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Abstract. A key challenge to understanding microbiomes and their role in ecological processes is
contextualizing their effects on host organisms, particularly when faced with environmental stress.
One influential theory, the Stress Gradient Hypothesis, might predict that the frequency of positive
interactions increases with stressful conditions such that microbial taxa would mitigate harmful effects
on host performance. Yet, equally plausible is that microbial taxa could exacerbate these effects. Here,
we introduce the Mitigation–Exacerbation Continuum as a novel framework to conceptualize
microbial mediation of stress. We (1) use this continuum to quantify microbial mediation of stress for
six plant species and (2) test the association between these continuum values and natural species’
abundance. We factorially manipulated a common stress (allelopathy) and the presence of soil
microbes to quantify microbial effects in benign and stressed environments for two critical early
life-history metrics, seed germination and seedling biomass. Although we found evidence of both
mitigation and exacerbation among the six species, exacerbation was more common. Across species,
the degree of microbial-mediated effects on germination explained >80% of the variation of natural
field abundances. Our results suggest a critical role of soil microbes in mediating plant stress responses,
and a potential microbial mechanism underlying species abundance.

Key words: allelopathy; habitat specialization; microbial mitigation; microbiome; plant–soil feedbacks; rosemary
scrub; species distributions; stress gradient hypothesis.

INTRODUCTION

Microbiomes are increasingly recognized as ubiquitous, hid-
den players that can dramatically affect the functioning of
plants and animals as well as community assembly, the main-
tenance of biodiversity, and ecosystem function, health, and
stability (Wardle et al. 2004, Hobbs et al. 2009, Cho and
Blaser 2012). However, the outcomes of these interactions on
host plants and animals are often dependent on the abiotic
and biotic context in which they take place (Johnson et al.
1997, Defossez et al. 2011, Aghili et al. 2014). Therefore, a
key challenge to integrating microbiome effects into ecologi-
cal and evolutionary processes will be understanding the
context-dependency of these outcomes, particularly when host
individuals are confronted with environmental stressors. One
framework that could serve as a theoretical foundation for
such research is the Stress Gradient Hypothesis (Bertness and
Callaway 1994), which posits that environmental stress
increases the frequency of positive interactions (i.e., facilita-
tion) and decreases the frequency of negative interactions
among species. An important assumption is that species, typi-
cally plants, compete with one another for resources, resulting
in net negative interactions under benign conditions. While
this assumption likely holds for many plant-plant interactions

(e.g., Tilman 1990), a priori assumptions of the microbiome’s
effect on a host under benign conditions are less straightfor-
ward; the net effect of the microbiome on host fitness is a
function of the countless interactions between the host and
the diverse taxa of the microbiome, each of which acts along a
continuum from parasitic to mutualistic (Johnson et al.
1997, Klironomos 2003). Evaluating the potential for host–
microbiome interactions to mediate environmental stress
requires an expanded theoretical framework and appropri-
ate comparisons between benign and stressful conditions.
To meet these challenges, we build on the Stress Gradient

Hypothesis (Bertness and Callaway 1994, Maestre et al. 2009)
to develop such a theoretical framework for assessing how
microbes mediate the effects of environmental stress on their
hosts that we term the “Mitigation-Exacerbation Contin-
uum.” The central idea of the framework is that microbial
communities differentially affect host performance in benign
and stressful environments, and, through comparison of the
microbial effects in these environments we can determine the
role microbes play in mitigating or exacerbating the effects of
stress on their hosts (Fig. 1). When microbes mitigate stressful
conditions, their net effect on host fitness in stressful environ-
ments is more positive (i.e., more facilitative) than in benign
environments. Similar to predictions from the Stress Gradient
Hypothesis, we might expect an increased frequency or magni-
tude of positive interactions of the microbes on their hosts
with stress (Fig. 1, Zones I–III). Mitigating effects could be
attributable to a shift in community dominance from relatively
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harmful to beneficial microbial taxa, or to changes in benefits
provided by the same microbial taxa across a range of envi-
ronments. Conversely, when microbes exacerbate the effects of
the stress, the net effect of microbes on host fitness in stressful
environments is more negative (i.e., more harmful) than in
benign environments (Fig. 1, Zones IV–VI), and we would
expect a decrease in positive interactions or decreased magni-
tude of positive effects compared to benign environments.
Exacerbation might occur if, for example, stress increases
abundances of parasitic taxa or traits within the microbial
community or decreases abundances of mutualistic taxa.
Under this framework, microbial mediation for each host spe-
cies can be characterized along a Mitigation–Exacerbation
Continuum, and could have broad ecological implications for
host species’ abundances and distributions. Specifically, we
would predict that in stressful habitats host species that expe-
rience microbial mitigation, rather than exacerbation, would
be more abundant.
In this study, we used our framework to evaluate whether

