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Abstract Plant associations with soil microbiota can
modulate tree seedling growth and survival via
mutualistic or antagonistic interactions. It is uncertain,
however, whether soil microbiota influence seedling
growth of coastal trees when exposed to extreme
flooding regimes. We evaluated the role of soil
microbes in promoting baldcypress (Taxodium dis-
tichum) seedling performance under different inunda-
tion scenarios and determined the influence of
flooding on the colonization of in planta beneficial
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microbes. Seedlings reared in sterile and non-sterile
soil were exposed to three different flooding regimes
historically experienced in Louisiana swamps. Seed-
ling growth was assessed, and the colonization by
beneficial symbionts such as arbuscular mycorrizhal
fungi (AMF), and dark septate endophytes (DSE) was
evaluated in harvested roots. Seedlings grown in
sterile soil had six times higher growth than seedlings
reared in non-sterile soil. As a result, we evaluated
pathogen load in the roots by assessing oomycete
colonization. Flooding influenced the in planta colo-
nization of DSE and oomycetes, but did not affect the
colonization of mutualist AMF fungi. DSE and
oomycetes were rarer in flooded conditions, while
AMF remained abundant. Seedling biomass produc-
tion was not correlated with in planta fungal
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colonization or pathogen load. Soil microbiota can
negatively influence baldcypress seedling growth, and
no growth benefit was evidenced from the root
colonization of mutualist fungi. Flooding can modify
baldcypress-fungal interactions by diminishing colo-
nization of DSE. Overall, baldycpress seedlings were
more sensitive to the presence of microbiota than
flooding, and thus restoration efforts should focus on
having a better understanding of plant—microbe inter-
actions in swamps.

Keywords Arbuscular mycorrhizal fungi -
Baldcypress - Dark septate endophytes - Hurricanes -
Mutualism - Symbioses

Introduction

Global change has particularly affected coastal plant
species, despite their adaptation to a periodically
disturbed environment (Gabler et al. 2017; Kirwan
et al. 2009). Sea level rise has increased threefold over
the last decade, altering the physical conditions of
coastal habitats (Dangendorf et al. 2017; Yi et al.
2017). Similarly, the intensity, duration, and fre-
quency of Atlantic hurricanes have dramatically
increased since the 1980s (Mendelsohn et al. 2012;
Walsh et al. 2016), with more intense and less frequent
tropical storms reaching the Gulf of Mexico (Buruyere
and Coauthors 2017). As a consequence, extreme
climate events leading to saltwater intrusion and
flooding from storm surge and sea level rise have
become the two main stressors directly affecting the
survival and reproductive success of coastal plant
species (Krauss et al. 2009).

In the southeastern USA, the native swamp tree,
baldcypress (Taxodium distichum) has been severely
affected by salt intrusion and floods where its range
extends to coastal areas (Allen et al. 1996; Krauss et al.
2009; Shaffer et al. 2009). Adult trees of T. distichum
are showing signs of stress and in many cases,
extensive death due to the species’ low tolerance for
high salt concentrations (Conner et al. 1997; Krauss
et al. 2009; Pezeshki et al. 1987). Additionally, in spite
of T. distichum’s adaptations to deep brackish water
(Anderson and Pezeshki 1999), prolonged flooding
conditions are preventing population regeneration, as
most seeds cannot germinate, and seedlings are not
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recruited in permanently flooded environments (Day
et al. 2006; Demaree 1932; Langston et al. 2017,
Newsham 2011; Souther and Shaffer 2000). Short-
term, deeper floods, however, can have a positive
influence on baldcypress germination and recruitment,
since the presence of water and its movement
promotes the distribution of seeds away from parent
trees and into other suitable microhabitats (Schneider
and Sharitz 1986). Studies have reported higher seed
dispersal, germination and seedling establishment
when swamps receive slow-moving water from river-
ine sources (De Steven and Sharitz 1997). This is
mainly because seeds are carried away from the dense
canopies of parent trees to open areas where they can
establish once the water recedes (Schneider and
Sharitz 1988). In addition, there was low survival for
seedlings originating from seeds that did not disperse
far from their parent trees (Schneider and Sharitz
1986, 1988). In contrast, excessive and fast moving
floodwaters—such as those observed during storm
surge events—result in a net movement of seeds out of
the swamp (Schneider and Sharitz 1988).

Due to the reduced recruitment observed through-
out the coastal range of T. distichum and the ecosystem
services this species provides to the coast, there is a
strong initiative to restore baldcypress tree popula-
tions (CPRA 2017). To date, these restoration efforts
have rarely accounted for the role that soil biota, and in
particular beneficial microbes, such as arbuscular
mycorrhizal fungi (AMF) and dark septate endophytes
(DSE), may play in swamp plant population dynamics.
Recently, inoculation of native plants with endophytes
(i.e., beneficial fungi and bacteria living inside plant
tissues) that can confer resistance to abiotic stress has
been proposed as a solution to increase the resilience
of native plant species in the face of climate change
(Fardella et al. 2014; Vasanthakumari et al. 2015;
Zahn and Amend 2017). Investigating the symbiotic
association of baldcypress with soil microbes could
provide a mechanistic approach to improve seedling
recruitment, and therefore current restoration efforts
of T. distichum populations. A first step to use
microbes as a restoration alternative in baldcypress
is to explore whether soil microbiota can promote
seedling growth under abiotic stress.

Extensive root colonization by beneficial sym-
bionts, such as AMF and DSE has been reported in
baldcypress (Kandalepas et al. 2010). AMF and DSE
are symbiotic fungi known to confer plant survival
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under nutrient poor and extreme environmental con-
ditions (Compant et al. 2010; Kotilinek et al. 2017;
Lenoir et al. 2016). AMF belong to the phylum
Glomeromycota and can form different morphological
structures inside the host plants, such as hyphae,
arbuscules and vesicles (Cavagnaro et al. 2001;
Schiifler et al. 2001). DSE are a polyphyletic group
of non-clavicipitaceous endophytes characterized by
forming intra-radical dark septate hyphae and
microsclerotia (Marins and Carrenho 2017; Rodriguez
et al. 2009). AMF and DSE fungi can act as mutualists
in most terrestrial plants, exchanging soil-derived
nutrients and water for photosynthates within the roots
(Davison et al. 2015; Lenoir et al. 2016).

