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Abstract:

1.

Many studies identify fungal and oomycete phytopathogens as natural enemies capable of
influencing plant species composition and promoting diversity in plant communities.
However, little is known about how plant-pathogen interactions vary along regional
abiotic gradients or with tree species characteristics, which limits our understanding of
the causes of variation in tree species richness.

We surveyed 10,756 seedlings from 272 tree species for disease symptoms along a mean
annual precipitation gradient in the tropical wet forests of Central Panama for three
months in the early wet season (June — August) and two months in the following dry
season (March - April). Over 99% of observed disease symptoms were caused by
necrotrophic foliar pathogens, while less than 1% of symptoms were attributed to
soilborne pathogens. Foliar disease incidence was inversely related to mean annual
precipitation, a pattern which may be due to greater disease susceptibility among dry
forest species.

Foliar disease incidence increased with conspecific seedling density but did not respond
to the proximity of conspecific adults. Although foliar disease incidence decreased as
mean annual precipitation increased, the strength of conspecific density- or distance-
dependence was independent of the precipitation gradient.

Seedlings of common tree species and species dispersed by non-flying mammals had a
higher risk of foliar pathogen incidence. Increased disease in common species may help
reduce their dominance.

Synthesis: The increases in foliar pathogen incidence with conspecific seedling density,

species abundance, and dispersal mechanism indicate that foliar disease incidence is non-
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random and may contribute to the regulation of tropical plant communities and species
coexistence. Furthermore, the relationships between foliar disease incidence, dispersal
mechanism, and precipitation suggest plant-pathogen interactions could shift as a

response to climate change and disruption of the disperser community.

Resumen:

Muchos estudios han identificaban a los fitopatégenos fingicos y oomicetos como
enemigos naturales con capaz de influir la composicion de especies de plantas y
promover la diversidad en las comunidades vegetales. Sin embargo, se sabe poco sobre
coémo varian las interacciones planta-patégeno a lo largo de gradientes abidticos
regionales o con las caracteristicas de las especies de arboles, lo que limita nuestra
comprension de las causas de la variacion en la riqueza de especias de arboles.
Encuestemos 10,756 plantulas pertenecientes a 272 especies de arboles, observando
sintomas de enfermedades a lo largo de un gradiente de precipitacion media anual en los
bosques humedos tropicales de Panama Central. Cumplimos el estudio durante tres meses
en la temporada de lluvias (junio-agosto) y dos meses en la siguiente temporada seca
(marzo-abril). Més del 99% de los sintomas observados fueron causados por
fitopatogenos necroétrofos foliares, mientras que menos de 1% de los sintomas se
atribuyeron a fitopatdgenos del suelo. La incidencia de enfermedades foliares mostro una
relacion inversa con la precipitaciéon media anual, un patron que podria deberse a una
mayor susceptibilidad a enfermedades entre las especies de bosques secos.

La incidencia de enfermedades foliares aumento6 con la densidad de plantulas
conspecificos, pero no respondi6 a la proximidad de adultos conspecificos. Aunque la

incidencia de enfermedad foliar disminuy6 a medida que aumentaba la precipitacion
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media anual, el efecto de la dependencia de la densidad o la proximidad conspecifico fue
independiente de la gradiente de precipitacion.

4. Las plantulas de especies comunes y especies dispersadas por mamiferos no voladores
tenian un riesgo mas alto de incidencia de patdogenos foliares. Un aumento de
enfermedades en especies comunes puede ayudar a reducir su dominancia.

5. Sintesis: Los aumentos en la incidencia de patéogenos foliares con la densidad de
plantulas conspecificos, la abundancia de especies, y el mecanismo de dispersion indican
que la incidencia de enfermedades foliares no es aleatoria y puede contribuir a la
regulacion de comunidades vegetales tropicales y a la coexistencia de especies. Ademas,
las relaciones entre la incidencia de enfermedades foliares, el mecanismo de dispersion, y
precipitacion sugieran que las interacciones planta-patdgenos podrian cambiar como
respuesta al cambio climatico y a la alteracion de la comunidad dispersores.

Key Words: plant-pathogen interactions, Janzen-Connell hypothesis, tropical tree diversity,
precipitation gradient, seedling disease, Panama, foliar pathogens

Introduction:

Fungal and oomycete phytopathogens (hereafter pathogens) have a well-established role in
tropical seedling dynamics (Augspurger, 1984; Bagchi et al., 2014; Eck et al., 2019; Mangan et
al., 2010). Pathogens can increase the diversity of seedling assemblages (Bagchi et al., 2014;
Krishnadas et al., 2018; Mangan et al., 2010). Many studies and experiments find that pathogens
disproportionately attack seedlings occurring at high conspecific densities (Bell et al., 2006;
Gilbert et al., 2001) or close to conspecific adults (Negative Conspecific Density/Distance
Dependence, NCDD; Augspurger, 1984; Augspurger & Kelly, 1984; Gilbert et al., 2001; Howe

et al., 1985), as predicted by the Janzen-Connell hypothesis (Connell, 1971; Janzen, 1970). In
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young seedlings, pathogen-driven NCDD can be caused by soilborne pathogens, which infect
roots (e.g., Augspurger, 1984), or foliar pathogens, which infect leaves (e.g., X. Liu et al., 2022),
but it is unclear what their relative contributions to NCDD are. Additionally, species typically
restricted to drier forests and shade-intolerant species are particularly susceptible to pathogen
attack, which may limit their distributions and reinforce abiotic niches (McCarthy-Neumann &
Kobe, 2008; Spear et al., 2015; Spear & Broders, 2021). Taken together, the literature suggests
that pathogens play an integral role in structuring tropical tree communities (Comita & Stump,
2020; Milici et al., 2020; Terborgh, 2020).

