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Abstract
1. Increasing temperatures associated with climate change are shifting plant
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species to higher latitudes. Soil communities could aid the plants’ shift into novel
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fluence the fitness and stress tolerance of the shifting species. Alternatively,
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areas by harbouring fewer soil-borne antagonists or more mutualists that inthey could contain novel antagonists or fewer mutualists. Thus, soil communities
could positively or negatively affect plant range expansion, particularly if they
influence plants’ responses to climate, such as freeze tolerance, that feedback to
affect expansion.
2. We used the northward range expansion of the black mangrove, Avicennia
germinans, into a system dominated by marsh cordgrass, Spartina alterniflora, in
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soil) affects mangrove fitness, susceptibility to cold stress and the coloniza-
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effects of steam-sterilized and live soils from A. germinans and S. alterniflora on

northern Florida, USA to study how the novel soil environment (i.e. S. alterniflora
tion of mutualist fungi. We quantified abundance of root mutualistic fungi in
mixed marsh-mangrove habitat and conducted a laboratory experiment to test
the growth, condition, fungal colonization and freeze tolerance of A. germinans
seedlings.
3. In the field, we found two times higher dark septate endophyte (DSE) colonization
of A. germinans roots and three times higher fungal spore density in A. germinans
soil compared to S. alterniflora roots and soil. In the laboratory experiment,
seedlings in steamed S. alterniflora soil treatments had 50%–65% survival after
freezing, compared to 0% survival in treatments with live S. alterniflora soil.
A. germinans live soil mixed with S. alterniflora steamed soil yielded A. germinans
roots with the highest DSE colonization and seedlings with greater shoot biomass
and lower root:shoot ratios. S. alterniflora live soil lowered the freeze tolerance
of A. germinans, decreased mangrove survival and depressed DSE colonization.
4. Synthesis. S. alterniflora soil could impede A. germinans establishment in salt
marsh communities. As climate warming gradually allows A. germinans to displace
S. alterniflora, the rhizosphere could become increasingly hospitable to A. germinans.
Our work suggests the soil community associated with resident species mediates
climatic stressors to affect expansion success.

Journal of Ecology. 2020;108:1725–1737.

wileyonlinelibrary.com/journal/jec
© 2020 British Ecological Society

|

1725

1726

|

Journal of Ecology

CHEN et al.

KEYWORDS

allelopathy, biotic resistance, dark septate endophyte fungi, global change ecology, invasion
ecology, plant–soil (below-ground) interactions, plant–soil feedbacks, salt marshes

1 | I NTRO D U C TI O N

may rely on symbiotic fungi to acquire adequate nitrogen and phosphorus. In fact, AM fungi and DSE fungi may both perform important

Global warming redistributes species, which often causes range

functions for plant growth in cold environments, as they are both

shifts to higher latitudes and elevations (Chen, Hill, Ohlemüller, Roy,

abundant in arctic and alpine systems (Schmidt, Sobieniak-Wiseman,

& Thomas, 2011; Pecl et al., 2017). Biotic interactions can further

Kageyama, Halloy, & Schadt, 2008; Väre, Vestberg, & Eurola, 1992).

influence how climate change affects species distributions (Blois,

For example, AM has recently been directly linked to freeze toler-

Zarnetske, Fitzpatrick, & Finnegan, 2013; Gilman, Urban, Tewksbury,

ance in barley plants (Hajiboland, Joudmand, Aliasgharzad, Tolra, &

Gilchrist, & Holt, 2010; Wisz et al., 2013). As species expand with

Poschenrieder, 2019). AM symbiosis can improve nutrient acquisi-

shifting climate envelopes, they will interact positively and nega-

tion, increase antioxidant enzyme activities of the plants and pro-

tively with resident species in the areas they colonize in ways that

tect root hydraulic conductance from cold stress (Aroca, Porcel, &

can affect both the rate and geographical extent of their expansion

Ruiz-Lozano, 2007; Karasawa et al., 2012; Zhou, Ma, Liang, Huang,

(HilleRisLambers, Harsch, Ettinger, Ford, & Theobald, 2013). In par-

& Pinyopusarerk, 2012). However, DSE is found across a broader

ticular, plant interactions with soil mutualists and antagonists can

range of climatic conditions, including at extreme elevations in the

affect plant expansion success into recipient systems (Bray, Kitajima,

Himalayas where AM is conspicuously absent (Kotilinek et al., 2017).

& Sylvia, 2003; Gribben et al., 2017; Klironomos, 2003; Reinhart &

High melanin concentrations in DSE have been cited as an adapta-

Callaway, 2006). For example, plant expansion could be enhanced

tion to cold temperatures (Jumpponen & Trappe, 1998; Robinson,

if plants encounter fewer soil pathogens in recipient systems or if

2001). Thus, these two fungal groups have strong associations with

strong native mutualists facilitate plant invaders (Mitchell et al.,

plants, and often seemingly play important roles in plant–soil feed-

2006; Richardson, Allsopp, D'Antonio, Milton, & Rejmanek, 2000).

backs including in cold-stressed environments.