Plant abiotic stress caused by high salinity, tem-
perature, and drought may be alleviated by symbiosis
with AMF and DSE (Baltruschat et al. 2008; Bueno de
Mesquita et al. 2018; Lenoir et al. 2016; Li et al.
2019b; Rodriguez et al. 2008; Santos et al. 2017). In
comparison with AMF, DSE are often more abundant
under stressful environmental conditions (Kotilinek
et al. 2017; Marins and Carrenho 2017), but also have
been identified as pathogens (Tellenbach et al. 2011).
When exposed to flooding, recent findings have
reported a change in the resource allocation of
nutrients between AMF and host plants (Bao et al.
2019; Deepika and Kothamasi 2015), but to date no
increase in host fitness or performance has been
reported for plants forming symbiotic associations
with either DSE or AMF when exposed to this type of
abiotic stress [see Marins and Carrenho (2017) for an
extensive review]. Experiments manipulating AMF
and phosphorus concentrations under inundated con-
ditions have observed no evidence of gained host
performance by the presence of AMF (Deepika and
Kothamasi 2015; Stevens et al. 2011), and no exper-
imental approaches of this magnitude have been
reported for DSE [but see Santos et al. (2017) under
water deficit]. This knowledge is even more scarce in
coastal wetlands, and particularly for baldcypress
where the mutual benefits that the symbiotic associ-
ation is providing are unknown. Therefore, it remains
unclear to what extent these plant-fungal interactions
will promote baldcypress persistence in the near
future, as pulses of extreme flooding events intensify.

One way extreme flooding conditions could affect
benefits from mutualist soil microbes is by shifting in
planta root colonization. Some studies have suggested
that flooding can reduce the initiation of mycorrhizal

colonization in host wetland plants (Miller and Sharitz
2000), and that water depth can determine the type of
AMF and DSE associations in wetlands (Miller and
Bever 1999; Nobis et al. 2015). Other research,
however, has shown no significant influence of soil
moisture or redox status to mycorrhizal colonization
(Brown and Bledsoe 1996). In fact, an absence of
plant-fungal symbiotic associations in wetlands was
initially hypothesized to exist due to the stress
imposed to fungi by the low-oxygen availability in
saturated soils (Khan 1974; Martin et al. 2018).
Subsequent research has revealed that plants adapted
to different types of wetlands can form associations
with both AMF and DSE fungi (Cooke and Lefor
1998; Khan 1993; Liberta et al. 1983; Lodge 1989;
Nobis et al. 2015; Weishampel and Bedford 20006).
Several studies have observed greater colonization of
AMF in wetter compared to drier soils (Lodge 1989;
Martin et al. 2018; Rickerl et al. 1994). Others have
observed the opposite pattern (Sraj-Krzi¢ et al. 2006;
Stevens et al. 2011). In many cases DSE and AMF
have been observed co-existing in the roots of wetland
plants, with lower AMF and higher DSE colonization
in plants naturally growing in the deepest more
flooded parts of wetlands (Sraj-Krzi¢ et al. 2006).
Consequently, the effect of permanent flooding con-
ditions on the in planta colonization potential (i.e.,
percent colonization in roots) of mycorrhizal fungi in
wetland plants remains inconclusive and actively
debated.

Here we assessed the ecological role of soil
microbiota in promoting baldcypress seedling growth
under different flooding regimes. We performed a
manipulative experiment in controlled growth cham-
ber conditions. We exposed young seedlings reared in
sterile and non-sterile swamp soil to three different
flooding regimes experienced by baldcypress trees in
nature during hurricane and non-hurricane seasons.
We addressed four specific questions: (1) Can the soil
microbiota provide growth benefits to baldcypress
seedlings when exposed to extreme flooding condi-
tions? (2) Are these growth benefits provided by
mutualistic interactions with soil microbes, such as
AMEF and DSE? (3) Is the colonization of beneficial
microbes in host seedlings affected by flooding?, if so
(4) Does flooding differentially affect the colonization
of AMF and DSE?. We predicted that soil microbiota
would promote seedling growth under flooding con-
ditions present in swamps during the occurrence of a
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hurricane. We expected this positive host response
with abiotic stress to be associated with the in planta
colonization of beneficial symbionts, such as AMF
and DSE. However, we also hypothesized that AMF
and DSE root colonization should decrease in extreme
flooding conditions as a result of the anoxic environ-
ment characteristic of permanently inundated condi-
tions, which ultimately results in a negative growth
response in the seedlings. Alternatively, AMF and
DSE might respond differently to extreme flooding
conditions due to dissimilarities in their sensitivity to
anoxic conditions.

Materials and methods
Seed source and sterilization

Baldcypress seeds were obtained from the Louisiana
Forest Seed Company. This company collects fallen
baldcypress seeds that have drifted to the edge of lakes
and slow-moving streams (e.g., bayous) around cen-
tral and north Louisiana, and thus provides a seed pool
with a diverse set and large number of different native
genotypes. To account for differences in maternal
allocation to offspring among the seeds, we weighed
and sorted a total of 2267 seeds in three main groups
based on initial dry weight: small (0.02-0.05 g),
intermediate (0.06-0.11 g), and large (0.12-0.17 g).
Then, seeds were surface sterilized to remove any
microbial contamination that could bias our experi-
mental design. Seeds were submerged in 95% ethanol
for 2 min followed by a 60-min bath in 10% Clorox
and three subsequent washes with sterile water. After
this sterilization procedure, seeds were immediately
planted in seedling trays filled with sterile vermiculite
and grown in controlled growth chamber conditions
(model CMP6050, CONVIRON, Winnipeg, Canada).
Baldcypress seeds germinate at the end of spring and
early summer. Therefore, we simulated the average
temperature and humidity over the summer in
Louisiana by imposing a 14 hday at 27 °C
(~ PAR =400 mcmols) and 10 h night cycle at
25 °C at 90% humidity in our growth chamber.
Germinated seedlings were raised in these same
conditions for 2 months.
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Soil provenance

We collected local swamp soil in early September of
2017 to obtain the microbial community and the
natural physicochemical soil conditions available for
baldcypress seedlings during the Atlantic hurricane
season (NOAA 2018). The soil was extracted from the
base of mature baldcypress trees growing on the
natural levee of Bayou Chevreuil, a typical, coastal-
associated freshwater swamp of southern Louisiana
(Fig. 1a). This site has historically experienced sev-
eral extreme flooding events due to storm surge from
hurricanes (Fig. 1b). The natural levee of Bayou
Chevreuil is slightly elevated above the forest floor
and is flooded for ~ 20% of the year, while lower
areas in the swamp are completely flooded for > 90%
of the year. Thus, baldcypress trees and soil microbial
communities present on the natural bayou levee
experience more terrestrial-like conditions over the
course of the year than the swamp floor, but were
exposed to extreme flooding conditions during hurri-
canes Katrina and Rita in 2005 (Fig. 1b).