Manipulative experiments that connect pathogens to patterns of NCDD in seedlings (e.g.,
by inhibiting fungi via fungicides) are frequently restricted to small spatial scales of a few square
meters (e.g., Bagchi et al., 2014; Hazelwood et al., 2021; Mangan et al., 2010; McCarthy-
Neumann & Kobe, 2008). Characterizing patterns of pathogen attack on seedlings across larger,
regional, scales is nigh impossible with manipulative experiments. Although large-scale
examinations of disease patterns are generally more feasible with observational studies, studies
of regional variation in pathogen impacts are uncommon in tropical forests. Direct observations
of pathogen incidence in seedling assemblages across multiple forest sites, especially through the
crucial first year of a seedling’s life, enable a wider-scale view of their response to the
distribution and characteristics of their hosts. Such work also allows us to observe if pathogen
attack is density-dependent at large spatial scales, and whether any density dependence varies
seasonally, across regional abiotic gradients, and among species.

Pathogen pressure on seedlings likely varies throughout the year in seasonal tropical
forests. The moist conditions during the rainy season favour pathogen transmission between

seedlings, while the lack of rainfall during the dry season creates poor conditions for the
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transmission of foliar and soilborne pathogens. Furthermore, in the seasonal tropical forests of
Panama, the onset of the rainy season coincides with the peak in germination (Garwood, 1983),
and seedlings are most susceptible to pathogens in the weeks following germination (Garrett,
1970). Thus, pathogen pressure on seedlings may be highest at the start of the rainy season and
diminish towards its end. This pattern has been observed in soilborne pathogen attack on the
tropical tree species Platypodium elegans (Augspurger, 1983), and may be generalizable to other
species. Conversely, it may take time for pathogens to find and infect a suitable host, and
pathogen pressure may be initially low and increase throughout the rainy season; a pattern that
has been observed for foliar fungi on trees and shrubs in Panama (Piepenbring et al., 2015). We
know of no study that has systematically surveyed tropical forest seedlings at a community scale
to establish temporal patterns in the incidence of either soilborne or foliar disease.
Pathogen-seedling interactions are also likely to vary along regional abiotic gradients,
potentially leading to pathogens influencing regional variation in plant community composition.
Moisture is thought to be an important abiotic modifier of plant-pathogen interactions at the
community level (Gillett, 1962; Lebrija-Trejos et al., 2023; Y. Liu & He, 2019) and a
strengthening of pathogen-caused NCDD in moist areas has been hypothesized as an explanation
for the positive relationship between precipitation and tree species richness that is commonly
observed in the American tropics (Bever et al., 2010; Givnish, 1999; Milici et al., 2020). The
interaction between moisture, pathogens, and their plant hosts has been extensively researched in
agroecosystems, showing that pathogen outbreaks are generally more severe under wetter
conditions (Velasquez et al., 2018), which has also been observed in tropical tree seedlings
(Swinfield et al., 2012). However, wet forest tree seedlings appear less susceptible to pathogen

damage and death than dry forest tree seedlings (Spear et al., 2015). This may be caused by a
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growth-defensive trade-off where wet forest species are more slow-growing but better defended
against natural enemies than dry forest species (Coley et al., 1985). Thus, although pathogens
may benefit from wetter conditions, variation in plant traits associated with defence may counter
this effect.

Several plant species traits and demographic characteristics may be related to disease
susceptibility: for example, seed mass, rarity, and seed dispersal mechanism. Smaller-seeded
species may be more susceptible to disease because they are less well-provisioned than larger-
seeded species (Dalling et al., 2011). Adult abundance may also affect disease patterns in the
seedling community. When adults of a given species are locally abundant this may result in the
accumulation of host-specific pathogens and cause their seedlings to experience increased
disease incidence and mortality (Bachelot et al., 2017; Liang et al., 2016; Y. Liu et al., 2015).
Conversely, the small population sizes of rare species can result in lower defence-gene diversity,
and increase their susceptibility to pathogens (Marden et al., 2017). Dispersal mechanism may
also be related to disease incidence patterns because it is during dispersal that seeds may move
into enemy-free space (Howe & Smallwood, 1982). Species that are highly sensitive to
pathogens may be under high selective pressure to disperse far away from their parent (Eck et al.,
2019). Bat dispersal may successfully disperse seeds away from natural enemies (Sugiyama et
al., 2018) and endozoochorous bird dispersal may cleanse seeds of pathogens to reduce disease
incidence (Fricke et al., 2013), but it is uncertain if all dispersal modes are equally helpful for
evading pathogen infection.