Alternatively, resident soil pathogens or an absence of soil mutualists

Mangroves provide an opportunity to examine the relative

could inhibit plant expansion into new areas (Callaway, Montesinos,

importance of positive and negative plant–soil interactions in

Williams, & Maron, 2013; Knevel, Lans, Menting, Hertling, & van

the context of a climate-driven range expansion. As tempera-

der Putten, 2004). The relative importance of positive and negative

tures warm, mangroves are expanding poleward and replacing

plant–soil interactions influences plant expansion success, and it

salt marshes between subtropical and warm temperate climatic

is important to consider these feedbacks in the context of climate

zones world-wide (Guo, Zhang, Lan, & Pennings, 2013; Saintilan,

change. Interactions with soil microbes can alter plant stress toler-

Wilson, Rogers, Rajkaran, & Krauss, 2014; Smith, Blaze, Osborne,

ances and susceptibility to environmental stressors, such as tem-

& Byers, 2018). The northern distribution of mangroves in the

perature or drought (Gehring, Sthultz, Flores-Renteria, Whipple, &

southeastern United States is controlled primarily by the frequency

Whitham, 2017; Xi, Chu, & Bloor, 2018). However, it is unclear how

of extreme cold events (Cavanaugh et al., 2014; Osland, Enwright,

soil–plant interactions that alter plant stress tolerance influence ex-

Day, & Doyle, 2013). In this region, the black mangrove, Avicennia

pansion success during climate-driven range expansions.

germinans, is moving north into salt marshes that are dominated by

Two broad categories of mutualistic fungi that are often asso-

smooth cordgrass, Spartina alterniflora (Simpson, Osborne, & Feller,

ciated with plant–soil interactions are arbuscular mycorrhizae (AM)

2017). Although the southeastern United States has increased in

and dark septate endophytes (DSE). These fungi often aid plants by

mean temperatures over the past 30 years, this area is still subject

facilitating nutrient uptake (Barrow & Osuna, 2002; da Silva, da Silva,

to the sharp cold snaps and heightened climate variability that af-

de Souza, Oehl, & Maia, 2017; Karasawa, Hodge, & Fitter, 2012) and

fect northward-moving tropical and subtropical species along the

may be particularly valuable symbionts in stressful environments

southeastern US coastline (Canning-Clode, Fowler, Byers, Carlton,

(Singh, Gill, & Tuteja, 2011). Like AM fungi, DSE fungi can promote

& Ruiz, 2011). Because fungal symbionts facilitate plant growth in

nutrient uptake and mitigate heat and drought stress in extreme

stressful conditions (Rodriguez et al., 2008; Singh et al., 2011), los-

environments (Jumpponen, 2001; Newsham, 2011; Ramirez-Viga

ing mutualistic fungi or gaining antagonistic interference from the

et al., 2018), although the beneficial functions of DSE fungi are

S. alterniflora soil could decrease stress tolerance of A. germinans.

relatively understudied relative to those of AM fungi (Mandyam &

These interactions with soil symbionts could be particularly import-

Jumpponen, 2015). AM fungi–plant symbioses can also competitively

ant for freeze tolerance, which influences mangrove expansion into

exclude root parasites or pathogens and modulate environmental

cooler climates.

stressors such as shade, drought, salinity and nutrient depletion

Saltmarsh and mangrove systems are characterized by dif-

(Garg & Chandel, 2010). Since nutrient cycling is typically slow in cold

ferent soil environments. These two foundation species funda-

environments (Nadelhoffer, Shaver, Giblin, & Rastetter, 1997), plants

mentally differ in their ability to sequester carbon (Coldren et al.,
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2016; Doughty et al., 2016). They also have variable root physi-

hypothesized that S. alterniflora soil would inhibit performance of

ology (Purnobasuki & Suzuki, 2004) and associated soil chemical

A. germinans seedlings and decrease their freeze tolerance relative

properties, including salinity, soil ammonium and redox potential

to A. germinans soil.

(Perry & Mendelssohn, 2009). All of these factors contribute to
different sediment microbial communities between mangrove and
marsh systems (Barreto, Morrissey, Wykoff, & Chapman, 2018).
AM and DSE fungi both commonly occur in mangrove-dominated
habitats (Kothamasi, Kothamasi, Bhattacharyya, Kuhad, & Babu,

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Field survey

2006; Wang & Li, 2003; Wang et al., 2010) where phosphorus
is often a limiting element for plant growth (Koch & Snedaker,

To assess mutualist fungi colonization in roots and soil of S. alterniflora

1997; Lovelock, Ball, Choat, et al., 2006; Lovelock, Ball, Feller,

and A. germinans, we haphazardly selected five mixed species plots

Engelbrecht, & Ling Ewe, 2006). In contrast, S. alterniflora does not

(2 m2) within a 0.5 km section of the salt marsh-mangrove transition

readily associate with AM fungi (Cooke & Lefor, 1990; Hoefnagels,

zone in Marineland, FL (29.672633°N, 81.218414°W) in November

Broome, & Shafer, 1993; Mandyam & Jumpponen, 2005), but

2017. In each plot, we collected roots from one A. germinans seedling

the plant has been shown to form root associations with DSE in

and one S. alterniflora ramet and the associated soil from each plant.

stressful abiotic conditions, and root-colonization is positively

To quantify root fungal abundance, we removed the fine roots from

correlated with plant growth (Moore, 2016). In common gar-

each plant, cleaned the roots in 10% KOH and stained them with

den experiments, S. alterniflora is poorly colonized by AM fungi;

trypan blue (Phillips & Hayman, 1970). After staining, we determined

when inoculated with a commercially available AM inoculum mix,

the percentage of fungi colonization by microscopic visual examina-

S. alterniflora developed fungal hyphae, but no arbuscules (McHugh

tion using the gridline intersection method (Giovannetti & Mosse,

& Dighton, 2004). In addition to differences in fungal root associ-

1980). For the soil, we extracted fungal spores by centrifuging soil

ates between these two plants, soil antagonists and allelopathic

samples in a 20% sugar solution followed by a 60% sugar solution

effects associated with S. alterniflora could also inhibit A. germinans

adapted from the INVAM method (West Virginia University, Davis

expansion. For example, in China where S. alterniflora is invasive,

College of Agriculture, 2017). Fungal spores were concentrated in

its endophytic fungal pathogen, Fusarium palustre, is associated

the supernatant and we decanted them into a Petri dish for visual

with dieback of the native plant Phragmites communis (Li et al.,

examination. We counted fungi spore density under a stereoscopic

2014). S. alterniflora can also depress the association between AM

microscope at 40× magnification.

fungi and neighbouring plants (Liang et al., 2016), and the quantity
of AM fungi phospholipid fatty acids in the soils gradually declines

We analysed the data with

r

(R Development Core Team, 2017).

