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Sea level rise and increasing storm surges are likely to affect the canopy physiology, ecology, and structure of
coastal forests, even well in advance of tree mortality. Laboratory and greenhouse studies have documented that
saltwater exposure can trigger changes in leaf-level physiology and morphology, but few in situ studies have
examined how tree-specific leaf area (SLA), the ratio of leaf area to mass and a crucial trait and model parameter,
is affected by saline soils. We conducted an observational study of SLA in a mid-Atlantic (USA) coastal deciduous
forest, taking advantage of a natural gradient in salinity along a tidal creek. Measured SLA of the 239 trees and
seven species sampled ranged from Carya glabra (N = 6 trees, mean SLA = 277.9 + 36.3 cm?/g) to Fagus
grandifolia (N = 60, 321.9 + 62.9 cm?/g); as expected, trees species and canopy position (sun versus shade)
significantly affected SLA. For trees (N = 100) directly exposed to the tidal creek, salinity was highly significant
after accounting for species (P < 0.001), with trees in the lower reaches of the creek having lower SLA. Leaf area
index (LAI), computed from SLA and litter traps, ranged from 4.8 to 15.8 and was inversely related to salinity
exposure; the spatial variability in leaf litter production contributed much more to LAI uncertainty than did SLA
variability. These in situ results are correlative but consistent with the hypothesis, based on previous greenhouse
studies, that the stress of chronic salinity exposure changes species’ leaf morphology. Our findings are useful for
understanding the growing effects of saltwater intrusion into upland forests, as well as parameterizing and
testing ecosystem-scale models simulating forest stressors and disturbances at the terrestrial-aquatic interface.

1. Introduction

Rising sea levels and increased storm surges driven by 21st-century
climate change are affecting coastal forests in many regions world-
wide (McDowell et al., 2022; Kirwan and Gedan, 2019; Williams, 2013),
including the heavily forested mid-Atlantic eastern U.S. (Haer et al.,
2013; Woods et al., 2020; Fernandes et al., 2018). This combination of
press and pulse disturbance can trigger significant and widespread
mortality of upland tree species (Ury et al., 2021), but even low levels of
increased water and/or salt in the soil may cause poorly understood
changes in the canopy physiology, ecology, and structure of these forests
(Chen and Kirwan, 2022), changes likely to cascade through energy,
water, and nutrient cycles given the dominant role of leaves in terrestrial
ecosystems (Fahey et al., 2022).

It has been known for decades that increasing saltwater intrusion
into coastal forests results in physiological changes that limit carbon
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uptake, reduce growth (Wang et al., 2020; Fernandes et al., 2018), and
increase tree mortality (Pezeshki et al., 1990; Zhai et al., 2018). Soil
salinity also inhibits germination by upland species (Woods et al., 2020),
changing the composition of future coastal forests. Many of the effects of
saline soil revolve around hydraulic conductance and photosynthesis
changes induced by hypoxia and/or salinity (Negrao et al., 2017;
McDowell et al., 2022), but salinity exposure is also known to affect leaf
morphology in some species (Bray and Reid, 2002; Rodriguez et al.,
2005; Cavalcante et al., 2018). Such studies tend to be laboratory- or
greenhouse-based; there are few in situ observations of how leaf struc-
ture and total mass (in particular, total leaf area index or LAI) might be
affected by chronic salinity exposure (Vovides et al., 2014).