soil microbes mitigate or exacerbate stress on six herbaceous
plant species of the imperiled Florida rosemary scrub. We
grew plants with and without live soil inoculum under benign
and stressful conditions that simulated allelopathy (plant-
produced chemical inhibition of other plant species) from a
dominant shrub. While allelopathy is typically considered a
form of competition, it is appropriate to study as a stressor in
this case because the chemicals produced by the large, long-
lived Florida rosemary shrub (Ceratiola ericoides, Family Eri-
caceae) are a prominent feature of the habitat that filter small,

short-lived perennial herbaceous species (Hunter and Menges
2002, Hewitt and Menges 2008). Furthermore, allelopathy is
a common phenomenon, that, while rarely considered in the
context of the Stress Gradient Hypothesis, limits primary
productivity and impacts plant community assembly like
other stressors (e.g., low nutrients or water availability, extreme
climates; Cheng and Cheng 2015). Microbes can mediate the
harmful effects of allelopathy on plants in a number of ways
such as breaking down allelopathic chemicals (mitigation) or
delivering these chemicals directly to the roots of affected
plants (exacerbation; Cipollini et al. 2012). Here, we quanti-
fied the effect of microbes and allelopathic stress on early
life-history plant performance, a stage critical for species estab-
lishment in the Florida scrub (Menges and Kohfeldt 1995).
We used these data to (1) quantify microbial mediation of
stress for each species along the Mitigation–Exacerbation
Continuum and (2) test the association between these contin-
uum values to natural species abundances in the field.

METHODS

Study system

We conducted this study using soils and seeds collected at
Archbold Biological Station (27°110 N, 81°210 W) located
at the southern end of the Lake Wales Ridge, a narrow
geographic feature along central, peninsular Florida home
to the fire-dependent, imperiled Florida rosemary scrub
(Abrahamson et al. 1984). This xeric, shrub-dominated habi-
tat is patchily distributed throughout the landscape, occurring
at relatively high elevations above the water table. Within the
habitat patches, shrubs are interspersed with open-sand “gaps”
inhabited by perennial herbaceous plants, many of which are
endemic and/or federally endangered (Abrahamson et al.
1984). The dominant shrub, C. ericoides, releases allelopathic
chemicals that act as a pervasive stress to reduce germination
and establishment of nearby herbaceous species, but whose
strength depends on an individual plant’s distance to the
shrub (Hunter andMenges 2002, Hewitt and Menges 2008).

Experimental design

Each of six perennial, herbaceous plant species were
grown in a factorial experiment that manipulated the pres-
ence of microbes (“live” vs. “sterilized” soil treatments) and
allelopathic stress (“stressed” vs. “benign” conditions). To
increase generality of results, we conducted this experiment
using soil originating from three sites selected for their simi-
lar fire history (15–19 yr post-fire). In total, our experiment
included 360 pots (6 species 9 2 stress treatments 9 2
microbe treatments 9 3 soil origins 9 5 replicates).

Experimental setup

In November 2016, soils from three site origins were col-
lected to a depth of 15 cm from scrub gaps at least 1 m from
C. ericoides to minimize potential for standing allelopathic
chemical in soil (Hunter and Menges 2002). We sieved soils
through a 0.64 cm mesh in the field to remove large debris.
Seeds of Chamaecrista fasciculata (Fabaceae), Chapmannia
floridana (Fabaceae), Lechea cernua (Cistaceae), Lechea

