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Abstract

Ecological zonation in coastal forests is driven by sea level rise and
storm-surge events. Mature trees that can survive moderately saline conditions
show signs of stress when soil salinity increases above its tolerance levels. As
leaf burn, foliar damage, and defoliation reduce tree canopy cover, light gaps
form within the crown. At the forest-marsh edge, canopy cover loss is most
severe; trunks of dead trees without canopies form “ghost forests.” Canopy
thinning and light from the edge alter conditions for understory vegetation,
promoting the growth of shrubs and facilitating establishment and spread of
invasive species that were previously limited by light competition. In this
research, we present an analysis of illuminance and temperature in a coastal
forest transitioning to a salt marsh. Light sensors above the ground surface
were used to measure light attenuation of trees and understory vegetation and
to observe the effect of reduced canopies at the forest-marsh edge. Farther
from the marsh, where salinity is lower and trees are healthy, dense canopies
attenuate light. We estimate that during the growing season, tree canopies
intercept 50% of illuminance on average. Closer to the marsh, canopy thin-
ning, and tree death allow greater light penetration from above, as well as
from the adjacent marsh. These illuminance values are further increased
by light penetration from the forest-marsh edge (edge effect). Here, higher
illuminance may permit Phragmites australis expansion. At intermediate loca-
tions, trees intercept between 32% and 49% of light and the understory shrub
Morella cerifera intercepts a further 45% of penetrating light based on compari-
sons of illuminance above and below shrub canopies. Light penetration from
the edge can also be felt. The presence of M. cerifera reduces the air tempera-
ture close to the soil surface, creating a cooler summer microclimate. The tree
health state is reflected in the canopy size. The canopy patterns and the edge
effect are responsible for light availability distribution along forest-marsh
gradients, consequently affecting the understory vegetation biomass. We con-
clude that during forest retreat driven by sea level rise, tree dieback increases
light availability favoring the temporary encroachment of Ph. australis and
M. cerifera in the understory.
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INTRODUCTION

Sea level rise and storm surges are the main drivers of
coastal forest retreat and consequent marsh expansion
(Desantis et al., 2007; Doyle et al., 2010; Fagherazzi
et al., 2019; Kearney et al., 2019; Kirwan & Gedan, 2019;
Schieder & Kirwan, 2019; Tully et al., 2019; Nordio et al.
2023). Salinization results in the mortality of trees and
emergence of ghost forests. Trees dieback triggers major
changes in light regime as coastal forest transitions to salt
marsh. Changes in the light availability of salt-stressed for-
ests have been little studied in comparison with variations
in soil salinity. However, these changes have important
effects on understory vegetation establishment and growth
that may determine ephemeral or long-lasting stages of tran-
sition through ecological dynamics such as priority effects.

Trees affected by salinization and flooding show clear
signs of stress. High salinity can cause leaf burn, foliar dam-
age, defoliation, and tree mortality (Kotuby-Amacher
et al., 2000). In flooded and high-salinity conditions, when
soil water potential drastically decreases, trees reduce carbon
assimilation, stomatal conductance, and consequently their
photosynthetic activity (Antonellini & Mollema, 2010;
Johnson & Young, 1993; Munns & Tester, 2008;
Pezeshki, 1992; Poulter et al., 2008; Williams et al., 1999;
McDowell et al. 2022). Seedling and germination stages
are the most sensitive to salinization and flooding events
(Woods et al., 2020). Frequent flooding and salinization
eventually kill mature trees generating new patterns in the
canopy openness, although different tree species exhibit
different salinity tolerance levels (Conner et al., 2007).

Forest gap formation and light availability in
non-salt-stressed forests have been widely documented
in previous studies, for example (Beaudet et al., 2004;
Canham, 1988; Canham et al., 1990, 1994, 1999;
Comeau, 2000; Duursma & Mikeld, 2007; Lieffers et al.,
1999; Montgomery & Chazdon, 2001; Ni et al., 1997; Nicotra
et al., 1999; Rissanen et al., 2019; Rosema et al., 1992;
Stenberg, 1996; Tang et al., 2019; Whitmore, 1989). Canopy
gaps are preferential ways for radiation penetration, and
even in very dense forests, light penetration through the
canopy (sum of diffusive and direct radiation) is around 2%
(Canham et al,, 1990). Gaps provide microenvironmental
conditions in terms of light, water content, and temperature,
favoring the establishment of shade intolerant species
(Yamamoto, 2000).

Plants growing in forests stressed by flooding and
salinization respond to changes in the light regime that

occur as the canopy opens. Canopy openness and light
transmittance strongly correlate with understory species
richness, suggesting that light availability is among
the main drivers of biodiversity in such environments
(Dormann et al., 2020; Walters et al., 2021). Exotic plant
species can quickly encroach, diversifying the in situ
biodiversity. For example, Phragmites australis is among
the first invaders, arriving before native salt marsh
species (Carr et al., 2020; Shaw et al., 2022; Smith, 2013).
Dense understory vegetation can also limit light transmit-
tance to the ground surface, slowing additional vegeta-
tion growth (Beaudet et al., 2004).