While there is considerable evidence suggesting that pathogens influence tree
composition (e.g., Augspurger & Kelly, 1984; Bagchi et al., 2014; Gilbert et al., 2001; Mangan

et al., 2010; Spear et al., 2015), we lack a full understanding of how disease incidence varies
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among species and in response to temporal or regional abiotic variation, particularly in highly
diverse tropical tree communities. To identify patterns in pathogen infection and sources of
variation, we surveyed tree seedling recruits for symptoms of pathogen infection within five
forest plots along a regional gradient of mean annual precipitation in central Panama. Surveys
were conducted in both the wet and dry season and predominantly encountered foliar pathogens.
These data were used to test the following predictions:
(1) Pathogen incidence will increase as time since germination progresses and will
intensify with mean annual precipitation across a regional precipitation gradient.
(i1) Pathogen incidence on seedlings will be greatest for locally abundant species and
small-seeded species, and will vary depending on dispersal agents.
(1)  Pathogen incidence will increase with proximity to conspecific adults and/or the
local density of conspecific seedlings and this relationship will strengthen with

increasing mean annual precipitation.

Methods:

Study Sites

Seedling surveys were conducted within the forests of central Panama, along a regional
precipitation gradient (Fig. 1; Table 1). Mean annual precipitation (MAP) across these sites
ranges from near the lower limit for tropical wet forests (1700 mm y!; Richards et al., 1996) to
almost double that amount. We did not include truly arid forests in our study. We conducted the
surveys in five 1-ha (100 m x 100 m) forest plots, all of which are part of the network of 65 1-ha
ForestGEO plots found across Panama (Condit et al., 2013, 2022). The plots were chosen
because they span almost the entirety of the regional precipitation gradient across the canal zone

of Panama. Mean annual precipitation at these sites ranged from 1874 to 2848 mm, with a 4-5



163

164

165

166

167
168

169

170

171

172

173

174

175

176

177

month dry season occurring between December and May (Condit et al., 2013). The trees within
each plot are censused every five years, and all stems > 1 cm dbh are tagged, identified to
species, and mapped (Condit, 1998b). We obtained permission to work at these sites through the

Panamanian Ministerio de Ambiente (permit number: SE/P-6-19).
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Figure 1: A map of the locations of the five forest plots used in this study. The sites were
selected because they span nearly the entirety of the annual precipitation gradient in Panama.
Summary information for each site is provided in Table 1.

Seedling Surveys

We conducted monthly surveys of seedling disease at each of our five sites for three months
during the early rainy season (June — August 2018) and two months during the late dry season
(March & April 2019) for a total of five surveys per site. Wet season surveys coincided with the
germination of many tree species (Garwood, 1983) to observe pathogen infection in the weeks
and months immediately following germination, when seedlings are most-vulnerable (Garrett,

1970). Dry season surveys were conducted towards the end of the dry season when seedlings are
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most likely to experience drought stress and have been exposed to pathogens for many months
(Piepenbring et al., 2015).

A survey consisted of ten 10 x 1 m belt transects, whose locations were randomly
assigned and adjusted to avoid overlap. For each survey, ten new transects were selected at a site,
so that each transect represented a unique sample of seedlings. We completed novel sets of
transects during each survey to maximize the number of seedling and tree species included in our
study because tropical seedling densities are generally quite low and unevenly distributed across
the forest floor (Comita et al., 2010). Our approach allowed us to quickly assess a large number
of seedlings for symptoms. However, a trade-off of this study design is that we were unable to
track individual seedling performance and therefore the consequences of observed seedling
infections were unknown. Along each transect, leaf litter was carefully removed to expose small
seedlings, and all tree seedlings were identified to species and categorized as symptomatic or
asymptomatic of infection. A seedling was identified as symptomatic of foliar disease if at least
20% of one leaf affected by necrotic lesions, or if they exhibited the orange-yellow spots or dry
white coating associated with rust and downy or powdery mildew disease. A seedling was
identified as symptomatic of soilborne disease if they exhibited a wrinkling and wilting of the
stem at the soil interface consistent with vascular wilt caused by soilborne pathogens. Locations
of seedlings were recorded to the nearest 1 m to allow calculation of local conspecific and
heterospecific seedling densities and possible effects of nearby adult trees. Since many trees can
persist for years at low stature in the forest understory (Hubbell, 1998; Rozendaal et al., 2010),
we defined seedlings as individuals that had recruited within the 2018 germination cycle. New
recruits were identified by the presence of cotyledons, few true leaves, short stature, and/or green

stem. Seedlings that could not be identified to species in the field were collected and identified
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either through reference to a dichotomous key (Garwood, 2009) or after consultation with a field
botanist with expertise in the Panamanian flora (A. Hernandez; Smithsonian Tropical Research
Institute). Seedlings that remained unidentifiable were dried, photographed, and assigned a

morpho-species code.

