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Abstract: Coastal forests in the Mid-Atlantic region are threatened by sea level rise through chronic
and episodic salinization and hydrologic alterations, leading to inland marsh migration and the
occurrence of ghost forests. This study uses dendrochronology to explore the impact of rising sea
level on the annual growth of Juniperus virginiana (the Eastern red cedar) at the St. Jones component
of the Delaware National Estuarine Research Reserve in Dover, DE. Chronologies from low and
high elevations were developed, and a difference chronology (high–low) was generated. A rapid
field assessment of tree stress indicated greater stress in low elevation trees, and low elevation soil
tests showed higher soil moisture and salt content compared to samples from high elevation. Ring
width indices were analyzed in relation to water level, precipitation, the Standardized Precipitation
Evapotranspiration Index, and temperature, with Pearson’s correlation analysis. Trees growing at
low elevation showed greater climate sensitivity and responded favorably to cool, wet summers.
Over time, correlations between growth and climate variables decreased, while negative correlations
with tidal water level increased—a pattern that presented nearly a decade earlier in the low elevation
system. Given the widespread distribution of the Eastern red cedar and its sensitivity to changes in
sea level, this species may be particularly useful as a sentinel of change in coastal landscapes as sea
levels rise.

Keywords: dendrochronology; sea level rise; salinization; ghost forests; forest retreat; Eastern
red cedar

1. Introduction

Coastal forests provide incredible ecosystem value, including increased biodiversity,
water purification, tourism, flood protection, erosion control [1], and carbon sequestra-
tion [1,2]. These high value, low-lying coastal systems are increasingly threatened by sea
level rise, which in the Mid-Atlantic averages 3–4 mm/year, with rates likely increasing
to over 10 mm/year by 2100 [3,4]. Ghost forests, stands of dead trees, are becoming more
widespread in the Gulf and Atlantic coasts of the United States due to the stress placed
on coastal forests by sea level rise [2,5–8]. Inland migration rates, or retreat, of coastal
forests in the Mid-Atlantic region are higher than other areas in the United States [6,9,10],
leading to increased interest in coastal forest response to sea level rise and salinization in
the region [5,11,12]. Predicting and understanding the inland migration of vulnerable and
valuable coastal forests is important but difficult because forest response to sea level rise is
complex and depends on both species assemblage [13] and site characteristics [6,9].

Inland forest retreat can occur gradually through chronic inundation and saliniza-
tion [14,15] or through episodic events [16–18]. Young trees are often the first to die
from these stressors, which is accompanied by a reduction or cessation of forest regener-
ation [13,19,20]. Positive feedbacks can further drive forest die-off, as increased sunlight
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exposure into previously interior forests can drive surface evaporation in tandem with low
tidal flushing, leaving behind excess salt [18,21,22]. Rising sea levels can also elevate the
water table, causing shallow and/or asymmetric root development [23,24], which affects
the mortality rate by reducing root system stability and increasing windthrow vulnerability
during storm events. Climatic conditions, such as coastal storms [25], drought [13], and an-
thropogenic hydrologic alterations [26–28] can also create synergistic effects that influence
the rate of tree mortality and retreat [13].

Annual tree growth is a result of a suite of various environmental conditions—when
conditions are stressful, trees grow less. As sea level rise drives increased saltwater flooding,
soil salinization causes salt accumulation within plant tissue, which can block nutrient
uptake and reduce growth [29]. Dendrochronology, or the study of tree ring widths over
time, can be a useful tool to study how tidal flooding and increases in flooding due to sea
level rise influence tree stress in low-lying forests [5,11]. As many trees are principally
influenced by climatic conditions, analyzing tree ring widths relative to tidal water level, in
combination with temperature, precipitation, and/or drought, elucidates key relationships
that influence the variability of tree mortality and therefore forest retreat, as sea levels rise.