One crucial leaf structural trait is specific leaf area (SLA), the ratio of
one-sided fresh leaf area to leaf dry mass. SLA encapsulates tradeoffs
plants make between biomass production, light interception, and
nutrient and water conservation (Reich et al., 2007; Greenwood et al.,
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2017). It is thus a critical parameter for vegetation models and the
prediction of plant form and function (Diaz et al., 2022; Park and Jeong,
2021), linked with plant mortality (Greenwood et al., 2017), and needed
to compute biometric LAI and associated fluxes (Ewers et al., 2005;
Bond-Lamberty et al., 2002). SLA variability is correlated with soil pH
(Maire et al., 2015), nutrient availability (Cunningham et al., 1999;
Niinemets et al., 1999), and environmental conditions more generally
(Wang et al., 2023; Liu et al., 2023). Greenhouse experiments have
shown that leaf structure and physiology, to which SLA is tightly tied,
are affected by water and salt stresses (Cavalcante et al., 2018; Bray and
Reid, 2002; Rodriguez et al., 2005). The uncertainty of how SLA varies
with real-world salinity exposure, combined with the sensitivity of most
models to SLA parameterization (LeBauer et al., 2013; Chen et al., 2023;
Shiklomanov et al., 2020), results in significant predictive uncertainty
for ecosystem- to global-scale models making predictions at terrestrial-
aquatic interfaces such as coastal forests (Field et al., 2016; Ward
et al., 2020).

This observational study of SLA was conducted in coastal deciduous
forests at the Smithsonian Environmental Research Center (SERC) in
Maryland, USA, taking advantage of a natural gradient in salinity along
a tidal creek. We sampled multiple species at both shoreline (hydro-
logically connected to the creek) and upland plots along this natural
gradient. Our goals were to: (i) characterize SLA across a broad range of
species, elevations, and canopy heights in these forests; (ii) compare
same-species SLA values along the creek’s salinity gradient to infer how
salinity exposure affects this crucial leaf structural property; and (iii) for
a more complete picture of canopy dynamics, estimate biometric leaf
area index using SLA and litterfall data (Eriksson et al., 2005) using a
Monte Carlo sampling approach to quantify the sources of uncertainty in
these estimates. Our primary hypothesis was that SLA would be
inversely correlated with chronic exposure to salinity (i.e., shoreline
trees at downstream sites along Muddy Creek).

2. Material and methods

This study was conducted in the mid-Atlantic USA at the Smithsonian
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Fig. 1. Map of sites sampled along Muddy Creek, MD, USA, in this study: the
low-salinity North Branch site, the medium-salinity Canoe Shed, and the high-
salinity Global Change Research Wetland (GCReW). The nearby NEON (Schimel
et al., 2007) tower is also shown. The area shown in green is all part of the
Smithsonian Environmental Research Center (SERC).
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Environmental Research Center (SERC) in Edgewater, MD, USA, using a
series of sites along Muddy Creek (Fig. 1). The region has a mean annual
precipitation of 1001 mm and mean annual temperature of 12.9 °C (Pitz
and Megonigal, 2017). The upland and shoreline forests sampled here
are ~ 60 years old and dominated by the deciduous broadleaf hard-
woods Liriodendron tulipifera, Fagus grandifolia, and Quercus spp. (Parker
et al., 1989). The parent material is primarily fluvial marine deposits
with some areas of overlying alluvium and loess; soil types vary between
Collington, Wist, and Annapolis soils (fine-loamy, active, mesic Typic
Hapludults) (Correll, 1974; Yang et al., 2020). Shoreline forests occur
along Muddy Creek, a third-order stream draining into the Chesapeake
Bay, and are hydrologically connected with the creek (Jordan et al.,
1991).

The sample sites were located by the relatively high-salinity creek
mouth (38.875 °N, 76.552 °W; “GCReW” in Fig. 1) and roughly one
(38.884 °N, 76.557 °W; “Canoe Shed”) and two (38.887 °N, 76.562 °W;
“North Branch”) km upstream. All sites had one plot immediately
adjacent to the creek, and two others farther uphill ~ 50 m away from
the creek and ~ 5 m higher in elevation. Full tree inventories were
conducted in each plot (Pennington et al., 2020). Data from water
monitoring wells equipped with conductivity data loggers (HOBO U24-
001) were used to estimate the annual salinity average and range
experienced at each site. In general the creek experienced oligohaline
conditions (0.5-5.0 ppt), decreasing across the three sites from
approximately 5.3 & 3.2 ppt at GCReW to 4.1 + 2.7 ppt at Canoe Shed to
1.1 + 0.5 ppt at North Branch (Hopple et al., 2022). However, the
midstream and downstream sites also experienced mesohaline condi-
tions (5.0-18.0 ppt) in different seasons (Jordan et al., 1991), with
maximum salinities decreasing from 14.9 to 10.1 to 2.9 ppt with
increasing distance upstream (Fig. 1).