Typically, higher light availability is present along a
forest edge (Delgado et al., 2007; Pohlman et al., 2007). In
tropical forests adjacent to creeks, light intensity is high
in comparison with forests adjacent to anthropogenic
edges, and the edge effect extended 50 m into the forest
(Pohlman et al., 2007). Delgado et al. (2007) showed that
between 70% and 96% of the total light received at a
forest edge was filtered at 100 m in the interior of a laurel
and pine forest. In the case of salt-stressed forests,
reduced canopies at the forest-marsh edge enhance lateral
light penetration, and higher light conditions can occur at
a greater distance from the forest edge than in a typical
forest. This extended edge effect may be beneficial for
some species at specific locations. For example, greater
light availability was considered beneficial for mature trees
at the forest-marsh ecotone in coastal forests along the
Long Island Sound, where tree growth at the edge
exceeded that of the forest interior (Field et al., 2016).
Positive effects may also be ephemeral, resulting in
higher growth of trees that ultimately become stressed
and die, as ghost forests expand (Haaf et al., 2021).

At the forest edges, higher temperature values were
also detected (Delgado et al., 2007; Pohlman et al., 2007).
Pohlman et al. (2007) measured a temperature increase
near the soil of 2°C in a forest-highway edge in the
Wet Tropics World Heritage Area of northeastern
Queensland, Australia. Where the salinity values are
higher, high temperatures worsen soil conditions and the
photosynthetic response of native trees by increasing
evaporation (Jolly et al., 1993; Munns & Tester, 2008).
The effects of temperature can be weakened by canopy
shading, both for overstory and understory vegetation.
Canopy shading was found to be beneficial to limit
evapotranspiration (Raz-Yaseef et al., 2010). A change
in canopy cover from 10% to 100% would decrease soil evap-
oration from 150 to 86 mm/year. Understory vegetation
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mitigates temperature effects as well, establishing new
microclimate conditions (D’Odorico et al., 2010, 2013;
Huang et al., 2018; Stickley & Fraterrigo, 2021). Shrubs
also reduce cold induced mortality, making the understory
temperature conditions warmer (Huang et al., 2018).

As far as we know, few studies have focused on estimat-
ing light availability in coastal forests affected by sea level
rise. Walters et al. (2021) used light sensors to detect illumi-
nance values in a marshland/forest continuum, where a
portion of the forest was experimentally clear-cut. Zhu et al.
(2003) used hemispherical images to estimate direct and dif-
fuse light in coastal forested areas affected by thinning treat-
ments. Here, we present illuminance and temperature data
collected in a coastal forest in Virginia, USA, and compare
light availability between different ecological stages of forest
dieback. We compare light data with ecological parameters
at the site to determine how light penetration is affected by
damage in the forest canopy caused by salt-stress, as well as
by the resulting variations in forest understory vegetation
structure. Moreover, we shed light on the edge effects
driven by light entering from the forest-marsh boundary
and their link with the new establishing vegetation.

STUDY AREA

Our research focuses on a coastal forest bordering a salt
marsh in Nassawadox, Delmarva Peninsula (VA, USA)
(Figure 1). The forest covers a 3-ha area with an average
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elevation of 1 m on NAVDS88 (North America Vertical
Datum) and a distance from the salt marsh ranging from
100 to 300 m. The forest is dominated by loblolly pines
(Pinus taeda) that, depending on their distance from the
salt marsh, are more or less affected by salinization and
flooding events. Where these events are less intense
and less frequent, trees do not show apparent signs of
stress in their canopies. We observationally divided the
forest into three zones: (1) low forest, the closest to the
marsh, is characterized by barren or dead trees, and
Phragmites. australis is the dominant understory species;
(2) mid-forest, at a distance of around 150 m from the
forest-marsh boundary, where trees and shrubs (Morella
cerifera) coexist, and gaps in the forest canopy are present
caused by occasional dead trees or fallen branches; and
(3) high forest, at a distance of 300 m from the
forest-marsh boundary, where healthy trees are present
with a dense canopy. Six different forested sites are con-
sidered in the analysis. Two in the high forest, H5 and
H7; two in the mid-forest, M1 and M2; and two in the
low forest, L1 and L6 (Figure 1b).

DATA AND METHODS
Light data

Iluminance (lumens per square meter) and temperature
(in degrees Celsius) data were collected every two hours

,,,,,
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K boundary
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Salt marsh A
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FIGURE 1 (a)Study area and (b) the different ecological zones in the coastal forest. Images from ESRI (Environmental System

