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ARTICLE INFO ABSTRACT

Keywords: Salinity intrusion is responsible for changes to freshwater wetland watersheds globally, but little is known about
Wetlands how wetland water budgets might be influenced by small increments in salinity. We studied a forested wetland
Baldcypress in South Carolina, USA, and installed sap flow probes on 72 trees/shrubs along a salinity gradient. Species
Water tupelo investigated included the trees baldcypress (Taxodium distichum [L.] Rich.), water tupelo (Nyssa aquatica L.),
:Zﬁnf}?yw swamp tupelo (Nyssa biflora Walt.), and the shrub waxmyrtle (Morella cerifera (L.) Small). This study improves
Ecohydrology upon past reliance on greenhouse seedling studies by adding measurements of trees/shrubs along a salinity

gradient, and better describes the role of low salinity on water use in freshwater wetland forests. We measured
patterns of water use related to salinity, atmospheric conditions and season, and hypothesized that salinity
would influence wetland forest water use through two mechanisms: salinity disturbances would yield stands
with species and size classes that transpire less and individual trees with less conductive xylem tissue (i.e.,
sapwood). Both hypotheses held. At salinity concentrations ranging from fresh to 3 psu, forest structural changes
alone resulted in stand water use reductions from 494 mm year™' in freshwater stands to 316 mm year™ in stands
of slightly higher salinity. Tree sapwood function (inferred from radial sap flux profiles) also changed along this
gradient and reduced sap flow rates by an additional 13.3% per unit increase in salinity (psu). Thus, stand water
use was further reduced to 190 mm year on saline sites. We found that forest structure is not the only change
that affects water use in salinized watersheds; individual tree eco-physiological responses to salinity, manifesting
in different radial sap flow profiles, are important as well.

1. Introduction forests and marsh, even before humans strongly influenced the land-

scape. In fact, William Bartram, traveling in what is now present-day

Wetland forests in coastal areas undergo episodic pulses of salinity.
The salinity can come from a number of different sources, including
storm surges (Michener et al., 1997; Conner et al., 1997), sea-level rise
(Williams et al., 1999), and human environmental modification asso-
ciated with land use change, river damming, dredging of navigation
corridors, and the landward intrusion of saline groundwater due to
pumping, as well as hydrocarbon extraction (Salinas et al., 1986;
Ericson et al., 2006; Day et al., 2007). In the Southeastern United
States, saltwater intrusion into freshwater wetlands has led to changes
in the distribution of specific habitats throughout the Holocene (Jones
et al., 2017), such that natural processes drove the alternation between
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Florida, USA, remarked in his Travels (circa 1791) that “...salt marshes
adjoining the coast of the main, and the reedy and grassy islands and
marshes in the rivers, which are now overflowed at every tide, were
formerly high swamps of firm land, affording forests of Cypress, Tupilo
[sic], ..., the same as are now growing on the river swamps, whose
surface is two feet or more above the spring tides...” (p. 79; Van Doren,
1928). Bartram described a sea-level rise mediated transition that
eventually resulted in more permanent salinization, thus influencing
transition from forest to marsh by, in part, affecting the way trees first
adapted to salinity and then died.

This transition from fresh to saline water results in physiological

Received 2 February 2020; Received in revised form 3 June 2020; Accepted 4 June 2020

Available online 25 June 2020
0378-1127/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2020.118308
https://doi.org/10.1016/j.foreco.2020.118308
mailto:jdubers@clemson.edu
https://doi.org/10.1016/j.foreco.2020.118308
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2020.118308&domain=pdf

J.A. Duberstein, et al.

and structural changes that may affect stand water use by influencing
salinity-imposed soil osmotic gradients (Carter et al., 2006a) and for-
cing trees to take up greater concentrations of Na* and Cl" during
transpiration (Yanosky et al., 1995). Such changes in tree- and stand-
level transpiration may substantially influence local hydrology. How-
ever, to date, insights into how wetland forest water use is influenced
by environmental stress related to sea-level rise and saltwater intrusion
are heavily based on seedling studies in controlled settings. While
useful, these studies provide inadequate tools to predict hydrologic
changes in the field and at the scales of interest to water resource
managers. Fortunately, efforts to pair sap flow and modeling with en-
vironmental variables to determine stand water use and evapo-
transpiration (ET) in forests have become routine in water resources
research (e.g., Cermak et al., 1995; McLaughlin et al., 2012; Tie et al.,
2018; etc.). Yet, few studies have used sap flow measurements to spe-
cifically understand the influence of long-term salinity stress on tree or
stand water use. Such studies are needed to understand the impact of
salinization on forested wetland water budgets.

Wetland trees may be inherently conservative in water use com-
pared to their upland counterparts, especially when exposed to salinity.
Salinity imposes less favorable soil osmotic conditions for plant water
extraction (Munns and Termaat, 1986), and this can influence in-
dividual tree size class/leaf area distribution and internal sapwood
function in low-salinity adapted wetland forests (Krauss and
Duberstein, 2010). Wullschleger et al. (1998) reviewed individual tree
water use data from 52 species of upland trees and found seven species
who used 300-530 L H,0 day ' and one species found in the Amazon
rainforest that used 1180 L H,0 day’l; most reports indicated water
use of mature trees up to 200 L H,O day ™. In comparison, individual
baldcypress (Taxodium distichum [L.] Rich.) trees used 100 L H>O day ~ 1
in relatively freshwater environments (<1 psu salinity), but only 24 L
H,0 day ! when exposed to chronic salinity (up to 5.5 psu salinity
during a drought) despite similar stand ages and continuous water
availability at both sites (Krauss and Duberstein, 2010). With few
previous studies, we have little conceptual understanding of how sali-
nity influences the wetland-forest water balances along other salinity
gradients. We therefore ask whether changes in stand water use can be
predicted from salinity-imposed forest structural changes alone, or if
the physiological effects of salinity on individual trees must also be
considered.

Individual tree and stand water use estimation requires some as-
sumptions and steps. First, it has been shown that rates of sapflux vary
with radial depth into the sapwood for many tree species (e.g., Phillips
et al., 1996; James et al., 2003; Ford et al., 2004; Poyatos et al., 2007;
and others), and that radial depth partitioning can vary with salinity
(Krauss and Duberstein, 2010). Therefore, it is not sufficient to simply
insert a probe at a specific depth in low and high salinity environments
and compare rates of sap flow to determine differences in individual
tree water use. The measurements need to be scaled to account for
variability in flow rates at different radial depths. For example, the
majority of sapflux in baldcypress growing in a salinity-impacted en-
vironment (albeit low; 5 psu) occurred at very shallow radial depths
(1.5 cm) in contrast to much higher rates of water use (approximately
twice as much) at 2.5 cm radial depths in trees growing in a freshwater
environment (Krauss and Duberstein, 2010).

