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Abstract Fungal pathogens can regulate the abun-
dance and distribution of natural plant populations by
inhibiting the growth, survival, and reproduction of
their hosts. The abiotic environment is a crucial
component in host—pathogen interactions in natural
plant populations as favorable conditions drive path-
ogen development, reproduction, and persistence.
Foliar plant pathogens, such as fungal lesions referred
to generically as “leaf spot disease,” are particularly
responsive to increased moisture levels, but the
manner in which the abiotic environment drives
disease dynamics, and how these diseases regulate
natural plant populations, is not fully understood. We
investigate (1) the impact of ambient soil moisture
and diffuse light on the prevalence of a leaf spot
pathogen (Phyllosticta sp.) in a natural population of
Polygonatum biflorum, an understory herb native to
deciduous forest understories in the eastern US, and
(2) the effects of the fungal pathogen on the survival,
growth, and abundance of the plants. We tracked six
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P. biflorum populations and disease incidence, as well
as soil moisture and diffuse light, between 2003 and
2005 in the understory deciduous forest of the southern
Appalachian Mountains, North Carolina, USA.
Results show that both the occurrence of P. biflorum
and the prevalence of P. biflorum leaf spot disease are
highest where soil moisture is intermediate and diffuse
light is lowest. Disease occurrence depends upon plant
presence, but it also adversely impacts plant survival,
abundance, and growth. These results suggest that leaf
spot disease is likely to impact population dynamics,
which in turn vary as a function of environmental
drivers.
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Introduction

Fungal pathogens can regulate the abundance and
distribution of natural plant populations by inhibiting
the growth, survival, and reproduction of their hosts
(Alexander 1992; Dobson and Crawley 1994; Gilbert
2002; Harper 1977; Holmes 1996; Jarosz and Davelos
1995; Kranz 1990). Despite the ubiquitous presence of
plant pathogens and their deleterious effect on the
seeds, flowers, leaves, and overall function of plants,
the influence of fungal disease on natural populations
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often has been overlooked in population studies
(Gilbert 2002), and the preponderance of interest into
plant—pathogen dynamics has centered upon commer-
cial crops rather than on wild species (Burdon and
Chilvers 1982; Dinoor and Eshed 1984). Growing
concerns about habitat degradation and the impacts of
climate change on plant populations have brought
heightened attention toward in situ disease host—
pathogen dynamics (Garrett et al. 2006; Holmes
1996).

Burdon (1993) suggested that a discrepancy
between agricultural and ecological disease research,
and the chosen target populations for study, creates
widely divergent assessments of disease impacts on
plant populations. The catastrophic plant disease
outbreaks observed in agricultural systems are
uncommon in relatively undisturbed wild plant pop-
ulations (Dinoor and Eshed 1984; Kranz 1990), but
ongoing epidemics are commonplace (Burdon 1993;
Gilbert 2002). Further, extinctions in natural popula-
tions from foliar pathogens also appear uncommon as
the virulence is not typically catastrophic and plant
resistance is widespread (Alexander and Antonovics
1995; Dinoor and Eshed 1984; Jarosz and Davelos
1995). The population-level impact can be cumula-
tive, however, as disease loads are often density
dependent (Burdon and Chilvers 1982) and outbreaks
are accompanied by a loss in plant fitness, such as
decreases in survival and reproduction (Alexander
1992). Habitat fragmentation, exotic pathogens, and
climate change also can shift host—pathogen dynamics
to extremes that induce the loss of one or both (Garrett
et al. 2006; Holmes 1996; Kranz 1990).