STATISTICAL ANALYSIS

Data Preparation:

For analyses of species traits on tree seedling disease probability, all observations for which we
had accompanying trait data (seed mass, or dispersal mechanism) were included in the models.
Dispersal mechanism data were obtained from Wright et al. (2016) and seed mass data were
obtained from Wright et al. (2010). To quantify adult abundance we used the most-recent tree
census data (Condit et al., 2022) associated with our five study sites, which includes information
on the diameter at breast height (DBH measured at 1.3 m above the ground) of stems > 10 mm

DBH in the 1-ha plot. A species’ abundance was evaluated as the total basal area of that species
. DBH . : . .
at each site surveyed, ), TL'(T)Z, corresponding to a seedling observation. Because trait and

abundance data were not available for all species, models evaluating relationships between traits
or abundance and disease prevalence included only a subset of the seedling data. For dispersal
mechanism, our dataset included sufficient observations to model the following dispersal types:
small bird, large bird, bat, non-volant mammal, and wind. Due to limited observations of water
(n=1) and explosive dispersal (n = 36), these dispersal types were not evaluated. Models
evaluating adult basal area included 8,264 observations from 96 species, models of seed mass

included 3,320 observations from 99 species, and models of dispersal mechanism included 8,434
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observations from 116 species. Models that evaluated the relationships between symptom
incidence and both mean annual precipitation and time used the entire dataset of 10,756
seedlings from 272 species.

We used the most-recent tree census data (Condit et al., 2022) for each of our survey
locations to calculate the proximity (1/distance) of each seedling to its nearest conspecific and
nearest heterospecific adult. The use of proximity facilitates comparison between analyses of
proximity and density (i.e., positive estimates in both analyses indicate negative distance/density
dependent disease incidence). For the density and proximity-dependence analyses we excluded
data from species that were observed on fewer than three transects, species that did not vary in
their proximity to conspecific adults (proximity models only), species for which adults were not
observed in any plots (proximity models only), and species that did not vary in their conspecific
seedling densities (density models only). In total, models evaluating density-dependent disease
incidence included 3,492 observations from 52 species, and models of proximity-dependent

disease incidence included 3,389 observations from 55 species.

Model Form:

All models assessed the probability that a seedling was symptomatic of disease using a binomial
generalized linear mixed-effects model with a logit link, included month of census as a
categorical fixed effect, and included random intercepts for species, site, and transect within
site. Models of density or proximity included a random slope for species to estimate variation
among species in effects of density or proximity on disease incidence. Effects of conspecific
density or proximity could be nonlinear and bias our estimation (Detto et al., 2019; Hiilsmann et
al., 2021), so in our models of density or proximity we compared the model performance of

linear and nonlinear functional forms (fitted using a GAMM with a spline for the effect of

11
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density or proximity) using AIC. A linear functional form was best supported by our data (had a
lower AIC) and as such is the form used for our analyses (AAIC 0.604 for conspecific density,
AAIC 0.830 for proximity to nearest conspecific adult; Supp. Table 1 & 2).

We modelled the relationship between mean annual precipitation (MAP) or species
characteristics on disease incidence by adding a fixed effect for MAP or species characteristic to
the model form described above. We allowed MAP and month of census to interact to assess
possible seasonal shifts in the effects of MAP on disease incidence.

We evaluated the effects of seedling density or distance to conspecific adult in separate
models because models that evaluated them simultaneously failed to converge, likely due to data
limitations (small number of observed symptomatic seedlings; n=364). In these models, we
allowed conspecific and heterospecific density (or proximity) to interact with MAP. Although
conspecific seedling density and proximity to conspecific adult are frequently correlated (Gilbert
et al., 1994; Nathan & Muller-Landau, 2000), the correlation was weak in our dataset (Pearson’s
correlation: »=0.07, df = 1695, P = 0.003).

All continuous explanatory variables were log-transformed and then standardized (by
subtracting their mean and dividing by their standard deviation) to facilitate model convergence
and allow direct comparison of parameter estimates. Both categorical explanatory variables,
census month and dispersal mechanism, were evaluated as sum-to-zero contrasts so that the
effect of each census or dispersal type can be interpreted relative to their mean incidence
probabilities. The 95% confidence intervals were estimated via parametric bootstrapping with
1,000 iterations (Davison & Hinkley, 1997).

Observational studies may be affected by survivorship bias (e.g., Visser et al., 2018),

because observing an individual is conditional on it surviving until the survey. In this study, we
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may not have observed infections on the most vulnerable species because they succumb rapidly
to their infections, biasing our observations towards tolerant species. As a result, this would bias
parameter estimates and our conclusions. We checked for survivorship bias by estimating the

proportion of the seedling community that could have been symptomatic for each census and at

each site (P):

p — Y wy)

Yin; (Ea- 1)

Where n;is the number of seedlings observed in a census for species 7, weighted by its species-
specific probability of being observed as symptomatic (w; calculated as the proportion of
species i observed as symptomatic across all sites and censuses). This value was summed for all
seedling observations at each site and census combination and then divided by the total number
of observations (12;) for that site and census. A decrease in the observations of symptomatic
species over time would indicate a loss of susceptible species consistent with expectations for
survivorship bias. All statistical analyses were performed using R v.3.6.3 (R Core Team 2020)

and using the package ‘lme4’ (Bates et al., 2015).

Results:

Overall, it was uncommon for us to encounter symptomatic seedlings; only 3% (364 seedlings)
of the 10,756 seedlings (272 species) observed were symptomatic of disease. Of those
symptomatic seedlings, over 99% (362 seedlings) were symptomatic of necrotrophic foliar
pathogen damage (i.e., necrotic lesions on the leaves); therefore, the results of the analyses are
specific to foliar pathogens as opposed to soilborne pathogens that damage roots and cause wilt-

like symptoms (e.g., Augspurger, 1983). Densities of recently germinated seedlings were quite
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low; the mean conspecific seedling density was 1 seedling m (Interquartile range, IQR = 1-2
seedlings), and mean total seedling density was two seedlings m~ (IQR = 1-5 seedlings m™).
Seedling abundance was similar across sites, except for El Charco, which had few wet season
seedling observations relative to the other sites, possibly due to a steep hillslope across half of
the plot limiting areas suitable for germination (V. Milici, pers. obs.). Seedlings were much
more abundant in the wet season than the dry season, especially in the site where the dry season
is most pronounced (Table 1; Metropolitano). Our test for survivor bias showed no consistent
pattern across the sites surveyed (Fig. S1).