Second, in situ studies to determine stand water use require careful
consideration of many factors in order to make meaningful conclusions.
For example, only 4-6 forest plots (0.05 ha each) would be required to
discern differences for stands that differ by 500-600 mm H,0 year !
due to variability in plot level stand water use calculations. However,
for forest stands that differ in water use by <350 mm H,0 year ™!, >12
plots may be required (Krauss et al., 2015a), and it would be both
difficult and expensive to instrument that many plots with sap flow
sensors. Furthermore, it is a challenge to control for salinity (or any
environmental stress) between two sites properly because they could
differ in other environmental factors (e.g., soil structure, fertility,
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hydroperiod, etc.), and differences could scale non-linearly as one
transgresses between sites. Our study site offered a unique opportunity
to investigate the effects of forest structure and salinity within a rela-
tively short distance (250 m), aided greatly by a previously established
boardwalk by which we could access our deployed equipment.

While past studies led us to expect that freshwater wetland forests
experiencing extended durations of low salinity (<3.5 psu) will have
lower total water use, here we evaluate two hypotheses on how dif-
ferences might manifest. First, individual trees in increasingly saline
environments will have different radial water patterning leading to
overall lower individual tree water use. Here, we use a gradient ex-
perimental design (sensu Ellis and Schneider, 1997) to incorporate a
range of tree species, characterize sap flow for those species at different
salinities, and develop a sense for changes in water use by the dominant
wetland forests occurring along gradients of salinity in Southeastern
U.S. watersheds. Second, optimal growing conditions in the freshwater
sites leads to larger and more densely packed trees and thus higher
water use. If this is true, lower total water use in saline forests may be
the result of the combined factors of lower conductance through the
radial profile and lower total basal area.

2. Methods
2.1. Study site

Strawberry Swamp is located on Hobcaw Barony, which is ap-
proximately 7 km east of Georgetown, South Carolina, USA
(33°19’49”N, 79°14’54”W), just bordering Winyah Bay along the
Atlantic Ocean (Fig. 1). Hobcaw Barony incorporates approximately
6800 ha of managed pine forest interspersed with several distinctive
transitions between uplands and salt marshes that include a number of
freshwater wetland forests. Many of these wetland forests were his-
torically tidal but were logged in the late 1700’s during colonial land
development and allowed to regenerate into their current structure
naturally over time. Their hydrology was managed to remain relatively
fresh in order to serve as reservoirs for coastal rice cultivation (Smith,
2012). Rice fields were seaward of reservoirs, and the reservoirs were
used for flushing salinity from rice fields. The Civil War (1861-1865)
abruptly changed this practice, and many coastal reservoir and rice
sites were abandoned, with some areas returning to tidal wetlands as
levees and water control structures deteriorated. Strawberry Swamp
represents one of these reservoir sites, though it periodically receives
pulses of salinity.

A significant pulse of salinity resulted from Hurricane Hugo in 1989,
but the primary source of contemporary and consistent salinity into
Strawberry Swamp may instead be related to flow reversals coincident
with low river flows, primarily the Pee Dee River, into the adjacent
Winyah Bay, as occurred during perennial drought conditions in the
early 1980s, early 1990s, and 2002-2005 (Williams et al., 2012; T.M.
Williams, pers. comm.). Currently, Strawberry Swamp occupies 236 ha
(Fig. 1), is permanently flooded and has a unique characteristic in that
it has very little water level fluctuation over time (long hydroperiod).
This study site is unique because the upland freshwater influence in this
hydrologically enclosed landscape promotes a sharp contrast in salinity
over a relatively small range (3 psu over approximately 250 m).

Dominant tree species of Strawberry Swamp and the Hobcaw
Barony wetland forests include baldcypress, water tupelo (Nyssa
aquatica L.), swamp tupelo (Nyssa biflora Walt.), green ash (Fraxinus
pennsylvanica Marsh.), red maple (Acer rubrum L.), and sweet gum
(Liquidambar styraciflua L.). These are all deciduous trees well-adapted
to freshwater conditions. Evergreen loblolly pine (Pinus taeda L.) may
occasionally be found in these wetlands at slightly higher microtopo-
graphic elevations. Shrub species include dahoon (Ilex cassine L.) and
waxmyrtle (Morella cerifera (L.) Small), and just at the transition be-
tween wetland forest and marsh at Strawberry Swamp, the common
reed (Phragmites australis (Cav.) Trin. Ex Steud.) begins to dominate the
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Fig. 1. Location of Strawberry Swamp (depicted as “Wetland Forest”) along the Atlantic Coast of South Carolina, USA, at Hobcaw Barony, showing adjacent land uses
and our two study transects (gradients) along boardwalks (red lines each ending at cross), which span from upland forest to marsh and converge at an apex (cross
symbol). The location of the five sap flow stations is depicted as white dots along these two transects. From these stations, cables were run to overlapping individual
trees along the gradient, and 20 salinity wells (not shown here) were dispersed along these transects and associated with those individual trees. Image was taken in
the winter, showing a color contrast among the locations of deciduous wetland forest, senescent marsh, and evergreen upland forest. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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understory. Other marsh species include big cordgrass (Spartina cyno-
suroides (L.) Roth), sturdy bulrush (Bolboschoenus robustus (Pursh)
Sojak), and cattail (Typha L.).

2.2. Forest plots and transects

We used two overlapping experimental designs at Strawberry
Swamp, one to measure forest structure and the other to measure sap
flow (Fig. 1). First, forest plots and survey techniques for trees =10 cm
diameter at breast height (dbh) were established at Strawberry Swamp
using six, 20 X 25-m plots, with two each in upper, freshwater loca-
tions (0.7 psu), and two each in both higher salinity middle (2.6 psu)
and lower (3.0 psu) stand locations closer to the estuary and source of
salinity (Liu et al., 2017). These plot-based forest structural data were
used to describe the transition from upland to marsh at discrete points
using standard forestry metrics, and were later used to determine stand
water use based on those forestry metrics (see below). Second, two
transects representing the same salinity gradient from the upland forest
edge to marsh were established. Five sap flow stations were set up along
these transects (Fig. 1), and cables (up to 30 m long) were run to
provide near-continuous coverage along the salinity gradient, and
overlapping the forest plots. We installed thermal dissipation sap
probes on 72 trees along this low salinity gradient of 0.3 to 3.3 psu (i.e.,
much lower than the 35 psu of full-strength sea water).