The soil was collected in buckets and processed the
same day. The soil was mixed, sieved (2 mm mesh),
and split in two equal portions. One portion was
sterilized from all the native microbes (i.e., sterile soil
treatment) by steaming the soil up to a temperature of
121 °C for 45 min, and the other portion was used as
our live soil (i.e., non-sterile soil treatment; see
Fig. 2). The next day each soil treatment—sterile or
non-sterile—was independently mixed in a 1:1 ratio
with previously prepared and sterilized soil composed
of topsoil (Scotts® Premium Topsoil). The previously
prepared topsoil had been pre-mixed with sand in a 3:1
ratio before sterilization. The complete mix was then
added into individual mini-tree pots of 17.8 cm height
(MT297, Stuewe & Sons). Pots were filled up to 16 cm
height. Then, a total of 30 1-month-old seedlings were
randomly assigned and transplanted from the vermi-
culite into each soil treatment (i.e., sterile and non-
sterile soil; Fig. 2). To allow the establishment of soil
microbiota inside the plant, the seedlings grew for a
month in the new soil conditions before exposing them
to any of the flooding treatments (see below). Over the
course of the establishment time, the seedlings were
watered every 3 days with 500 mL of deionized water
to keep the soil moist but not over-saturated.
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Fig. 1 a Location of Bayou Chevreuil in Louisiana, USA from
where soil was collected for inoculation. b Hydroperiod of the
swamp at Bayou Chevreuil during 2005 indicating the timing of
water levels experienced by adult baldcypress trees over the two

Flooding regimes

In controlled growth chamber conditions, we exposed
the inoculated 3-month-old seedlings to three different
flooding regimes experienced by baldcypress trees in
nature. To calibrate our treatments, we used water
level data from Bayou Chevreuil swamps recorded
over the last two decades (Figs. 1b and 2). Based on
these data, the flooding regimes were imposed by
subjecting the seedlings to three different levels of soil
saturation. The treatments were maintained for over a
month which is the maximum amount of time recorded
where baldcypress trees experience > 40 cm of water
after an extreme event, such as, in hurricanes Rita and
Katrina (Figs. 1b and 2). Thus, to simulate an extreme
flooding event, we over-saturated the soil and com-
pletely submerged the seedlings in water. This
provided an approach where the seedlings experi-
enced > 40 cm of water from their base (Fig. 3). A
typical precipitation regime was simulated by keeping
water levels to the soil saturation point and facilitating
the interchange of water and ions in the roots. This
treatment represented our typical flooding regime. We
enacted no flooding conditions (hereafter called non
flooding) by maintaining water levels in each pot
below soil saturation. Only 500 mL of water was
added at the beginning of the experiment to the
seedlings in this treatment group.

To simulate each of these flooding regimes in
common garden conditions, each inoculated mini-tree

54
<<‘</

A
OO

\Y

Q.
9

@?‘ QQ~

1 & v O K O
SN N

most extreme hurricanes observed in Louisiana over the last
decades (Katrina and Rita). The gray line represents the base of
baldcypress trees on the natural levee of Bayou Chevreuil

pot was placed inside individual five-gallon buckets
and randomly assigned to the watering regimes
(Fig. 2). Buckets had a lateral hole at the height where
the soil saturation point would be reached. A hose was
connected to this hole to be able to slowly remove the
standing water every week without imposing an
additional stress to the seedlings. The hose was kept
upright with tape at the top of the buckets (Fig. 2). The
same day water was removed from the buckets, new,
fresh deionized water was added to each bucket. Water
levels were maintained throughout the experiment by
visiting the treatments twice per week, checking if any
evaporation had led to a change in the water levels
initially set up and filling with additional water those
buckets where some evaporation had occurred. A
5 mL amount of fertilizer (Miracle-gro® water sol-
uble all-purpose plant fertilizer) was added at the
beginning of the experiment. A total of 20 seedlings
were exposed to each of the three treatments, out of
which ten seedlings were grown in sterile or non-
sterile soil before assigning them to the flooding
regimes. Therefore, our experimental set up was a
factorial design with ten replicates for each factor
combination and a total of 60 plants. The growth
chamber temperature, light cycle and humidity sim-
ulated summer conditions in Louisiana.

@ Springer
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Fig. 2 Set up and timeline of experimental design imple-
mented. a Three flooding regimes were simulated by manipu-
lating soil saturation levels. Mini-tree pots were located inside
five-gallon buckets to impose each saturation treatment. A non-
flooding treatment was imposed by keeping the soil in the pots
below saturation. An average precipitation regime was imposed
by saturating the soil (typical), and an extreme flooding event
was simulated by over saturating the soil of the pots and
submerging the majority of the shoot of young seedlings. Each

Soil analyses

We evaluated the effects of sterilization on the nutrient
availability profile of the soil as well as the influence
of the different flooding treatments. Soil samples of
both sterile and non-sterile treatments were analyzed
before and after transferring the seedlings into the
treatments. A bulk sample of sterile and non-sterile
soil was collected before distribution into each of the
seedlings (hereafter named as soil before treatments).
After the seedlings were exposed to all three flooding
regimes, and during our harvest day we collected soil
samples from five different replicates that were
assigned into our sterile and non-sterile soil treat-
ments. All soil samples were analyzed by the Soil
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Extreme flooding

Hydrological Regimen
(1 month)

bucket had a side opening with a hose connected and maintained
upright to be able to slowly release the water every week. b The
timeline of the experiment started with the germination of
seedlings over a 2-month period followed by the transplant of
seedlings into pots with either non-sterile (black pots) or sterile
(gray pots) soil inoculant. Young seedlings grew for 1 month
after inoculation and then were exposed to the flooding regimes
for a month

Testing and Plant Analysis Lab at Louisiana State
University where 2 g of soil were suspended in 20 mL
of Mehlich 3 solution (Mehlich 1953, 1984) and
subsequently measured in a inductively coupled
plasma spectrophotometer. The soil pH, available
phosphorus, nitrogen, carbon percentages, and the
composition of other micro and macro nutrients were
analyzed.