The abiotic environment is a crucial component in
host—pathogen interactions in natural plant popula-
tions. Favorable temperature and moisture conditions
drive pathogen development, reproduction, and per-
sistence (De Wolf and Isard 2007; Feil et al. 2003;
Garrett et al. 2006; Laine 2008). Foliar plant patho-
gens, such as fungal lesions referred to generically as
“leaf spot disease,” are particularly responsive to
increased moisture levels (De Wolf et al. 2003; Emery
and English 1994; Nirenberg et al. 2002; Tomioka
etal. 2008). The dispersal of fungal pathogens depends
on spore recruitment, which is greatly enhanced by
precipitation (Agrios 2005; Campbell and Madden
1990; Geagea et al. 1999). Under favorable moisture
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and temperature conditions, foliar fungal pathogens
can undergo several generations per growing season
and produce dramatic numbers of spores per lesion
(Jarosz and Davelos 1995). The potential for extensive
spore production and widespread dispersal ability may
give these pathogens greater ability to reach potential
habitats than their host species, and colonization may
only be limited by host presence (Campbell and
Madden 1990; Dinoor and Eshed 1984; Jarosz and
Davelos 1995).

The way in which the abiotic environment drives
disease dynamics, and how these diseases regulate
natural plant populations, is not fully understood
(Mitchell and Power 2006). Lowered fitness due to
pathogenic buildup could lead to the decline of host
species in habitats that favor pathogens (Alexander
and Holt 1998; Burdon 1993; Burdon and Chilvers
1982), even if those habitats also favor the physio-
logical requirements of the hosts. Classic niche theory
predicts that species perform best at intermediate
physiological optima for resources such as soil
moisture (Hutchinson 1957, 1959; MacArthur and
Levins 1967; Whittaker 1975); however, all species
may have physiological optima at the upper end of a
resource gradient but decline due to increased com-
petition and predation (Connell 1961; Grime 1963;
Keddy 1989). The natural distributions of several
understory herbaceous plants in the deciduous forests
of the eastern United States are highest at intermediate
soil moisture levels (Diez and Pulliam 2007; Warren
2007), yet they respond vigorously to augmented soil
moisture when transplanted into experimental plots
(Warren 2007). This suggests that biotic interactions,
not physiological tolerance, limit the plants where soil
moisture is high in natural distributions.

We investigate whether the interaction between a
fungal pathogen, Phyllosticta sp., and an understory
herb, Polygonatum biflorum, is mediated by environ-
mental conditions. Our objectives are to assess how
both the fungal pathogen and herbaceous host respond
to abiotic gradients and investigate the effects of the
Phyllosticta sp. pathogen on the survival, growth, and
abundance of P. biflorum. Given that fungal patho-
gens respond with vigor to moisture, we expect (1)
increasing incidence of the pathogen as a function of
soil moisture and (2) decreasing plant performance
and survival as a function of the pathogen.
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Materials and methods
Study site and species

Data for this research were collected as part of a
larger demographic study of understory herbaceous
plants in the southeastern United States (for full
details see Diez 2005; Diez and Pulliam 2007; Giladi
2004; Warren 2007). Six 20 x 24 m demography
grids were established in 1999 at the Coweeta
Hydrologic Laboratory (CWT) in the Nantahala
National Forest (35°03’ N latitude, 83°25" W longi-
tude, 750-1025 m elevation) in Otto-Macon County,
North Carolina, USA. All the grids were located in
relatively mature (~ 80 years old) deciduous forest.
Each P. biflorum plant (n = 1997) was individually
flagged and tracked between 1999 and 2006. The
presence or absence of leaf spot disease (n = 319)
was recorded in 2003 and 2004. A subset of plants
(n = 382) was tracked in 2005 to determine whether
the absence of diseased plants was due to death or
dormancy.

Polygonatum biflorum (Walter) Elliot is a peren-
nial understory herbaceous plant common in the
deciduous forests of the mid-western and eastern
United States and eastern Canada. Individuals in the
natural populations of P. biflorum at the study sites
often have yellow-to-brown leaf spots caused by
fungal infection. The leaf spot disease was identified
as a species of the Phyllosticta genus at the Univer-
sity of Georgia Plant Pathology Department by Peter
Ojiambo. Ojiambo cultured infected P. biflorum leaf
tissue and identified pycnidia (resting fruit bodies) of
Phyllosticta spp. Phyllosticta spp species commonly
infect plants in the Polygonatum genus (Anderson
and Anderson 1921; Farlow and Seymour 1888S;
Kellerman 1885; Motohashi et al. 2009)