FIG. 1. Conceptual framework for the microbial Mitigation–
Exacerbation Continuum. Axes show the net microbial effect on
host fitness in the benign (x-axis) and stressed environments (y-
axis). Dotted lines mark a net microbial effect of 0 and the solid line
shows the 1:1 relationship where microbial effects are the same in
both environments. In the red shaded area, microbes mitigate stress
or reduce harm of microbes on host fitness with stress. In the blue
shaded area, microbes exacerbate stress or reduce benefits of
microbes on host fitness with stress. The darkness of the red/blue
shading reflects the strength of mitigation or exacerbation. Zone
numbers and italic text describe how these hypotheses might gener-
ally be supported for differing levels of microbial effects in each
environment.
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deckertii (Cistaceae), Liatris ohlingerae (Asteraeceae), and Lia-
tris tenuifolia (Asteraeceae) were collected at the same time.
For the microbial manipulation, we inoculated pots with

live (unmanipulated, microbially active soil) or sterilized
soils. Pots were filled with a 40-mL base of sterilized soil, a
6-mL inoculation layer (12.5% soil volume) of live or steril-
ized soil, and a 2-mL cap of sterilized soil to prevent micro-
bial desiccation. All pots (66 mL; Ray Leach Cone-tainer,
Stuewe & Sons, Tangent, Oregon, USA) and sterilized soils
were autoclaved at 121°C twice prior to use and each pot
contained soil from a single site origin.
We manipulated stressed and benign conditions by treating

pots with hydrocinnamic acid (HCA). Florida rosemary
releases the chemical ceratiolin through its leaves and roots,
which quickly degrades into HCA, an allelopathic secondary
chemical (Williamson et al. 1992). Stressed treatment pots
received 5 mL of 250 ppm HCA (Sigma-Aldrich, St. Louis,
Missouri, USA), and benign treatment pots received 5 mL of
deionized water. Treatments were applied three times weekly
beginning 1 week prior to planting and maintained until har-
vest. HCA concentration and application was determined
based on natural concentrations in the field (15–418 ppm;
Jordan 1990) and previous work (Williamson et al. 1992).
Seeds of each species were sown into pots at densities of

2–10 per pot depending on seed availability and germination
rates from pilot studies (Appendix S1: Table S1). After col-
lection of germination data, plants were thinned to one or
two plants per pot. Due to limited seed availability, Liatris
ohlingerae seeds were initially germinated on filter paper in
Petri dishes and transplanted into pots. We harvested plants
at seven weeks (before plants outgrew pots), dried above-
and belowground biomass (48 h at 60°C), and weighed.
Low germination and survival of L. cernua and L. deckertii
prevented us from collecting biomass data for these species.

Data analysis

We used analysis of deviance and analysis of variance to
test the main effects of the stress and microbial treatments,
their interaction, and a blocking variable (soil origin) on ger-
mination and biomass data, respectively. Biomass data were
natural-log transformed to meet model assumptions of nor-
mality. A significant stress 9 microbe interaction indicated
that microbial effects mediated the allelopathic stress.

Mitigation–Exacerbation Continuum.—We used planned,
orthogonal contrasts to calculate the strength and direction of
microbial mediation for germination and biomass. We used
generalized linear models (binomial error structure) and linear
models for germination and natural-log-transformed biomass
data, respectively, to evaluate contrasts that tested (1) the over-
all effect of the stress manipulation (stressed vs. benign), (2)
the effect of the microbial manipulation (live vs. sterilized soil)
in the benign treatment, and (3) the effect of the microbial
manipulation (live vs. sterilized soil) in the stressed treatment.
Each species’ position along the Mitigation–Exacerbation
Continuum was calculated as the difference between the third
and second contrasts (i.e., Microbial effectStressed � Microbial
effectBenign). Positive values indicated mitigation, and negative
values indicated exacerbation. We emphasize here that mitiga-
tion (or exacerbation) could occur even if the microbial effects

in both treatments are negative (or positive). We repeated these
analyses with continuum values calculated using the relative
interaction intensity (RII; Armas et al. 2004) and Cohen’s D
(Cohen 1988) to ensure results were not sensitive to effect size.