For both AM and DSE colonization, we used a paired t test to compare

following S. alterniflora invasion (Liang et al., 2016; Yang, Jeelani,

their values between A. germinans and S. alterniflora roots collected

Leng, Cheng, & An, 2016). Thus, not only do soil properties differ

from the same plots. We also used a paired t test to examine the

based on plant communities but also soil fungi can influence plant

difference in fungal spore density for A. germinans and S. alterniflora

interactions and community composition.

soils collected from the same plots.

In this study, we use A. germinans expansion into S. alterniflora
marshes in north Florida, USA to examine how the survival, performance, freeze tolerance and fungal root colonization of A. germinans

2.2 | Laboratory experiment

seedlings may change at the leading edge of the mangrove expansion as a function of soil associated with the two different dominant

To examine how different soil compositions influence the survival,

plants. First, we conducted a field survey in mixed salt marsh and

biomass, fungal colonization and freeze tolerance of A. germinans

mangrove habitats to quantify fungal colonization of A. germinans

seedlings, we performed a two-factor laboratory experiment that

and S. alterniflora roots. We also measured fungal spore density in the

manipulated seedling exposure to soil type and freezing tempera-

soil surrounding both A. germinans and S. alterniflora plants. Second,

tures (freeze, control).

we used a laboratory experiment to ensure uniform, controlled conditions to assess how combinations of live and steam-sterilized soils
collected from the rhizosphere of S. alterniflora and A. germinans af-

2.2.1 | Soil collection and treatment preparation

fect the density of AM and DSE mutualists associated with A. germinans
seedlings, as well as seedling survival, performance and freeze toler-

We collected the soil from S. alterniflora and A. germinans single-

ance. We expected that fungi would improve A. germinans seedling

species zones (10 × 50 m) in areas with continuous vegetation

responses by improving nutrient acquisition, increasing antioxidant

(A. germinans or S. alterniflora) in Crescent Beach, Florida (29.763889°N,

enzyme activities and protecting root hydraulic conductance. We

81.262694°W). We collected soil to a depth of 10 cm in the rhizos-

hypothesized that root fungi colonization of A. germinans seedlings

phere of the target plants. We homogenized the soil collected from

would be lower in S. alterniflora soil than in A. germinans soil because

each plant species to create separate pools of A. germinans and

of relatively lower spore density in S. alterniflora soil. Lastly, we

S. alterniflora soils. Although there is debate about the merits of soil
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homogenization (see Rinella & Reinhart, 2018; Teste et al., 2019), we

treatments, we placed six pots of the same soil treatment in a smaller

collected soil from a single site, and we wanted to quantify A. germinans

tub (35 × 25 × 20 cm) filled with saline water as described above.

response to a standardized amount of S . alterniflora soil and its as-

We randomly re-assigned the pots of the same soil treatment in the

sociated biotic and abiotic components (e.g. chemical compounds

small tubs every week.

and fungal spores). Next, we sieved the soils through a 2-mm mesh to

To assess baseline seedling responses to soil conditions prior to

remove large infauna and debris. Sodium hypochlorite is commonly

the freeze treatments, we recorded seedling heights and survival

used to disinfect seeds and isolated fungal spores from bacteria (Liang

3 months after we added the soil treatments, and destructively

et al., 2015). Thus, to reduce the natural bacterial community present

sampled 10 seedlings in each soil treatment to confirm presence of

in the soil while leaving fungal spores intact, we saturated all soil with

mycorrhizal fungi (pre-test group) (Figure 1: Step 3). We measured

10% sodium hypochlorite for 15 min. All field collected soils were

AM and DSE colonization in fresh roots using the protocol described

conditioned the same. We then rinsed the soils repeatedly with fresh

above.

water (5×) to remove traces of sodium hypochlorite.
To create the soil treatments, we split each soil origin type
into two batches of equal volume and steam-sterilized one batch

2.2.3 | Simulated freeze events

of each soil origin type (A. germinans, S. alterniflora) for 45 min
to kill all fungal spores (Sioux Steam-Flo Steam Generator). Soil

For each soil treatment, we froze 20 seedlings (freeze group) at

steam-sterilization is commonly used as an alternative to chemi-

−5°C ± 1°C in a darkened walk-in freezer for 6 hr (Freeze 1), and

cal sterilization in agricultural and plant biology studies to inacti-

left the remaining seedlings (n = 12–17) as controls that did not re-

vate fungal spores in soil (Baker & Chandler, 1957; Bollen, 1985;

ceive freeze exposure (Figure 1: Step 4). We based the temperature

Runia & Molendijk, 2010; Warcup, 1951). Our soil treatments

and duration of the freeze treatment on previous work that demon-

comprised four combinations that each included both soil origins

strated 100% mortality of mangroves exposed to −6.5°C for 24 hr

(A. germinans, S. alterniflora) that varied in their fungal spore presence

and 50% mortality for mangroves exposed at the same temperature,

(steamed, live). We added an equal volume (50 ml) of A. germinans

but for shorter duration (Pickens, 2012). During the freeze event, we

(Ag) and S. alterniflora (Sa) soil to each treatment to maintain con-

kept the control plants on a nearby benchtop at room temperature

sistent nutrient contributions from A. germinans and S. alterniflora

(19°C) in the dark. Immediately before the freeze event, we removed

soils. Thus, our treatments were as follows: (a) both steamed

all seedlings from their salt-water bath. Temperature fluctuated

(Sa(s) + Ag(s)); (b) live S. alterniflora (Sa + Ag(s)); (c) live A. germinans

±1°C during the freezing period.