Research Institute) Satellite Imagery (March 3, 2013).
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at each site from June 2021 to May 2022. These data can
be found in the VCR-LTER (Virginia Coast Reserve-Long
Term Ecological Research) portal (ID: VCR22344)
(Fagherazzi & Nordio, 2022; Nordio & Fagherazzi, 2022).
For each site, four HOBO pendant sensors by ONSET were
installed on two poles. Two sensors at 30 cm (low sensors)
and 2 m (high sensors) were fixed perpendicularly to the
pole through two brackets. The brackets were oriented
toward the south. The pole locations at each site were cho-
sen according to two criteria: (1) representative of the in
situ ecology and (2) open to ambient light penetration
(i.e., not too close to trees or tall shrubs). The poles were
called using the site name and the subscription _1 and
_2 to characterize the pole 1 and the pole 2 in the same
forested areas (for instance in H5: H5_1 and H5_2).
Photos of the locations of the poles taken in May 2022
are shown in Appendix S1: Figures S1-S3. The illumi-
nance and temperature data were first filtered to day-
light hours between 10:00 am to 4:00 pm. This allowed
comparison of the mean of the maximum values
reached during the day, emphasizing inter-site differ-
ences. An analysis with all values would risk homoge-
nizing the data, since no or very low illuminance is
detected outside of these hours.

HOBO light sensors were chosen because they are
inexpensive, easy to use, and able to collect both temper-
ature and illuminance values (Long et al., 2012). Their
reduced size and price make them a good choice in
an environment affected by storm-surge events and
strong gusts that threaten the instruments functioning.
Iluminance values collected by these sensors are the
sum of the sky radiation components, the downward
reflected beam radiation, and the transmitted beam radi-
ation (Hutchison & Matt, 1976). Moreover, illuminance
measurements directly collected by each sensor, rather
than photosynthetic active radiation (PAR), were suffi-
cient for sites comparison, according to the procedure
followed by Walters et al. (2021). Below-canopy illumi-
nance measurements were compared with radiation
values collected at VCR-LTER Oyster station (OYSMET)
and reported in the VCR-LTER portal dataset (ID:
VCR97018) (Porter et al., 2022) to estimate tree canopy
attenuation. At this station, radiation was measured in
an open space, free from obstacles, and it is considered
herein as a proxy for the radiation that reached the top of
the canopy. Radiation was converted to illuminance
according to Michael et al. (2020).

The filtered data were daily averaged, and values
from cloudy days were removed from the dataset. Cloudy
days were identified using Visual Crossing-Weather data
portal in the weather stations around Nassawadox (VA).
We excluded from the analysis days during which the
cloud percentage was higher than 50%. Clouds modulate

surface solar radiation in a very complex manner
depending on clouds type. Gu et al. (2001) found that
cloud cover triggers a twofold effect on surface irradi-
ance with a 50% attenuation and a 14% enhancement
by scattering and diffusion. The average duration of
enhancement periods was about 1/3 of the average dura-
tion of attenuation periods. This brief time is sufficient to
affect chemical processes but not necessarily the stomata
response. Due to this complexity, we decided to filter the
data based on cloud cover.

Ecological data

Light data were coupled with ecological data collected in
2021 and 2022 and reported in the VCR-LTER portal
dataset (ID: VCR22354) (Gedan et al., 2021) (Table 1).
Trees greater than 5 cm dbh were censused inside
20 X 20m plots in each forest site (Gedan et al., 2021).
For each tree, DBH was measured at 1.37 m from the tree
base. Basal area, considered the most significant variable
describing the difference between forest stages, was then
calculated. In the high forest 91%-95% of the basal area
consisted of Pi. taeda species, in the mid-forest around
78%-82% and in the low forest 34%-57%. In this latter,
Juniperus virginiana is the other dominant species
(Gedan et al., 2021). Tree health was also ranked on a
0-10 scale based on canopy integrity, where O signifies
a dead tree and 10 a perfectly full canopy. Regardless of
tree species, the average basal area (in square meters per
hectare) of healthy trees (i.e., health score >6, with only
partial signs of stress) was considered in the analysis.
Tree data were integrated with tree leaf area index (LAI)
measurements. LAI data were collected between May
2021 and May 2022 using LAI-2200C Plant Canopy
Analyzer (LI-COR, Lincoln, NE). For each month, three
measurements were taken directly above the center of
each study site, recording tree canopy LAI. A monthly
mean for high-, mid-, and low-forest sites was considered
in the next analysis. Shrub species were identified in a
2-m-radius circle around the center of each site (Gedan
et al.,, 2021). We concentrated on the dominant species
M. cerifera, which constituted 99% of all shrubs recorded.
Shrub basal area, height, and canopy width were
recorded. In 2022, canopy width at 1 m from ground
surface and number of stems of M. cerifera were measured
in a circular area of 5-m diameter around each sensor pole
and used to calculate coverage (in square meters per
hectare) (Table 1; Appendix S1: Figures S1-S3). In 2022,
trees, M. cerifera shrubs and invasive vegetation stems
were counted in a circular area of 5 m diameter around
each sensor pole (Table 1; Appendix S1: Figures S1-S3).
We concentrated our analysis on the Ph. australis species,
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TABLE 1 Vegetation data (number of individuals) in a 5-m radius around each sensor.

Site Pole ID Morella cerifera
HS5 H5_1 7
H5_2 15
H7 H7_1 8
H7_2 3
M1 Mi_1 31
M1_2 10
M2 M2_1 11
M2_2 14
L1 L1.1 0
L1.2 0
Lé L6_1 0
L6_2 0

Trees (all species) Phragmites australis
0 0
0
22
128

13

317

630
555

78
381

W W O W W N & = W =
(=]

the most dominant invasive vegetation that first invades
the stressed forests and precedes marsh expansion.
Average density of the Ph. australis stems (in numbers per
square meter) was finally computed.

