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RESEARCH ART ICLE

Can multi-species plantings alleviate abiotic stressors
to enhance Bald cypress restoration?
Victoria S. Ellis1, Taylor M. Sloey1,2

Restoration researchers and practitioners alike advocate for novel restoration approaches, informed by ecological theories and
principles, to enhance the likelihood of meeting restoration goals. Forested wetland restoration has historically focused on cre-
ating abiotic conditions that support the tolerance thresholds of desired species, but the stress gradient hypothesis provides
guidance for potential new strategies that use biotic interactions to ameliorate stressful abiotic conditions. In this study, we
tested whether multi-species planting approaches can be used to enhance the survival and growth of a target restoration tree
species, Bald cypress, along multiple abiotic gradients. We conducted a fully factorial controlled greenhouse experiment which
manipulated above- and belowground interactions between two species (Bald cypress and Soft rush), as well as light availability
and depth of inundation. Our findings showed that co-planting Bald cypress seedlings with Soft rush did not increase tree bio-
mass production or growth metrics (e.g. stem height and leaf area) under any exposed stress combination. Importantly, we
found that full-sun irradiance negatively impacted functional traits associated with the tree seedlings’ health and ability to pho-
tosynthesize. Our findings are important for consideration by practitioners as light is rarely the focus of wetland ecosystem res-
toration and degraded forested wetlands or restoration sites often have open canopies.

Key words: freshwater forested wetland, Juncus effusus, restoration, stress gradient hypothesis, Taxodium distichum

Implications for Practice

• Multi-species planting approaches, which aim to increase
a target species’ survival through facilitation by another
species, have not been thoroughly tested as a restoration
technique. Although facilitation was not observed
between Bald cypress and Soft rush in this study, the
potential of this novel approach deserves additional
exploration.

• Hydrology is often the focal driver controlling plant com-
munities in wetlands; however, light, specifically exces-
sive irradiance, is an important limiting factor to health
of Bald cypress seedlings.

• Plant functional traits associated with plant productivity
may show opposite responses to environmental stressors
compared to traits associated with plant health and nutri-
tional status.

• Moderation of irradiance may be necessary to enhance
Bald cypress seedling survival in disturbed or open-
canopy restoration sites.

Introduction

Effective restoration of the world’s degraded and destroyed for-
ested ecosystems has been identified as a focal area of concern
for the research community to combat climate change, alleviate
the biodiversity crisis, and protect the services these ecosystems
provide (United Nations Framework Convention on Climate
Change 2010; United Nations 2023). Forested wetlands
(e.g. bottomland forests, swamps, and mangroves) in particular
are valued for their large contribution to carbon storage relative

to their small area coverage (Laffoley & Grimsditch 2009;
Donato et al. 2011), giving urgent impetus for the effective res-
toration of these systems. Several forest and wetland restoration
efforts have documented complications that prevent projects
from meeting restoration goals (Fagan et al. 2020). Complica-
tions may be due to the inability to recreate proper hydrological
and abiotic conditions that support vegetation (Caldwell
et al. 2011), the low survival of planted seedlings (Wodehouse
& Rayment 2019), or resistance to newmethods and approaches
(Stanturf et al. 2001). Further, unsuccessful restoration projects
are rarely documented, which limits the ability to effectively
enact adaptive management or learn from previous mistakes
(Lewis 2005).

Recent advances in the field of restoration ecology have
placed a greater emphasis on the need for novel science-backed
restoration approaches that use ecological theory to maximize
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projects’ ability to meet ambitious restoration goals. Examples
of these novel approaches include the use of mixed-species
plantings, which has been shown to accelerate the recovery of
biodiversity and ecosystem function (Kanowski & Catterall
2010; Alexander et al. 2011; Gerber 2011). Also, the target plant
concept emphasizes nursery practices that enhance seedling sur-
vival at out-planting sites (Dumroese et al. 2016). As the goal of
many restoration projects is to ultimately create an ecosystem
that is self-sustaining and does not require human maintenance,
it is essential that restoration ecology focus on improving plant-
ing conditions to reduce the need for repeat species introduc-
tions and adaptive management action (Wagner et al. 2016).
One potential strategy for improving vulnerable transplant sur-
vival is to use positive plant–plant interactions (facilitation) to
ameliorate harsh abiotic conditions associated with degraded
sites through the indirect modification of the environment
(G�omez-Aparicio et al. 2004; Padilla & Pugnaire 2006;
Ren et al. 2008).