Plant growth and performance

We evaluated the effect of soil microbiota (i.e.,
addition of non-sterile soil) and influence of symbionts
on the tolerance of baldcypress seedlings to flooding
by measuring plant growth, total dry biomass, specific
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Fig. 3 Taxodium distichum mean seedling growth (top row)
and performance (bottom row) in the presence (non-sterile) and
absence (sterile) of soil microbes in response to different
flooding regimes. Plant growth was measured as a mean change
in height (TCSH) and b specific leaf area (SLA), while plant
performance was evaluated in terms of ¢ total dry biomass

leaf area and shoot to root ratio. Plant growth was
estimated by measuring seedling height throughout
the duration of the experiment. Height was measured
for the seedlings once per week over the course of 2
months. To track changes in plant height from the
beginning to the end of the experiment, we placed a
mark under the first leaves that appeared on the plant
using white paint. Initial seedling height was then
measured. We used a flexible measuring tape and
reported the observed height from the white mark on
the seedling to the top of the plant. We defined the top
of the plant as the tallest observable part with a woody
stem. If a woody stem in the plant was not visible we
measured the height from the white mark to the highest
point of the green stem.

production (TDB) and d shoot:root dry biomass ratio. Bars
represent back-transformed least square means. Error bars
represent £ one standard error. Tukey’s honest significant
differences among treatments are represented by distinct letters
at the 5% level

We calculated the total change in seedling height
(hereafter, TCSH) relative to the initial height of the
plants as the difference between the seedling height
recorded at the end of the experiment, final height
(FH), and the height observed before exposing the
seedlings to the inoculation treatment, initial height
(IH), divided by the initial height of the seedlings:
TCSH = (FH - IH)/IH.

To understand the strategies of resource acquisition
for the seedlings when exposed to different flooding
regimes in the presence of live and sterile soil, we
estimated the specific leaf area for the first leaf
produced by each seedling at the end of the experi-
ment. Specific leaf area was measured as the ratio of
leaf area to leaf dry mass (Garnier et al. 2001). Freshly
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collected leaves were pressed and flattened on a white
board and a picture was taken for each separate leaf.
Leaf area was calculated by analyzing the pictures in
ImageJ (Schneider et al. 2012). Leaves were then
saved in individual coin envelopes to be dried in an
oven at 65 °C for over a month and weighed to
estimate their dry mass.

Plant performance was evaluated by the total dry
biomass produced in stems, leaves and roots. Above-
ground biomass and belowground biomass were
harvested after 1 month of exposing the inoculated
seedlings to each of the flooding regimes. Soil from
each pot was washed and the complete root system
was cut from the main stem. We recorded the wet
weight from stems, leaves and roots separately. A
small portion (~ 0.3 g) of the root system was placed
aside in vials for further evaluation of AMF and DSE.
We stored the harvested biomass in paper envelopes
that were placed in a drying oven at 65 °C for over a
month. Then, we recorded the dry weight of the
biomass obtained from stems, leaves and roots sepa-
rately. Total dry biomass was then estimated as the
added weight of below and above ground biomass.
The allocation of resources to root versus shoot to the
total biomass produced was estimated by the shoot to
root dry biomass ratio (A:B ratio) by dividing the total
aboveground over the belowground dry biomass. All
biomass measurements were recorded to the 0.001 g.

Quantification of symbiont in planta colonization

A subsample of five seedlings per treatment combi-
nation was used to quantify root colonization of
symbionts such as AMF and DSE (n = 30). Root
processing was initiated immediately after experimen-
tal harvest. Approximately 0.3 g of root wet weight
was cleared with 10% KOH, first at room temperature
(22 °C) for 30 min and then at 35 °C for 1.5 h using a
water bath. Roots where acidified in 2% HCI for 1 h,
then stained with 3% Trypan Blue for 15 min at 35 °C
(Giovannetti and Mosse 1980). Stained roots were
rinsed thoroughly with deionized water and placed in
acidified glycerol until quantification (Phillips and
Hayman 1970). For each of the 30 root samples, five
root strands measuring 4 cm in length were mounted
along a microscope slide in acidified glycerol.
A Nikon Eclipse Ci-L (Nikon Corporation, Tokyo,
Japan) microscope was used at x 200 magnification
for data collection, and images were taken with an
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iPhone 6 at x 400 magnification for proper structure
identification.

Fungal root colonization was quantified using a
modified magnified intersections method (McGonigle
et al. 1990), with 100 total intersections assessed per
sample. Total colonization was calculated as the
percentage of root length containing either AMF or
DSE fungal structures in 100 fields of view. AMF
colonization was identified on the basis of three fungal
morphological structures (i) hyphae growing intracel-
lularly with arbuscules terminally in cortical cells
(e.g., Paris-type Am morphology, here after ARB); (ii)
as hyphae growing intercellularly without the produc-
tion of arbuscules or vesicles hereafter HYP); (iii)
forming storage structures such as vesicles (hereafter
VES). If both hyphae and arbuscules were present at
an intersection, only the arbuscule was counted. For
DSE colonization, only dark septate hyphae (hereafter
SHYP) and microsclerotia (hereafter MS) were
counted as DSE due to their distinct morphology
(Jumpponen 2001; Kandalepas et al. 2010). If both
AMF and DSE were present at a single root intersec-
tion, both structures were counted. After discovering a
negative effect of soil microbiota, we evaluated if
structures from known plant pathogens such as
oomycetes were present. An oomycete was counted
if it had a perfectly rounded form or diamond shaped,
thick cell wall, and staining dark blue (Diez-Navajas
et al. 2007; William and Griinwald 2010). Pathogen
load was estimated as the percent colonization of
oomycetes using the same methodology described
above.

Statistical analyses

We evaluated the influence of native soil microbiota
on the growth and performance of baldcypress
seedlings in response to three flooding regimes by
performing mixed-model ANOVAs for plant growth,
specific leaf area, shoot:iroot ratio and total dry
biomass. Each model included soil treatment, flooding
regime and their interaction as fixed effects. Seed size
group was considered our random effect to account for
the variability associated with maternal effects of the
sampled seeds (i.e., resource allocation of each seed).
Seed size was assumed to be a random factor because
seedlings originating from seeds with different sizes
were randomly assigned to our treatments. All anal-
yses were performed in R version 3.6.1 (R Core Team
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2019) with deviation coding (“contr.sum”) for cate-
gorical variables. All mixed models were conducted
using restricted maximum likelihood (REML) in the
package Ime4 (Bates et al. 2015). For all the models we
tested significance of fixed effects by doing marginal
likelihood ratio tests in all the terms of the model using
the Anova function in the car package (Fox and
Weisberg 2019). Random factors were evaluated by
comparing models with and without the factor and
performing likelihood ratio tests between the models
with the function anova from the R Stats package.
When treatments exhibited significant interactions
between the main effects, we conducted 7-student post
hoc tests to identify the specific treatment levels
driving the overall differences using the R packages
Ismeans (Lenth 2016) and multcomp (Hothorn et al.
2008). When testing for significant pairwise differ-
ences between each of the treatment levels we used a
Tukey—Kramer adjustment to account for multiple
comparisons. The residuals of total relative change in
height, total, above and belowground biomass
revealed strong deviations from homoscedasticity
and normality, and data were log-transformed prior
to analysis.