In addition, biomass of understory vegetation
(M. cerifera and Ph. australis) was calculated using
published allometric equations. M. cerifera biomass
was estimated using the Sah et al. (2004) equation, with
crown area and stem height as independent variables.
Crown area was calculated as circular and considering
the average canopy width at 1 m height. This latter
variable and an average stem height at each site was
calculated from data collected by Gedan et al. (2021) and
used in the equation. Ph. australis biomass was calculated
using the Kauppi et al. (1983) equation, using stem
height as the independent variable. From observations in
the field, average Ph. australis height was 1.80 m at these
sites.

Statistical approach

Iluminance and temperature data collected at 2 m and
30 cm above the ground surface were daily averaged.
Data from H5 and H7 were combined to represent the
high forest, M1 and M2 to identify the mid-forest and L1
and L6 the low forest. One-way ANOVA and post hoc
Tukey test (95% confidence level) were used to test for
differences between high-, mid-, and low-forest illumi-
nance and temperature values for each month. According
to Nicotra et al. (1999), the autocorrelation between light
measurements ceases to be significant at an inter-plot
distance of 20 m. Becker and Smith (1990) determined
that in a tropical wet forest, the spatial autocorrelation

between solar radiation measurements is low for distances
between 2.5 and 22.5 m depending on season. Other
ecological studies suggest a 5-10-m threshold for inter-
plot distance in order to consider the data independent
(Becker & Smith, 1990; Dale & Fortin, 2009; Wagner &
Fortin, 2005). Our sensors were more than 20 m apart so
that illuminance and temperature can be considered inde-
pendent, satisfying the main assumption for the ANOVA
test. Using illuminance values calculated at the top of
the tree canopy, we measured light attenuation at 2 m,
representing the tree canopy effect, and 30 cm, representing
the understory vegetation effect, and reported the results for
each season. Solar altitude angles were correlated with
mean illuminance values for each month to better compare
light dynamics in the different forested areas. Mean
monthly solar altitude angle (considering data between
10:00 am and 4:00 pm) was calculated from the mean
latitude of the study site (¢), the solar declination
angle (8), and the mean hour angle (y) between
10:00 am and 12:00 pm, with y = 2xt/24 (where ¢ are
hours after solar noon), according to the equation
cos0 = sin@sind + cos@cosdcosy (Monteith & Unsworth,
2013). The correlation between solar angle and canopy
attenuation due to trees or shrubs was then studied. Mean
illuminance values were compared with ecological parame-
ters averaged by forest level: tree LAI, tree basal area
(in square meters per hectare), M. cerifera coverage
(in square meters per hectare), and Ph. australis density
(in numbers per square meter). Finally, linear regression
analyses were conducted with temperature and illumi-
nance as predictors and understory biomass (in grams
per square meter) as response variable. Since four
independent hypotheses were tested, Bonferroni’s cor-
rection was used. The original significant level o of
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0.05 is therefore corrected at 0.0125 for the tests
(a/number of independent tests).

RESULTS
INluminance and temperature trends

Monthly illuminance and temperature measured in high,
mid-, and low forest vary considerably throughout the
year (Figures 2 and 3). In the high sensors, the illumi-
nance values significantly differed among sites (p < 0.05)
and presented high variance from June to August and in
April. Maximum median illuminance in the high sensors
was reached in July with 50,000 Im/m? in the high forest,
65,000 Im/m? in the mid-forest, and 110,000 Im/m? in the
low forest. In the same month, the illuminance values
measured by the low sensors were quite similar. During
winter and fall, illuminance decreased, and consequently
so did the difference among the three sites (Figure 2a).
Iluminance values measured at the low sensors suggested
a similar trend. During summer and spring, illuminance
in the low forest was significantly higher than in the other
forest levels (p < 0.05). During winter and fall, illumi-
nance values in the mid-forest were significantly lower
than those reached in the other levels (p < 0.05)
(Figure 2b). In this period, the median illuminance mea-
sured in the low sensors, around 10,000 lm/m?, was on
average half the illuminance measured with the high
sensors. Temperatures measured by low sensors in the
mid-forest tended to be always lower than in the other
forest levels (Figure 3b). In particular, they were on
average 4% and 6.5% lower than high- and low-level sen-
sors, respectively. During summer and spring, tempera-
tures in the low forest sites, collected with both high
and low sensors, were significantly higher than those in
the other sites (Figure 3). As with illuminance, differ-
ences in temperature were reduced in winter and fall.
Although illuminance was overall more variable across
the seasons and differed more among forested sites than
temperatures, temperature was highly correlated with
the illuminance measured by the high sensors
(R? > 0.75, p < 0.5 not shown here).