(Sa(s) + Ag); (d) both live (Sa + Ag). Steamed soil is denoted by (s)
after the soil type abbreviation.

After the freeze event, we evaluated seedling cold tolerance
with same-day measurements of chlorophyll fluorescence and by
recording seedling survival 2 weeks post-freeze. Chlorophyll fluo-

2.2.2 | Propagule collection and experiment set-up

rescence is a non-invasive measure of the efficiency of Photosystem
II, which we measured as the variable to maximum fluorescence
ratio (Fv/Fm) of dark-adapted leaves. Fv/Fm is correlated with

We collected A. germinans propagules from adult trees located at

other estimators of frozen leaf damage and is widely used to es-

the same site as the soil collections. We floated the propagules in

timate plant freeze tolerance and stress (Cook-Patton, Lehmann,

water for a week to approximate optimal flotation time prior to

& Parker, 2015; Huner et al., 1993; Sierra-Almeida, Cavieres, &

planting (Simpson et al., 2017). We then disinfected propagules

Bravo, 2009). Low Fv/Fm values indicate a decrease in efficiency

(15 min, 5% bleach), rinsed them with water and individually planted

of Photosystem II. This change could be a temporary response to

each propagule into one of 192 square pots (10 × 10 × 15 cm

stress or an indication of more severe damage to the plant (Khanal,

depth) that we had three-quarters filled with a 1:5 mix of steam-

Bray, Grisnich, Moffatt, & Gray, 2017). We measured Fv/Fm with

sterilized playground sand and commercial topsoil (Figure 1: Step

a FIRe Fluorometer System (Satlantic LP Company). We measured

1). We placed all the pots under grow lights (8 a.m.–8 p.m. each

and averaged Fv/Fm for the two top fully expanded leaves of each

day) and housed them in tubs (60 × 40 × 20 cm) filled 10 cm deep

seedling in both the freeze and control group before and after the

with Instant Ocean saline water (20 ppt salinity). Holes in the bot-

freeze treatment. We took before and after freeze measurements

tom of the pots enabled water to wick up into the soil from below.

at the same time of day to control for daily fluctuations in Fv/Fm.

We replaced any dead propagules during the first 2 weeks, and we

We took the after-measurements as soon as the seedlings returned

changed the salt water in the tubs weekly to maintain salinity and

to room temperature. We estimated the response of each plant as

minimize microalgal growth.

the photoinactivation ratio (PHI) PHI = 1 − Fa/Fb, where Fb is Fv/Fm

After 1 month, A. germinans seedlings in all 192 pots developed

tested before freezing and Fa is Fv/Fm tested after freezing (Perez,

true leaves. We measured initial seedling height and randomly as-

Hinojosa, Ossa, Campano, & Orrego, 2014). A high PHI indicates

signed the soil treatments to seedlings by adding 50 ml of each ap-

higher levels of photoinactivation corresponding to plant stress.

propriate soil type (n = 48 per treatment, 100 ml per pot; Figure 1:

We performed a second freeze treatment 2 weeks after Freeze

Step 2). To minimize fungal contamination among pots in different

1 to simulate a more intense freeze event because no seedlings died
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F I G U R E 1 Laboratory experiment design and procedure. Numbers represent the number of seedlings in each step of the experiment.
Colour of the square pots indicates the four soil treatments (Green: both steamed (Sa(s) + Ag(s)); Red: live Spartina alterniflora (Sa + Ag(s));
Yellow: live Avicennia germinans (Sa(s) + Ag); Blue: both live (Sa + Ag)). Letters on square pots denote T : pre-test group destructively
sampled to quantify fungal colonization before freezing; D: dead seedlings before freeze treatment for Step 3, and F: freeze group (freeze
exposed); C: control group (no-freeze exposure) in Step 4. Ag, Avicennia germinans; Sa, Spartina alterniflora [Colour figure can be viewed at
wileyonlinelibrary.com]
from Freeze 1. The second freeze was designed to test seedling per-

hoc tests to determine significant soil and freeze treatment differ-

formance through successive freeze events and determine whether

ences for PHI responses in each freeze trial.

our treatment groups varied in response to increased freeze sever-

For performance measurements (i.e. height, total fresh biomass, dry

ity. We froze the seedlings overnight at −5°C for two 12-hr intervals,

shoot biomass, fresh root–shoot ratio), we used separate ANOVAs to

with a 12-hr break between the intervals (Freeze 2). We used the

test each response as a function of soil treatment. We performed these

same control seedlings from Freeze 1 as controls during Freeze 2. As

tests on the heights of all the plants after 3 months (before Freeze 1),

in Freeze 1, we measured chlorophyll fluorescence before and after

and the height, shoot biomass, total fresh biomass and root:shoot ratio

the freeze treatment. We recorded seedling survival 2 weeks after

on the control plants after 4 months (2 weeks after Freeze 2). For each

Freeze 2. After that, we harvested all the seedlings and measured

response variable, we used Tukey's post hoc tests to examine differ-

their total fresh biomass, dry above-ground biomass (dried in an oven

ences in the seedling performance between soil treatments.

at 70°C for 72 hr), and root AM and DSE colonization as described
above.