Relationship between Mitigation–Exacerbation Continuum
and natural abundances.—We related a species’ position
along the Mitigation–Exacerbation Continuum to its natural
abundance in Florida rosemary scrub using a field survey that
quantified plant species occupancy across 259 open-sand gaps
in 28 Florida rosemary scrub sites at Archbold (Menges et al.
2017). For each species, abundance was quantified as the pro-
portion of occupied gaps. We analyzed the relationship
between the Mitigation–Exacerbation Continuum values and
natural abundance using separate linear models for germina-
tion and biomass. All analyses were conducted with RVersion
3.3.2 (R Development Core Team 2017) and the car package
(Fox and Weisberg 2011).

RESULTS

The allelopathic chemical HCA was an effective stressor,
suppressing germination, biomass, or both metrics for all six
species (Appendix S1: Figs. S1, S2; Tables S2, S3).

Microbial Mitigation–Exacerbation Continuum

Evidence of microbial mitigation and exacerbation of stress
for germination and biomass varied across our six species,
though most continuum values were negative and therefore sug-
gestive of exacerbation (Fig. 2). For germination, microbes mit-
igated stress in one species, Lechea deckertii (stress 9 microbe
interaction: P = 0.046) with positive microbial effects on germi-
nation found only in the stressed treatment (Appendix S1:
Table S2, Fig. S1). Microbes exacerbated stress for another spe-
cies, Liatris tenuifolia (P = 0.015), as microbial effects on germi-
nation switched from positive to negative in the presence of
stress (Appendix S1: Table S2, Fig. S1). The remaining three
species that did not show a significant stress 9 microbe interac-
tion (minimum P = 0.402; Appendix S1: Table S2, Fig. S1)
trended toward exacerbation (Fig. 2a).
For biomass, microbes exacerbated stress effects in two spe-

cies (C. fasciculata stress 9 microbe P = 0.001; L. tenuifolia
P = 0.040; Fig. 2b, Appendix S1: Fig. S2, Table S3). For
L. tenuifolia, microbial effects switched from positive to nega-
tive in the presence of stress similar to the germination data.
In contrast, for C. fasciculata, positive microbial effects on
biomass in the benign treatment were substantially decreased
in the stressed treatment. Of the remaining two species that
did not show a significant stress 9 microbe interaction (mini-
mum P = 0.803), microbes trended toward mitigated stress
effects on biomass for L. ohlingerae and toward exacerbated
stress for C. floridana.

Relationship between Mitigation–Exacerbation
Continuum and natural abundances

Species that experienced microbial mitigation for germi-
nation (high continuum values) had higher proportions of
occupied gaps (natural abundances) in the field than
those species that experienced microbial exacerbation (low
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continuum values; df = 1, t = 4.5, P = 0.02, Fig. 3). In fact,
where plant species fell along the Mitigation–Exacerbation
Continuum explained 83% of the variation in plant species’
occupancies in the field surveys. In contrast, we found no
relationship between a species’ proportion of occupied gaps
and microbial mediation with respect to biomass (df = 1,
t = 0.93, P = 0.450), suggesting that the main way through

which microbially driven effects on stress impact plant abun-
dances may be through germination in this system. These
findings were similar when using RII and Cohen’s D to esti-
mate continuum values (Appendix S1: Table S4).

DISCUSSION

Host–microbiome interactions have the potential to medi-
ate environmental stress with important implications for host
species distributions across landscapes. In this study, we con-
sidered how the soil microbiome mitigates or exacerbates
allelopathic stress on six plant species from the imperiled
Florida scrub. We found varied evidence of microbial mitiga-
tion and exacerbation across host plant species, with most
evidence suggesting exacerbation as indicated by negative
continuum values. Interestingly, species’ placements along
the microbial Mitigation–Exacerbation Continuum explained
>80% of variation in natural species abundances (quantified
as proportion of gaps occupied) in the field, suggestive of a
mechanism underlying species distributions in nature. Despite
a large body of work on the Stress Gradient Hypothesis,
research that explicitly focuses on how host-microbiome
interactions shift to mitigate or exacerbate environmental
stress is still lagging. Below we discuss the implications of
the microbial Mitigation–Exacerbation Continuum garnered
from this study, and identify potential ecological mechanisms
for future investigation.