All forest levels displayed illuminance attenuation by
the forest canopy. The largest attenuation was measured
in the high forest, at about 50%. In the low forest, illumi-
nance attenuation was around 25% during the summer
season (Figure 4a). Illuminance attenuation due to
understory vegetation reached maximum values in each
forested area in fall. Over the seasons, illuminance
attenuation due to understory vegetation is higher in the
mid- and low forests than in the high forest. During sum-
mer, understory vegetation in the low forest attenuated

illuminance from the high sensors more than in other
seasons (Figure 4b). During the other seasons, illuminance
attenuation by understory vegetation was higher in the
mid-forest.

Correlation between illuminance and
angle of solar radiation

Correlations between monthly mean illuminance and
monthly mean solar altitude angles are shown in
Figure 5. When solar angles were low, illuminance values
in the high sensors were similar in the three forest levels
(Figure 5a). When solar angles were high, illuminance
values tended to be significantly different among the
high, mid-, and low forests. A critical solar altitude angle
B¢ = 43° was identified. For angles higher than this
value, mean monthly illuminance values measured in the
three forested areas diverge. In particular, when solar ele-
vation angles are higher than 6, illuminance was sig-
nificantly greater (p < 0.05, ¢ test result) in the low forest
than the high forest. This difference is supposed to be
driven by higher canopy attenuation in the high forest
during the growing season and edge effects felt in the low
forest. For values lower than 0., illuminance measured
with the low sensors in the mid-forest was always lower
than illuminance in the high and low forest (Figure 5b),
as a result of shrub canopy attenuation. In mid-forest
sites, where the estimated shrub biomass of Morella was
higher compared with Ph. australis (M1_1, M1_2, M2_2;
Table 1), the difference in illuminance values between
high and low sensors was correlated with solar angles
lower than 0. (Figure 5c). As a result, as solar altitude
angles increased, the difference in illuminance between
high and low sensors significantly increased (Figure 5c).

Illuminance and vegetation

Average illuminance was related to ecological parameters
collected in summer 2021 (Figure 6). The largest basal
area of healthy trees was measured in the high forest,
where mean illuminance values were 40,000 Im/m? on
average. The lowest values of tree basal area were mea-
sured in the low forest, where illuminance values in the
high sensors were maximum, reaching about 60,000 Im/m*
(Figure 6a). A similar correlation can be seen between illu-
minance values and monthly LAI (Figure 6b). In the high
forest, higher LAI values around 1.7 were linked to lower
illuminance in the high sensors, while significantly lower
LAI values in the low forest of 0.88, were linked to higher
illuminance values. LAI values detected in the high
and mid-forest were not significantly different. Figure 6¢
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FIGURE 4 Daily averaged illuminance attenuation over the seasons in high, mid-, and low forests from (a) top of the canopy to high
sensor and (b) high sensor to low sensor. The letters above each boxplot denote the results of a post hoc Tukey test, indicating significant
differences between zone categories for each season. See Figure 2 caption for further details.

suggests that M. cerifera shrubs affect the average illuminance
values measured in the low sensors in the mid-forest sites.
High illuminance values measured by the high sensors
of the low forest sites promote a high density of Ph.
australis (Figure 6d). In fact, in the low forest sites, Ph.
australis density reached a maximum of 21.5 stems/m?,
whereas in the high and mid-forests, where illuminance
values were low, Phragmites density was between 3 and
5 stems/m®.

Additional analysis to relate the biomass of under-
story vegetation for each site with abiotic conditions of
temperature and illuminance is shown in Figure 7.
Linear regression analysis, with average illuminance
and temperature as independent variables, significantly
explained biomass, whether high or low sensor measure-
ments were used as the predictor variables (R” > 0.5,

p < 0.0125) (Figure 7). Biomass and temperature in the
low sensors were the least correlated with R” = 0.48
and p = 0.0125 (Figure 7a). Even if temperature and illu-
minance values correlated with one another (not shown;
R? > 0.6, p < 0.0125), the illuminance-biomass and
temperature-biomass relationships allow to better investi-
gate the attenuation effects of the trees and understory
vegetation.

From Figure 7a,c we can recognize how vegetation
affects illuminance and temperature. In the mid-forest
sites M1 and M2, the high percentage coverage of
M. cerifera reduces both illuminance and temperature
measured by the low sensors. This effect is also evident in
the biomass-temperature relationship for the low sensors
(Figure 7a). For instance, M2 had a high density of both
M. cerifera and Ph. australis stems. Here, even if the
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FIGURE 5 Illuminance versus solar altitude angle in (a) high
sensors and (b) low sensors, but only below the critical solar
altitude angle reported in (a). (c) Difference of illuminance between
high and low sensors in the mid-sites where shrubs are more
abundant than Phragmites. Colored shaded areas in (a) and

(b) describe the range of data around the mean. Gray-shaded areas
in (c) identify the 95% CI of linear regression.

biomass value was as high as the value calculated in the
low forest site L6 (between 25 and 125 g/m?), the temper-
ature values were between 4% (M2_2-L6_1) to 7%
(M2_1-L6_2) lower. A similar difference can be seen
between H7, mostly dominated by Phragmites, and M1,
mostly dominated by M. cerifera. On the other side, the
highest illuminance reduction can be found in M2, where
values are between 14% and 25% lower than L6 (Figure 7c).