Positive plant interactions have recently been documented as
being critical to the recovery and success of ecosystems, partic-
ularly in stressful environments (Renzi et al. 2019). The stress
gradient hypothesis (Bertness & Callaway 1994) states that as
abiotic stress increases, the relationship between species can
shift from competition (negative) to facilitation (positive)
(Malkinson & Tielbörger 2010). Facultative relationships
between plant species are typically observed in ecosystems char-
acterized by high levels of abiotic stress, with much of this
research based in deserts and dryland systems (Brooker
et al. 2008). For example, in deserts with high amounts of light
irradiance and low water availability, the Palo verde tree (Par-
kinsonia florida) serves as a nurse species for young Saguaro
cacti (Carnegiea gigantea) by creating a microclimate with fil-
tered sunlight, increased humidity, and protection from herbi-
vores (Withgott 2000). Modified versions of the stress gradient
hypothesis have demonstrated that these facultative interactions
can collapse under extreme abiotic stress as the nurse species is
pushed beyond its physiological tolerance threshold (Michalet
et al. 2014). When considering a plant’s tolerance threshold, it
is important to recognize that tolerance to one abiotic driver
may shift in the presence of other drivers/stressors (Maestre
et al. 2009). For example, inundated plants may be more suscep-
tible to photoinhibition (i.e. decreased photosynthetic capacity
due to excessive irradiance) in the presence of another stressor
like salt (Souther & Shaffer 2000;Murata et al. 2007). Tolerance
thresholds shift throughout the ontogeny of a plant as well, with
younger life stages typically most susceptible to mortality.
Employing an ecological framework, such as the stress gradient
hypothesis, provides opportunity to explore the nuance of spe-
cies’ abiotic thresholds in the presence of multiple abiotic
stressors, ultimately improving understanding of plant ecologi-
cal interactions and informing potential new strategies for
restoration.

Freshwater forested wetland restoration provides an ideal
habitat to test the stress gradient hypothesis, as these ecosystems
are typically species-limited and influenced by multiple abiotic
environmental drivers including intermittent inundation, light
availability, and anaerobic soil conditions that range from

suitable to stressful for plant life (Trettin et al. 2019). Addition-
ally, early life history stages typically used in restoration plant-
ings have more narrow tolerance thresholds to abiotic drivers
compared to their adult counterparts, which makes them ideal
for testing the application of the stress gradient hypothesis
(Maestre et al. 2009). This study used Bald cypress seedlings
as a case study for understanding the role of interspecies facilita-
tion in forested wetland communities.