Finally, we used a logistic regression (generalized linear model
fit with a binomial distribution) to examine all seedling survival before Freeze 1 as a function of soil treatment using the ‘lme4’ package

2.2.4 | Analyses

(Bates, Machler, Bolker, & Walker, 2015). We also examined seedling
survival in the freeze treatment 2 weeks after Freeze 2 as a function
of soil treatment with logistic regression. In this case, because there

For the laboratory experiment, we analysed the effect of soil treat-

was an issue of separation in the data (i.e. 100% mortality in two of

ments ((Sa(s) + Ag(s)), (Sa + Ag(s)), (Sa(s) + Ag), (Sa + Ag)) on AM and

our treatments), we applied Bayesian inference with non-informative

DSE fungal colonization of mangrove seedlings before Freeze 1 (pre-

prior assumptions to obtain stable logistic regression coefficients

test group) using a one-way ANOVA for each fungal group. After

and account for quasi-complete separation using the ‘arm’ package

Freeze 2, we analysed fungal colonization as a function of soil treat-

(Gelman, Jakulin, Pittau, & Su, 2008; Gelman & Su, 2018). We used

ments, freeze treatment (control, freeze) and their interaction with

post hoc tests for each model to examine differences in seedling sur-

a two-way ANOVA for each fungal group. Because neither freeze

vival among the soil treatments.

treatment nor the interaction between soil and freeze treatments
significantly affected AM or DSE colonization, we used Tukey's post
hoc tests to examine for overall differences among soil treatments
for each fungal group.
For photosynthetic analyses, we examined the effects of soil

3 | R E S U LT S
3.1 | Field survey

treatment, freeze treatment and their interaction on the Fv/Fm of
each seedling (averaged over the two leaves measured) before and

DSE colonization of A. germinans roots was more than twofold greater

after Freeze 1 and Freeze 2 with four separate two-way ANOVAs.

than on S. alterniflora roots (paired t = −2.86, df = 4, p = .046, Table 1),

We also used two two-way ANOVAs to analyse the effects of the

but AM root colonization did not differ between S. alterniflora and

same factors on PHI for Freeze 1 and Freeze 2. We used Tukey's post

A. germinans (paired t = 1.71, df = 4, p = .162, Table 1). Soil fungal
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spore density in A. germinans patches was three times higher than in

F3,36 = 11.20, p < .001; DSE colonization: F3,36 = 79.58, p < .001). AM

S. alterniflora patches (paired t = −4.75, df = 4, p = .009, Table 1).

and DSE fungi did not colonize seedlings in steamed soil (Sa(s) + Ag(s)),
which confirms the efficacy of the steam sterilization treatment to inactivate fungal spores. AM colonization of seedlings was low (<5%) in

3.2 | Laboratory experiment

all soil treatments. DSE colonization of seedlings in the Sa(s) + Ag soil
was three times higher than the next closest soil treatment (Sa + Ag)

3.2.1 | AM and DSE colonization

(Table 2). DSE colonization was nearly equivalent to levels measured
in the field surveys (Tables 1 and 2). After 4 months and two freeze

After 3 months, soil treatment significantly affected AM and DSE colonization of A. germinans seedlings (pre-test group; AM colonization:
TA B L E 1 AM and DSE colonization on roots of Spartina
alterniflora (Sa) and Avicennia germinans (Ag) and soil fungal spore
density in S. alterniflora and A. germinans soils in the field surveys
Root or soil
type

AM
colonization
(%)

DSE
colonization
(%)

S. alterniflora

2.34 ± 0.85a

8.00 ± 2.26a

2.52 ± 0.23a

A. germinans

1.14 ± 0.83a

20.00 ± 5.29b

8.20 ± 1.37b

events, AM and DSE colonization were significantly affected by soil
treatments (AM colonization: F3,134 = 18.08, p < .001, DSE colonization: F3,134 = 72.42, p < .001; Figure 2), but not freeze treatments (AM
colonization: F1,134 = 1.89, p = .172; DSE colonization: F1,134 = 0.87,
p = .353), nor the interaction between soil and freeze treatments (AM
colonization: F3,134 = 2.08, p = .106; DSE colonization: F3,134 = 0.37,

Soil fungal
spores
(per g)

p = .778). As before, AM colonization of seedlings was very low in all

zation of seedlings was greatest in the Sa(s) + Ag soil (3% and 18%,

soil treatments (<5%), and DSE colonization ranged between 0% and
32% depending on the soil treatment. Average AM and DSE colonirespectively; Figure 2; Table S1).

Note: Significant differences for each response variable from a paired
t test (p < .05) are indicated by dissimilar letters (n = 5, M ± SE).
Abbreviations: AM, arbuscular mycorrhizae; DSE, dark septate endophyte.