Dendrochronology is an important tool that has provided valuable insights regarding
tree response to salinization [5,11]. However, the relationship between annual tree growth
and visible expressions of tree stress are not yet well understood, which hinders our
understanding of the processes that drive coastal forest retreat. Questions remain about
mechanisms of forest retreat with sea level, such as does tree growth decline before or after salt
accumulates in the soil? In addition, are low elevation trees experiencing more stress than higher
elevation trees due to differences in soil chemical composition? This study seeks to provide a more
complete understanding of the processes involved in coastal forest retreat, by adding in situ
rapid tree stress assessment and soil chemical analyses to traditional dendrochronology, at
a site already experiencing changes relative to rising sea level.

In addition to using a novel approach of rapid tree stress assessment and soil chemical
analyses to study mechanisms of coastal forest retreat, this study also seeks to expand
dendrochronological analysis to an important but understudied coastal forest species, the
Eastern red cedar (Juniperus virginiana L. var. virginiana). The Eastern red cedar occurs
throughout the eastern United States as a common component of early to mid-successional
forests and is also one of the most salt tolerant tree species found in these temperate
forests [13,20]. Eastern red cedars frequently occupy low-lying maritime or coastal forests
throughout their range. While greenhouse studies have examined the impact of salinization
and inundation on the Eastern red cedar [30], a dendrochronological study of this species in
a sea-level rise impacted system has not yet been published. Therefore, this study explores
how differences in flooding influences Eastern red cedar growth patterns along an elevation
gradient at the St. Jones Reserve in Dover, Delaware, using dendrochronology, in situ rapid
tree stress assessment methods, and soil chemical analyses.

2. Materials and Methods
2.1. Study Species

The Eastern red cedar is ubiquitous in the eastern United States. This widely dis-
tributed species can be found in every state east of the 100th meridian, ranging from Texas
to Southern Ontario and extending well into the great plains [31]. As a shade intolerant,
pioneering species [32], the Eastern red cedar is known for its ability to survive extreme
environmental conditions, including temperatures ranging from −29 ◦C to 41 ◦C, as little
as 38.1 cm of precipitation during the growing season, elevations from sea level to 1500 m,
and varying soil types from deep and shallow soils to thin and rocky soils [33]. Exhibiting
moderate salinity tolerance, Eastern red cedars are commonly found growing on barrier
islands [34], swales [20,35], and dunes [36], and have been reported to survive salinities up
to 1400 ug/g [30].
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2.2. Study Site

Samples were collected from both the St. Jones Reserve and the Ted Harvey Wildlife
Area in Dover, Delaware (Figure 1). The St. Jones Reserve is managed by the Delaware
National Estuarine Research Reserve (DNERR) in the Delaware Department of Natural
Resources and Environmental Control. The Ted Harvey Wildlife area is located 2.5 km
downstream from the DNERR and is managed by Delaware Fish and Wildlife. Due to
proximity, the conditions at the Ted Harvey Wildlife Area were assumed to be the same as
those at the St. Jones Reserve.

Delaware has a temperate climate; summers are hot with an average temperature of
23.0 ◦C, while the winters average about 3.2 ◦C [37]. Precipitation varies seasonally, with
an average sum of 32.4 cm in summer months and an average sum of 26.5 cm in the winter.
Tropical storms and hurricanes impact this area most often between the months of August
and October. Although Delaware is less susceptible to a direct hit from these larger storm
events, extra tropical coastal storms can cause severe coastal floods [38].
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Figure 1. Map of study site at the St. Jones DNERR in Kent County, DE (black box), with orange
fill indicating the location of tidal marshes. Water level in this study was obtained from the Lewes
NOAA tide gauge (black dot). The inset shows the position of the study site within the Mid-Atlantic,
along the East Coast of the U.S., with the map extent indicated by a red box.