We evaluated if beneficial fungi within the soil
microbiota provided growth benefits to baldcypress
seedlings by assessing if total plant biomass was
related to the total colonization percentage of fungi
using a liner regression. This analysis was performed
for the non-sterile soil treatment across flooding
regimes. We also tested if the colonization percentage
of each fungal group influenced seedling growth
through separate linear regressions between AMF, and
DSE colonization percentages with total dry biomass.
Similarly, we evaluated if pathogen load influenced
plant performance and growth by performing linear
regressions between the colonization percentage by
oomycetes and both total dry biomass and mean
change in plant height. For oomycetes we were
particularly interested in their effects on plant height
because it has been reported that some Oomycota taxa
can cause stunted growth in conifers (e.g., Pythoptora
spp. Preuett et al. 2013; William and Griinwald 2010).

We assessed if different flooding regimes affected
the association of 7. distichum with root fungi (i.e., in
planta colonization) by analyzing the total percent of
fungal colonization for seedlings grown in non-sterile
soil conditions. We tested if flooding differentially
affected the colonization of AMF and DSE using a

two-way ANOVA with fungal group, flooding regi-
men and their interaction as main effects. Initially we
used a mixed model with total fungal colonization
percent as our response variable, seed size as our
random factor and flooding treatment, fungal group
and their interaction as fixed effects. After performing
a log-likelihood ratio test between our mixed model
and a linear model that excluded seed size, we did not
find evidence that this factor significantly explained
the variation in our data and it was discarded from our
model. We tested for significant pairwise differences
between each of the treatment levels using Tukey—
Kramer adjustment. Additionally, we evaluated if the
abundances of the different fungal structures varied
with flooding to understand potential changes in the
physiology of the fungi under different flooding
regimes. To this end, we performed separate ANOV As
for each fungal structure with percentage colonization
as our response variable and flooding as our main
effect.

To test if pathogen load varied with flooding we
performed a one-way ANOVA with flooding treat-
ment as our fixed factor and percent colonization of
oomycetes as our response variable. Furthermore, to
evaluate if the colonization of oomycetes varied at
similar levels as root fungi we performed a two-way
ANOVA with flooding treatment and microbial group
(e.g., DSE, AMF, oomycetes) as our fixed factors and
percent colonization as our response variable. After
finding a significant interaction between flooding and
microbial group we performed t-student post hoc tests.

The soil nutrient data were analyzed using separate
linear models for each nutrient with flooding treat-
ment, soil sterilization treatment and their interaction
as main factors. Because we did not observe an overall
interaction between flooding treatments and soil
sterilization treatment we then simplified our model
and evaluated pairwise differences among the levels of
each factor using Tukey tests.

Results

Plant growth and performance

No seedling mortality was observed in our experiment.
Soil sterilization treatment had a strong effect on the

growth and total biomass production of 7. distichum
seedlings (Table 1; Figs. 3a, b, S1). At the end of the
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Table 1 Results of linear mixed models evaluating the effects of soil sterilization and flooding treatments on the relative total change
in seedling height (TCSH), specific leaf area (SLA), total dry biomass (TDB) and root to shoot biomass ratio (shoot:root ratio)

Factor TCSH SLA TDB Shoot:root ratio
af ;(2 P Xz P 9(2 P XZ P

Fixed factors

Flooding treatment 2 3.27 0.20 7.03 0.03 9.96 0.01 1.63 0.44

Soil 1 21.07 < 0.01 0.07 0.80 100.30 < 0.01 1.44 0.23

Flooding x Soil 2 0.80 0.67 3.86 0.15 8.31 0.02 221 0.33

Random factor

Seed size 1 0.54 0.46 0 1 3.89 0.05 0 1

experiment, plants grown in sterile soil conditions
were significantly taller than plants grown in non-
sterile conditions for all three flooding regimes
(Figs. 3a, S1). Extreme flooding conditions had no
effect on seedling height (Table 1; Figs. 3a, S1).
Seedlings reared in the same soil sterilization treat-
ment had similar overall plant growth for the typical
and extreme flooding regimes (Fig. 3a).

Specific leaf area (SLA), which is a measure of
resource allocation and photosynthesis activity, chan-
ged with flooding regimen (Table 1; Fig. 3b). Seed-
lings exposed to extreme flooding conditions showed
on average 1.34 and 1.25 times lower SLA than those
submitted to non and typical flooding regimes,
respectively (Fig. 3b). Soil sterilization treatment did
not influence seedling specific leaf area (Table 1;
Fig. 3b). All seedlings showed similar SLA values in
sterile and non-sterile soils (Fig. 3b).

Soil sterilization treatments and flooding regimes
affected seedling performance differently (Table 1;
Figs. 3¢, d, S2). Seedlings had greater total dry
biomass production in sterile compared to non-sterile
soil conditions. Total dry biomass production was five
times greater in sterile compared to non-sterile soil
conditions (Figs. 3¢, S2). Seedlings produced higher
biomass under non and typical flooding regimes
compared to extreme flooding conditions (Fig. 3c).
Soil sterilization treatment influenced seedling per-
formance in response to the different flooding regimes
(significant Hydrology x Soil, Table 1; Fig. 3c).
Plants grown in sterile soil conditions had reduced
biomass production for extreme flooding conditions in
comparison with typical and non-flooding regimes,
while all seedlings reared in non-sterile soil had on
average equal biomass production in each flooding
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treatment (Fig. 3c, Tables 1 and S2). Seedling
resource allocation to shoot and roots was similar
across all soil and flooding regimes (Fig. 3d; Table 1).
A greater shoot:root ratio was observed in seedlings
reared in sterile than in non-sterile conditions when
exposed to extreme flooding, while in the absence and
typical flooding treatments similar ratios were
observed (Fig. 3d). Seed size was not a predictor of
the physiological responses of baldcypress seedlings
to soil microbiota and flooding (Table 1).