By design, the location of the forest plots did not constrain our
measurements of sap flow and salinity along the gradient. We focused
our forest plot measurements on surveying all species within the plots,
and we focused the sap flow assessment on specific dominant species,
comprising baldcypress, water tupelo, swamp tupelo, and waxmyrtle.
These species made up 92-99% of total basal area in Strawberry Swamp
(Table 1). Soils at Strawberry Swamp include highly organic layers
overlying moderately fine silicates, characterized as fine-loamy, silic-
eous, thermic, Typic Umbraquults (Stuckey, 1982).

Table 1

Characteristics of canopy tree species (dbh = 10 cm) for three stand conditions
along a salinity gradient at Strawberry Swamp, Hobcaw Barony, South
Carolina, USA.

Salinity Stem density = Basal area  Average
Stand (psu)® Canopy species®  (stems ha™') (m%ha™!)  dbh (cm)
Upper 0.7 = 0.4 baldcypress 290 239 28.2
swamp tupelo 250 13.4 24.7
water tupelo 140 16.7 37.0
ash spp. 60 3.6 25.6
sweetgum 50 0.9 14.8
dahoon 10 0.2 14.1
Total 800 58.6 -
Middle 2.6 * 0.9 baldcypress 260 43.6 44.9
swamp tupelo 170 5.9 20.3
water tupelo 140 15.5 34.7
waxmyrtle 30 0.4 12.2
red maple 10 0.4 23.0
loblolly pine 10 0.1 11.6
Total 620 65.9 -
Lower 3.0 £ 1.0 baldcypress 250 47.4 47.7
water tupelo 120 6.6 24.1
swamp tupelo 130 3.5 17.6
waxmyrtle 60 0.7 11.7
ash spp. 10 0.1 10.5
loblolly pine 10 0.1 10.9
Total 570 58.3 -

@ Salinity values differ from Liu et al. (2017) in that we assessed wells with
greater spatial and temporal rigor to coincide with sap flow measurements (see
text).

b Baldcypress (Taxodium distichum), swamp tupelo (Nyssa biflora), water tu-
pelo (Nyssa aquatica), ash (Fraxinus sp.), sweetgum (Liquidambar styraciflua),
dahoon (Ilex cassine), waxmyrtle (Morella cerifera), red maple (Acer rubrum),
loblolly pine (Pinus taeda).
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2.3. Environmental measurements

Salinity was previously reported for forest plots in Liu et al. (2017),
but those data are updated here. A total of 20 monitoring stations were
installed within 1.2-16.8 m (median = 5.1 m) of each tree being
measured for sap flow along the transects, and salinity measurements
were related to those specific trees. Salinity monitoring stations in-
cluded two wells so that measurements could be taken at two sampling
depths, shallow (6.5-20 cm) and deep (60-100 cm), allowing us the
ability to assess the additional objection of discerning which depth (of
measured salinity) influences sap flow more. Salinity measurements
were taken weekly using a hand-held meter (model 30, YSI Inc., Yellow
Springs, OH, U.S.). Groundwater levels were measured continuously in
three wells (model CTD-10, Decagon, Pullman, WA, U.S.). Air tem-
perature (T) and relative humidity (RH) were measured 7.5 m above
the soil surface from a tower deployed just at the transition (canopy
clearing) between forest and marsh (location depicted by the cross
symbol, Fig. 1) using a combination probe (model HMP45C, Vaisala,
Helsinki, Finland). T and RH data were used to calculate vapor pressure
deficit (D). Photosynthetic Photon Flux Density (PPFD) was measured
from a position unobscured by the canopy at that same tower height
using a base-leveled quantum sensor (model Li-190SA, Li-Cor En-
vironmental, Inc., Lincoln, NE, U.S.). All data were recorded at 15-min
intervals using a data logger (model CR800, Campbell Scientific, Inc.,
Logan, UT, U.S.).

Potential evapotranspiration (PET) was estimated at the site as a
function of available energy (net radiation plus the ground heat flux);
although this is a metric of PET, we assume it also serves as a proxy for
actual ET in this environment of excess water. Net radiation was
measured from the same tower but at a 14 m height with a net radio-
meter (model NR-lite2, Kipp Zonen, Delft, Netherlands). Ground heat
flux was estimated using water level and water temperature profile
measurements (<5 cm below the water surface, 20 cm above the soil
water surface, at the soil-water interface, and 20 cm below the soil
surface) to calculate changes in stored heat, following the method de-
scribed in Allen et al. (2017). With these data, equilibrium evaporation
was calculated and then adjusted by an assumed factor of 1.26
(Priestley and Taylor, 1972), which is a reasonable estimate of PET in
expansive, wet regions (De Bruin and Keijman, 1979). Gaps in the
above-canopy data series were estimated as a function of solar radiation
measured at an independent meteorological station (National Estuarine
Research Reserve System, https://cdmo.baruch.sc.edu/) approximately
5.28 km from the research site, and understory net radiation measured
with a net radiometer (RMSE = 0.7 mm day’1 for PET). PET was cal-
culated on a 1-day time step using smoothed 7-day running mean input
data, to show the seasonal progression of PET relative to that of tran-
spiration.

2.4. Sap flow measurements and stand water use

We used thermal dissipation probes (TDP) (models TDP 10-100,
Dynamax, Inc., Houston, TX, USA) to measure sap flow in the four tree
species at variable radial depths of 5, 15, 25, 50, 70, and 90 mm into the
sapwood using installation procedures that were outlined previously
from other wetland forests (Duberstein et al., 2013). Probes were in-
stalled at acceptable heights for these species (e.g., above buttress) on
the north side of the trees for consistency and were shielded with re-
flective insulation material. We did not measure the hypothetical effects
of probe azimuth on sap flow rates because of data logger channel re-
strictions, but we recognize that for at least one species, baldcypress,
consistent sap flow measurement on the north side led to some bias at a
site in North Carolina, U.S. (Oren et al., 1999).

A total of 72 trees were instrumented along the Strawberry Swamp
salinity gradient: 36 baldcypress, 21 water tupelo, 13 waxmyrtle, and 2
swamp tupelo. Sap flow data were recorded every 30 min simulta-
neously on five data loggers (model CR1000, Campbell Scientific, Inc.,
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Table 2

Number of thermal dissipation probes deployed at various depths (of thermo-
couples: TC) inside the cambium, and the corresponding width of bands of
active xylem to which the attenuation functions were applied during modeling.

TC Depth (mm) # Probes Xylem Band (mm)
5 8 0-10°

15 66 0-20°

25 16 20-40

50 16 40-60

70 16 60-80

90 16 80-100

¢ Waxmyrtle only.
> Waxmyrtle xylem band was 10-40 mm.

