Woodhouse WW Jr., Broome SW (1976) Dune stabiliza-
tion with Panicum amarum along the North Carolina coast. Pre-
pared for US Army Corps of Engineers: Misc. Report No 76-3.

Sciolino AM (2024) Facilitative and competitive interactions among
dune grass species in monoculture and polyculture communities.
Master’s Thesis. Virginia Commonwealth University, Richmond,
VA.

Sigren JM, Figlus J, Highfield W, Feagin RA, Armitage AR (2018)
The effects of coastal dune volume and vegetation on storm-
induced property damage: analysis from Hurricane Ike. J Coast
Res 34(1):164-173

Small J (1954) Carex kobomugi at Island Beach, New Jersey. Ecology
35(2):289-291

Stallins JA, Parker AJ (2003) The influence of complex systems inter-
actions on barrier Island dune vegetation pattern and process. Ann
Assoc Am Geogr 93(1):13-29

Taylor S, Hulme S, Rees M, Ripley B, Woodward I, Osborne CP (2010)
Ecophysiological traits in C3 and C4 grasses: a phylogenetically
controlled screening experiment. New Phytol 185:780-791

Wang D, Jaiswal D, LeBauer DS, Wertin TM, Bollero GA, Leakey
ADB, Long SP (2015) A physiological and biophysical model of
coppice willow (Salix spp.) production yields for the contiguous
USA in current and future climate scenarios. Plant Cell Environ
38(9):1850-1865

Watcharamonkol T, Christin P-A, Osborne CP (2018) C4 photosynthe-
sis evolved in warm climates but promoted migration to cooler
ones. Ecol Lett 21:376-383

Wood LK, Young DR, Zinnert JC (2024) Shrub age and water dynam-
ics influence primary production, carbon, and nitrogen stocks in a
coastal environment. Wetlands 4:26

Woodhouse WW, Seneca ED, Broome SW (1977) Effect of species on
dune grass growth. Int J Biometeorol 21(3):256-266

Woods N, Kirschner A, Zinnert JC (2023) Intraspecific competition
in common coastal dune grasses overshadows facilitation on the
dune face. Restor Ecol 31(4):¢13870

Zinnert JC, Shiflett SA, Vick JK, Young DR (2011) Woody vegeta-
tive cover dynamics in response to recent climate change on an
Atlantic coast barrier island: a remote sensing approach. Geocarto
Int 26(8):595-612

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer



	﻿Physiological Advantages for Dominant Dune Species with Climate Warming
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study Species
	﻿Growth Chamber Environment
	﻿Physiological Measurements
	﻿Field Comparisons
	﻿Statistical Methods

	﻿Results
	﻿Discussion
	﻿Photosynthetic Pathway
	﻿Species Specific Physiology
	﻿Invasive Species
	﻿Conclusions and Implications

	﻿References