2.1. Specific leaf area

In summer and early autumn 2019, we sampled a wide variety of
trees and tree species across these sites to estimate leaf specific area
(SLA). Samples were collected from seven primary species including
Acer rubrum (Red maple), Carya glabra (Pignut hickory), Fagus grandi-
folia (American beech), Liquidambar styraciflua (Sweet gum), Lirioden-
dron tulipifera (Tulip poplar), Nyssa sylvatica (Black gum), and Quercus
alba (White oak). The samples were collected from two forest positions:
shoreline and upland, with 4-6 individual samples of each species per
position. We attempted to collect samples from both high-canopy (sun)
and low (shade) leaves, but in this tall (20-30 m) forest, sun leaves were
frequently inaccessible. Samples from a given tree and tree position (~6
leaves each) were collected using steel pruning shears, a 4.5 m com-
pound bypass pole pruner, or in some cases by shooting them down
using a modified crossbow with a fishing line and bolts carrying variable
weight tips. Samples were immediately placed in sealed plastic bags and
returned to the laboratory within 3-4 h of collection in the field.

In the laboratory, we measured projected fresh leaf area (i.e. the
combined area of the leaves in each sample) using a LICOR Leaf Area
Meter LI-3100C on the day of collection. The LI-3100C was calibrated to
area standards each day. After wiping off any surface water or residue,
we measured and recorded the sample leaves’ combined area to the
nearest 0.01 cm?. Each group of leaves was then placed in a paper coin
envelope and dried in an oven for 72 h at 60 °C. Total dry mass, in grams,
was measured to the nearest 0.01 g. Mean SLA was computed for each
sample as total fresh area (cm?) divided by dry mass (g). We did not
correct for diurnal changes in leaf water status, assuming that the effect
of such variability is small (Garnier et al., 2001). Comparison SLA data
were also downloaded (on 2020-07-04, request 10896, open access data
only) from the TRY database (Kattge et al., 2020) for the seven species
sampled.
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2.2. Ledf litterfall and leaf area index

Leaf litter was collected from October 1, 2018 through September 30,
2019. Each plot had six 0.5 m? litter traps constructed from PVC pipe
and window screen mesh according to the ForestGEO design
(https://forestgeo.si.edu/sites/default/files/litterfall protocol 2010.
pdf). Leaf litter was collected approximately once a week in the autumn
months, i.e. during maximum leaf fall, and once per month the rest of
the year. Leaf litter was dried in an oven for 72 h at 60 °C, sorted into
dominant species (F. grandifolia, L. tulipifera, Q. alba, and “other”), and
weighed to the nearest 0.1 g. Annual litterfall was then calculated for
each species, trap, plot, and site by summing across the entire year of
collection. For contextual purposes we also downloaded 2016-2020
litterfall data (dataset NEON.DOM.SITE.DP1.10033.001) from the
nearby NEON tower (National Ecological Observatory Network, 2021).

Leaf area index—the one-sided green leaf area per unit ground
area—was calculated (Fang et al., 2019) for each plot by multiplying
litterfall (g m~2) by SLA (ecm? g~ 1), after converting the latter to m? g~ .
We did this on a species-specific basis for F. grandifolia, L. tulipifera, and
Q. alba, the three trees for which litter was sorted to a specific-specific
level. For the remaining leaf litter, we calculated an “other” SLA value
as the mean of A. rubrum, C. glabra, L. styraciflua, and N. sylvatica,
weighting by the sum of the square of tree diameters for each species—i.
e., by biomass and thus approximate expected leaf area—using the tree
inventory data from each plot (Pennington et al., 2020). Leaf area values
were then summed by species to the litter trap level, with the plot mean
and standard deviation computed across all traps.