Both mean annual precipitation (MAP) and month of census affected foliar disease
incidence in the seedling community (Fig. 2). In general, foliar disease was more prevalent
among the seedlings at the driest sites and decreased with increasing MAP (fmap = -0.65 £SE
= 0.27, P=0.02), a relationship that was accentuated at the start of the rainy season in June
(BmaPosune = -1.56 £0.67, P = 0.02), reduced in the middle of the dry season in March (/5 map-march
=0.59 £0.35, P =0.09), and changed direction at the end of the dry season in April (8 map-aprit =
0.87 £ 0.38, P =0.02). Overall, foliar disease incidence was lowest towards the beginning of the
rainy season in June (fSune = -2.17 £ 0.69, P =0.001), and highest towards the end of the dry

season in March (Suvarch = 1.45 £ 0.33, P <0.001) and April (S4prir =0.85 £ 0.34, P=0.01).
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Table 1: Summary of the seedling observations from each site, grouped by season. The wet

season observations were made in June, July, and August (2018), and the dry season

observations were made in March and April (2019). Longitude and latitude are recorded in

decimal degrees and mean annual precipitation (MAP) in millimetres. The sites are organized by

increasing MAP.
Wet Season Dry Season
Site Name  Longitude Latitude MAP No. No. No. No.
Seedlings Species Seedlings Species

Metropolitano 8.995 -79.543 1874 6612 36 67 24
El Charco 9.084 -79.663 2050 140 27 91 23
Oleoducto 9.146 -79.712 2311 774 48 119 23
Buena Vista 9.179 -79.829 2595 514 69 467 27
San Lorenzo 9.281 -79.975 2848 1595 89 377 58

Dispersal mechanism and adult abundance, but not seed mass helped explain the variation in

foliar disease incidence among species. Species dispersed by non-volant mammals (e.g.,

monkeys, agouti, tapir) had a higher disease incidence than other dispersal types examined (/non-

volant = 4.89 £ 1.53, P =0.001), with species with other dispersal mechanisms (small bird, large

bird, bat, and wind dispersal) showing relatively similar disease incidence to each other (Table

2). Adult abundance (total basal area of conspecific adults within each 1-ha forest plot) was also

associated with foliar disease incidence (Fig. 3). As site-wide adult abundance increased for a
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given species, so too did disease incidence among its seedlings (Sabundance = 1.09 £0.37, P =
0.003). Seed mass, however, was not associated with variation in disease incidence among

seedlings (fseedmass = 0.24 £0.17, P=0.16).

Mean Effect June July
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Figure 2: The relationship between mean annual precipitation (MAP, mm) and time of year on
foliar disease incidence (proportion) among recently germinated tree seedlings in the forests of
Central Panama. Disease incidence was low across all forest sites and censuses but varied with
MAP and time of year. Incidence tended to be highest in the driest forests and decrease with
increasing MAP ( =-0.65 £ 0.27, P =0.02), however this effect was reduced in March (5 = 0.59
+0.35, P=0.09), and reversed in April (5= 0.87 £ 0.38, P = 0.02). Disease incidence was
lowest during the initial census in June (8 =-2.17 + 0.69, P = 0.001) and increased in March (/3

=1.45+0.33, P<0.001) and April (5 =0.85 £0.34, P=0.01). Lines represent mean parameter
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values estimated using binomial GLMM and error around mean estimates represent the 95%
confidence interval estimated by parametric bootstrapping. Models were fit using 10,756

observations from 272 species.

Foliar disease incidence was significantly related to local conspecific seedling density
(Bpensiy = 0.16 £ 0.08, P = 0.04), increasing on seedlings at higher conspecific densities (Fig.
4A). The effect of conspecific seedling density on disease incidence was consistent across the
species surveyed; the estimated variance component for species-specific effects of conspecific
density (random slope) was indistinguishable from zero (likelihood test ratio, y?1 = 0, P =
0.99). We found no evidence for a community-wide effect of proximity to conspecific adults on
disease incidence across the 55 species analysed (f3proximiry = -0.33 £0.37, P = 0.38, Fig. 4B).
Examination of the species-specific random slopes suggested that proximity to adult conspecifics
increased the risk of foliar disease for five species and decreased the risk for one species (Fig. 5),
although the community-wide estimate of the variance component (random slope) was non-
significant (Var = 13.5; likelihood test ratio, y1 = 2.46, P = 0.16). Neither heterospecific
seedling density (SHetensiv = 0.14 £ 0.13, P = 0.27) nor proximity to heterospecific adults

(BHetProximiy = 0.11 £ 0.07, P = 0.14) influenced disease incidence.
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Table 2: Summary statistics for binomial GLMM examining the relationship between disease

incidence and dispersal mechanism. Bold text denotes a statistically significant relationship (P <

0.05). Categorical variables (census and dispersal mechanism) were coded with sum-to-zero

contrasts (effects coding) so each estimate is the difference between disease incidence in the

corresponding category and the overall mean.