2.3. Field Methods

The locations of saplings (diameter at breast height <10 cm) within the study site were
surveyed with a handheld GPS unit in winter to reduce interference from deciduous trees in
the canopy. The locations of these trees were then plotted in GIS and combined with LiDAR
data to identify the land surface elevation associated with the lack of tree regeneration,
establishing the division between high and low forest. Accuracy of the LiDAR is reported
to have met Quality Level 2 requirements, with an open terrain accuracy of 6.3 cm, with
slight errors in heavily vegetated areas [39].
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After the boundary between high and low elevation was established, a rapid assess-
ment of tree stress was performed to compare tree stress between these elevation categories.
Existing rapid field assessments focus on the ecosystem [40] or the ecological and economic
impacts of trees on the environment [41] and were too broad for this study. Therefore, a
rapid assessment to quantify tree stress was developed from existing assessments. The
assessment in this study included indicators of stress such as small or wilted needles,
dead or missing limbs, tipping, flaking and discolored bark [42], foliage color, branches
distribution, and tree regeneration [43]. Individual trees were evaluated for 19 indicators of
stress and were assigned a score between zero and 4 based on visual assessment, with zero
indicating the greatest expression of stress (Table S1). The total score was divided by 76,
the highest potential score, resulting in a score percentage with low values indicative of
greater stress. The assessment was conducted on 48 trees selected to represent a range of
elevations from the marsh edge to the upland boundary.

Tree ring samples were collected with a Haglöf 5 mm increment borer. Individual
tree selection was based on size (>15 cm diameter at breast height) and overall condition
(e.g., free of obvious damage, rot, or disease). The Eastern red cedar infrequently occurs
above the high elevation line (1.2 m) within the St. Jones Reserve, so a comprehensive
sample of 36 trees were cored in duplicate beyond the central pith. Samples from 23 low
elevation trees were collected. Post collection, each sample was air dried for 24 h before
being glued into wooden mounts. After drying to ensure stability within the mounts, each
core was then sanded with progressively finer sandpaper (220 to at least 800 coarseness).
Tree rings were counted and measured using a Velmex Unislide linear encoder (Velmex,
Inc., Bloomfield, NY, USA) and MeasureJ2X software (VoorTech Consulting, Holderness,
NH, USA) with 0.001 mm precision.

2.4. Laboratory Methods

The high and low elevation soil was tested by the University of Delaware’s Core
Laboratory for Soil, Plant and Water Analysis. The soil was tested for water pH, A-E buffer
pH, organic matter by loss on ignition, M3-P, K, Ca, Mg, Mn, Zn, Cu, Fe, Na, S, B, Al, cation
exchange capacity (CEC), percent base saturation (%BS), threshold phosphorus saturation
ratio (PSR), and soluble salts. Soil property characterizations were also tested for moisture
content and water pH, along with nitrate and ammonium–nitrogen by 2M KCl extraction.
Eight soil samples were collected to a depth of 10–20 cm in at least 5 cm slices, cleaning
the spade between every collection, following the University of Delaware Soil Testing
Program’s protocol [44]. Four samples in both the high and the low areas were selected at
random using grids and a random number generator.

For tree ring chronologies, the list method was initially used to determine any marker
rings or anomalies to cross-date between the series for the chronologies [45]. Cross-dating
verification was performed with COFECHA [46]. The Eastern red cedar at this site produces
eccentric lobular growth, which can produce highly irregular growth rings depending on
the sampling path. Rings that could not be reliably recognized were omitted from the
study. The chronology from the low elevation site was constructed from 14 trees and the
chronology from the high elevation site was constructed from 13 trees. A master chronology
was also constructed from all the trees included in the chronologies from high and low
elevation. Individual chronologies were detrended using 50% frequency cutoff two thirds
splines for conversion to ring width indices (RWI). We used biweight robust means to
create mean chronologies (i.e., master, high elevation trees, and low elevation trees) in R
statistical software with the “dplR” package [47]. To reduce autoregressive structures and
transient disturbances, we prewhitened these chronologies for climatic and water level
correlations [48]. A chronology of the differences between high and low elevation tree
growth was created by subtracting the mean chronology of low elevation trees from the
mean chronology of high elevation trees [11]. The standardization was run on a per-tree
basis as a means to reduce deterministic patterns related to geometric tree growth. Using
RWI therefore removes age-specific differences, producing the annual age-standardized
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average growth across all trees. Therefore, the difference chronology represents the age-
standardized mean growth differences between the high and low elevation trees.