3.2.2 | Chlorophyll florescence

TA B L E 2 AM and DSE colonization on Avicennia germinans
(Ag) seedlings in pre-test group in different soil treatments after
3 months

Before Freeze 1, Fv/Fm values were equivalent between freeze and

Soil treatments
Sa(s) + Ag(s)
Sa + Ag(s)
Sa(s) + Ag
Sa + Ag

AM colonization
(%)
0

a

0

a

DSE colonization
(%)
0

among the control groups for all soil types (Figure 3A; Table S3); howthe mangrove seedlings in Sa(s) + Ag(s) soil (Figure 3A; Table S3). In this

c

soil treatment, PHI was two times higher in the freeze group compared

19.5 ± 1.17

a

b

6.5 ± 1.07

Note: Significant differences among treatments for each response
variable from Tukey's post hoc tests (p < .05) are indicated by dissimilar
letters (n = 10, M ± SE).
Abbreviations: AM, arbuscular mycorrhizae; DSE, dark septate
endophyte; Sa, Spartina alterniflora; Ag, Avicennia germinans.

on PHI (F3,134 = 5.22, p = .002, Table S2), but no differences in PHI

ab

3.5 ± 1.07

0.40 ± 0.27

there was a significant interactive effect of soil and freeze treatments

ever, among the freeze groups, there was a significantly greater PHI for

a

b

4.20 ± 1.19

control groups for all soil treatments (F1b in Table 3). After Freeze 1,

to the control. Those seedlings recovered by their next measurement
(13 days later), and Fv/Fm ratios did not differ between freeze and control groups in all soil treatments before Freeze 2 (F2b in Table 3). After
Freeze 2, there was a significant interactive effect of soil and freeze
treatments on PHI (F3,134 = 13.55, p < .001, Table S2). The average PHI
of seedlings in the freeze group was significantly higher in Sa + Ag(s)

F I G U R E 2 AM colonization (A) and DSE colonization (B) of Avicennia germinans seedlings in different soil treatments 2 weeks after
Freeze 2 (M ± SE). The four soil treatments are as follows: both steamed (Sa(s) + Ag(s)); live Spartina alterniflora (Sa + Ag(s)); live A. germinans
(Sa(s) + Ag) and both live (Sa + Ag). Colour indicates two levels of the freeze treatment: Red: control group (no-freeze exposure); Blue: freeze
group (freeze exposed). Dissimilar letters indicate significant differences among soil treatments from Tukey's honestly significant difference
tests (p < .05). Tukey's tests are independent for each panel. Ag, Avicennia germinans; AM, arbuscular mycorrhizae; DSE, dark septate
endophyte; Sa, Spartina alterniflora [Colour figure can be viewed at wileyonlinelibrary.com]
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TA B L E 3 Result of two-way analysis of
variance for the effects of soil and freeze
treatments (control vs. freeze) on Fv/Fm
of Avicennia germinans seedlings

F1b
df

F1a

F

p

F

F2b

|
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F2a

p

F

p

F

p

<.001

0.74

.528

3.04

.031

Soil

3

0.41

.747

9.64

Freeze

1

0.99

.322

13.53

<.001

3.16

.078

42.44

<.001

Soil × freeze

3

1.08

.361

4.66

<.001

1.44

.235

7.86

<.001

Residuals

134

Note: Boldface text indicates significance at the level of p < .05.
Abbreviations: Fv/Fm, variable to maximum fluorescence ratio; F1b, Fv/Fm measurement before
Freeze 1; F1a, Fv/Fm measurement after Freeze 1; F2b, Fv/Fm measurement before Freeze 2; F2a,
Fv/Fm measurement after Freeze 2.

F I G U R E 3 PHI of Avicennia germinans seedlings in different soil treatments across Freeze 1 (A) and Freeze 2 (B) (M ± SE). The four
soil treatments are as follows: both steamed (Sa(s) + Ag(s)); live Spartina alterniflora (Sa + Ag(s)); live A. germinans (Sa(s) + Ag) and both live
(Sa + Ag). Colour indicates two levels of the freeze treatment: Red: control group (no-freeze exposure); Blue: freeze group (freeze exposed).
Dissimilar letters within each panel indicate significant differences among soil and freeze treatment combinations from Tukey's honestly
significant difference tests (p < .05). Ag, Avicennia germinans; PHI, photoinactivation; Sa, Spartina alterniflora [Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 4 Height, biomass and root:shoot ratio of Avicennia germinans seedlings in different soil treatments (M ± SE). Height (A) of
A. germinans seedlings in different soil treatments after 3 months and before freeze treatment (n = 183), and height (B), dry shoot biomass
(C), fresh root:shoot ratio (D) and total fresh biomass (E) of A. germinans seedlings in control group after 4 months (i.e. 2 weeks after
Freeze 2) in different soil treatments (n = 63). The four soil treatments are as follows: both steamed (Sa(s) + Ag(s)); live Spartina alterniflora
(Sa + Ag(s)); live A. germinans (Sa(s) + Ag) and both live (Sa + Ag). Dissimilar letters indicate significant differences among soil treatments from
Tukey's honestly significant difference tests (p < .05) for each response variable. Tukey's tests are independent for each panel. Ag, Avicennia
germinans; Sa, Spartina alterniflora
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and Sa + Ag soils, and also showed the greatest increase in PHI be-

In our laboratory experiment, the steam sterilization process in-

tween controls and freeze groups. There was no difference in PHI of

activated AM and DSE fungal spores, as indicated by the absence of

seedlings between the control and freeze groups in Sa(s) + Ag(s) soil,

fungal root colonization in Sa(s) + Ag(s). Across the other treatments,

and there was a significant but small increase in PHI between control

as in the field surveys, AM colonization was low, but was highest

and freeze groups in Sa(s) + Ag soil (Figure 3B; Table S3).

in live A. germinans soil combined with steamed S. alterniflora soil
(Sa(s) + Ag). A. germinans seedlings also had the highest DSE lev-