Logan, UT, USA) spanning a distance of 230 m to include the full
salinity gradient (Fig. 1; single data logger present at each of the “sap
flow stations”). All trees were in the co-dominant crown class, except
for waxmyrtle, which is an understory shrub that progressively ad-
vances to greater relative dominance as salinity increases along the
gradient. In all, 8 sap flow measurement probes were established at
radial depths of 5 mm (waxmyrtle only), 66 sap flow measurement
probes were established at radial depths of 15 mm, and 16 sap flow
measurement probes each were established at radial depths of 25, 50,
70, and 90 mm, for a total of 138 continuously logging probe pairs
(Table 2). Several trees were used for multiple depth measurements to
account as comprehensively as possible for radial variation in sap flow
within the sapwood of sample trees.

Temperature differences between paired heated and unheated probe
sets were collected from 25 April to 24 September 2015. Data are
available from ScienceBase (Duberstein et al., 2018). Data were orga-
nized by species, probe pair, and radial depth, and used to determine
sap flow rates in grams (g) H,O m ™2 s~ ! using formulation, procedures,
and assumptions previously described (Granier, 1987; Clearwater et al.,
1999; Lu et al., 2004; Krauss et al., 2015a). No-flow periods for cal-
culations were determined between 0100 and 0600 each morning and
applied newly each day. While sustained night-time sap flow and pos-
sible transpiration were not discernable using our approach (i.e., no
flow between 0100 and 0600), water movement persisted within the
stems of many of the trees until midnight on many evenings, which may
indicate some water loss that would have been unquantifiable through
our approaches (Dawson et al., 2007). However, the diurnal sap flux
patterns did not vary in obvious ways along the salinity gradient.
Furthermore, in this humid environment, night-time D, the gradient
driving transpirational fluxes, is small.

Individual tree water use (L H,O day_l) and stand water use (mm
H,0 day ') were determined through calculation and modeling pro-
cedures described in much greater detail in previous papers (Krauss
et al., 2015a, 2015b). In short, the modeling procedure uses average
maximum sap flow rates by species recorded from a range of days with
high D and no rainfall, and then sap flow is scaled using radial at-
tenuation functions developed on-site and applied to corresponding
functional sapwood area of individual trees modeled. This establishes
instantaneous maximum water use of an individual tree (L H,0 s™1).
Instantaneous maximum water use values are then scaled to maximum
daily integrated sap flow rates using 30-min-resolution relative sap flow
response by time interval and species from those same high D days used
to establish average maximum sap flow. This yields maximum in-
dividual tree water use per species per day (L H,O day ~ ') under high D
conditions. Forest plot-based dbh data are then used to determine plot-
scale water use, which is further adjusted to the area of the plot to
determine maximum potential daily water use (kg H,O m~? of ground
area, or mm). Plot-scale daily water use rates are then adjusted to an-
nual rates using daily integrated D. These are not scaled base on a
simple proportion such that a 10% lower cumulative D results in 10%
lower water use. Rather, they are based on diurnal attenuation

Forest Ecology and Management 473 (2020) 118308

functions developed as a percent attenuation for each 30-minute in-
terval during the days selected as having maximum D (Krauss et al.,
2015a). Separate diurnal functions were developed for baldcypress and
waxmyrtle, though water tupelo and swamp tupelo were both modeled
from data derived from water tupelo due to the lower number of study
trees. We assume maximum plot-scale daily water use rates occurred on
the day with the highest D, and are hindcasted to additional individual
days using the diurnal attenuation functions and PPFD (Krauss et al.,
2015a). The diurnal constant is applied to all days throughout the year,
although annual shifts in diurnal light yields do occur.

For tree species included in Strawberry Swamp forest survey plots,
but not directly assessed for sap flow in this study, we used sap flow
data measured at a nearby site (Bannockburn Plantation; Krauss et al.,
2015a); these species included ash (Fraxinus sp.), sweetgum, red maple,
and loblolly pine, collectively comprising a very small percentage of
stand water use at Strawberry Swamp. Because we initiated the sap
flow study in April when many trees had just initiated bud growth and
were actively transpiring, annual patterns of sap flow initiation for
Strawberry Swamp were estimated using data from the same nearby
site. Annual patterns of sap flow cessation were measured directly from
Strawberry Swamp. For example, sap flow for baldcypress started de-
creasing in mid-October and was not completed until the end of No-
vember, while sap flow in Nyssa spp. was completed entirely by Sep-
tember.

2.5. Statistical analyses

We hypothesized that differences in salinity influence stand water
use through two primary mechanisms: (1) by altering how individual
trees of similar size use water, and (2) by changing forest structure to
more sparsely structured wetland forests with larger trees. For
Hypothesis 1, we used different regression analyses to determine the
response of individual tree eco-physiology (i.e., patterning radial
fluxes) to the influence of salinity. In order to determine how differ-
ences in water use are manifested to changes in forest structure
(Hypothesis 2), stand water use was modelled using tree diameter
distributions by species from the forest survey plots (N = 2 plots each
in upper, middle, and lower stand locations), ignoring any influence of
salinity on tree-level sap flow. Changes in output were the result of
survey plot-level forest structural changes along the salinity gradient
only. We then applied the corrections to the additively to the stand
water use data generated by testing Hypothesis 2. To do this, we first
developed a series of regressions that would account for the influence of
salinity for each radial sapwood depth (5, 15, 25, 50, 70, 90 mm) for
each applicable species. Our gradient design does not identify the
specific location along the salinity gradient where radial patterning
begins to shift and influence water use. Therefore, and second, we ran a
linear regression model with an autoregressive (AR) error of sap flow on
salinity (measured weekly) by species (baldcypress, water tupelo,
waxmyrtle) which assesses the independent variable (sap flow) along
two dependent variable axes (salinity, radial depth) simultaneously to
develop predictive equations. This procedure allows an inherent treat-
ment of both sap flow and radial depth variation in sap flow of trees as
salinities increased along the continuous gradient dynamically through
the study period.

Individual and overall regression models of radial fluxes as a func-
tion of salinity were tested for homogeneity of residual variance and
normality; no transformations were needed. Differences in individual
tree water use characteristics by species were determined using a two-
way ANOVA after data were square-root-transformed to achieve nor-
mality and variance equality. These analyses were conducted with SAS
9.4 Software (SAS Institute Inc., Cary, North Carolina, U.S.).
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Fig. 2. 3-D depiction of sap flow for all species (baldcypress, water tupelo, waxmyrtle) by radial sapwood depth (15, 25, 50, 70, 90 mm) and salinity (0-4 psu) for co-
dominant trees associated with a salinity gradient at Strawberry Swamp, Hobcaw Barony, South Carolina, USA.

3. Results
3.1. Salinity and sap flow rates by radial depth

Salinity conditions in shallow and deep wells in Strawberry Swamp
did not vary considerably through the study period for most sample
locations (n = 18 well locations) with an average difference of salinity
(i.e., maximum-minimum measured) of 1.1 * 0.2 psu for all wells
(n = 36). The greatest variability in salinity was at lower stand posi-
tions (avg. 1.7 + 0.5 psu) where salinities were consistently highest,
trees larger and more sparse (Table 1), waxmyrtle more abundant, and
common reed becoming established; the maximum difference in salinity
was 2.7 psu measured in a deep well in this area.