2.5. Data Analysis

The mean stress percentage was computed for both the high and low elevation study
areas. An unpaired independent t-test for two samples assuming unequal variances was
performed to compare the high and low soil and tree stress data (p-value significance for
one tail 0.05 > at 95% CI). For soil data, tests were performed on each nutrient parameter.

Temperature and precipitation data were obtained from the National Centers for
Environmental Information (NCEI) regional climate datasets. For drought, we used the
Standardized Precipitation Evapotranspiration Index (SPEI) from the Climate Engine [49].
Maximum monthly water levels were obtained from the Lewes, DE, National Oceanic
and Atmospheric Administration (NOAA) real-time gauge (station #8557380; [50]). The
Lewes tide gauge is 42 km from the study site, but the tide gauge maintained at the DNERR
was short (ca. 2008). In a previous analysis, the Lewes tide gauge was a suitable proxy
to explore relationships with tidal water levels at the DNERR [11]. Before 1980, NOAA
monthly water level records were irregular at the Lewes gauge, with many missing monthly
values; therefore, correlation analyses were run from 1980 to 2019.

We ran Pearson’s correlation tests on the RWI, temperature anomalies (1901–2000 base
period), precipitation anomalies (1901–2000 base period), drought (SPEI), and maximum
tidal water levels, similar to Haaf et al. [11]. Correlation tests were performed monthly
from the antecedent June to the concurrent September for all climate and water level data.
Partial correlation tests of these variables were carried out using 95% confidence intervals
to determine the significance of each test, similar to Haaf et al. [11]. Partial correlation tests
were performed monthly from the antecedent August to the concurrent September.

As growth relationships with rising sea levels might be non-stationary, moving re-
sponse functions (MRF) were run on temperature and drought partial correlation tests
with seasonal water level data to assess variability over time [50,51]. MRFs assessed cor-
relations over an abbreviated time window (n = 24 years) and reassessed the correlation
after sliding the window one year forward. Environmental variables were summarized by
season, where January–March is winter, April–June is spring, July–September is summer,
and October–December is autumn. Temperature and the SPEI were summarized by the
seasonal means, whereas water level and precipitation were summarized by seasonal sums.
We chose to use water level sums because higher water level was a proxy for flood exposure,
which is likely more similar to precipitation in that it could have a cumulative effect on
moisture availability or salt accumulation. MRFs between seasonal water levels and RWI
were evaluated for change over time through generalized least square linear regression
with autoregressive error (α = 0.05).

3. Results

GPS surveys at the study site combined with LiDAR data did not show any tree
regeneration below 1.2 m (4 feet) relative to the North American Vertical Datum of 1988
(NAVD88). Based on these results, the 1.2 m elevation contour delineated low from high
elevation forest. Trees growing at less than 1.2 m elevation had a mean stress score of 38.09
(±10.33) percent, while trees growing above this elevation had a mean stress score of 76.22
(±14.85) (p < 0.001). The forested buffer is narrow at the study site ranging from 20 to
150 m wide.

Soil analysis results show that the low elevation soil samples had higher mean values
of 90.5 mg/kg for K (p = 0.017), 491.5 mg/kg for Mg (p = 0.009), 762.2 mg/kg for Na
(p < 0.001), 61.6 mg/kg for Fe (p < 0.001), 14.87 mg/kg for S (p = 0.009), 1.45 mg/kg for B
(p = 0.0033), 5.37 meq/100 g for CEC (p = 0.018), 0.625 mmhos/cm higher for soluble salts
(p = 0.005), 49.55% for OM (p = 0.001), and 24.38 mg/kg for ammonium nitrogen (p = 0.002)
than the high elevation samples. The high elevation samples had a higher mean value of
415.2 mg/kg of Al (p < 0.001) than the low elevation samples. No significant differences



Forests 2022, 13, 862 6 of 14

were found between the high and low elevation means for P, Mn, Zn, Ca, Cu, P sat. ratio,
A-E buffer pH, nitrate, or water pH (Table S2).