Microbial perspectives on the stress gradient hypothesis

Positive interactions among plant species can allow for
persistence in stressful environmental conditions (Brooker
et al. 2008), yet, when considering the role of microbial part-
ners, whose diversity can range in the thousands of taxa, a
broader conceptual framework is needed to consider the
wider range of potential outcomes. In this study, we showed

FIG. 2. Microbial mitigation (red shading) and exacerbation (blue shading) for each plant species with respect to (a) germination and (b)
total biomass. Points show each species’ estimates of microbial effects in the benign (second contrast in model) and stressed treatments (third
contrast in model) with standard errors. Filled circles indicate a significant interaction (P < 0.05) between environment and microbial treat-
ments (see Appendix S1: Figs. S1, S2) that suggest points differ from the 1:1 line (solid line), and open circles indicate non-significant interac-
tions. Species codes are as follows: Chapmannia floridana (Cfl), Chamaecrista fasciculata (Cfa), Lechea cernua (Lc), Lechea deckertii (Ld),
Liatris ohlingerae (Lo), and Liatris tenuifolia (Lt). The darkness of the red/blue shading reflects the strength of mitigation or exacerbation.

FIG. 3. Relationship between species abundance in nature and
Mitigation–Exacerbation Continuum values. Continuum values
were calculated as the difference between the microbial effects on
species germination in the stressed environment and those in the
benign environment. Species abundance was quantified as the pro-
portion of gaps (open areas within Florida scrub sites) in which
each species was present in a large-scale 2012 survey of Archbold
Biological Station. Solid line is the regression line and the shaded
region shows standard error of the predicted values. See Fig. 2 cap-
tion for species codes.
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that the interactive effects of stress and the microbial com-
munity on germination and biomass vary widely among co-
occurring species, with most, but not all, species showing
clear evidence or a trend toward microbes exacerbating the
harmful effects of stress. Our results are generally surprising
considering that the few studies that have quantified micro-
bial mitigation and exacerbation of stress found evidence of
mitigation. For instance, microbes have been found to miti-
gate allelopathic stress caused by invasive species (Lankau
2010, Bauer et al. 2012), as well as other stresses caused by
climate (O’Brien et al. 2015), elevation (Defossez et al.
2011), and low nutrient availability (Aghili et al. 2014). Fur-
thermore, nurse plants growing in stressful environmental
conditions facilitate colonizing plant species in part by
increasing belowground microbial activity, nutrient avail-
ability, and mycorrhizal propagules (Rodr�ıguez-Echeverr�ıa
et al. 2016). Evidence of microbial exacerbation has been
observed when beneficial microbial interactions become
costly for the host under stressful conditions (Grube et al.
2010); for instance, drought stress decreased the benefits of
a foliar fungal endophyte to its host grass (Rudgers and
Swafford 2009). Yet, the reason why exacerbation is rarely
reported could be attributable to the typical focus on abun-
dant plant species that may generally benefit from microbial
effects more than rare species (Klironomos 2002, Mangan
et al. 2010) or the focus on particular forms of stress (e.g.,
allelopathic stress has rarely been examined in a stress gradi-
ent hypothesis context). For example, our study, which used
species ranging in abundance from common to rare, suggests
that it is the rare species that might be expected to experi-
ence microbial exacerbation. Studies limited to common,
abundant species could be biased toward finding microbial
mitigation. Further work that explicitly considers microbial
mediation of rare and common species as well as different
types of stress could provide additional valuable insight into
whether these results are common in other ecosystems.
Several other factors also likely contribute to microbial

mediation. For instance, mitigation or exacerbation may
respond non-linearly to increased magnitude of stress
(Malkinson and Tielborger 2010), thereby limiting or ampli-
fying microbial roles in plant distributions. Furthermore,
while early life stages are particularly critical for Florida
scrub plant species (Menges and Kohfeldt 1995), later adult
stages may experience distinct microbial effects (Kardol et al.
2013) and could prove critical to species persistence in some
systems. Finally, plant species actively alter their associated
microbial communities through plant-soil feedbacks (e.g.,
Klironomos 2002), and may further alter mitigation or exac-
erbation through time, particularly in habitats more densely
vegetated than the relatively sparse Florida scrub. Future
work quantifying microbial mediation across stress gradients,
life stages, and plant communities would help further explore
interactive effects of stress and microbes on their host plants.