It is well recognized that abiotic and biotic filters are drivers
of species’ establishment and community assembly (Hobbs &
Norton 2004). However, candidate forested wetland restoration
sites often have altered abiotic conditions which no longer
match the physiological niche of the transplanted target species,
in this case Bald cypress. For example, changes to local hydrol-
ogy through irrigation, elevation change, or degradation
upstream, may result in drier or more inundated soils. Establish-
ing typical wetland hydrology has historically received domi-
nant focus for wetland restoration (Mitsch & Gosselink 2015),
but light is a critical co-variable that impacts plant growth pat-
terns and has been shown to have a positive relationship with
understory species diversity in freshwater swamps (Conner
et al. 1981). Disturbances such as fires or storms may destroy
the canopy, resulting in increased irradiance, change in under-
story vegetation composition (Souther & Shaffer 2000), and
potentially unfavorable, or stressful, conditions for the establish-
ment of seedlings of desired species. Although ecologically
informed restoration practice should consider species’ physio-
logical constraints to abiotic parameters, the physiological limi-
tations determined for earlier (germinating seeds) or more
mature (adult) life stages which dominate the existing literature,
may not be representative of transplants used in restoration
plantings (Anderson et al. 2009). Previous research has provided
important information on the limiting effects of flooding,
drought, salinity, macronutrients, sulfates, plant competition,
and herbivory on Bald cypress seedling growth (Myers
et al. 1995; Powell et al. 2016). Field experiments investigating
plant interactions found that Bald cypress seedlings allocated
more growth to girth than height when surrounding vegetation
was managed versus unmanaged (Myers et al. 1995). Other
community-level studies showed that the use of selective herbi-
cides can reduce plant competition, thus enhancing Bald cypress
seedling survival (Osiecka & Minogue 2012). Although much
of the foundational research in Bald cypress forests has focused
on competition dynamics, multi-species plantings with potential
nurse species may have the ability to improve restoration suc-
cesses and accelerate succession (Mayence & Hester 2011).
The ability to increase the breadth of suitable conditions for a
target species by strategically plantings with a companion nurse
species has not been widely explored.

In this study, we used a controlled greenhouse experiment to
test if biological interactions between two freshwater forested
wetland species, Bald cypress (Taxodium distichum) and Soft
rush (Juncus effusus) shifted along two abiotic gradients (light
and hydrologic inundation). Bald cypress was selected as it is
a target species of forested wetland restoration efforts
(Carmichael & Smith 2016). Soft rush was selected as a poten-
tial nurse species because of its presence in both closed-canopy
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and disturbed open-canopy freshwater marshes, its co-
occurrence with Bald cypress (Kruse & Groninger 2003;
personal observation Ellis & Sloey, June 2021, Old Dominion
University) and known contribution to soil oxidation through
radial oxygen loss (Sorrell 2000). Importantly, we chose an her-
baceous graminoid species, rather than tree or shrub, to capture
growth habits representative of disturbed or early successional
habitats (e.g. candidate restoration or habitat creation sites).
Using the principles of the stress gradient hypothesis, we
hypothesized that: (1) under moderate abiotic conditions Soft
rush will compete with Bald cypress, but will facilitate Bald
cypress under harsh conditions by ameliorating irradiance and
anoxia stress through aboveground shade provision and root
radial oxygen loss respectively. However, (2) when both light
and inundation are stressful conditions (e.g. full irradiance and
deepest inundation), the interaction between species will col-
lapse as one species is pushed beyond its physiological thresh-
old and dies.

Methods

Experimental Design

Bald cypress seedlings and mature Soft rush plugs were pur-
chased from American Native Plants Nursery (Middle River,
MD, U.S.A.). Approximately, 1 m3 of soil was collected from
the top 40 cm of soil frommature Bald cypress-dominated for-
ested wetlands within the Great Dismal Swamp (Suffolk, VA,
U.S.A.) and transported to the Old Dominion University cam-
pus, where it was homogenized and used to fill plastic planting

pots (23 cm diameter � 22 cm height). Each pot was filled
with the same volume of soil (approximately 0.01 m3) and soil
mass was standardized to achieve similar soil bulk density
across experimental units (soil bulk density ranged between
0.55 and 0.92 g/cm3). Each pot had four 1-cm perforations
on the bottom and was perforated six times along the sides at
the soil level to allow for water exchange. The pots were
placed in white buckets (30 cm diameter � 35.5 cm height),
which were filled with water, depending on treatment, and
served as individual water reservoirs for the pots to be placed
inside.