Maximum daily sap flow rates (i.e., on high D days) were correlated
with salinity at two separate soil depths. Sap flow rates were slightly
more strongly associated with porewater salinity measured from deeper
soil depths of 60-100 cm (0.11 < r? < 0.73) than from shallower soil
depths of 6.5-20 cm (0.01 < r* < 0.64), potentially indicating that sap
flow in the trees might be more sensitive to salinity of deeper pore-
water. Furthermore, sap flow of baldcypress and water tupelo versus
salinity generally pointed to an inverse relationship between salinity
and sap flow for radial sapwood depths of 15, 25, 50, 70, and 90 mm
(Fig. 2). The x-intercepts (i.e., salinity concentrations at which sap flow

Table 3

Statistical summary of sap flow reduction by species for various radial depths
into the sapwood for co-dominant trees associated with a salinity gradient at
Strawberry Swamp, Hobcaw Barony, South Carolina, USA.

Radial x-intercept, y-intercept, sap
depth salinity flow

Species® (mm) (psu) (g H,0 m~?2 r? Pr > F

s7H

baldcypress 15 14.552 32.772 0.106 0.053
25 Undefined 13.106 0.275 0.120
50 5.184 18.979 0.225 0.166
70 4.065 3.175 0.728 0.007
90 3.596 3.200 0.328 0.083

water tupelo® 15 2.606 38.891 0.295 0.016
25 2.370 39.467 0.253 0.309
50 2.622 19.205 0.306 0.255
70 2.064 18.816 0.677 0.012
90 1.706 6.663 0.308 0.253

waxmyrtle 5 1.052 Undefined 0.108 0.426
15 Undefined 11.270 0.452  0.098

@ Baldcypress (Taxodium distichum), water tupelo (Nyssa aquatica), and
waxmyrtle (Morella cerifera).
b Relationships also used for swamp tupelo (Nyssa biflora) in our analyses.

becomes zero) for these radial depths generally ranged from 1.05 to
5.18 psu (but with one apparent outlier at 14.55 psu), and only 2 of 12
species and depth combinations had no intercept that could be inferred
(Table 3). The significance of these univariate regressions was also
variable, with only 3 of the 12 combinations being significant (at
P < 0.05) when explored in this fashion.

Indeed, the effect of the salinity gradient on sap flow differed by
species. Baldcypress sap flow mostly declined with higher salinity, but
only slightly as salinities ranged from 0.7 to 3.0 psu (Fig. 2). Water
tupelo sap flow declined strongly along the salinity gradient; no water
tupelo trees were present at salinities >2.2 psu in Strawberry Swamp.
The effects of salinity on water use in waxmyrtle is less variable than for
baldcypress and water tupelo. Regressions describing the sap flow re-
sponse along the salinity gradient for radial sapwood depths of 5 mm
and 15 mm were not significant (r? = 0.11-0.45; P = 0.098-0.426) but
tended to increase with salinity (Fig. 2; Table 3). However, this relation
was confounded by progressively greater light levels to mid-story ca-
nopies as salinity increased, preventing an assessment of salinity alone
for waxmyrtle.

While the response of sap flow at depth are best described as linear
functions, it is important to point out that these relationships were
derived through non-linear analysis of the empirical data. Once the
combined salinity and depth relationships were established (Fig. 2,
Table 3), multiplier functions (Fig. 3) were applied in the stand water
use modeling procedure - first without salinity in the model itself, and
then with salinity. These salinity-adjusted multipliers describe the
sapwood area scaled attenuation of sap flow with depth into tree. The
multipliers were applied to areas of active xylem that were based on
bands corresponding to radial depth measurements. For example, radial
depth measurements at 15, 25, and 50 mm were used for multipliers
applied to bands of active xylem of 0-20 mm, 20-40 mm, and
40-60 mm, respectively (see Krauss et al., 2015a, 2015b). This mod-
eling procedure allowed us to apply the multipliers, which incorporate
radial depth and salinity, to individual tree sapwood areas in a
weighted fashion based on dbh.

3.2. Stand water use in the absence of salinity

To model stand water use of the freshwater wetland forest at
Strawberry Swamp, it was first critical to determine average maximum
rates of sap flow for all species growing in Strawberry Swamp. The
average maximum rate of sap flow for baldcypress was 35.85 g H,O
m~2s™! (n = 36 trees), for water tupelo was 46.04 g H,O m % s~ !
(n = 19 trees), for swamp tupelo was 86.26 g H,O m2s'(@m=2
trees), and for waxmyrtle was 50.89 g H,O m™?s™! (n = 7 trees).
These rates were derived from the five study days with the highest
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Fig. 3. Regressions of stand water use multipliers, which combine forest
structure suppression and salinity suppression, versus radial depth into the
xylem of three tree species in Strawberry Swamp.

maximum D (at 3.42-4.49 KPa), and differ from those values reported
in Table 3 in that only trees growing under freshwater conditions were
used to determine maximum sap flow rates for baldcypress and water
tupelo. A summary of the average daily maximum for all four species
across the entire range of usable data (n = 63 days, all without rain
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events) is provided in Table S1. The average maximum daily flow rates
for individual trees is provided in Table S2. Stand water use modelling
assumes suppression of sap flow on days with lower D relative to
maximum rates observed at the highest D. Swamp tupelo and wax-
myrtle measurements were taken from trees growing in only slightly
higher salinities, which is where they happen to occur within Straw-
berry Swamp.

Among locations that remained < 1 psu salinity over the course of
study, the radial attenuation of sap flow with depth into the sapwood
was greater for baldcypress for all depths relative to water tupelo (data
not shown). Sap flow for baldcypress was especially suppressed at
depths beyond 50 mm, which means that they had effectively less cross-
sectional area of conductive tissue per basal area, even under fresh-
water conditions, relative to the other species at Strawberry Swamp.
Daily rates of stand water use in freshwater portions of Strawberry
Swamp follow estimated potential evapotranspiration (Fig. 4). On an
annual basis, stand water use for the freshwater stands at Strawberry
Swamp was estimated to be 494 mm H,O year_l, with most water use
associated with the deciduous, dominant tree species baldcypress,
water tupelo, and swamp tupelo. Water use estimation from the two
plots located within the upper, freshwater stands differed by only 8 mm
H,0 year ! between them, with evergreen trees comprising < 1.2% of
that water use (Table 4).