Explanatory Variable Estimate SE z-value P-value
Intercept -6.71 0.72 -9.36 <0.001
Bat 0.25 1.22 0.21 0.837
Nonvolant-Mammal 4.89 1.54 3.18 0.001
Small Bird -1.70 1.24 -1.37 0.169
Large Bird -1.87 1.35 -1.39 0.166
Wind 2.22 2.18 1.02 0.309
July Census 0.46 0.48 0.95 0.339
August Census 1.17 0.47 245 0.014
March Census 2.36 0.53 4.49 <0.001
April Census 1.95 0.53 3.66 <0.001

18



388
389

390

391

392

393

394

395

396

0.81

0.61

0.4

0.2

Disease Incidence

0.01
0.0e+00 2.5¢+06 5.0e+06 7.5e+06 1.0e+07
Conspecific Adult Basal Area (ha™")

Figure 3: Disease incidence of tree seedlings in the forests of central Panama increases as

conspecific adult abundance (total basal area within 1-ha forest plot; f#=1.09 = 0.37, P = 0.003).

The line represents the mean parameter estimate, generated through binomial GLMM. The

shading represents the 95% Cls estimated via parametric bootstrapping. Models evaluated using

8264 observations from 92 species.
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Figure 4: Disease incidence of tree seedlings in the forests of central Panama increases as
conspecific seedling density increases (5 = 0.16 £ 0.08, P = 0.04, A) and has no clear
relationship with proximity to the nearest conspecific adult (f =-0.33 £0.37, P=0.38, B). Lines
represent the mean parameter estimates, generated through binomial GLMM. The shading
represents the 95% Cls estimated via parametric bootstrapping. Models of density (proximity)

evaluated 3492 (3389) observations from 52 (55) species.
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Figure 5: The variation in the species-level slopes suggests that five species (4. excelsum, T.
guianensis, V. ferruginea, P. panamense, and F. occidentalis) experience higher disease
incidence than average when closer to a conspecific adult, while one species, H. concinna,
experiences below-average disease risk when closer to a conspecific adult. The community-wide

estimate for the variance component was itself non-significant (Var = 13.5; likelihood ratio test,
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71 =2.46, P=10.16). The species are arranged in descending order of how common they are in
the forest as adults (the sum of site-wide basal area). The number of seedling observations of
each species is in parenthesis. Points represent the mean estimated deviance from the overall
community effect of proximity on disease while bars are the standard deviation around the mean
prediction.

Although we found a general effect that disease incidence decreased with increasing
MAP, MAP did not explain variation among sites in the effects of either conspecific seedling
density (8 map-pensiy = 0.07 = 0.06, P = 0.26) or conspecific adult proximity (/8 map-Proximiry = -0.20
+0.23, P =0.38) on disease incidence.
Discussion:
We conducted surveys of seedling disease across a regional precipitation gradient in the forests
of central Panama to characterize the effects of mean annual precipitation, conspecific seedling
density, distance to nearest adult conspecific, and species characteristics on disease incidence in
the young seedling community. Although we sought to characterize disease caused by both
soilborne and foliar pathogens, we almost exclusively recorded foliar disease. Pathogens are
often thought to be more prevalent in wetter areas (Gillett, 1962; Givnish, 1999; Milici et al.,
2020), but foliar disease incidence was highest in the forest sites with lowest annual precipitation
and during the dry season. Foliar disease incidence was also non-randomly distributed; seedlings
were more likely to exhibit foliar pathogen damage as conspecific seedling density increased, if
they were a common species, or if they were dispersed by non-flying mammals. Overall, this
study suggests foliar pathogens help shape seedling community composition and diversity,

particularly in drier tropical forests and during the dry season.
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(i) Foliar pathogen incidence varies throughout the year and along the regional

precipitation gradient.

Pathogens have long been thought to produce more infections as mean annual precipitation
increases (Gillett, 1962; Givnish, 1999; Milici et al., 2020), but we show that apart from the late
dry season, foliar disease incidence is actually most prevalent in the driest sites. This relationship
was significant, and consistent through the wet season, despite the study including only five
sites. Differences in defence allocation among the species assemblages across the precipitation
gradient may explain this relationship. Available soil moisture is an important driver of tree
species distribution across Panama (Condit et al., 2013; Engelbrecht et al., 2007), and as a result
there is a high degree of community turnover along the precipitation gradient. In Panama, fast-
growing light demanding tree species, more characteristic of the seedling community in our drier
sites, have decreased chemical defence allocation and higher rates of attack by insect herbivores
(Coley, 1983) compared to slow-growing shade tolerant species, more characteristic of the
seedling community in our wetter sites (Coley, 1983; Gripenberg et al., 2018). Better defended
wet-forest species may be better able to resist pathogen infection despite the moist climate that
favours pathogen transmission and germination (Barrett et al., 2009; Garrett, 1970; Swinfield et
al., 2012). Evidence for a trade-off between growth and defence has been found in many
ecological communities, including the precipitation gradient studied here, suggesting it may be a
universal phenomenon (Coley, 1983; Coley et al., 1985; Coley & Barone, 1996; Fine et al.,
2006; Lind et al., 2013). A growth-defence trade-off was the best predictor of foliar pathogen
incidence for grassland species (Cappelli et al., 2020), and may explain why seedlings of drier