2.3. Statistical analysis

Differences in SLA across species and canopy position (sun versus
shade) were tested by constructing an Analysis of Variance Model
(Venables and Ripley, 2003) with these two terms and their interaction;
Tukey Honest Significant Differences (HSD) were then computed using
the HSD.test function from R’s agricolae package version 1.3-1 (de
Mendiburu, 2019). A paired Student’s t-test was also used to test for sun
versus shade leaf differences in SLA, using data from the subset of trees
for which we took samples from both canopy positions. Elevation effects
(i.e. SLA differences between low-elevation trees by Muddy Creek and
those up-slope) were tested similarly, using an ANOVA with species and
elevation as interacting terms and then an HSD test. The effect of
changing salinity (i.e., site differences along the Muddy Creek salinity
gradient) were also tested using this approach, but using only the subset
of trees at low elevations and thus directly exposed to creek waters.
Species-specific distributional differences between SLA computed in this
study and data from TRY were quantified using R’s Kolmogorov-
Smirnov test (ks.test).

To quantify the sources of uncertainty in our computation of leaf area
index, we used a Monte Carlo resampling approach. We first performed
1000 random draws of the SLA estimates, using the plot- and species-
specific means and standard deviations to generate new, normally-
distributed SLA values that were then multiplied by constant litterfall
data to produce leaf area as described above. A second resampling
generated 1000 random instances of litterfall, using the trap-to-trap
mean and standard deviations from each plot to construct Normal dis-
tributions that were multiplied by constant SLA means. A third resam-
pling combined both sources of uncertainty (i.e., using random
realizations of both SLA and litterfall). Overall median and 95% confi-
dence intervals were then computed from the resulting post hoc
distributions.

2.4. Data and code availability
Analyses were performed using the R language for statistical

computing version 4.1.3 (R Core Team, 2021). Maps were made using
R’s ggmap package (Kahle and Wickham, 2013).
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All code and data used in this analysis are available at https://github.
com/COMPASS-DOE/SLA, and permanently archived at https://dx.doi.
org/10.5281/zenodo.8319160. The data are deposited at ESS-DIVE as
well (https://dx.doi.org/10.15485/1998945). In addition, roughly two-
thirds of the SLA data (from measurements in June and July 2019) were
incorporated into the most recent release of the TRY database (Kattge
et al., 2020) and thus available at https://www.try-db.org/.

3. Results
3.1. Specific leaf area

In total, we measured SLA for a total of 239 samples, with each
consisting of on average six leaves (with a minimum of 3 and a
maximum of 13). The seven tree species sampled ranged from C. glabra
(N = 6, mean SLA = 277.9 em? g™1) to F. grandifolia (N = 60, SLA =
321.9 cm? g~ 1) (Table 1). Accessing the upper canopy of this tall de-
ciduous forest was difficult: we obtained 201 samples from low height, i.
e. from shade leaves, but only 38 from high sun leaves. Across all our
SLA samples, 100 were from shoreline trees directly exposed to the
salinity gradient of Muddy Creek, while 139 came from up-slope trees.

In a linear model with species and canopy position as interacting
terms predicting SLA, both terms were highly significant: species (F1 ¢ =
21.167, P < 0.001) and position (Fi;; = 14.265, P < 0.001); their
interaction was not (F15 = 1.425, P = 0.216). A Tukey’s HSD test
categorized the SLA values in this model into five groups, summarized
visually in Fig. 3. Because high- and low-canopy samples were
frequently taken from common trees, we also used a paired T-test to
examine the effect of canopy position. This was also significant (Tss =
-8.419, P < 0.001), indicating, as expected, that high-position (sun)
leaves tended to have significantly lower SLA than low (shade) leaves.