3.3. Stand water use in the presence of salinity

The largest individual trees in the middle and lower stands were
baldcypress (Table 1). The sizes and densities of the other tree species
were lower in those plots, supporting the potential of baldcypress to
have a dominant influence on stand water in that area of higher sali-
nity. These changes in forest structural characteristics (ignoring the
effects of the salinity on tree-level sap flow rates) are responsible for a
difference in stand water use of 494 mm H,O year™! in freshwater
stands (at 0.7 = 0.4 psu; mean * S.D.) to 393 mm H,0 year_1 in
middle stands (at 2.6 = 0.9 psu) to 316 mm H,O year ! in lower stands
(at 3.0 = 1.0 psu) at Strawberry Swamp (Table 4). This influence is
based solely on dbh-dependent modeling of stand water use. Individual
plots (N = 2 per location) in middle and lower stand locations differed
in this estimation by 73 and 112 mm H,0 year ' between them, re-
spectively, reflecting the high forest structural variability at these lo-
cations along the salinity gradient. The more saline stands had lower
leaf area index (LAI) as determined using an LAI-2000 approach (Li-Cor
Environmental, Inc., Lincoln, NE, USA) with an 84° view angle, which
ranged from 3.8 in the freshest zones (n = 15) to 2.1 in the more saline
zones (n = 9). This is more reflective of overstory canopy openness of
taller trees than mid-story species ingrowth at higher salinities and
sunlight. In middle and lower stands the evergreen trees accounted for
1.7-6.4% of stand water use, respectively, versus <1.2% in freshwater,
reflecting the greater contributions of larger waxmyrtle (dbh = 10 cm)
as forest structure changed in response to increased salinity. None-
theless, these larger fractions of transpiration by evergreen shrubs do
not offset the apparently lower transpiration by canopy trees in the
lower and middle stands, and thus their stand water use is smaller than
those of the freshwater stands.

Sap flow attenuation with radial depth into the sapwood of trees
along the Strawberry Swamp salinity gradient also varied significantly
by salinity (F;6¢ = 5.20; P = 0.0259) and by species (Fz 66 = 9.76;
P = 0.0002); the interaction term, however, was not statistically sig-
nificant (salinity x species; P > 0.05) (Fig. 2). This means that not only
do tree size distributions change along the salinity gradient, but also do
the functions describing the radial attenuation of sapflow in similarly
sized trees, with consistency among the species despite any visual dis-
parity for waxmyrtle (Fig. 2).

An important driver of stand water use change was a concomitant
reduction in individual tree water use from 75 to 26 L H,0 day ' for
water tupelo and swamp tupelo in upper freshwater versus lower stands
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Table 4

Stand water use (mm H,0 year™) and the relative influences of forest structural effects alone, salinity effects alone, and forest structural and salinity effects in

combination at Strawberry Swamp, Hobcaw Barony, South Carolina, USA.

Forest structural effects

Salinity effects® Forest structural x Salinity effects

Stand Plot Evergreen Deciduous By Plot Sub-total By Plot Sub-total By Plot Total

Upper 1 3.3 494.3 497.6 493.7 497.6 493.7 497.6 493.7
2 5.7 484.1 489.8 489.8 489.8

Middle 1 6.0 348.9 354.9 392.7 325.5 323.0 232.2 256.9
2 8.6 421.8 430.4 320.4 281.6

Lower 1 17.0 248.5 265.5 316.1 299.1 296.7 159.6 190.0
2 6.3 360.4 366.7 294.4 220.4

2 Salinity was 0.7, 2.6, and 3.0 psu at Upper, Middle, and Lower stands, respectively.

with higher salinity (Fig. 5A). Water use per unit diameter ranged from
only 0.9 to 1.2 L H,0 day™* ecm™! in baldcypress along the salinity
gradient (Fig. 5B). In contrast, water and swamp tupelo decreased unit-
diameter water use rates from 2.5 to 1.2 L H,0 day ~* cm ! in response
to salinity. These are low rates (Lovelock et al., 2016), further high-
lighting the potential for a pervasive influence of salinity on the phy-
siology of normally freshwater wetland forests, especially for the more
salt-sensitive Nyssa spp.

The influence of salinity on radial patterning of sap flow (i.e., the
eco-physiological effects of salinity) reduces middle and lower stand
water use by an additional 66 and 107 mm H,O year™?, respectively,
relative to freshwater stands. The result is that the combined effect of
forest structural changes and tree eco-physiological adjustments to
salinity depresses stand water use from 494 mm H,O year ' in fresh-
water settings to 257 and 190 mm H,O year ™! in the progressively
higher salinities of the middle and lower stands (Table 4). This is equal
to reductions in stand water use by 48% at 2.6 psu salinity and 61% at
3.0 psu.

4. Discussion
4.1. Salinity and forest structure
Reduction in sap flow along the Strawberry Swamp salinity gradient

for baldcypress and water tupelo followed reductions in transpiration
from salinity observed in controlled settings. When viewed as a

percentage of sap flow under freshwater conditions, the sap flow ca-
pacity of baldcypress and water tupelo is reduced by approximately 7%
and 38%, respectively, per unit increase in salinity (psu) (Fig. 6). This
response compares to the greenhouse literature available on baldcy-
press and water tupelo (Pezeshki, 1990; Pezeshki et al., 1986, 1987,
1988, 1989, 1995; Javanshir and Ewel, 1993; McLeod et al., 1996;
Allen et al., 1997; Krauss et al., 2009a), which indicates that the
transpirational capacity for these species would decrease by approxi-
mately 10% per psu increase in salinity. Comparisons between trees and
seedlings are closer for baldcypress than for water tupelo, suggesting
that more studies should be conducted on mature trees in the field if we
are to understand how changes in salinity affect real wetland forests. In
fact, the reviewed greenhouse studies were conducted on young seed-
lings over short time frames (generally < 90 day, with some exception),
and the controlled nature and short duration of these studies omit long-
term susceptibility stresses such as changes in osmotic stress potential
and accumulation of sulfides in porewater. Furthermore, studies that
focus on baldcypress seedings impose salinity up to 10 psu. We limited
our literature summary to 8 psu (Fig. 6), but the field distribution of
mature baldcypress is generally restricted to 3-4 psu as a mean long-
term salinity condition (Harlow and Harrar, 1969; Chabreck, 1972;
Krauss et al., 2017), which is enough to cause mortality in drier years
(Cormier et al., 2013). Seedling studies on water tupelo routinely use
salinities up to 3 psu, which better approximates typical field values (up
to just 2.1 psu for water tupelo in Strawberry Swamp). We have less
insight for waxmyrtle and swamp tupelo, but they seem to be restricted
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naturally to salinities below ~2 psu (Chabreck, 1972; Krauss et al.,
2009b). The performance of waxmyrtle at salinities above 2.5 psu
under high light levels at Strawberry Swamp is intriguing. The salinity
tolerance of waxmyrtle might be higher than we currently recognize,
and the increasingly patchy canopy in higher salinity zones may pro-
vide for a more favorable light environment that offsets the less fa-
vorable salinity.