DISCUSSION

Monthly illuminance and temperature were significantly
different across a transect perpendicular to the marsh-forest
boundary. In particular, high sensors located at 2 m above
the ground surface allowed quantification of light attenua-
tion by the tree canopy, while low sensors at 30 cm effec-
tively described the understory shrub effect in intercepting
solar radiation penetrating the tree canopy. Although the
analysis was carried out on a dataset limited both in space
and time, the results obtained are encouraging and can
be used to characterize light dynamics along a coastal
forest-marsh gradient. Future research will estimate
changes in light patterns over time during forest retreat.
The results are concisely summarized in Figure 8.

Light interception: Tree canopy and
understory vegetation

The light environment is strongly influenced by canopy
and understory light capture (Messier et al., 1998). In
our data, healthy tree canopies reduced illuminance
values by 40%-54%, while understory vegetation absorbed
23%-45% of the transmitted light. We found that a major
factor in the attenuation of understory light was the
abundance of M. cerifera. Differences between tree and
understory vegetation attenuation were further related to
LA, intra-leaf shading effects, and leaf angle differences
as we describe in more detail below.

LALI is essential to the estimation of light attenuation
due to canopies. According to Duursma and Mikeld
(2007), in idealized single tree’s light interception
depends on total crown size and increases as leaf area
increases. Larger crowns have less self-shading effects;
thus, light interception per unit of leaf area is higher. In
experiments carried out on unmanaged Pinus contorta
forests in the Rocky Mountains, Sampson and Smith
(1993) showed the chief role that LAI plays in light pen-
etration, followed by foliage aggregation, average leaf
inclination angle, and vertical distribution of foliage. In
particular, their measurements suggested that the extinc-
tion coefficient (measuring light attenuation through a
medium) decreased from 0.70 to 0.28 as LAI increased
from 1.5 to 4.5, due to foliage overlapping and foliage
self-shading. Heterogeneous canopies are characterized by
open gaps, facilitating light penetration in the forest
understory (Duursma & Mikeld, 2007; Ni et al., 1997).
Light penetrating through gaps can encourage photosyn-
thetic activity of understory vegetation. Sensors placed
in the understory of a coniferous and broadleaf forest
showed that light transmittance during the growing sea-
son increases with gap fraction, according to a factor of
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Gray areas describe the range of data around the mean.

1.33 (Comeau, 2000). Light interception is higher in the
high forest, since trees have larger basal area and higher
LAI (Kashian et al., 2005). In our study site, where tree

crowns are large and the canopy is not dense, light
interception is high when LAI is high, and the shading
effect of foliage is weak. In the low forest sites, LAI was
minimal, many tree canopies were barren, and light
reached the high sensors with little attenuation.

Our results agree with those of Martens et al. (2000),
who simulated understory light in a grassland/forest con-
tinuum in plots with isolated or aggregated tree configu-
rations and variable tree heights and canopy covers. They
showed that transmitted photosynthetically active radia-
tion decreased when the percentage cover in the contin-
uum increased from 0 to 81%. Moreover, they suggested
that understory light in inter-canopy plots (gaps) was less
variable than in canopy plots and that tree height
decreased the transmitted radiation to the understory.

Light transmitted to the understory is intercepted and
attenuated by the tallest understory vegetation. We
observed a shading effect of tall understory species like
shrubs and Ph. australis, which would likely inhibit the
colonization and growth of other herbaceous and short
stature species. According to Brantley and Young (2007),
M. cerifera is characterized by high LAI that significantly
reduces the light penetration in shrub thickets. They esti-
mated LAI values in young stands between 9.8 and
12.5 m?*/m in a shrub area in Hog Island Bay. We esti-
mated the effect of M. cerifera shrubs by quantifying
reductions in light penetration over the seasons. Here the
maximum light attenuation of around 45% was reached
in fall, when M. cerifera biomass reached its peak
(Griffin & Blazich, 2008). In the low forest Ph. australis is
abundant, with very few other species. The presence of
only two understory plants underscores the high stress
level triggered by salinity and frequent flooding. In a dif-
ferent environment richer in understory species, the light
attenuation would be affected by the variable shading,
attenuation, and reflection of each plant. Illuminance
values are therefore a function of biodiversity richness,
physical characteristics of vegetation species, and their
health state. However, we would expect to see a similar
general trend, with less understory vegetation and related
attenuation in the healthy forest and more understory
vegetation and attenuation in the disturbed forest.

Light attenuation varies with seasons. During the
growing season, vegetation stems and leaves reduce
transmitted light. This effect is weaker in the
non-determining what new vegetation species can
encroach in this area growing season when leaf area is
reduced. Although Pi. taeda is an evergreen, its growing
season is in spring and summer; Ph. australis peak
growth is between June and September; M. cerifera
blooms in spring and sets seed in summer, reaching peak
biomass in fall (Griffin & Blazich, 2008). Therefore, we
generally expected and observed maximal tree canopy
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attenuation in spring and summer, and maximal under-
story attenuation in fall.