Experimental plantings consisted of each of four plant inter-
action treatments to isolate aboveground and belowground
interactions (BGs). Treatments consisted of: (1) no interaction
(NI), which contained Bald cypress but no Soft rush; (2) above-
ground interaction only (AG) in which Bald cypress and Soft rush
were separated belowground using a corrugated plastic partition;
(3) BG only, in which Soft rush stemswere trimmed to 5 cm height
weekly to prevent AGs while still allowing for photosynthesis to
take place; and (4) full above- and belowground interaction of both
species (AGBG) (Fig. 1). The Bald cypress seedlings were planted
in the center of the pot for the NI treatment units. For all other biotic
interaction treatments, one individual of each species was planted
8 cm from the side of the pot (and 7 cm apart from the other plant
sharing the pot). After the initial transplantation, all plants accli-
mated for 21 days in full sun with water levels filled to the soil sur-
face level. At the initiation of the experiment, all Bald cypress
seedling stemswere trimmed to 50 cm, and all Soft rush plugswere
trimmed to a maximum of 60 stems to standardize initial plant
biomass.

Figure 1. Graphical depictions of experimental treatments for plant interaction, inundation, and light exposure.
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Planted pots were placed inside the water reservoirs and res-
ervoirs filled with fresh tap water to achieve each of three inun-
dation treatments: low (water level at �10 cm relative to soil
level), medium (saturated with water level equal to soil level),
and high (flooded with water level + 25 cm relative to soil
level) (Fig. 1). Inundation treatments were selected to capture
a range within the suitable establishment hydrology for a mature
Bald cypress forest, which may range from dry soil to inunda-
tions of more than 1 m (Wilhite & Toliver 1990; Carmichael &
Smith 2016). Maximum flooding depth in this study (25 cm)
was based on the overhead space of the water reservoirs and pre-
vious studies, which found flooding approximately 30 cm was
stressful to Bald cypress seedlings (Neufeld 1983; Souther &
Shaffer 2000). Each treatment combination was also exposed
to each of two light treatments: closed-canopy forest (20% inci-
dental light) and open-canopy (100% incidental light), repre-
senting a mature forest where natural regeneration occurs and
an open-canopy restoration site, respectively. Light conditions
for the closed-canopy treatment were determined by measuring
the percent light penetration within a mature forest stand at the
Great Dismal Swamp using HOBO Photosynthetically Active
Radiation (PAR) sensors (Onset Computer Corporation,
Bourne, MA, U.S.A.) and HOBO light pendant sensors (Onset
Computer Corporation, Bourne, MA, U.S.A.). Shade cloth
(Fotmishu, China) obstructing approximately 80% of light was
hung 120 cm above the base of each bucket and adjusted higher
as necessary throughout the experiment to prevent growing
plants from touching. Six replicates of all treatment combina-
tions were randomized within each of three blocks oriented par-
allel to the greenhouse’s east–west light gradient, with shade
cloth covering half of each block.

Experimental treatments and observation took place for
12 weeks, from 06 June to 17 September 2022 to capture the
peak growing season for Bald cypress (Carmichael &
Smith 2016). Measurements of growth (survival, stem height,
stem density, and stem diameter) were recorded for each species
every 2 weeks. Survival was determined as alive or dead based
on the presence of green photosynthetic tissue. Stem density
was measured as the count of stems. Stem diameter was mea-
sured for Bald cypress at 10 cm above the soil level using a dig-
ital caliper (Mitutoyo America Corp.). Water was changed every
4 weeks to reduce algal growth. Two PAR sensors were placed
within each light treatment to measure light and temperature
continuously throughout the study. At the conclusion of the
experiment, final growth metrics (survival, stem height, stem
density, stem diameter, and total leaf count) were measured. A
subset of four mature leaves were haphazardly selected from
each Bald cypress and measured for leaf functional traits (leaf
length, leaf area, leaflet length, leaflet count, specific leaf area
[SLA], and leaf dry mass). These traits were selected for both
their commonness as measured plant functional traits and their
importance for providing information about plant growth alloca-
tion and stress responses (Sloey et al. 2023). Leaves were
scanned using a photo scanner (Epson v850 Pro, Vienna Scien-
tific, Austria) and chlorophyll content was estimated using red
(R), green (G), and blue (B) numerical values derived from four
randomly selected points on each leaf using ImageJ. Estimated