Abiotic monitoring

Within each grid, 16 “intensive” cells were utilized
for abiotic monitoring. The volumetric soil moisture
percentage was measured with a handheld Hydro-
sense Soil Water Content Measurement System
(Campbell Scientific, Inc.). The probe uses a pair of
12-cm rods inserted into the soil to estimate volu-
metric moisture content through dielectric permittiv-
ity (how an electric field effects and is affected by a
medium). Measurements were taken at each intensive

cell every 2 weeks through 2004, and seasonally
through 2006. Percent photosynthetically active
radiation (PAR, wavelength: 400-700 nm) was cal-
culated as the percentage of light from the fully
exposed reference site reaching the grid sites. The
understory grid measurements were taken with a
0.5-m handheld AccuPAR ceptometer (Decagon
Devices, Inc.), and the reference measurements were
taken with a Li-200 spherical PAR sensor (LiCor,
Inc.). Measurements were taken seasonally on cloudy
days between 10 am and 2 pm to minimize inter-grid
variation in solar zenith angle intermittent sunflecks
(Gendron et al. 1998; Messier and Puttonen 1995;
Parent and Messier 1996).

Data analysis

Plant abundance was calculated at the number of
P. biflorum plants per cell, and leaf spot disease
(Phyllosticta sp.) incidence was calculated as the
proportion of infected plants per total plants per cell
(with disease recoded as present or absent per
individual plant). While disease incidence research
often quantifies the intensity of disease load per
individual, our research focused on host—pathogen
interactions at the population level and as a function
of environmental drivers, which were measured at the
aggregate (cell) rather than individual scale. Express-
ing disease incidence as the proportion of individual
plant tissue affected minimizes or eliminates aggre-
gate-scale variation in disease incidence (Burdon and
Chilvers 1982), and this would obfuscate variance at
the scale we measured the environmental variables.
The abundance of P. biflorum plants and the
proportion of plants infected by leaf spot disease were
analyzed as functions of environmental variables
using Generalized Linear Mixed Models (GLMMs)
through restricted maximum likelihood. By employ-
ing mixed model with grid location as a random
effect, we accounted for spatial autocorrelation deriv-
ing from the measurement of plant performance and
environmental drivers in cells nested within grids.
The generalized linear model structure also incorpo-
rates non-normally distributed data through link
functions which accounts for the error in plant count
data, which rarely follows a normal distribution. The
GLMMs were fit using the Laplace approximation in
the “Ilme4” package for the “R” statistical program
(R Development Core Team 2005) assuming a

@ Springer



Plant Ecol (2010) 209:1-9

Poisson error distribution for plant abundance and a
binomial error distribution for the proportion infected
with leaf spot disease. We evaluated the models
based on the inclusion or exclusion of fixed effects
(soil moisture and diffuse light, second-order fixed
effect terms (to account for unimodal responses), and
interaction terms. Model selection was based on the
Akaike information criterion (AIC) (see Burnham
and Anderson 2002), except when overdispersion was
detected, in which case we used quasi-AIC (QAIC),
which is a modified AIC that divides the log-
likelihood by the overdispersion scale parameter of
the full model (Bolker et al. 2009). The AIC method
selects models based on the explanatory variables
with penalties for over specification.

We checked for potential collinearity in the fixed
effects by assessing the variance inflation factors
(from the covariance matrix of parameter estimates)
for the covariates using the “Design” package in the
“R” statistical program (R Development Core Team
2005). The variance inflation factors for soil moisture
and diffuse light in the plant and diseases models
were <5.0, which indicates that they independently
predict variance in the response variables (Kutner
et al. 2004). An assumption of both Poisson and
binomial error distributions is that the mean and
variance are equal, resulting in a dispersion parameter
(¢ = deviance/residual degrees of freedom) approx-
imating 1. We checked for overdispersion (¢ > 1) in
both models and found that the plant abundance data
were overdispersed (¢ = 5.41). This was accounted
for by using the quasi-Poisson error distribution and
quasi-AIC model selection.