The master chronology included 27 trees with an interseries correlation of 0.434 and a
mean sensitivity, a statistic indicative of stand responsiveness to climate [52], of 0.328. A
total of 8 missing rings were detected in high elevation trees only: 1991 (n = 2), 1993 (n = 1),
2007 (n = 4), and 2011 (n = 1). The chronology from high elevation included 13 trees with
an interseries correlation of 0.402 and a mean sensitivity of 0.350 (Data S1). The ages of the
trees in this chronology ranged from 14 to 79 years, with an average age of 45.4 years. The
chronology from low elevation included 14 trees with an interseries correlation of 0.475 and
a mean sensitivity of 0.307 (Data S2). Trees in this chronology ranged from 16 to 52 years,
with an average age of 42.5 years (Figure 2). The diameter at breast height did not differ
between the high and low groupings.
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Figure 2. Mean chronologies for (A) the master chronology including all trees, (B) the chronology
including specimens growing at elevations greater than 1.2 m relative to NAVD88, (C) the chronology
including specimens growing at elevations lower than 1.2 m relative to NAVD88. The mean chronolo-
gies (black line) are bound by standard error (grey ribbon) with a horizontal blue line indicating the
length of the environmental records (water level, specifically) used for correlation analyses, which
was 1980–2019.

The master chronology was significantly (p < 0.05) and positively correlated with
June precipitation (R = 0.479) and the June SPEI (R = 0.330). When included in a partial
correlation analysis with precipitation (R = −0.325), the SPEI (R = −0.325), or water level
(R = −0.325), June temperature was negatively correlated with tree growth. The positive
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correlation between the SPEI and growth also expanded into July (R = 0.391). When
analyzed over the duration of the chronology, the strong positive correlation between both
June precipitation and the SPEI with RWI weakened and even lost significance, while the
negative correlation between water level increased.

When analyzed separately, the chronology from low elevation was positively correlated
with June precipitation (R = 0.479) and the June through August SPEI (0.244 < R < 0.306). The
partial correlation results, including temperature and water level, indicated significant nega-
tive correlations between temperature and RWI for June (R = −0.378) and July (R = −0.401),
and negative correlations between water level and growth for April (R = −0.410) and May
(R = −0.280; Figure 3). The strength of the correlation for the SPEI decreases over time,
remaining significant over the duration of the analysis for precipitation but losing signifi-
cance for the SPEI in the early 1990s. The correlation between RWI and growing season
(April–June) water level was significantly negatively correlated in the mid-1980s, with the
strength of the correlation increasing over time (Figure 4).
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level (W). Upwards, blue triangles represent positive correlations, whereas negative correlations are 

Figure 3. Partial correlation results for (A) the chronology from high elevation and (B) the chronology
from low elevation. Pairwise tests consisting of temperature (T) or SPEI/Drought (D) and water
level (W). Upwards, blue triangles represent positive correlations, whereas negative correlations are
represented by downwards, red triangles. Symbol saturation and size are strength of the correlation
(i.e., R), ranging from +0.5 to −0.5. Significant correlations are noted with an asterisk (p < 0.05).
Antecedent months are lower-case letters, whereas concurrent months are capital letters.
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For the chronology from high elevation, June precipitation was positively correlated
to growth (R = 0.325) but lost statistical significance in the late 1980s. Significant positive
correlations were found in April (R = 0.280) between temperature and RWI, while positive
correlations were found for water level in the previous June (R = 0.222). Partial correlation
analysis for the chronology from high elevation, including temperature and water level,
produced negative correlations between water level and RWI for the previous September
(R = −0.362) and the concurrent April (R = −0.349) and August (R = −0.378). The corre-
lation for the SPEI also diminished over the study period, losing significance in the early
1980s. The correlation between RWI and water level remained very low for this chronology
over much of the study period, but rapidly developed negative correlation coefficients in
the early 1990s, becoming statistically significant in the mid-1990s (Figure 4).