Influence of root fungi colonization in plant growth

Total root fungi colonization did not predict plant total
dry biomass (F(; 30y = 0.16, P = 0.69, Fig. 4a), indi-
cating that beneficial fungi did not provide a signif-
icant growth benefit to baldcypress across flooding
treatments. Seedlings with higher AMF colonization
percentages tended to show high plant performance
(Fig. 4b). This tendency was not significant
(F(1,14y = 1.26, P = 0.28, Fig. 4b). DSE colonization
percentages did not have any tendency with respect to
plant performance (F(; 14y = 0.01, P = 0.97, Fig. 4b).
Root colonization by oomycetes had no effect on plant
growth (F(1.14y = 0.05, P = 0.82, Fig. 4c). For mean
plant height, oomycete root colonization tended to
have a negative influence, though not significant
(F.14) = 0.55, P = 0.47, Fig. 4d).

Influence of flooding in fungal root colonization
and pathogen load

The percentage of root fungal colonization in baldcy-
press seedlings varied between the two fungal groups
(Fungal group, F(j26) = 38.20, P < 0.01), and this
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Fig. 4 Relationships between fungal root colonization and T.
distichum seedling performance. a Relationship between total
fungal colonization and total dry plant biomass (TDB;
R*=0.24, P=038). b Separate relationships were also
estimated for AMF (dark gray line; R*=029, P = 0.28), and
DSE (light gray line; R* = — 0.01, P = 0.97) root colonization

difference was dependent on the flooding treatment
imposed (Fungal group x Flooding, F(;26) = 4.52,
P =0.02). On average, AMF colonization was three
times higher than DSE, with DSE showing three times
lower colonization than AMF when seedlings were
exposed to extreme flooding and almost no coloniza-
tion under typical flooding conditions (Fig. 5a). Total
fungal colonization in baldcypress roots was not
affected by the flooding regimen (Inundation,
F31y = 0.36, P = 0.69, Fig. 5a).

Root colonization by oomycetes varied with flood-
ing (Flooding, F5 11y = 4.95, P = 0.03, Fig. 5a), with
four times lower colonization under extreme and
typical flooded conditions than in the absence of
flooding (Fig. 5a). DSE, AMF and oomycetes differed
in their percent of root colonization (Microbial group,
F233,=39.79, P <0.01), and flooding influenced
these differences (Flooding x Microbial group,
F433 = 4.01, P < 0.01). Oomycetes were present in
baldcypress roots at lower percentages than AMF at
each flooding treatment, and at similar percentages of
DSE in both typical and none flooded conditions. In
the most extreme flooding treatment all three micro-
bial groups differed, with AMF showing the highest
colonization percentage, followed by DSE, while
oomycetes had the lowest percentage.

A diversity of fungal structures that characterize
AMF and DSE fungi were identified in seedlings
grown in non-sterile soil conditions among the flood-
ing treatments (Figs. 5b, S3). In terms of AMF fungal
structures, arbuscules were present at higher coloniza-
tion percentages in baldcypress roots under typical
flooding conditions than in either extreme flooding or

Colonization (%) Colonization (%)

with plant performance. ¢ Relationship of oomycete root
colonization with plant dry biomass (R* = 0.06, P = 0.82) and
d mean change in height (TCSH; RP= — 0.19, P =047).
Lines represent the approximate linear relationship. P-values
indicate the significance of each relationship

non flooding (F(2,12) = 8.91, P < 0.01), while hyphae
were more abundant under non flooding
(F2,12) = 6.93, P < 0.01) and vesicles were present
at lower percentages (0-5%) across all three flooding
treatments (F2 12y = 2.75, P = 0.10, Fig. 5b). From
the two characterized DSE structures, only the
percentages of dark septate hyphae (SHYP) differed
among the flooding treatments (F( 12 = 4.15,
P =0.04). SHYP were present at higher percentages
under either non or extreme flooded conditions.
Microsclerotia were present at very low percentages
(0-5%) in all treatments (F (2 12y = 1.88, P = 0.19).

Soil nutrient composition

Prior to any allocation of our two soil batches into each
of our flooding treatments, we observed no differences
in the nutrient profile between the portion that was
sterilized and the portion that was non-sterile (Fig. 6).
We did observe differences in the content of macronu-
trients such as carbon, nitrogen, phosphorus and sulfur
between our sterile and non-sterile soil at the end of
our flooding regimes, while the content of copper, zinc
and the soil pH were similar between the treatments
(Table 2, Fig. 6). The concentration of carbon, nitro-
gen, sulfur, and magnesium were between one to two
times higher under the non-sterile soil than in sterile
soil, while phosphorus was higher under the sterile soil
(Fig. 6). Only the concentrations of sulfur, magnesium
and copper differed among the flooding treatments
when averaged over the soil sterilization treatments.
Sulfur and copper were two and three times higher,
respectively, in the absence of flooding (non-flooding

@ Springer



Plant Ecol

(a) . AMF . DSE I:‘ Oomycetes

d
404 o
d
S
€
]
®
N
5
3 20'
(&)
bc
a
a a
oA = T
None Typical Extreme

Flooding Conditions

Fig. 5 Fungal colonization of Taxodium distichum seedling
roots after exposure to three different flooding treatments.
a Mean root colonization percentages of arbuscular mycorrhizal
fungi (AMF) and dark septate endophytes (DSE) in response to
extreme, typical and non-flooding conditions. Error bars
represent & 1 standard error. Tukey’s honest significant differ-
ences among treatments are represented by distinct letters at the
5% level. b Percentage colonization of fungal structures

treatment) than in either of typical or extreme
flooding. Magnesium was one time higher in the
absence of flooding than under extreme flooding.
Nutrient concentrations of each soil did not dependent
on the flooding treatment imposed (no significant Soil-
by-Flooding treatment interaction, Table 2, Fig. 6).

Discussion

Plant-microbiota associations have been poorly
explored in Louisiana swamps, where the combined
effects of landscape modification and increased
climate variability have resulted in more permanent
flooded conditions (see CPRA 2017; Shaffer et al.
2009). Because submergence and soil saturation are
stressful for young baldcypress saplings, these flood-
ing changes have affected baldcypress seedling estab-
lishment, and, thus, population regeneration and
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observed in the roots of baldcypress seedlings grown in non-
sterile soil. Arbuscules (ARB), vesicles (VES) and hyphae
(HYP) are characteristic of AMF fungi, while septate hyphae
(SHYP) and microsclerotium (MS) are structures of DSE. Error
bars represent &= 1 standard error. Tukey’s honest significant
differences among treatments are represented by distinct letters
at the 5% level

growth. Our results confirmed the slower growth of
baldcypress seedlings when exposed to flooded con-
ditions, and a tenuous link to resilience (sensu Chapin
1991), but suggest a negative influence of soil
microbes—collected near adult baldcypress trees—in
plant biomass production and growth. Despite this
observed decreased growth in the presence of soil
microbes, seedlings showing association with well-
known mutualist groups of root fungi had similar
biomass production when exposed to extreme flooding
compared to typical and an absence of flooding.
However, this response was not correlated with the
colonization percentages of AMF and DSE in baldcy-
press roots, which were influenced by flooding.