Two species exhibited strong negative relationships between tree
diameter (cm) and leaf SLA (cm2 g’l): L. styraciflua (SLA = -2.991D +
275.1, P = 0.001) and N. sylvatica (SLA = -4.112D + 321.5, P < 0.001).
Two others were marginally significant: A. rubrum (SLA = -1.071D +
214.5, P = 0.084) and L. tulipifera (SLA = -2.989D + 361.6, P = 0.051).
Tree diameter was unrelated to SLA for the other three species (Fig. 2).

As noted above, roughly 40% of our trees were shoreline, while the
others were up-slope, away from Muddy Creek. This elevation effect was
marginally significant after accounting for species (F1; = 3.511, P =
0.062), and the interaction between species and elevation was signifi-
cant (Fy 4 = 2.871, P = 0.024). Of the five species that occurred at both
low and higher elevations, this effect on SLA was highly significant for
Q. alba (P = 0.001), significant (0.01 < P < 0.05) for N. sylvatica and
A. rubrum, marginally significant (P = 0.076) for F. grandifolia, and not
significant for L. styraciflua (P = 0.653).

Our central hypothesis was that salinity exposure would negatively
affect tree SLA. In an overall analysis of variance on the subset of trees
occurring directly by the creek (N = 100), this salinity effect was highly
significant after accounting for species (F; 2 = 12.439, P < 0.001), but
the interaction between species and salinity was not (F; ¢ = 0.703, P =
0.648). In general, there was no difference in SLA between the two

Table 1

Specific leaf area (SLA, cm?/g) for the seven tree species samples at three
different sites along Muddy Creek, MD, USA. Number of samples (N, each con-
sisting of ~ 6 separate leaves) and standard deviation of sample SLA are also
given.

Species N SLA s.d.
Acer rubrum 39 193.7 39.0
Carya glabra 6 277.9 36.3
Fagus grandifolia 60 321.9 62.9
Liquidambar styraciflua 42 224.5 93.4
Liriodendron tulipifera 20 237.8 96.9
Nyssa sylvatica 37 261.2 86.1
Quercus alba 35 192.0 37.4
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Fig. 2. Tree diameter at breast height (DBH, as measured at ~ 1.4 m) versus specific leaf area (SLA), by species. Each point represents a sample consisting of ~ 6
separate leaves. Regression lines and accompanying p-values are shown; solid lines are significant at a level of a = 0.05, and dashed lines at a = 0.10.

lower-salinity upstream sites, and thus we proceeded with species-
specific tests that compared the high-salinity GCREW site (cf. Fig. 1)
versus the other two. SLA was numerically smaller under high-salinity
conditions for all five species tested (Table 2), and this difference was
statistically significant for three: A. rubrum (P = 0.021), L. styraciflua (P
= 0.002), and N. sylvatica (P = 0.035).

We used 1790 species-specific observations from the TRY database
(Kattge et al., 2020) to put our SLA observations into a broader context
(Fig. 4). In general the SLA distributions in this study were significantly
different (P < 0.001) from the distributions in TRY. The two exceptions
were L. tulipifera (D = 0.350, P = 0.203) and N. sylvatica (D = 0.364, P =
0.068).

3.2. Litterfall and leaf area index

Litter production peaked during the autumn in these temperate

Table 2

Specific leaf area (SLA, cm?/g) across the tidal salinity gradient of Muddy Creek,
by species, at the three sites sampled. The “Low” salinity site is North Branch;
“Medium” is Canoe Shed; and “High” is GCReW on the map (Fig. 1). Values are
mean + s.d., with the number of samples given in parentheses. Two species from
Table 1, Carya glabra and Liriodendron tulipifera, did not occur at shoreline po-
sitions and thus do not appear here. High-salinity SLA values that are signifi-
cantly lower than the low and medium values are marked with * (P < 0.05) or **
(P < 0.01).