3.2.3 | Biomass and survival

els in live A. germinans soil combined with steamed S. alterniflora
soil (Sa(s) + Ag), and far lower levels of DSE in treatments with live
S. alterniflora soil (Figure 2). The specific aspect of live S. alterniflora

Soil treatments significantly affected A. germinans seedling height

soil that depresses fungal colonization of A. germinans seedlings is

after 3 months (before Freeze 1; F3,179 = 3.57, p = .015). Seedling

not clear, but could likely be due to soil-associated pathogenic bac-

height was highest in Sa(s) + Ag soil and lowest in Sa(s) + Ag(s)

teria and fungi or allelopathic compounds. Nonetheless, our results

(Figure 4A; Table S4). After Freeze 2, we only measured the height

suggest that steam sterilization negated the deleterious effects of

and biomass in the control group because we had low survival in

S. alterniflora soil on AM and DSE colonization. Together, these find-

the freeze group. In the control group, soil treatments significantly

ings indicate that live S. alterniflora soil may depress the association

affected dry shoot biomass (F3,59 = 3.91, p = .013; Figure 4C) and

between A. germinans and AM, and especially, DSE fungi. Therefore,

fresh root:shoot ratio (F3,59 = 4.55, p = .006; Figure 4D) of seed-

we suggest that as A. germinans expands into S. alterniflora com-

lings, but did not affect height (F3,59 = 1.94, p = .133; Figure 4B) or

munities, it has a weaker association with DSE fungi, which could

total fresh biomass (F3,59 = 0.64, p = .593; Figure 4E). Seedlings in

initially limit A. germinans establishment. Previous studies showed

Sa(s) + Ag soil had the highest dry shoot biomass and lowest fresh

that S. alterniflora has strong allelopathic effects on other plants

root to shoot ratio relative to the other treatments (Figure 4C,D;

(Wu, Chen, & Peng, 2006) and that fungal soil pathogens associated

Table S4).

with S. alterniflora can depress its competitor, Phragmites communis

Before Freeze 1, there were no significant differences in seed-

(Li et al., 2014; Liang et al., 2016). In our study, depression of DSE

ling survival among soil treatments (χ2 = 7.32, df = 3, p = .062), with

root colonization by S. alterniflora seemingly provides some biotic

87.5% of seedlings in Sa(s) + Ag(s) surviving, and 97.9% survival in

resistance to mangrove expansion.

Sa + Ag(s), Sa(s) + Ag, and Sa + Ag (Table S5). No seedlings died within

Mangrove ecosystems have productive and diverse microbial

2 weeks after Freeze 1. After Freeze 2, mortality occurred only in

communities (Sahoo & Dhal, 2009), and mangrove-specific bene-

the freeze treatment. In the freeze treatment, soil treatment signifi-

ficial microbes can facilitate mangrove establishment and growth

cantly affected seedling survival (χ2 = 40.91, df = 3, p < .001). There

(Karthikeyan & Sivapriya, 2018). In the laboratory experiment,

was no difference in seedling survival between Sa(s) + Ag(s) (65%)

there was a positive correlation between DSE colonization and

and Sa(s) + Ag soil (50%), but survival in these two treatments was

seedling performance. A. germinans seedlings growing in Sa(s) + Ag

significantly greater than in Sa + Ag(s) and Sa + Ag soils where there

soil with the highest DSE colonization had the greatest shoot

was 0% survival (Table S5).

biomass relative to other soil treatments. DSE fungi can access
sources of C, N, and P in detritus by producing arrays of hydrolytic

4 | D I S CU S S I O N

enzymes (Mandyam & Jumpponen, 2005), which enable mangroves
to obtain inorganic elements from organic matter and improves nutrient absorption efficiency. A. germinans seedlings with high DSE

Plant–soil interactions can facilitate or inhibit expanding species

colonization also had low root:shoot ratios. Low root:shoot ratios

success (Andonian et al., 2011; Van Nuland, Bailey, & Schweitzer,

suggest that DSE symbiosis reduces the burden of soil nutrient ex-

2017). During climate-driven range expansions, lost or novel inter-

traction from the root and that plants can invest more in above-

actions with mutualist or parasitic fungi can influence expanding

ground material. In turn, increasing the distribution of materials and

species success (Dickie et al., 2017; Pringle et al., 2009), particularly

energy to above-ground growth facilitates sunlight acquisition and

when these interactions mediate plant stress responses to climatic

above-ground competition. We speculate that A. germinans that are

variables (van der Putten, Bradford, Brinkman, van de Voorde, &

initially expanding into salt marsh habitat will need to invest more

Veen, 2016). We found that the expanding mangrove species,

in their root structures to obtain required nutrients because of low

A. germinans, associates more with likely fungal mutualists rela-

DSE colonization.

tive to the resident salt marsh species, S. alterniflora. In our

Freezing temperature is one of the primary limiting factors for

field survey, AM colonization was low for both A. germinans and

mangrove poleward expansion (Saintilan et al., 2014; Stuart, Choat,

S. alterniflora, but DSE colonization was more than two times greater

Martin, Holbrook, & Ball, 2007), and plant–soil interactions could

on A. germinans, and fungal spore density in A. germinans soil was

mediate plant responses to freezing stress. In our experiment,

three times greater than that in S. alterniflora soil. Furthermore,

Freeze 1 did not induce mortality in any of the soil treatments.

A. germinans’ association with soil mutualists declined in the pres-

Seedlings exhibited relatively higher freeze tolerance overall

ence of live S. alterniflora soil.

compared to similar studies that measured A. germinans seedling
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freeze tolerance in response to similar freeze regimes (McMillan &

pathogenic bacteria or fungi, could be present and affecting

Sherrod, 1986; Pickens, 2011; Stevens, Fox, & Montague, 2006).

freeze tolerance.