Plant survival was calculated as the presence or
absence of P. biflorum plants in 2004 that were
present in 2003. Growth was calculated as the change
in P. biflorum leaf number between 2003 and 2004.
Student’s z-tests were used to determine the signif-
icance of differences in mean plant survival and
growth between cells where leaf spot disease was
present in 2003 and cells where it was absent. In
order to ensure that plants absent in 2004 were
deceased and not dormant, a subsample of the
missing plants was checked in 2005 for reappearance,
which indicated dormancy rather than death in 2004.
The abundance of P. biflorum (per cell) in 2004 was
analyzed using a generalized linear model in which
the proportion of plants (per cell) infected with leaf
spot in 2003 was the covariable assuming a Poisson
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error distribution and log function. As graphing
indicated nonlinear responses, a second-order term
was explored.

Results

Generalized Linear Mixed Model fitting based on AIC
and weighted AIC suggested that no terms should be
dropped from the plant abundance model: abun-
dance ~ soil moisture — soil moisture® + diffuse
light — diffuse ligh?® + moisture:light + | grid. The
positive first-order and negative second-order soil
moisture and diffuse light coefficients indicated that P.
biflorum abundance in natural populations peaked at
intermediate levels of the environmental drivers
(Fig. 1, Table 1a). The slope of all coefficients differed
significantly from O except for the interaction term.
Similarly, model fitting suggested that no terms should
be dropped from the disease prevalence model: plants
infected ~ soil moisture — soil moisture’ — diffuse
light — diffuse ligh? + moisture:light + | grid.
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Fig. 1 The relative Polygonatum biflorum abundance (abun-
dance/total abundance, per 1 m?> cell) and leaf spot disease
(Phyllosticta sp.) prevalence (diseased plants/all plants, per
1 m? cell) as a function of percent soil moisture and diffuse
light. Plant abundance is indicated by “o,” and disease

prevalence is indicated by “+”
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Table 1 Generalized linear mixed models of plant abundance Leaf disease present | Leaf disease absent
(a) and leaf spot disease prevalence (b) as functions of soil Survival P e
moisture and diffuse light !
1 e
a Plant abundance Growth
[ T T T T T 1
Coefficient Estimate SE t-value 15 -1.0 05 0.0 05 1.0 15
Difference in means

Intercept —4.014 1.109%%*%* —3.169%**
Soil moisture 0.369 0.076 4.847#:%* Fig. 2 r-distributions and 95% confidence interval for the
Soil moisture? —0.006 0.001 —5.081%%% difference in the 2004 survival and growth of plants infected

. . and not infected in 2003. The positive values and intervals
Diffuse light 0.883 0.283 3.126% indicate that survival and growth were significantly higher in
Diffuse light2 —0.268 0.054 —4.826%** plants not infected
Moisture:light 0.037 0.008 1.027"
b Disease prevalence df = 118.76, p < 0.001). Many P. biflorum plants in
Coethiel o SE 1 the study populations had fewer leaves in 2004 than

octlicient stimate rvalue 2003 (—0.52 + 3.65 leaves), but plants with leaf spot
Intercept 8.570 3.816 2.246% disease lost 1.36 £ 2.27 leaves between 2003 and
Soil moisture —0.629 0.260 —2.416% 2004, while those without leaf spots lost 0.46 4 3.71
Soil moisture® 0.008 0.004 2.020* leaves.
Diffuse light —3.234 1.119 —2.880%* The 2004 abundance of P. biﬂorum decreased
Diffuse light? _0.354 0.404 —0.876™ significantly as a function of the proportion of 2003
Moisture:light 0.097 0.039 2 464% plants infected per cell (coefficient = —8.61, z-value =