chlorophyll content was determined using the equation: 0.55
+ 11.4((G � B)/(G + B)) � 12.5((R � B)/(R + B)) + 9
((R � G)/(R + G)) (S�anchez-Sastre et al. 2020). Soil redox
potential (Eh) (i.e. a measure of the electron availability in soil
indicating how oxidized or reduced the soil is) was measured
at 10 cm depths prior to harvest (16 September 2022) using plat-
inum electrodes and a handheld ORP tester (Oakton Instru-
ments). Redox potential was measured on both sides of the
partition for AG interaction treatments. All plants were har-
vested, and aboveground and belowground plant material was
separated into live and dead biomass; fresh biomass was mea-
sured within 24 hours of harvest then all biomass was dried to
a constant weight in a convection oven at 60�C and dry mass
was then measured. Root-to-shoot ratio was calculated from
dried biomass by dividing the total belowground biomass by
the total aboveground biomass production.

Data Analysis

All data were analyzed using R version 4.2.1 (RCore Team 2022).
A three-way analysis of variance was used to test the effect of all
independent variables (hydrology, light, and plant interaction
treatment) and all interactions on all final growth metrics.
Response variables include height, diameter, stem count, leaf
count, leaflet count, leaflet length, root-to-shoot ratio, chlorophyll
content, and above- and belowground biomass. Although the data
exhibited mild departures from normality and homoscedasticity,
determined using a histogram and Bartlett’s test, respectively,
analysis of variance (ANOVA) is robust with respect to minor vio-
lations of these assumptions (Neter et al. 1996). Block was treated
as a random effect and removed as it was not statistically signifi-
cant in any measured variables. Tukey honest significant differ-
ence post hoc test was used to assess the significance of
differences between all treatment combination means. To show
multivariate relationships between response variables, we con-
ducted a principal components analysis (PCA) of all Bald cypress
response metrics.

Results

Abiotic Conditions

Air temperature in the greenhouse ranged from 22.8 to 35�C
throughout the experiment. Shade cloth reduced light irradiance
by approximately 88.6% and temperature by 2.61%. Soil redox
potential was lower in the high inundation treatments
(p < 0.0001), and lower in shade treatments compared to sun treat-
ments (p = 0.0263) (Table S1), but showed no effect of plant
interaction treatment. All Bald cypress seedlings survived except
for one individual under sun-medium inundation-NI treatment.

Bald Cypress Response

Bald cypress stem height in shaded treatments was greater than
that in light treatments (p < 0.001), excluding low inundation
NI treatments, where heights were taller under full-sun treat-
ments (p < 0.001) (Tables S1 & S2). Stem diameter was gener-
ally larger in sun treatments compared to shade (p < 0.001) and
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in high inundation treatments (p < 0.001). AGBG treatments
showed the lowest stem diameter compared to other biotic inter-
action treatments (p < 0.001) (Tables S1 & S2). Leaf count was
generally greater in shade treatments (p < 0.001) and low inun-
dation (p < 0.001), although there was no significant difference
between sun and shade treatments in leaf counts for NI biologi-
cal treatment (Table S1; Fig. 2D). SLA was significantly lower
in all full-sun treatments (p < 0.001), regardless of inundation
or plant interaction treatment (Table S1; Fig. 2E). Chlorophyll
content estimation showed significant effects of all main effects,
with higher chlorophyll content in shade treatments (p < 0.001)
and low inundation treatments (p = 0.0134). Chlorophyll con-
tent was higher in biotic interaction treatments where there
was no aboveground interaction (BG and NI) compared to other
biotic interaction treatments (p < 0.001) (Table S1; Fig. 2F).