Curiously, total basal area did not change much along the salinity
gradient at Strawberry Swamp (Table 1). Rather, the upper stands had a
greater density of smaller trees of all co-occurring species than middle
and lower stands, which translates to higher stand water use in the
model because the fraction of sapwood area per basal area is generally
higher in smaller or younger trees (e.g., in baldcypress: Allen et al.,
2015). The presence of larger baldcypress trees relative to the other
species in our middle and lower stands indicates that these trees likely
grew for many years before salinity impacted the site, and the stand
consists of relict individual trees that developed previously in fresher
water. This is not uncommon at sub-lethal salinities in the Southeastern
U.S.; conversion from wetland forests to marsh is often projected to
occur around 2 psu (Hackney et al., 2007), but this conversion can take
many decades even with persistent salinization. In contrast, water tu-
pelo, swamp tupelo, and ash are all smaller in middle and/or lower sites
than upper sites at Strawberry Swamp and likely reflect more recent
development than the baldcypress. Many baldcypress on Hobcaw
Barony date back to the late 1700s (Krauss and Duberstein, 2010).
Thus, as larger baldcypress trees become progressively stressed with

salinity intrusion over the years, individual tree leaf area decreases
from persistent lack of vascular support stemming from osmotic stress,
which reduces crown area (Krauss and Duberstein, 2010). Baldcypress
and water tupelo trees with persistent dieback and epicormic branching
are common in middle and lower sites at Strawberry Swamp. Since dbh
reflects decades (or centuries) of prior growth, whereas tree leaf areas
reflect instantaneous or recent growing conditions, the two metrics can
become disjointed in stressed forests. While compensatory increases in
transpiration by residual leaves can hypothetically occur, as observed
with shifts in leaf-to-sapwood area after wind disturbance events (Oren
et al., 1999), this was not the case here because the water use of the
relict large baldcypress trees was much less than that of the densely
stocked smaller trees in the freshwater sites.

Visual evidence of the stands in Strawberry Swamp suggests that
these tree species root into soil depths below floodwaters, and thus are
likely to be rooted deeper than terrestrial forests where the most active
roots are often within 23 cm of the soil surface (Schenk and Jackson,
2002). Deeper salinity concentrations at 60-100 cm depths were
slightly better correlated with sap flow responses of all species at
Strawberry Swamp than shallower observations. Often, salinity con-
centrations increase with sampling depth into the soil in coastal wet-
land forests (Marchand et al., 2004; Hsueh et al., 2016), as it did at
Strawberry Swamp, but it is also very common to limit porewater
sampling to less than 50 cm in many studies. If roots are active at
depths that we ignore, and those depths are typically more saline, then
past studies may systematically under-estimate tree tolerance to salinity
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in field setting.

It is also possible that the trees in Strawberry Swamp are more
dependent on water extraction from deeper depths where porewater
chemistry might be less variable; however, this may preclude oppor-
tunistic water uptake from pulses of rain water that would incorporate
into the upper porewater and surface layers first. It is unlikely that trees
would fail to use this fresh water. Hsueh et al. (2016) discovered pre-
ferential water uptake from the vadose zone (hummock soils above the
water table) versus more salinized surface waters for baldcypress
growing on hummocks in a Louisiana, USA, coastal wetland forest, and
Zhai et al. (2018) found that baldcypress growing along the Waccamaw
River, South Carolina, USA, preferentially use fresh surface water that is
isotopically enriched by evaporation on some sites while waxmyrtle
tended to use water below the soil surface. For our study, what is most
important is that salinity measurements and sap flow were coupled
across the salinity gradient for all species, allowing predictions of water
use along our hypothesized gradient of influence.

4.2. Radial depth profiles

The presence of salinity interferes with xylem tensions from in-
creased osmotic potential of soil waters (and thus leaf area support),
which can lead to severe declines in water use of trees both by sap flow
reductions (Stiller, 2009), and by variability in radial sap flow reduc-
tions across the sapwood (Krauss and Duberstein, 2010). Indeed, basal
area growth per unit sapwood area was appreciably lower for salinized
wetland forest sites in Louisiana, USA, than for freshwater wetland
forest sites (Allen et al., 2019). With progressive salinization, tracheids
associated with outer sapwood in baldcypress have more Na* and CI°

10

ions than inner tracheids (Yanosky et al., 1995) and deeper radial
depths may have higher concentrations of compatible solutes (e.g.,
methyl proline) for osmotic regulation (Carter et al., 2006b), both of
which can slow sap flow. Radial patterning of sap flow has been best
characterized for a many species of trees, both ring porous and diffuse
porous, by using exponential decline functions (e.g., Berdanier et al.,
2016). Similarly, Krauss and Duberstein (2010) fit radial attenuation
curves for baldcypress in the nearby Reserve Swamp using an ex-
ponential decline function for salt-impacted trees, and a combination of
linear and exponential decline for trees in freshwater conditions. In-
verse first order polynomial regressions of our salinity-adjusted multi-
pliers (which include factors of salinity and forest structure; Fig. 3)
versus radial depth into the sapwood also had high coefficients of de-
termination at all salinity levels for baldcypress (? = 0.92), water
tupelo (r? = 0.77), and swamp tupelo (r* = 0.85). We saw no evidence
that the radial pattern in waxmyrtle sap flow was affected significantly
by salinity (Table 3), but fewer observations were available for wax-
myrtle so salinity effects may have been confounded by the afore-
mentioned higher incident light levels at higher salinities as waxmyrtle
transitioned from suppressed to co-dominant.

Krauss and Duberstein (2010) discovered that salinity-forced acute
suppression of sap flow radially from sapwood depths of 15 mm to
25 mm in baldcypress trees from Reserve Swamp is remarkably similar
to what we found for freshwater sites at Strawberry Swamp. Con-
straining the radial variability in sap flow response is an inherent
challenge with these techniques, including even having to sort diurnal
and seasonal shifts in radial sap flow patterns in some forest tree species
(Ford et al., 2004). In all, overall sap flow rates at Strawberry Swamp
were within the range previously reported for baldcypress trees in other
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South Carolina sites (35.9 g H,O m~2 s~ ! at Strawberry Swamp vs.
30.1-43.0 g H,O0 m~2 s~ ! in Krauss and Duberstein, 2010) but ranges
were quite different than previously used in stand water use modeling
for water and swamp tupelo (46.0-86.3 g H,O m~2 s~ ! at Strawberry
Swamp vs. 51.7 g H,O m~2 s ! in Krauss et al., 2015a). These average
rates are indeed difficult to quantitatively compare because of the
overwhelming tree-to-tree variation, nonetheless, salinity appears to
relatively consistently reduce sap flow in these freshwater wetland
trees.