Ecological mechanisms for microbial-mediation of stress

Net microbial mitigation and exacerbation of stress could
result from several direct and indirect pathways that act
simultaneously. First, mitigation could occur if microbial
taxa are directly responsible for improving stressful condi-
tions by, for instance, breaking down allelopathic chemicals

(Cipollini et al. 2012), increasing nutrient availability or
access (Rodr�ıguez-Echeverr�ıa et al. 2016), or increasing soil
moisture (Hawkes 2004). Microbes can also alter chemical
signaling to increase seed germination under stressful condi-
tions (Delgado-S�anchez et al. 2011, Miransari and Smith
2014). One of these mechanisms could be at play in the sin-
gle case of mitigation (Lechea deckertii germination), where
microbial benefits were only apparent under stressful condi-
tions. Similarly, exacerbation could occur if microbes
directly deliver allelopathic chemicals to the host (Barto
et al. 2011). In such cases, the microbial taxa are insensitive
to the allelochemical and actively distribute it throughout
the soil (Cipollini et al. 2012).
Second, mitigation or exacerbation could result indirectly

from a shift in the microbial community. Stressful environ-
ments with allelopathy, drought, nutrient flux, or heavy metal
pollution can shift community composition or drive strong
selection on microbial species leading to their local adaption
(e.g., Stinson et al. 2006, Lau and Lennon 2012, Waring and
Hawkes 2014). For example, stressful environments could
favor microbial taxa that exploit host plant resources
(Kuzyakov and Xu 2013) or that possess context-dependent
parasitic traits (Lau and Lennon 2012) that exacerbate stress
effects. In some cases, the microbes that are beneficial under
benign conditions can themselves be stress-limited, leading to
a reduced benefit to the plant under stress (Grman and
Robinson 2013). Such could be the case in our study, where
most exacerbation was attributable to reduced benefits
(Zones IV and V of Fig. 1; Fig. 2). Importantly, several of
these potential stress-induced changes may act (1) in concert
to shift a host species further toward the extremes of the
Mitigation–Exacerbation Continuum or (2) in opposition,
shifting host species toward the center of the continuum.
Given the high degree of variability of microbial effects we
observed among species and environments, future research
should seek to elucidate which direct and indirect mecha-
nisms underlie mitigation and exacerbation and how they
enhance or counteract one another.

Can microbial mitigation and exacerbation
impact species distributions?

The extent to which microbes mitigate and exacerbate
stress may have critical implications for species distributions.
Positive and negative biotic interactions shape species’ real-
ized niches (Bruno et al. 2003, Peay 2016) and ultimately
species distributions and abundances (e.g., Klironomos
2002, Mangan et al. 2010, Harley 2011, Afkhami et al.
2014). Our findings showing that species-specific microbial
interactions with a common stressor, allelopathy, explain a
high percentage of the variation in species abundance in nat-
ure advances the idea that a microbial Mitigation–Exacerba-
tion Continuum could underlie landscape-scale species
distributions. This finding expands on previous work show-
ing positive associations between plant abundance and
microbial effects due to plant–soil feedbacks (Klironomos
2002, Mangan et al. 2010) by suggesting that it is those
plant species that benefit from microbial mitigation of a
stress that achieve high abundance in a given habitat. Micro-
bial mitigation (or reduced exacerbation) could similarly act
to expand the realized niche of species into environments
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stressed by low water availability (Afkhami et al. 2014), low
nutrient availability (Peay 2016), or extreme temperatures
(Rodriguez et al. 2008), and thereby be an important deter-
minant of species establishment and persistence.

CONCLUSIONS

Our study demonstrates that including not only microbial
mitigation but also exacerbation of stressful environmental
conditions is important for contextualizing host–micro-
biome interactions. The Microbial Mitigation–Exacerbation
Continuum advances the conceptual framework laid out in
the Stress Gradient Hypothesis and carries critical implica-
tions for species distributions across landscapes. This
research also identifies areas where future work can help to
better understand the underlying mechanisms of mitigating
and exacerbating effects, and in particular, to distinguish
between direct and indirect pathways. As our understanding
of the context-dependency of host-microbiome interactions
develops, we believe that the microbial Mitigation–Exacer-
bation Continuum framework can serve as a guiding frame-
work for disentangling these complex processes.
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