Aboveground biomass exhibited an interaction between light
and biotic interaction treatment (p = 0.012), with sun treat-
ments showing greater aboveground biomass compared to shade
in AG and NI biotic interaction treatments. Overall, above-
ground biomass was greatest in NI biotic interaction treatments
and lowest in AGBG treatments (p < 0.001; Table S1; Fig. 2A).
Belowground biomass showed significant interactions between
light and inundation (p = 0.040) and light and plant interaction
treatment (p = 0.025), with belowground biomass being
lower in high inundation treatments than in low treatments
(p < 0.001). Plants in the shade treatment had lower below-
ground biomass compared to sun treatments, regardless of biotic
interaction (p < 0.001). NI treatments showed the largest
belowground biomass in light treatments, whereas shade NI
treatment did not differ from other biotic interaction treat-
ments (p < 0.001). Overall, belowground biomass was lowest
in high-inundation shade treatments and highest in low inun-
dation sun treatments (Table S1; Fig. 2B). Consequently, the
root-to-shoot ratio was lower in shade treatments compared
to light treatments (p < 0.001). Root-to-shoot ratio decreased
as inundation increased (p < 0.001) and fully interacting
plants (AGBG) had the highest root-to-shoot ratio values,
whereas NI had the lowest (p < 0.001) (Table S1; Fig. 2C).

A biplot of PCA1 versus PCA2 (Fig. 3) showed that the two
main principal components of variability in the dataset
explained 90% of the variance. Principal component 1 (58.5%)
had large positive associations with SLA and chlorophyll and
negative associations with root-to-shoot ratio, indicating PC1
is a measurement in relation to light availability and plant health.
Principle component 2 (31.5%) showed a large positive associ-
ation with stem diameter and aboveground biomass, indicating
PC2 is a measurement of growth and productivity. The ordina-
tion results of sample plots by PCA (Fig. 3) show the most evi-
dent clustering by light treatment. Effects of inundation and
plant interaction treatments showed more dispersive patterns,
though full sun-NI treatment combinations showed distinctive
clustering in the lower right corner.

Soft Rush Response

Soft rush showed a significant interaction between light and
plant interaction treatment (p < 0.0001) and all significant main

effects on both aboveground and belowground biomass. Bio-
mass production was greater in full-sun treatments except for
in BG treatments in which stems were clipped (Table S1;
Fig. 2G & 2H). High inundation further reduced Soft rush bio-
mass production in fully interacting biological treatments
(AGBG). Soft rush stem count showed a significant three-way
interaction between all main effects (p = 0.035), with stem
count being reduced in high inundation treatments and lowered
by shade in BG (Table S1; Fig. 2I). Other measured parameters
that showed nonsignificant main effects are summarized in
Table S2.

Discussion

Testing the Stress Gradient Hypothesis

We tested the stress gradient hypothesis to understand if interac-
tions between two freshwater swamp species, Bald cypress and
Soft rush, would shift from competition to facilitation under
increasing light and inundation stress. We isolated aboveground
and belowground biotic interactions between plants to understand
the interactive effects of irradiance stress and inundation stress,
respectively. Contrary to our predictions that increased irradiance
and inundation would promote facilitation in aboveground and
BGs, respectively, the interactions between the two species
remained competitive regardless of biological interaction treat-
ment. Bald cypress growth metrics, such as stem diameter and
biomass production, was greatest in treatments that lacked inter-
action with Soft rush. Plant interactions also exacerbated the
stressful impact of light on some traits. For example, the negative
impact of light on leaf count and chlorophyll content was more
apparent when plants were interacting, particularly belowground.
These findings give evidence that stressful abiotic conditions
were achieved, but facilitation did not occur. Thus, our findings
show that Soft rush is not a facilitator of Bald cypress seedlings
under the light and flooding gradients tested, and the stress gradi-
ent hypothesis was not supported by this study.