The RWI differences produced positive values in 26 of the study years, indicating
conditions favoring growth for trees at high elevation, while negative values, indicating
favorable growth conditions for trees growing at low elevation, occurred in 31 of the study
years (Figure 5). Partial correlation analysis between the difference chronology and water
level showed significant negative correlation between the difference index and January
water levels when combined with either the SPEI or temperature. When analyzed with
water level, the SPEI produced significant negative correlations with the difference index
for the previous August and October and the current August (Figure 6).
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Figure 6. Partial correlation results for mean growth difference between high and low elevation trees.
Pairwise tests were temperature (T) or SPEI/drought (D) and water levels (W). Positive correlations
(upwards, green triangles) show correlation relationships where high elevation tree growth means
were larger than low elevation trees, whereas negative correlations (downwards, orange triangles)
are where growth means for low elevation trees were larger than means for high elevation trees.
The saturation and size of symbols reflect correlation strength (i.e., R from +0.5 to −0.5). Significant
correlations are noted with an asterisk (p < 0.05). Antecedent months are lower-case letters, whereas
concurrent months are capital letters.

4. Discussion

This study combined in situ rapid tree stress assessment methods and soil chemical
analyses with dendrochronology, to provide a more complete understanding of the pro-
cesses and mechanisms involved in coastal forest retreat at the St. Jones Reserve in Dover,
DE, a system impacted by sea level rise.
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4.1. Flooding and Subsequent Stress along an Elevation Gradient

To explore flooding and subsequent stress along an elevation gradient, tree stress
scores and soil parameters were compared between high and low elevation forest. The
rapid assessment of tree stress confirmed the 1.2 m contour as the delineation line between
high and low forest, showing significantly more stress in the low elevation trees compared
to those in the high elevation. Haaf et al. [11] delineated high and low forest at the St. Jones
DNERR using quantitative methods, based on threshold flood levels set using water level
data and digital elevation models (DEM), establishing the 1.0 m contour as the boundary
between high and low elevation forest. The selection of the 1.2 m contour in this study
supports the results of Haaf et al. [11], finding a similar delineation based on habitat
characteristics. None of the trees included in this study were growing between 1.0 and
1.2 m in elevation.

The results of soil testing also support the hypothesis that flooding produces stress
to trees growing at low elevation, as soil samples collected below 1.2 m had significantly
greater quantities of soluble salts and elements typically associated with salinization, in-
cluding boron, sodium, potassium, and magnesium. Tallie et al. [7] also found elevated
concentrations of cations in salinized soil and used sodium as a proxy for saltwater expo-
sure, finding sodium content to be a better predictor of vegetation change than land surface
elevation. Furthermore, some elemental concentrations in the low elevation study area
were beyond toxicity thresholds. For example, boron is toxic to trees at levels above 0.5
to 1.0 mg·kg−1 [53] and is found in concentrations of 2.128 mg·kg−1 in the low elevation
study site but within range in high elevation soils.

4.2. Growth Response of Eastern Red Cedar along an Elevation Gradient

The use of the Eastern red cedar in dendrochronology can be problematic as this
species is prone to false rings [54–57]. In addition to false rings, irregular growth patterns
made some cores impossible to interpret. Despite these shortcomings, the Eastern red cedar
was selected for this study because it is the most widespread native conifer in Eastern
North America [31] and exhibits moderate salt tolerance [30].

Trees growing at low and high elevation in this study displayed different climate
sensitivities, in terms of the number of months with significant correlations and the
strength of the correlation coefficients. Eastern red cedar growth is typically correlated
with low summer temperatures, high summer precipitation, and high summer drought
indices [56,58,59]—trends which were also present in this study (Figure 3). However,
the chronology from high elevation only displayed significant correlations between June
(R = 0.343) and the previous August SPEI (R = −0.319), whereas the chronology from low
elevation was significantly correlated with low temperatures in June (R = −0.378) and July
(R = −0.407) and a high SPEI in June, July, and August (0.398 < R < 0.510). Differences
in saltwater flood exposure is a likely mechanism of this climate sensitivity divergence, a
hypothesis that is also supported by differences in soil chemical composition.

The impact of sea level rise on growth response in coastal trees was examined using
tidal water level, a variable not included in other published studies of the Eastern red cedar.
Partial correlation analysis results indicate that water level is an important driver of annual
tree growth with significant negative correlations occurring between both the chronologies
from high and low elevation and the water level for April and August. The duration of the
correlation extends into May for the low elevation analysis and is found in the previous
September in the high elevation analysis (Figure 3). These results support other studies
indicating that sea level, and therefore flood exposure, are important controls of growth in
coastal forest systems [11,60], and that these effects may extend beyond the range of tidal
influence [60].