Species Low Medium High

Acer rubrum 213.3 +50.9 171.6 + 21.7 (15)
4 *

Fagus grandifolia 344.5 £ 45.2 (6) 371.6 £ 51.6 312.8 £ 60 (5)
6)

Liquidambar 263.24+42.3(6) 247.5+10.9 189.8 + 44.8 (12)

styraciflua 2 i
Nyssa sylvatica 253.9 + 118.6 275.8 + 53.9 192 4+ 42.2 (9) *
(6) 6)

Quercus alba

193.2 +£27.5(6)

172.5 + 35.7 (17)

forest sites (Fig. 5). Mean annual production was 374.7 g m 2, with an
average spatial variability (i.e. between litter traps within a plot) of 39.3
g m~2. These values were consistent with data from the nearby NEON
tower (Fig. 5). Across all plots, F. grandifolia dominated, comprising 31%
of total mass.

Overall leaf area index (LAI, m? m_z) inferred from the combination
of SLA and litterfall data ranged from 4.8 with a 95% confidence interval
of (3.0, 6.6) in the high-elevation, medium-salinity “Canoe Shed” plot,
to a very high value of 15.8 (9.8, 21.7) in the mid-elevation plot at the
low-salinity “North Branch” site. The low-elevation plots’ LAI values
were inversely related to their salinity exposure, with values from 8.9
(6.0, 11.8) at the high-salinity site, to 9.7 (7.0, 12.5), to 11.5 (5.9, 17.1)
at the lowest-salinity site. Spatial variability in leaf litter production
contributed much more to the uncertainty in LAI estimates than did
variability in the SLA measurements (Supplementary Figure 1).

4. Discussion

Specific leaf area is a key and widely-studied trait in the leaf eco-
nomics spectrum (Wright et al., 2004), and many of our results are
consistent with previous SLA studies and syntheses. We found strong
effects of species and canopy height on SLA (Fig. 3), consistent with the
general pattern that SLA tends to increase lower in the canopy (e.g. Xiao
et al., 2006; Sellin and Kupper, 2006; Marshall and Monserud, 2003),
where leaves are optimized for light-gathering as opposed to protecting
photosynthetic machinery and minimizing stomatal water loss
(Kozlowski and Pallardy, 1997). We also found that lower-slope (i.e.,
creek-adjacent) trees tended to have lower SLA than their upper-slope
counterparts after controlling for species. This is in contrast to pat-
terns over larger spatial scales where climatic rather than soil variables
tend to be stronger predictors of SLA variability (Maire et al., 2015).
Four of the seven species measured here also exhibited a negative cor-
relation between tree diameter and SLA (Fig. 2), an effect that has been
found to be associated with smaller, higher-SLA trees having higher
photosynthetic capacity (Liu et al., 2010).
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The ranges of our measured SLA values were broadly consistent with
a previous study in this same watershed (Parker et al., 1989), as well as
observations in the TRY database (Fig. 4). However, the distributions
were generally different, which may be an unavoidable artifact of the
relatively small (relative to TRY) number of samples in this study. SLA is
one of the most-frequently measured plant traits, with tens of thousands

of observations in TRY (Kattge et al., 2020), but the parameter is central
to plant resource tradeoffs (Diaz et al., 2022) and so influential in most
ecophysiological process models that it remains worth measuring when
possible (Shiklomanov et al., 2020).