forest species were more susceptible to pathogen damage and death than wetter forest species in
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the result of a gradient in insect herbivore interactions. Foliar pathogens often require damage by
insect herbivores to infect a host (Garcia-Guzman & Dirzo, 2001), which decrease in prevalence
as mean annual precipitation increases across these sites in Panama (Weissflog et al., 2017).
Thus, decreased rates of herbivory may cause fewer opportunities for foliar pathogens to infect
seedlings as mean annual precipitation increases, which would result in a decreased foliar
pathogen disease incidence in areas of high mean annual precipitation.

Foliar pathogen incidence among recently germinated seedlings was initially low,
increased as the wet season progressed and into the dry season. This pattern is likely caused by a
combination of exposure period and dry season drought-stress. In the seasonal tropical forest
studied here, most seedlings germinate early in the wet season (Garwood, 1983), and it takes
time for the new leaves to be colonized by fungi (Arnold & Herre, 2003; Piepenbring et al.,
2015). Thus, the seedlings in the early wet season may have not yet been exposed to foliar
pathogens or had time to develop symptoms of infection. Additional increases in symptomatic
seedlings during the dry season could be owed to drought stress, which prior studies have shown
affects a large proportion of the seedling species at our sites (Engelbrecht et al., 2007,
Engelbrecht & Kursar, 2003; Gaviria et al., 2017) as well as many other seasonal tropical forest
regions (Comita & Engelbrecht, 2014). Drought stress can compromise the plant immune
response, making plants more susceptible to infections in a process known as “predisposition”
(Desprez-Loustau et al., 2006; Schoeneweiss, 1975). A positive effect of drought on fungal
pathogen development within hosts is well-documented (e.g., Ghanbary et al., 2017, 2021; Jactel
et al., 2012; Sinha et al., 2019); even beneficial fungi, such as foliar endophytes, can become

pathogenic when their hosts are drought-stressed (Slippers & Wingfield, 2007). Under climate
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change, increased seasonality of precipitation in Central American forests is predicted to
intensify dry seasons (Condit, 1998a; Kirtman et al., 2013; Lintner et al., 2012). Our finding that
foliar pathogen incidence is highest during the dry season for all sites along the precipitation
gradient, suggests that dry-season intensification could lead to increases in foliar pathogen
damage among seedlings. Given the established role of pathogens in influencing seedling
survival, growth, and diversity (Bagchi et al., 2014; Mangan et al., 2010) such intensification of
disease could affect community composition of tropical forest tree assemblages (Condit, 1998a;
Milici et al., 2020; Thompson et al., 2010).

(ii) Dispersal mechanism and rarity affect foliar pathogen incidence

It is generally accepted that escaping disease is an important benefit of dispersal

(Augspurger, 1983; Howe et al., 1985; Russo, 2005; Sugiyama et al., 2018), but few studies have
examined the relationship between dispersal mechanism and subsequent disease incidence (e.g.,
Fricke et al., 2013). Non-volant-mammal-dispersed species had much higher rates of foliar
disease incidence than species dispersed by other means (e.g., wind or birds), which
complements a study in the Peruvian Amazon that found higher seed pathogen incidence on
primate-dispersed tree species (Pringle et al., 2007). While different enemies (e.g., insects) might
be prevalent on tree species with alternative dispersal modes, the concordance between this study
and Pringle et al. (2007) may suggest that tree species dispersed by non-flying mammals are
particularly vulnerable to pathogens. The majority of seeds fall near their parents, regardless of
dispersal mode (Muller-Landau et al., 2008), so the pattern of disease incidence on first-year
seedlings described here predominantly reflects the fates of undispersed seeds and seedlings.
Although further work would be necessary to confirm a greater vulnerability of non-flying-

mammal-dispersed species to pathogens, it might imply that dispersal is particularly important
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for the health of seedlings from these species compared to species dispersed by other means.
Higher disease susceptibility might contribute to the reduced recruitment observed in many non-
volant mammal dispersed species in defaunated forests in Panama and elsewhere in the tropics
(Effiom et al., 2013; Kurten et al., 2015; Terborgh et al., 2008).

Foliar pathogen incidence, by being higher in seedlings of abundant species, may
contribute to the persistence of rare species in the community. Our findings suggest that rarity
confers an advantage to seedlings, likely due to the build-up of host-specific pathogens in areas
where adults of a given species are locally abundant, which can cause a community
compensatory trend (CCT; Liang et al., 2016; Y. Liu et al., 2015). A CCT has been documented
in the seedling community of a Bornean rainforest (Webb & Peart, 1999) and has been attributed
to soilborne pathogens in a subtropical forest in China (Liang et al., 2016; Y. Liu et al., 2015).
Foliar disease incidence increases with species abundance in a temperate grassland (Mitchell et
al., 2002) and contributes to a CCT in Puerto Rican tree seedlings (Bachelot et al., 2017). If the
patterns of foliar disease we observed affect survival patterns, then the contribution of foliar
pathogens to a CCT may be a widespread phenomenon that contributes to plant species
coexistence by advantaging the survival and recruitment of rare species.