Effects of flooding in baldcypress seedlings

Flooded conditions affected the performance and
resource allocation of seedlings (e.g., SLA), but not
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Fig. 6 Soil macro (a—0) and
micronutrient (p—

u) composition of our sterile
and non-sterile treatments
before and after flooding
exposure. Soil pH was also
measured in soil samples
collected before (v) and after
(W—X) exposure to our
flooding treatments. Error
bars represent + one
standard error. Tukey’s
honest significant
differences between sterile
and non-sterile treatments
(upper left at each panel) are
represented by distinct
letters at oo = 0.05
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their primary growth (i.e., height or the vertical
extension and reproduction of cells in the primary
meristem; Fig. S2, Table S3). Several studies have
reported reduced biomass production, less leaf area
and also reduced height in seedlings exposed to lasting
flooding conditions (e.g., Conner and Day 1976; Allen
et al. 1996). However, in other instances, differences
in the physiological responses to flooding have been
observed among genotypes. Allen (1994) reported
marked patterns of leaf loss among 15 genotypes,
where more tolerant seedlings tended to retain healthy
younger leaves at the top of the stem and remain alive
at the top of the plant, while less tolerant genotypes
exhibited partial stem dieback and refoliation along
the lower portion of the stem. The seedling prove-
nance for this study was across a wide range of
baldcypress trees, and as a result we observed
substantial differences in the height of individual
seedlings as a response to flooding (see S.E. in
Fig. 2a). Some seedlings developed younger, healthier
leaves at the top of the plant and tended to extend their
apical growth even though 90% of their stem was
submerged, and others tended to lose their top leaves
and exhibited signs of senescence. This variation in
the growth response of seedlings to flooding led to
statistical similarities with respect to the relative
changes in height observed in seedlings exposed to
none and typical conditions. On average, seedlings
exposed to the extreme flooded treatment had less
change in height than those exposed to typical and
none flooding conditions, but the observed phenotypic
variation in all treatments was substantial.

SLA values were lower under both flooded condi-
tions in the absence of soil microbiota, and under the
extreme flooding conditions in the presence of soil
microbiota, suggesting that plants were experiencing
resource allocation and osmotic stress (Herrera 2013;
Kimball et al. 2002). Usually lower values of SLA
indicate thicker leaves and an increment in realloca-
tion of biomass to the leaves (i.e., higher leaf mass
than leaf area) in response to water deficit (Vile et al.
2005). In flooded environments the expectation is that
SLA should be higher because thinner leaves would
promote gas exchange and submergence tolerance
(Colmer et al. 2011; Mommer et al. 2004, 2005). This
behavior will depend on the acclimation stage to
flooding (Herrera 2013), and the alternative adapta-
tions to submergence [e.g., production of new leaves
under water (Colmer et al. 2011)]. Contrary to the

expected SLA under flooded environments, baldcy-
press seedlings were thus able to re-allocate more CO,
to the leaves under submergence than under non-
flooded conditions. This could have been caused by a
decrease in root water absorption and stomatal closure,
as a first acclimation response to the new flooded
environment experienced by the seedlings (Herrera
2013).

Soil microbiota growth benefits in response
to flooding

Soil microbiota had a negative impact on baldcypress
seedling growth and biomass production independent
of the flooding regimen to which they were exposed.
Two different hypotheses could explain this pattern:
(1) high presence of pathogens and other antagonistic
organisms in comparison with beneficial symbionts in
the swamp soil or (ii) symbiotic associations formed in
the non-sterile soil were too costly to the plants. Our
experimental soil was collected below adult trees in
the field. For trees, theory has predicted and empirical
data have revealed that the accumulation of species-
specific enemies (i.e., pathogens) around adults can
limit the recruitment of conspecific seedlings relative
to heterospecific seedlings as a negative-frequency
selection force that helps maintain plant diversity in
forests (Connell 1970; Janzen 1970; Mangan et al.
2010). In tropical tree species, seedling growth was
reduced when grown with conspecific soil relative to
soil from heterospecifics (e.g., Mangan et al. 2010).
Previous studies in baldcypress have observed low
seedling recruitment from gravity-mediated dispersed
seeds that stay below adult trees (Schneider and
Sharitz 1986, 1988). In the absence of floods, baldcy-
press seeds that do not disperse far from parent trees
tend to not germinate and the ones that do are short-
lived (Schneider and Sharitz 1986, 1988; Souther and
Shaffer 2000). Furthermore, the colonization of
oomycetes in baldcypress roots of seedlings grown
on this type of soil suggest the presence of pathogens.
Although a significant decline in plant height was not
correlated with oomycete colonization, these obser-
vations suggest that conspecific soil biota collected
around adult trees can reduce seedling growth in
baldcypress seedlings, providing support for our first
hypothesis. However, a further experiment growing
baldcypress  seedlings with  conspecific and
heterospecific soil could confirm this hypothesis.
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An alternative explanation is that symbiosis was
costly for baldcypress seedlings. Nutrient uptake by
the plant and carbon soil deposition would be an
indication of this cost (Grayston et al. 1997). Carbon
percentages were higher under non-sterile than in
sterile soil at the end of our experiment, with the
opposite trend for phosphorus concentrations, the
main limiting nutrient in aquatic systems and a benefit
provided via symbiosis with AMF and DSE. These
data suggest that, in exchange for phosphorus, plants
were diverting a lot of carbon into the soil. However,
other important macronutrients such as nitrogen,
sulfur, and magnesium were present at higher con-
centrations in the non-sterile soil than in sterile soil,
indicating that other processes (e.g., microfauna or
pathogens present in the soil) might be affecting
nutrient exchange between the soil and the plant.
Therefore, even though our data suggest an inter-
change of nutrients between root fungi and baldcy-
press seedlings, we do not have enough support to
consider this association either beneficial or costly.