Light transmission to understory varies over the
months depending on solar elevation angle. Using
quantum sensor measurements and fish-eye photographs
Canham et al. (1994) found that light transmission is
higher for higher solar elevation angles due to the large
canopy openness overhead, with short light path length
through crowns. For angles closer to the horizon, light
transmission is limited due to leaf interception. They also
showed that at latitudes of ~39° N-42° N, most radiation
overhead originated from solar angles ranging from 15° N
to 50° N from the zenith (~40°--75° elevation). Canham
et al. (1999) further showed that at higher latitudes (55° N)
canopy openness directly overhead was between 20% and
70%, and that most light transmission to the understory
originated for solar angles ranging from 35° to 60° from
the horizon. Canham et al. (1994) also reported that for dif-
ferent closed forested stand types, the gap light index (the
percentage of light transmitted to the understory vegetation
excluding the beam enrichment) ranged from the 0.5 to
5 at 1 m height beneath the tree canopy, while from 0.5 to
8 at the ground level. Trentini et al. (2017) measured light
transmission in a Pi. taeda forest in Argentina, character-
ized by different canopy openness. They showed that for

canopy openness variable from 8% to 14% the light trans-
mitted to the understory varied from 15% to 25%. Our
results partially confirm those presented in Canham et al.
(1994) in temperate forests at similar latitudes. In our study
site, light transmission to understory vegetation occurs for
solar elevation angles ranging from ~22° (68° from zenith)
in December to ~60° (30° from zenith) in June, with maxi-
mum values reached for angle higher than 0 = 43°
(30°-47° from the zenith). Here, the percentage of light
measured at 2 m above the ground surface is between 45%
and 76%, respectively, in high and low forests (Figure 8).
For angles lower than 0., a significant difference between
light transmission in high, mid-; Nordio et al. 2023, and
low forests was not detected. For angles higher than this
threshold, light transmission in the low forest was much
higher. We think that this difference is the result of both
variations in canopy structure and edge effects at the
forest-marsh boundary. In the low forest, light penetrates
laterally from the marsh and compounds with higher pene-
tration overhead due to canopy dieback. Walters et al.
(2021) carried out a 5-year field experiment to simulate a
natural disturbance event by inducing the death of
established Pi. faeda trees. In their experiment, the light
level was consistently low in control plots in the high forest
(characterized by intact tree canopies) with an attenuation

puoD) pue swid I, oy 995 “[S70Z/80/#0] U0 ATBIqIT SUIUQ AO[1AN “ANSIOAIUL) UOISOE AQ 1T00L TSOY/Z001°01/10p/wio0 Kdjim Areaqrjoutjuos|euinofesa//:sdny woxy papeojumod ‘01 “bZ0C ‘SZ68051T

‘sdn)

119)/W0d" K[ 1M

ASULIIT suowo)) 9Aneal) ajqestjdde ay) Aq PaUIdA0S a1 SIIILIE Y 2SN JO SINI 10} AIRIqIT AUIUQ AB[IAN UO (SUOIIPUOD-P!



ECOSPHERE

| 13 of 17

Low forest

P el et -

Mid forest High forest

e

lluminance (Im/m?) I lluminance (Im/m?) IIIIuminance (Im/mz)I

1> m: 55 +44 x10°

12m:40+29x10°  l2m:33+23x10° |

130 cm:41+34 x10° 130cm: 3127 x10° 130cm:33+25x103 |

: 2 m: 24-46

TOC: 57 +28 x 103 Im/m? 130cm: 2344

<«
N
=\
-

=
v
X
AN

D
-

L

~——y

14

—
L
Za

v
»

/

Ve

Nl

\a\ &/

2m

30 cm

MR A/
U

australis

Attenuation (%)

XN
~ S

A

L)

Al

|
I I Attenuation (%)

I 2m: 40-54
: 30 cm: 23-35

Attenuation (%)
2m: 32-49

: 30 cm: 29-45

e

;l"‘ \

A\
S

S

Morella
cerifera

FIGURE 8 Summary of illuminance and attenuation values due to tree canopy and understory vegetation in the different forested sites.

The forest is dominated by Pinus taeda. The trees are healthy in the high forest and barren or dead in the low forest.

of ~80%. In the low and transition areas closer to the
marsh, the light attenuation was between 70% and 60%.
Through this study, we want to confirm the results
obtained in Walters et al. (2021) and provide a quantitative
assessment of the light conditions along this ecotone. To
determine how much light is available along the
forest-marsh boundary determining what new vegetation
species can encroach in this area is very important.
Moreover, these data are fundamental for ecological
models of forest retreat. We therefore believe that our data
are of great use for the scientific community.