Second-order terms were included to account for unimodal
responses. Plant abundance was analyzed using a generalized
linear mixed model with grid location as a random effect and a
quasi-Poisson error distribution; disease prevalence (proportion
of infected plants per cell) was analyzed using a generalized
linear mixed model with grid location as a random effect and a
binomial error distribution

Significance codes: *** p < 0.001, ** p < 0.01, * p < 0.05;
“.” = 0.1; ns not significant

However, disease prevalence peaked at intermediate
soil moisture levels but decreased at all levels of
diffuse light (Fig. 1, Table 1b). The slope of all
coefficients differed significantly from 0 except for
diffuse light®. The interaction term indicated that the
effects of soil moisture and diffuse light were not
additive; light had little effect where soil moisture was
high, but the proportion of diseased plants decreased
with light where soil moisture was low.

Mean P. biflorum survival in 2004 was signifi-
cantly lower in plants that had leaf spots in 2003 than
those that did not (t = 4.17, df = 118.76, p < 0.001)
(Fig. 2). Approximately 55% of the plants that had
leaf spot disease in 2003 survived to 2004, while
approximately 75% of the plants without the disease
in 2003 survived to 2004. However, 75% of the plants
that appeared deceased in 2004 reappeared in 2005.
Plants that had leaf spots in 2003 also grew signif-
icantly less in 2004 than uninfected plants (¢ = 4.17,

—13.33, p < 0.0001) (Fig. 3). The significant second-
order term (coefficient = 15.69, z-value = 8.96,
p < 0.0001) indicated that the decrease leveled out at
approximately 60% disease prevalence and increased
somewhat at the highest disease rate. The model
explained a great deal of variance (R* = 65.7%) in
P. biflorum abundance.

R R=65.7%
p<0.001

Plants 2004

T T
0.0 0.2 0.4 0.6 0.8 1.0
a. Disease 2003

Fig. 3 Relationship between Polygonatum biflorum abun-
dance (per 1 m? cell) in 2004 as a function of the proportion of
leaf spot (Phyllosticta sp.) and infected plants (per 1 m? cell) in
2003
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Discussion

Our results show that the abundance of P. biflorum
and the prevalence of leaf spot disease are highest
where soil moisture is intermediate (Fig. 1, Table 1).
The abundance of P. biflorum also peaks where
diffuse light is intermediate but leaf spot disease
declines as a function of light, particularly where soil
moisture is low (Fig. 1, Table 1). Leaf spot disease
occurrence depends upon P. biflorum plants, but it
also causes adverse affects such as decreased sur-
vival, abundance and growth (Figs. 2, 3). These
results suggest that the disease impacts individual
plants in ways that are likely to impact population
dynamics. These interactions vary as a function of
environmental drivers, particularly soil moisture.
The reproduction and infection rate of fungal
pathogens increases with temperature and soil mois-
ture (Emery and English 1994; Nirenberg et al. 2002),
and the occurrence of plant-infecting anthracnose
species are most prevalent in warm, wet microhabitats
(Chellemi and Britton 1992; Chellemi et al. 1992;
Daughtrey and Hibben 1994). Fungal plant pathogens
disperse through microscopic spores which are trans-
ported after being discharged into the air or picked up
by precipitation (Agrios 2005; Geagea et al. 1999). As
the Phyllostica sp. leaf spot disease depends on
P. biflorum occurrence (as well as other understory
herb hosts (Anderson and Anderson 1921; Kellerman
1885)), the similarity in soil moisture responses may
simply reflect the correlation between disease and
host. Plant abundance is highest in 25-35% soil
moisture, and disease prevalence is highest in
20-35%; and while both decrease where diffuse light
>1%, disease prevalence drops off steeply, but plant
abundance tapers down to 2-3% (Fig. 1). While
P. biflorum did not occur in great abundance where
light levels were highest, leaf spot disease was almost
always absent, suggesting relatively high light or the
associated effects (e.g., decreased humidity) makes
P. biflorum unsuitable habitat in some conditions. The
leaf spot disease generally tracks P. biflorum density,
which suggests the same environmental factors drive
both disease incidence and plant density. Host density
has been shown to increase pathogen spread and
incidence (Alexander 1992; Alexander and Holt
1998), but a rigorous assessment of density
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dependence requires more than the 2 years of data
to analyze the iterations between host and pathogen.
The apparent preference of both disease and plant for
moist conditions does suggest that the leaf spot
disease may regulate the plants with increased prev-
alence where soil moisture is highest.