We also hypothesized a collapse of interspecies interactions
under high stress levels for both abiotic drivers. We did observe
this collapse in high inundation—BG interaction treatment com-
binations where aboveground biomass of Soft rush was trimmed.
Higher mortality and reduced biomass production belowground
of Soft rush under these treatments suggest that clipping has not
only served to isolate BGs, but also introduced a third stressor
(herbivory) on Soft rush.Wetland plants that are unable to emerge
stems above the water level, such as trimmed Soft rush in high
inundation treatment, experience additional abiotic stress from
flooding than due to soil inundation alone as total submergence
limit convective and diffusive gas flow (Sorrell & Brix 2013).
Regardless, the two species did not exhibit positive interactions.
However, these findings should not conclude an abandonment
of exploration for using multi-species plantings to facilitate target
species establishment in restored sites.

Although we are confident that abiotic conditions stressful for
Bald cypress were achieved in this experiment and that Soft rush
did not ameliorate that stress, it is possible that Soft rush may
serve as a facilitator in the presence of stressors other than what
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we tested. For example, Soft rush root system may contribute to
soil strength by reducing erosion and the loss of cypress seed-
lings along banks and ditches. Additionally, diverse plant com-
munities have been noted to reduce herbivory pressure by
insects on a particular species (Ristok et al. 2022).

Multi-species Restoration Approach

Restoration is still a relatively new field of science, and new
techniques, such as multi-species plantings, are understudied
(McAfee et al. 2020). Yelenik et al. (2015) state that ecologists
have overlooked nurse species for years and that they are much

Figure 2. Bald cypress (target species) (A–F) and Soft rush (nurse species) (G–I) responses to fully factorial combination of plant interaction treatments (AG, BG,
AGBG, and NI), inundation treatments (low, medium, and high), and light treatments (full sun [yellow] and 80% light reduced shade [black]) after 12 weeks of
growth.All bars showmean � SE.Means demarked by the same superscript letterwere not statistically different (α >0.05), as determined by Tukey post hoc analysis.
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more common than initially thought. Although Soft rush was not
an evident nurse species for Bald cypress seedlings in this exper-
iment, there is some evidence that graminoid and forb species
can facilitate shrub and tree species in wetlands. For example,
Hacker and Bertness (1995) found that the presence of Black
needle rush (Juncus gerardi Loisel) created a more favorable
environment for High tide bush (Iva frutescens L.) in saline eco-
systems, extending the realized niche of High tide bush beyond
its typical distribution. McKee et al. (2007) found that coastal
succulent forbs can ameliorate temperature and salinity stress
on coastal mangrove propagules and seedlings. It is possible that
another graminoid species or growth form could facilitate Bald
cypress seedlings, but this requires additional exploration.

Our findings emphasize the importance of ameliorating the
stress of full-sun irradiance to enhance Bald cypress seedling
growth. Mature trees have been shown to promote seedling estab-
lishment of other tree species through the provision of shade in
harsh environments. For example, mature oak trees are associated
with increased pine seedling establishment in sand dunes
(Kellman & Kading 1992) and canopy shade is considered one
of the main determinants of seedling establishment in humid
savannahs (Vadigi &Ward 2013). However, in open-canopy set-
tings such as disturbed restoration or habitat creation sites, we
suggest future inquiries explore Bald cypress’s competition/
facilitation dynamics with better shade-producing early succes-
sional species typical of freshwater forests. Bald cypress forests
contain diverse assemblages of trees, understory shrubs, and

herbaceous vegetation (Devall 1998; McWilliams et al. 1998).
Potential facilitating species may include taller co-occurring gra-
minoids, such as Cypress-knee sedge (Carex decomposita),
broadleaf forbs, such as False nettle (Boehmeria cylindrica),
short-statured shrubs such as Buttonbush (Cephalanthus occiden-
talis), or fast growing and rapidly colonizing tree species, such as
Red maple (Acer rubrum) and Sweetgum (Liquidambar styraci-
flua). Perhaps even invasive non-native trees that thrive in reme-
dial soils and full sun, such as Chinese tallow (Triadica
sebifera) in the southeastern United States, may serve a purpose
to ameliorate harsh light for Bald cypress.