One potential explanation for the differences could be variation

The negative effects of S. alterniflora soil could impede ini-

in the location of studied mangrove populations. Specifically, the

tial A. germinans colonization in S. alterniflora communities. Freeze

mangrove propagules that we collected from northern populations

events should be most severe on A. germinans at the northern-

could be less susceptible to freezing conditions than southern

most, leading edge of the expansion (Stuart et al., 2007). In these

populations due to selection or conditioning (Coldren & Proffitt,

areas, A. germinans seedlings are surrounded by S. alterniflora and

2017; Hayes et al., 2020). Seedling age could also explain differ-

its associated soil, which may have fewer beneficial mutualist mi-

ences in survival. Previous work used 1-month-old seedlings to

crobes and more antagonistic properties due to their differences in

study the effects of freezing temperatures (Cook-Patton et al.,

soil microbial communities (Barreto et al., 2018). Mild winters give

2015), which could be more sensitive than the 3- to 4-month-old

A. germinans a chance to survive with minimal mutualist assistance

seedlings we used. In our study, the unexpected tolerance of all

and less opportunity for antagonists to accentuate freeze stress.

seedlings to freezing temperatures necessitated the increased

As A. germinans displaces S. alterniflora, the resulting switch in the

severity of Freeze 2.

plants’ relative abundance should increasingly benefit A. germinans

PHI is a widely used indicator of plant stress responses that

due to increased proximity to beneficial mutualists and dilution of

illuminated effects of the freeze and soil treatments on A. germinans

the inhibitory factors associated with S. alterniflora soil that will

(Ehlert & Hincha, 2008; Su, Dai, Li, & Xin, 2015; Yin et al., 2016).

thereby improve A. germinans growth and freeze tolerance. Several

After Freeze 1, we observed the highest PHI levels in Sa(s) + Ag(s),

mild winters in a row could thus provide a ‘window of opportunity’

which indicates that A. germinans seedlings were most stressed by

for A. germinans to accentuate such a positive plant–soil feedback

freeze in the absence of any soil microbes (Figure 3). However, the

(Balke, Herman, & Bouma, 2014), which could increase its population

stress from Freeze 1 was not strong enough to cause mortality.

growth within an invaded site. Indeed, the direction and intensity of

Interestingly, after Freeze 2, A. germinans seedlings in Sa(s) + Ag(s)

plant–soil feedbacks can shift over the course of a species invasion

soil shared the lowest PHI responses with Sa(s) + Ag and had the

(Inderjit & Cahill, 2015). This scenario and the primacy of freeze re-

lowest seedling mortality. In contrast, seedlings in Sa + Ag(s) and

sistance are consistent with studies that suggest that mangrove ex-

Sa + Ag had high PHI values and then had complete mortality. The

pansion along the southeastern coast of the United States is driven

fact that seedlings in Sa(s) + Ag(s) had the highest relative stress

by decreased frequency of extreme cold events, not increased mean

response to Freeze 1, but the lowest stress response to Freeze

annual temperature (Cavanaugh et al., 2014; Osland et al., 2017).

2 suggests that the sublethal exposure to freezing temperature

In summary, we used the climate-driven range expansion of man-

during Freeze 1 could have had a positive acclimation effect. Many

groves into salt marshes along the Atlantic coast of the United States

plants increase in freeze tolerance upon exposure to low tempera-

to examine changes in plant–soil interactions and freeze tolerance.

ture by activating the expression of certain cold-induced genes

Our results suggest that the plant–soil interactions that affect plant

against freeze-induced injury (Hao et al., 2018; Kalapos et al.,

stress responses can facilitate or inhibit climate-mediated range

2016; Thomashow, 1999; Xu, Zhang, Zhang, & Han, 2015). High

expansions. In particular, we found that resident S. alterniflora can

PHI values in the Sa(s) + Ag(s) treatment during Freeze 1 could

inhibit A. germinans expansion by decreasing A. germinans seedling

have triggered such protective responses.

freeze tolerance and depressing DSE colonization. However, as the

Live S. alterniflora soil dramatically reduced freeze tolerance

climate warms and A. germinans increasingly displaces S. alterniflora

of A. germinans seedlings in Freeze 2. Sa + Ag(s) and Sa + Ag soil

a positive plant soil feedback could accelerate A. germinans expan-

significantly increased PHI and reduced A. germinans seedling sur-

sion into marshes. Previous work suggests that the balance between

vivorship to zero (Figure 3B; Table S5). Low DSE colonization of

mutualists and pathogenic soil microorganisms can determine plant

A. germinans seedlings could have contributed to the poor freeze

invasion trajectories (Callaway, Thelen, Rodriguez, & Holben, 2004;

tolerance and low survivorship of these treatments. Although no

Inderjit & Cahill, 2015; Knevel et al., 2004). Our work demonstrates

study has directly examined the effects of DSE fungi on plant

that it is also essential to consider plant–soil interactions in the con-

freeze tolerance, DSE are widespread in the roots of plants in

text of climate variables that mediate expansion. Soil constituents

cold-stressed environments (Treu, Laursen, Stephenson, Landolt,

can inhibit or facilitate climate-driven plant expansions by altering

& Densmore, 1995; Väre et al., 1992), and they aid nutrient ac-

plant stress tolerance to freezing.

quisition and stress modulation (Mandyam & Jumpponen, 2005).
Although DSE colonization can help A. germinans survive, it is not
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