We found that exposure to increased salinity was associated with
reduced SLA: shoreline trees growing in the lower, more-saline reaches
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Fig. 5. Cumulative leaf litterfall, based on N = 6 litter traps (each 0.5 m?), by day of year and colored by creek salinity (cf. Fig. 1). Each line represents a different
sample plot; the grey region shows the range (median, dark dashed line, with + 1 standard deviation as lighter dashed lines) of annual litterfall measured at the
nearby NEON tower. Inset plot shows data for each of the nine plots, labeled by creek salinity level (Low/Medium/High) and species (Fagus grandifolia, FAGR;
Liriodendron tulipifera, LITU; Quercus alba, QUAL; and other); for visual clarity, these are shown only for the second half of the year.

of the tidal creek studied here had lower-SLA leaves (Table 2), and this
difference was statistically significant for A. rubrum, L. styraciflua, and
N. sylvatica. Salt exposure is stressful for plants (Munns, 2002), nega-
tively affecting growth and eventually increasing mortality due to the
osmotic and toxic effects of high ion concentrations in soils (McDowell
etal., 2022; Negrao et al., 2017). Such external stresses can cause plants
to change their physiological and/or morphological characteristics. In a
greenhouse study of the aquatic fern Salvinia natans, plants grown under
high salinities produced smaller and thicker leaves, likely because os-
motic stress and lowered turgor pressure restricted cell expansion
(Jampeetong and Brix, 2009). Similar effects have been observed in
agricultural studies, for example salinity-induced morphological
changes in Phaseolus vulgaris (Bray and Reid, 2002). Conversely, a
greenhouse experiment using Jatropha curcas, a plant relatively tolerant
of saline conditions, found physiological changes but no shifts in
biomass allocation under high salinity levels (Cavalcante et al., 2018).

In situ observational studies have also reported plant trait and
morphological changes along salinity gradients consistent with our re-
sults. Many mangroves exhibit morphological plasticity due to the ef-
fects of salinity (Mollick et al., 2021; Cao et al., 2023), and at the
population level SLA is highest in freshwater zones (Azad et al., 2022).
Even small salinity gradients can be associated with structural and
functional changes. In a forested wetland in South Carolina, USA, trees
exhibited physiological changes that reduced water use, growth, and
biomass at a low (~3 psu) salinity level (Duberstein et al., 2020), a
similar range to the Muddy Creek system studied here. Although there is
ample reason to think that the SLA of upland trees would be reduced by
chronic, non-lethal exposure to salinity, we are unaware of any previous
study quantifying the magnitude of this effect. An important caveat here
is that we were able to obtain only a few samples from top-of-canopy sun
leaves, and thus our inferred salinity effects apply only to the lower
canopy; future studies should prioritize a fuller sampling across the full
vertical canopy profile (e.g. Sellin and Kupper 2006).

Our estimates of plot-level total leaf area index (LAI) varied three-
fold. The lower end of these estimates overlapped with values of 5.26