Finally, using multiple-species planting approaches may have
greater potential to ameliorate hypoxic soils if plants are more
densely and closely configured. Greater belowground biomass
of Soft rush would likely have a greater impact on local soil phy-
siochemistry through radial oxygen loss en masse. Perhaps a
more successful way to test this relationship in a multiple-
species restoration approach would be to plant Bald cypress
seedlings in an established graminoid patch rather than trans-
planting a plug of Soft rush adjacent to the tree.

Importance of Historically Overlooked Drivers

Very few studies have focused on light as a driver in Bald
cypress ecology. Previous research has shown strong positive
relationships between Bald cypress sapling growth and canopy
gaps (i.e. filtered light) (deGravelles et al. 2014), or has

Figure 3. Principle components analysis (PCA) of trait variation for Bald cypress (Taxodium distichum) seedlings exposed to variable combinations of
inundation, light, and plant interaction treatments. Points represent individual treatments. Symbol size indicates inundation treatment (low, medium, and high),
color indicates light treatment (shade or full sun), and shape indicates plant interaction treatment (AG, aboveground interaction only; AGBG, above- and
belowground interaction; BG, belowground interaction only; NI, no interaction). Traits are: Stem Height (cm); Diameter, stem diameter (mm); Leaf count (n);
Aboveground and Belowground biomass (g); Root:Shoot, root-to-shoot ratio of dry mass (g); Redox, soil redox potential (mv); SLA leaf specific area (cm2/g);
Chlorophyll, chlorophyll content estimate. PC1 and PC2 loadings for each variable are shown in the adjacent table.
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documented Bald cypress competition for limited light
resources (Pietrzykowski et al. 2015). Although nearly all seed-
lings survived the observed growing season, long-term survival
and growth are expected to be reduced in seedlings exposed to full
light. The greater root-to-shoot ratios observed in full-sun treat-
ments may be due to stressful irradiance reducing aboveground
growth or slowed carbon assimilation allocated belowground in
shaded treatments (Megonigal & Day 1992). The reduction of
chlorophyll associated with full-sun treatments suggests a physio-
logical breakdown of photosynthetic machinery, or photoinhibi-
tion, due to high irradiance (Carmichael & Smith 2016). Neufeld
(1983) documented that maximum net photosynthesis occurred
at lower light levels compared to full sun. This study also found
that the light compensation point was slightly higher in Bald
cypress saplings grown in full sunlight compared to those accli-
mated to shade. Extreme temperatures, often associatedwith irradi-
ance, can also contribute to photoinhibition. In this study,
temperatures were not strongly impacted by shading (Δ < 3%);
but combined irradiance and temperature effects may have stron-
ger impacts in a field setting, particularly in regions that may expe-
rience prolonged elevated temperature spikes due to a warming
climate.

The differences in trait responses to drivers observed in our
study are important for determining which indicators best char-
acterize a habitat’s condition (Gann et al. 2019; Yando
et al. 2021). Selecting appropriate attributes is critical for moni-
toring an ecosystem’s restoration trajectory. As seen in our
study, rarely measured traits such as leaf area and color may
be as informative of seedling health as biomass is of growth.
Further research is needed to understand the relationships
between plant traits, the leaf economic spectrum, and environ-
mental drivers in forested wetland species. Addressing this
research gap would complement a growing global body of work
exploring plant trait stress trade-offs (Onoda et al. 2017). Impor-
tantly, restoration of Bald cypress forests in open-canopy or dis-
turbed landscapes should consider techniques to ameliorate the
stress associated with excess light availability, perhaps through
continued experimentation with facilitator plant species, shade
cloth, or other novel approaches.
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