Polygonatum biflorum survival and growth is lower
in plants previously infected with leaf spot disease, and
subsequent plant abundance decreases where disease
prevalence was highest. The survival of individual
plants infected with the disease decreases approxi-
mately 20%, and growth decreases approximately
66%. However, dormancy is common in understory
plants (Lesica and Steele 1994; Shefferson et al. 2005;
Warren 2007), and 75% of the “deceased” 2004
P. biflorum plants infected in 2003 reappeared in 2005.
Dormancy is a cost response strategy to endure
environmental or life stage stress, acting as a trade-
off with survival (Primack and Stacy 1998; Shefferson
et al. 2005). Phyllosticta sp. infections create large
areas with depressed photosynthesis on infected leaves
(Aldea et al. 2006), and the subsequent loss in carbon
gain would likely retard growth and may induce
dormancy. The reappearance of once-infected plants
suggests that leaf spot disease is more costly in terms of
growth than survival, making it more a burden than
eradicator of P. biflorum plants, which is consistent
with the low rate of disease-induced extinctions in wild
plant populations (Alexander and Antonovics 1995;
Dinoor and Eshed 1984; Jarosz and Davelos 1995).

Leaf lesions similar to those found on P. biflorum
also have been observed on neighboring Uvularia
perfoliata L. and Maianthemum racemosum (L.) Link
(Warren, pers. obs.), also Phyllostica hosts (Anderson
and Anderson 1921; Kellerman 1885), suggesting that
leaf spot disease population dynamics may depend on
multiple species. Moreover, the interaction between
P. biflorum and Phyllosticta spp. may reflect addi-
tional biotic interactions that depend on soil moisture.
For example, leaf herbivory is a crucial pathway for
effective pathogenic leaf infections (Garcia-Guzman
and Benitez-Malvido 2003; Garcia-Guzman and Dir-
zo 2001), and herbivory intensity may reflect soil
moisture gradients as well as fungal dynamics. While
presence and abundance data are revealing, longer-
term demographic data including life stage transitions
and reproductive success, would be far more revealing
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of host—pathogen dynamics. Experimental manipula-
tions of pathogen presence and density, as well as
augmentation of the abiotic environment to explore
the interaction of soil moisture and light, would
decouple the contributions of microclimate factors to
plant density and disease prevalence.

Conclusions

Classic niche theory suggests that species occupy
different microhabitats (Hutchinson 1957, 1959;
MacArthur and Levins 1967), resulting in unimodal
(bell-shaped) responses along resource gradients
where species perform best at their resource optima
(Bigelow and Canham 2002; Whittaker 1975). How-
ever, evidence that all species resource responses are
unimodal is mixed (Austin et al. 1990), and decreased
performance at the highest resource levels may reflect
biotic interactions (e.g., competition) rather than self-
limitation (Connell 1961; Grime 1963; Keddy 2001;
Keddy and Shipley 1989). The evidence here suggests
that the unimodal response of the understory herba-
ceous plant along soil moisture gradients is consistent
with physiology (drought tolerance) at the low end
and biotic interactions (leaf spot disease) at the high
end, much the same as Connell’s classic delineation of
barnacle niches (Connell 1961). Connell (1975)
suggested that abiotic factors are critical at the harsh
end of environmental gradients, and biotic interac-
tions become important where resources are plentiful.
While biotic interactions have historically been
defined by competition, our results suggest that
parasitic interactions could also explain herbaceous
distributions at high soil moisture levels. That is,
increased leaf spot disease may regulate plant abun-
dance where soil moisture is highest as a function of
optimal environmental conditions and/or increased
host density.
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