According to the moving response function analysis, the drivers of growth in the
Eastern red cedar varied over time and differed between elevation classes, with the high
elevation response lagging behind the low elevation by approximately 10 years. The
negative correlation between spring water level and RWI for low elevation trees, rapidly
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increased in strength, becoming statistically significant as the window of analysis shifted
from 1982 to 1986 (Figure 4). Spring water level then became the dominant driver of growth
as correlations with climatic variables weakened and lost statistical significance, while the
correlations with water level became increasingly negative. The same trends appear in
the high elevation trees as the correlation between RWI and spring water level hovered
around zero for study windows starting in 1981–1991. Then, correlation coefficients became
increasingly negative, reaching statistical significance by 1994. These results are important
because they indicate that tree growth response to rising sea level can occur rapidly, before
visible signs of stress become apparent. These temporal thresholds will likely be important
for predicting changes in forest vulnerability to stress and retreat.

This study did not include channel water salinity in the correlation analysis due
to data availability, but increased salinity has been known to cause decreased annual
growth [29,61,62]. Although counterintuitive, pulses of salinity have also been correlated
to increased annual growth in the initial stages of salinization [60], leading researchers to
hypothesize that surviving trees may benefit from reduced competition [63] and enhanced
primary productivity [64], due to increased inorganic N and P availability [65,66] in the
early stages of salinization. This hypothesis might also explain why the lower elevation
trees in this study did not consistently grow less compared to high elevation trees on
average (Figures 5 and 6). Lower elevation trees in this study, however, showed greater
visible signs of stress, including fewer limbs and needles. Fewer needles would demand
less water and nutrients, and this could make low elevation trees more resistant to pulse
disturbances, such as storm surge or windthrow events, than their fuller counterparts at
higher elevations.

5. Conclusions

The growth response of the Eastern red cedar to flooding and subsequent stress along
an elevation gradient was explored with dendrochronology, rapid tree stress assessment,
and soil samples. Trees growing at low elevation (<1.2 m NAVD88) had greater stress scores
based on visible signs of stress, including small or wilted needles, dead or missing limbs,
tipping, flaking and discolored bark, and foliage discoloration, than their higher elevation
counterparts. Low elevation soil had more soluble salts, potassium, magnesium, sodium,
iron, sulfur, boron, cation exchange capacity, organic matter, and ammonium nitrogen, with
some parameters above the toxicity threshold. Trees at both elevations displayed climate
growth relationships typical for the species, including favorable responses to cool, wet
summers, but climate sensitivity was higher in low elevation trees. High tidal water levels
in the spring and fall were associated with reduced annual growth, regardless of elevation.
Early in the chronologies, tidal water level had little effect on tree growth. However,
as the sea level rose, the water level became increasingly correlated to reduced annual
growth, eventually becoming a more significant driver of growth than climate. This shift
in the importance of water level as a driver of growth in the high elevation forest lagged
approximately 10 years behind the low elevation forest, with growth responses occurring
ahead of visible signs of stress and changes in soil composition. Despite obvious signs of
stress and forest decline in the low elevation forest, Eastern red cedars often outperformed
their higher elevation counterparts, particularly in years following wet falls. In a salinizing
system, the Eastern red cedar may benefit from reduced competition under favorable
conditions. This study indicates that shifts in drivers of growth in the Eastern red cedar—a
hardy and widespread species—from climate to tidal water level may serve as sentinels of
change in coastal landscapes as climates change and sea levels rise.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13060862/s1, Table S1: Rapid stress assessment example; Table S2:
Soil sample results; Data S1: High Elevation Tree Ring Measurements.csv; Data S2: Low Elevation
Tree Ring Measurements.csv.

https://www.mdpi.com/article/10.3390/f13060862/s1
https://www.mdpi.com/article/10.3390/f13060862/s1
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