With the exception of one waxmyrtle tree (dbh 7.7 cm; see Table S1,
Appendix A), we did not assess trees <10 cm dbh, though the con-
tributions of mid-story evergreen shrubs were probably important even
though only ~4 mm H,0 year™! (e.g., less than some daily water use
observations; Fig. 4). Understory woody vegetation can make important
contributions to stand water use (Kelliher et al. 1998; Wullschleger
et al., 2001; Oishi et al., 2008), and at Strawberry Swamp, the con-
tribution of the waxmyrtle shrub layer that is taller than 1.3 m but with
average dbh 11.9 * 1.0 cm, may be substantial. Small waxmyrtle
density increased from 4,950 individuals ha™ in the upper freshwater
stands to 8,680 and 8,550 individuals ha™ in the middle and lower
stands, respectively, with most of these shrubs occurring within the
smaller diameter classes not included in our stand water use calcula-
tions (Liu et al.,, 2017). With our approach, we assume that most
waxmyrtle-associated differences in water use occur after growth to
=10 cm dbh size classes.

4.3. Stand water use

Stand water use in the flooded freshwater wetland forests of
Strawberry Swamp was estimated to be approximately 39% of PET on
an annual basis, and 49% during the growing season, for our composite
study years of 2015/2016 (Fig. 4). Stand water use of 494 mm H,0
year ™! is not especially high; for example, it only slightly exceeds va-
lues for hardwood forest stands in much more northern latitudes in
Europe (151-407 mm H,O year‘l, and coniferous forest stand water
use of 279-427 mm H,0 year’l; Roberts, 1999). However, our esti-
mated rates of stand water use are within the range of values observed
in other southeastern wetland forests: 350-872 mm H,O year ™ ! (Krauss
et al., 2015a, 2015b). While some small errors may result from using
standard TDP calibrations (Granier, 1987), usually only a small fraction
of the TDP errors is attributable to calibration performance (Flo et al.,
2019). Furthermore, we focus mostly on changes along the salinity
gradient that might drive relative differences in water use patterns;
however, it should be noted that values of 494, 257, and 190 mm H,0
year ™! for the upper, middle, and lower sites are intended to be re-
presentative calculations of true stand water use and can be reestab-
lished if TDP calibrations for these probes are altered for these species
in course. It was also beyond the scope of our study to include un-
derstory transpiration (and evaporation), which is perhaps why tran-
spiration was estimated to be about 59% of ET in a North Carolina
hardwood forest (Oishi et al., 2008), versus our 39-49%.

Salinity was projected to reduce stand water use from 660 mm H;O
year ! to 164 mm H,O year ' for a different salinized watershed in
South Carolina, USA (Reserve Swamp: Krauss et al., 2015a). The
drought conditions prevailing prior to and during that study resulted in
salinity levels of 5.5 psu (compared to a previous running average of 1.3
psu), and stand water use was 25% of the stand water use of a nearby
freshwater control site. At Strawberry Swamp stand water use at the
highest salinity of 3 psu was 38% of stand water use in freshwater
stands. Re-calculating this for Strawberry Swamp for a salinity of 5 psu
adjusts this percentage to 21%, suggesting fairly strong convergence in
salinity influences between these two studies in a relative sense, even
though they were based on different approaches (gradient versus
comparative) and had slightly different radial patterns of sap flow re-
sponse.

Herein, we focused on reductions in stand water use from the
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perspective of forest vegetation, although these sites will become in-
creasingly dominated by marsh grasses and understory shrubs (e.g.,
waxmyrtle, dahoon) as the canopy degrades and transmits more light to
the understory. In this situation, compensatory water use of the re-
leased mid-story and understory need to be considered. Although
waxmyrtle stem density nearly doubled, the LAI in the more saline
stands was lower than that of the freshest zones, reflecting the sparse
overstory canopy in saline zones. Accordingly, waxmyrtle sap flow at a
radial depth of 15 mm increased by 63% coincident with this gradient
in light availability, even when considering trees =10 cm dbh only,
versus all stems. Nevertheless, it was visually obvious that a significant
fraction of total leaf area in saline zones is attributable to waxmyrtle,
which had relatively small water use per individual (Fig. 5A). Fur-
thermore, Phragmites australis is also encroaching inland from areas
downgradient (and more saline) of the waxmyrtle. Phragmites is an
invasive reed that tolerates salinity and can use water vigorously (Burba
et al., 1999; Herbst and Kappen, 1999). Understanding the ecohy-
drological consequences of these forest-to-marsh vegetation shifts with
salinization will ultimately require consideration of all vegetation
components.

5. Management implications and conclusions

In this study, we found that both salinity-induced changes in forest
structure and changes in individual tree physiology occurred along a
salinity gradient. Across salinity concentrations ranging from fresh to 3
psu, forest structural changes alone resulted in stand water use reduc-
tions from 494 mm year” in freshwater stands to 316 mm year’ in
stands of higher salinity. Changes in tree function (inferred from radial
sap flux profiles) also occurred along this gradient, as sap flow rates
decreased by an additional 13.3% per unit increase in salinity (psu)
independently of forest structural changes on water use. Consequently,
stand water use was estimated to be only 190 mm year™! in higher
saline settings. Thus, our results demonstrate that the effects of salini-
zation on transpiration cannot be predicted by changes in forest
structure alone. Instead, estimates and model representations should
also account for salinity’s effects on the radial profile of sap flow, which
results in reduced water fluxes.

Sea level rise is occurring and will continue to accelerate into the
future. As a result, saltwater intrusion has become a primary stressor in
many coastal wetland systems (White and Kaplan, 2017). The impacts
of saltwater intrusion on coastal wetlands can vary depending on the
magnitude, duration, and frequency of saltwater intrusion into the
wetland. An early sign of salinity stress in trees is reduced sap flow as
seen in this study where sap flow rates decreased by an additional
13.3% per unit increase in salinity (psu). We also know that net primary
productivity can be twice as high in forests with low salinity relative to
those with high salinity (Pierfelice et al., 2017). In the long-term, in-
creased salinity levels leads to tree mortality and can cause large shifts
in vegetation community composition (Kaplan et al. 2010), with in-
vasive species likely to expand their ranges into coastal areas (Tully
et al., 2019). Craft et al. (2009), using the maximum IPCC sea level rise
scenario, estimated that Georgia tidal freshwater swamps will decline in
areal extent by as much as 34%. It is only through studies like this that
we will begin to understand the complex ecological processes occurring
in coastal wetlands and allow us to predict and manage changes in
coastal systems as sea levels rise.
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