Temperature and understory vegetation

Even if no significant differences were found in the tem-
perature values measured at 30 cm above the ground

surface, values in the mid-forest tended to be lower than
those in the high and low forest. Woodland vegetation
can modify the temperature regime, creating a microcli-
mate. In particular, beneath the forest canopy, ambient
temperatures exhibit a lower maximum and a milder
minimum relative to forest gaps. Canopies provide a shel-
tering effect for understory vegetation by reducing seed-
ling exposure to intense radiation and radiative cooling at
night (D’Odorico et al., 2010, 2013). Huang et al. (2018)
characterized the microclimate produced by M. cerifera
in a grassland. Below M. cerifera shrubs, daily tempera-
tures over the year were lower than in the grassland,
while during the nighttime, temperatures tended to be
higher. In shaded areas, evapotranspiration was 1.6 times
lower and temperature 6.4°C lower than in unshaded
areas (Webster & Day, 1993). Lower evapotranspiration
may limit soil salinization (Salama et al., 1999), positively
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influencing species with low-salt tolerance. This effect
could slightly temper the larger, negative effect of
shading by M. cerifera on understory species.

Light penetration and Ph. australis
encroachment: Edge effects

Light data coupled with vegetation data confirm forest
transgression and consequent marsh expansion in the
study site, describing the different successionary stages
of forest-marsh transition. In the low forest, maximum
values of illuminance and temperature were reached dur-
ing summer. The forest-marsh edge is essential in terms
of enhanced light penetration in the forest. This effect
was observed in the low forest, where high light availabil-
ity was the product of vertical and lateral light transmis-
sion. Light and temperature, the main drivers of
photosynthetic activity, promote growth of established
vegetation and the invasion of new species (Jobe IV &
Gedan, 2021). Ph. australis is the most common invasive
species in the North Atlantic coastal forests where
flooding events are frequent. Ph. australis often repre-
sents the first stage of forest conversion to salt marsh,
before marsh vegetation establishes in the dieback area. A
recent study conducted in Chesapeake Bay (VA) suggested
that although Ph. australis could survive in low-light envi-
ronments, the species thrives in high-light conditions
(Shaw et al., 2022). Maximum illuminance values reached
in the low-forest sites explain the large percentage cover of
Ph. australis. At the same time, the presence of this species
in site H7, where illuminance values are low, confirms
that Ph. australis can also colonize shaded areas, as indi-
cated by Shaw et al. (2022). In the low forest, we observed
almost exclusive dominance of this species. Data collected
at 30 cm show a significant attenuation of light by Ph.
australis compared with sensors at 2 m, a finding which
also agrees with prior observations (Chambers et al., 1999;
Hirtreiter & Potts, 2012).

Light availability and climate change

Light availability along the marsh-forest ecotone is
crucial for the expansion of invasive vegetation and the
establishment of marsh vegetation (Zhu et al., 2003).
The health state of trees and the canopy architecture
influence the light transmission to understory vegetation
(Canham et al., 1994), suggesting different light patterns
along the forest-marsh gradient. At the marsh-forest
boundary, where salinization and flooding events are
frequent, high illuminance to the understory vegetation
increases soil salinity through high evaporation. This leads

to additional canopy loss and inhibits the establishment of
tree seedlings (Kurz & Wagner, 1957). On the other hand,
new invasive species can facilitate tree germination and
sapling regrowth, decreasing soil moisture conditions and
groundwater tables where soil salinity conditions are toler-
able (Poulter et al., 2008). Higher illuminance from the
marsh edge contributes little to evaporation in the low for-
est, where higher illuminance due to canopy dieback dom-
inates (Zhu et al., 2003), but can be beneficial for sapling
regrowth in inland areas, where salinity and inundation
level are moderate (Nordio et al., 2024). Ph. australis prefers
high illuminance zones with high temperatures (Ekstam
et al., 1999) and expands in areas closer to the forest-marsh
edge (Jobe IV & Gedan, 2021; Shaw et al., 2022).

Recent work in ghost forests suggested that forest
retreat and marsh expansion may encourage large net
carbon emissions due to biomass mortality that is offset in
the short-term by increased soil carbon sequestration in
the new marshes, causing the coastal area to convert to a
carbon source (Kirwan et al., 2023; Warnell et al., 2022).

CONCLUSIONS

Overall, our results quantified the spatial and temporal var-
iability of illuminance and temperature along the
healthy-ghost forest continuum, shedding light on
the processes governing coastal forest retreat due to salini-
zation and flooding. In the healthy forest, where trees are
characterized by large basal area, the tree canopy intercepts
a large fraction of available light. For solar angles higher
than 43°, monthly mean illuminance significantly differs in
high, mid-, and low forests. A slightly higher maximum
illuminance in the mid-forest can be justified by lateral
light penetration (edge effect). In the low forest, closer to
the marsh, light penetration is due to the combination of
edge effect and canopy thinning. Light attenuation by
M. cerifera, was between 29% and 45% in the mid-forest
while the shading effect of Ph. australis peaked at 44% dur-
ing the growing season. Minimal attenuation occurred in
the low forest due to canopy thinning. Lateral penetration
of light encouraged the expansion of Ph. australis,
representing the first step of forest retreat. In the
mid-forest, the effect of denser M. cerifera canopies lowers
temperatures collected at 30 cm below the ground surface
of around 4%-6.5% in comparison with high forest and low
forest. This mitigating effect encourages the establishment
of new microclimates.
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