and 7.1 reported in previous studies within the same watershed (Parker
et al., 1989; Parker and Tibbs, 2004). The upper end value (15.8)
occurred at the upstream North Branch site (Fig. 1), at the southwest
corner of the SERC ForestGEO plot (Anderson-Teixeira et al., 2015). This
mid-slope plot had a well-developed F. grandifolia understory producing
234 g m~2 of leaf litter annually, several large (>100 cm DBH) oak trees
producing 111 g m~2, and a significant L. tulipifera presence. Including
other species, the plot litter total was thus 510 g m~2 yr}, at the upper
range of values recorded by the nearby NEON tower (Fig. 5), and had an
overall weighted mean SLA of 310 cm? g7}, again well within observed
ranges (Fig. 4). We conclude that this 15.8 LAI value is unusually large
but also realistic, and at the upper end of other litter-based estimates in
deciduous forests (Bolstad et al., 2001; Le Dantec et al., 2000; Ishihara
and Hiura, 2011). This testifies to the large range of LAI across forested
landscapes, but also to the importance of direct, laborious measure-
ments to obtain “true LAI” (Fang et al., 2019) values against which
optical and other indirect measurement techniques can be checked.
Leaf area declined in the downstream, more-saline lower watershed,
driven by lower mean SLA (Table 2), consistent with previous work
documenting structural spatial variability driven by salinity exposure
(Duberstein et al., 2020). However, within individual plots we used a
novel Monte Carlo analysis to show that the variability in LAI estimates
was driven by spatial variability in litterfall, not uncertainty in the SLA
estimates (Supplementary Figure 1). This is consistent with Ishihara
and Hura (2011), who found that LAI of a deciduous temperate forest
could be modeled most accurately by accounting for the spatial het-
erogeneity of leaf litterfall. Optical LAI methods can potentially under-
estimate the resulting LAI variability in temperate deciduous forests (Le
Dantec et al., 2000; Zheng and Moskal, 2012; Mussche et al., 2001).
Several weaknesses of this study should be noted. First and impor-
tantly, observational studies such as this one can infer causality but not
prove it (Larsen et al., 2019). Here, the salinity gradient in Muddy Creek
(Fig. 1) is real—see the Methods—as is its correlation with SLA and LAI
for shoreline plots directly exposed to the creek’s hydrology, but it is
possible that one or more other confounding factors are the real driver of
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these leaf-level changes. Nonetheless, as noted above, the direction of
SLA change along the creek is consistent with previous greenhouse
studies in which salinity was directly manipulated, and we believe that
in situ but observational studies taking advantage of such natural gra-
dients are valuable as long as they are complemented by manipulative
and modeling work (Davies and Gray 2015). Second, as noted above, we
could obtain only a few leaf samples from the high canopy, limiting our
ability to probe the interaction between leaf sun/shade status and
salinity exposure. The advent of unmanned aerial vehicles able to cut
and retrieve leaf samples promises to open new frontiers for quantifying
the structure and function of such high-canopy leaves (Anderson and
Gaston, 2013; Kaslin et al., 2018).

There are a number of broader implications if tree SLA is affected by
chronic salinity exposure in situ. First, these results can support a better
understanding of the processes that stress and ultimately kill coastal
trees (Kirwan and Gedan, 2019; Ury et al., 2021)(McDowell et al., 2022;
Kirwan and Gedan, 2019; Ury et al., 2021). Our work could thus
potentially provide an early warning metric as SLA values in increas-
ingly stressed coastal forests transition from ‘upland’ to ‘low salinity
exposed’ to ‘high salinity exposed’ ranges. Our findings can also help
with model uncertainty quantification; SLA is useful to upscale gross
primary production, vegetation community composition, and other pa-
rameters in Earth System Models (Bonan et al., 2012), and site-specific
SLA observations can improve predictions of future vegetation struc-
ture and function in terrestrial ecosystems, while providing important
present-day constraints against which such models can be benchmarked
(Sinha et al., 2023; Walker et al., 2014). This is crucial, because
greenhouse and laboratory experiments, while valuable, will not be
sufficient to understand and predict the integrated effects of climate
change, rising sea levels, and increasing storms in coastal forests
(Duberstein et al., 2020). Rather, a combination of observational and
large-scale ecosystem manipulations (Hopple et al., 2023) will be
needed for robust understanding and prediction of these rapidly-
changing ecosystems at the terrestrial-aquatic interface.

5. Conclusions

This study took advantage of a natural salinity gradient of a
temperate forest creek to study how differences in species, canopy po-
sition, and salinity exposure were associated with changes in SLA. Trees
directly exposed to the tidal creek had lower SLA in higher-salinity plots;
these plots also had lower total leaf area index. Our in situ, observational
study cannot exclude all potential confounding factors; nonetheless, its
results are consistent with greenhouse studies reporting that the stress of
chronic salinity changes the leaf morphology and physiology of trees.
We conclude that incipient ecosystem state shifts at the coastal interface
may be predictable by observing changes in leaf-level parameters such
as SLA, changes that typically precede tree death and the formation of
ghost forests (McDowell et al. 2022). Further integrated research using
both models and larger-scale manipulative field experiments are crucial
to fully understanding the structural and functional changes in coastal
forests worldwide.
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