It is uncertain if beneficial soil microbiota enhanced
the performance of baldcypress seedlings when
exposed to extreme flooding conditions. In spite of
the reduced growth and biomass production observed
in seedlings reared in non-sterile compared to
seedlings reared in sterile soil, we observed similar
biomass production across the three different flooding
regimes in seedlings grown in non-sterile soil. In
contrast, seedlings reared in the absence of soil
microbes showed decreased biomass production in
extreme flooding compared to typical and non-flood-
ing regimes (See Fig. 3). This pattern suggests that the
presence of soil microbiota has a positive growth
effect on baldcypress seedlings when exposed to
extreme flooding conditions. However, the non-sig-
nificant association of plant performance with the
colonization of beneficial symbionts (but see Bao et al.
2019 for a similar pattern), the reduced SLA under
extreme flooding conditions, and the fact that the
seedling growth in the non-sterile treatment was
equally stunted also suggest this pattern could be the
result of a higher stress affecting all plants equally,
such as the presence of other antagonistic microbes or
microfauna not measured in this study (Kut’akova
et al. 2018). It has been hypothesized that some stress
combinations can negate the effect of each other and
lead to a net neutral or positive impact on plant
performance (Pandey et al. 2017). Our experiment
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conditioned the plants to the soil microbiota before
exposing them to the flooding treatments. It is possible
that under the presence of biotic stress, abiotic stress
due to flooding was thus negated and led to a neutral
plant performance under these conditions. Single-
inoculations of both DSE and AMF will be needed to
test this hypothesis and corroborate the positive effect
of mutualist fungi in baldcypress tolerance to flooding.

Influence of flooding in the colonization
of beneficial microbes

Total fungal colonization was not influenced by
flooding. Instead the colonization percentages of
AMF, and DSE varied with flooding. Several studies
have previously reported no effect in the colonization
success of AMF and DSE across different flooding
treatments in wetland plant species (Deepika and
Kothamasi 2015; Martin et al. 2018; Stevens et al.
2011). Instead, changes in AMF and DSE diversity
have been reported (Deepika and Kothamasi 2015;
Stevens et al. 2010; Wang et al. 2011). These studies
and our results suggest that flooding does not affect the
potential for root fungal colonization but it does
modify fungal community composition. Here we
observed that AMF colonization in baldcypress roots
was higher than DSE colonization under typical and
extreme flooding conditions, but we did not observe
this difference in the drier conditions (non-flooding
treatment). Our findings support previous observations
on the sensitivity and prevalence of DSE and AMF
under flooded conditions (e.g., Lodge 1989; Martin
et al. 2018; Rickerl et al. 1994). Furthermore, we
observed that each fungal group showed differences in
the structures formed under each flooding treatment,
indicating changes in the physiology of fungi when
seedlings were exposed to different inundation
regimes. Despite underestimating AMF hyphae, a
predominance of this structure was observed under
drier conditions than in either flooded treatment,
suggesting a higher fungal growth rate under non-
flooded conditions, while a higher percentage of
arbuscules under typical flooding conditions suggests
that nutrient exchange between the host plant and the
fungi was promoted in the inundated situations that
baldcypress commonly experiences (Smith 1995).
DSE tend to form dark hyphae and microsclerotia
during later stages of colonization or in periods of
plant stress (Barrow and Aaltonen 2001; Jumpponen
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and Trappe 1998; Mandyam and Jumpponen 2005).
Both of these structures were predominantly observed
under the two stress-induced scenarios of the flooding
gradient, suggesting that stressful rather than typical
inundation scenarios in swamps might promote DSE
colonization of baldcypress seedlings. This osmotic
tolerance of DSE has been reported mostly in arid
ecosystems (Li et al. 2019a) and has been attributed to
the rigid structure of their cell walls composed of
phenolic and indolic monomers (Berthelot et al. 2017,
Bloomfield and Alexander 1967). Our study is report-
ing a similar tolerance of DSE to flooded conditions.
Since extreme climate events and sea level rise are
projected to bring more permanent flooded conditions
to coastal wetlands, our results indicate that fungal
root diversity will be disrupted and selected to
maintain plant symbiotic associations with specialized
AMF and DSE phyla adapted to flooded
environments.

Flooding effects on pathogen load

While oomycetes are well-known to prevail in moist
and damp conditions (William and Griinwald 2010),
baldcypress root colonization by oomycetes declined
with flooding and was significantly lower than the
colonization by AMF and DSE, particularly under the
most extreme flooding scenario. In other wetlands,
colonization by the oomycete Pythium phragmitis has
been higher within young host plants and after extreme
flooding events (Wielgoss et al. 2009). It is thus
unlikely that flooded conditions in our study prevented
oomycete colonization. Instead, microbe-microbe
interactions could be a pausible explanation, since
these interactions are very context-dependent (Kemen
2014). An increase in antagonistic effects of AMF and
DSE towards oomycetes under stressful conditions for
the host could have led to a reduced oomycete
colonization. In other conifers, DSE have been shown
to protect against oomycetes (Tellenbach and Sieber
2012), and we observed a decline of oomycetes
associated with an increase in DSE colonization under
extreme flooding conditions. Furthermore, AMF have
also been observed to protect against other fungal
pathogens (Lewandowski et al. 2013). In our study,
AMF colonization remained relatively constant across
all flooding regimes, with higher colonization than
DSE and oomycetes under the most extreme scenario
of flooding. This environment-dependent colonization

by beneficial fungi and oomycetes should be further
studied to fully acknowledge a protective role of AMF
and DSE against oomycetes. Our findings further
suggest that the lack of significant differences in
seedling performance across flooding regimes could
be due to these observed context-dependent microbe-
microbe interactions within the host plant.

Conclusions

Prolonged flooding presents a stressful environment
for baldcypress seedlings, but extensive physiological
variation in response to this condition exists among
individuals in nature. Unexpectedly, we observed
evidence that soil microbiota collected around adult
trees can have an overall negative influence on
seedling growth, suggesting the potential role of
negative-plant feedbacks in regulating seedling
recruitment for baldcypress. The extent of plant-
fungal associations was not affected by flooding,
instead the prevalence of AMF with respect to DSE,
and of beneficial fungi over pathogens were altered
with flooding. Further studies should investigate
whether these environment-dependent interactions
are due to a protective role of AMF and DSE towards
oomycetes, and/or the role of microbe-microbe inter-
actions in promoting plant resilience. Together our
results suggest that it is more important for baldcy-
press seedlings to be surrounded by a beneficial
microbiota than to be dry or flooded, and thus
restoration efforts should focus on having a better
understanding of plant-microbe interactions in
swamps.
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