(iii)  Foliar pathogen incidence is density- but not distance-dependent

Evidence from tropical to temperate forests has established that soilborne pathogens can
mediate NCDD (Augspurger, 1983; Dominguez-Begines et al., 2021; Mangan et al., 2010;
Packer & Clay, 2000) and are likely important to stabilizing species coexistence. As such,
soilborne pathogens have been the focus of many studies, but the importance of foliar pathogens
has been highlighted by a growing body of work (Bagchi et al., 2014; X. Liu et al., 2022; this

study). We did not identify the foliar pathogens observed in this study, but previous research
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(Piepenbring et al., 2011; Spear, 2017; Spear & Broders, 2021) suggests that they likely
belonged to the Ascomycota (e.g., Fusarium spp. and Colletotrichum spp.). Many of the
symptoms we observed were consistent with tropical tar spot fungi (Phyllochorales), a common
fungal pathogen in the forests of Panama (Piepenbring et al., 2011). We show that these foliar
pathogens result in negative conspecific density-dependent infection, suggesting that the
contributions of foliar pathogens to NCDD should not be ignored. If the NCDD pattern in
pathogen infection we report here reduces survival and growth, then foliar pathogens could also
contribute to stabilizing coexistence by natural enemies as predicted by the Janzen-Connell
hypothesis and modern coexistence theory (Chesson, 2000; Connell, 1971; Janzen, 1970).

Necrotrophic foliar pathogens represent the majority of pathogens that a plant encounters
through the year and can reduce seedling performance later into plant development than
soilborne pathogens (Rottstock et al., 2014). Foliar pathogens may even produce stronger
patterns of NCDD and contribute more strongly to seedling mortality than soilborne pathogens
(Bagchi et al., 2014; Bayandala et al., 2016, 2017; X. Liu et al., 2022). Our study shows that
pathogen infection, which likely increases seedling mortality risk, occurs non-randomly in space
and across species. Non-random patterns of mortality at the early life stages have been shown to
be particularly important in shaping community structure and diversity in tropical tree
communities (Green et al., 2014). Without tracking the fate of infected seedlings, we can only
speculate about the long-term consequences for tree-community diversity of the patterns of
conspecific-density dependent infection by foliar pathogens observed in this study.
Nevertheless, our work provides evidence that foliar pathogens may contribute to maintaining
the diversity of tropical trees through negative conspecific density dependent infection of

seedlings, in addition to soilborne pathogens.
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The Janzen-Connell hypothesis (Connell, 1971; Janzen, 1970) suggests that distance-
dependent patterns of infection at the young seedling stage will increase tree diversity. However,
our data indicated that foliar pathogens are not more prevalent near adult conspecific trees and,
therefore, are unlikely to maintain tree community diversity as predicted by the Janzen-Connell
hypothesis. Negative conspecific distance-dependent disease incidence was only evident for a
small number of the species evaluated and the average effect over the 55 species in the analysis
was weak, which is consistent with past research from Panama on the effects of distance
dependence during the seed-to-seedling transition (Marchand et al., 2020). For this community,
distance dependence is widespread at the later seedling stage (Murphy et al., 2017), which
suggests the pressures that cause distance-dependent recruitment may differ from those that
affect the youngest seedlings. Compared to soilborne pathogens, foliar pathogens may be less
likely to result in distance-dependent disease. Their airborne spores, dispersing from adult trees
in the in the canopy above, can spread over a wide area so that the spores reaching a seedling
could originate from trees far away (Jauss et al., 2021). Thus, the airborne spores that encounter
and infect seedlings may originate from trees spread over a large area and, therefore, their
composition may be unrelated to the identities of the nearest adult trees. Conversely, the spores
of soilborne pathogens do not move large distances (Oliveira & Bell, 2022), concentrating them
near parent trees and making them more likely to cause distance-dependent disease.
Conclusions:

Previous work has demonstrated that pathogen attack on tropical forest seedlings can be density-
dependent in individual plant species (Augspurger, 1983; Augspurger & Kelly, 1984; Bell et al.,
2006) and pathogens can increase the species diversity of seedling assemblages (Bagchi et al.,

2014; Krishnadas et al., 2018; Mangan et al., 2010). Here, we document patterns of disease on a
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large number of tree species, finding that the conspecific-density dependence of disease
incidence on seedlings previously observed in small suites of species holds at the community
scale. If these patterns influence recruitment, they are likely to explain pathogen effects on plant
diversity in community-level experiments (Bagchi et al., 2014; Krishnadas et al., 2018; Mangan
et al., 2010). Furthermore, whereas soil-borne pathogens have previously been associated with
density-dependent attack on plant communities (Augspurger & Wilkinson, 2007; Bell et al.,
2006; Mangan et al., 2010), we show that attack by foliar pathogens can also be density
dependent. Finally, we show that foliar pathogens are most prevalent in drier conditions, in
forests with the least annual precipitation and during the dry season. Thus, the more intense dry
seasons predicted for many tropical forests under climate change may lead to an increase in
foliar disease on seedlings. The implications of such increased disease for tree communities are
difficult to predict, but the importance of pathogens for tree community diversity means the
effects could have important consequences for tropical forest diversity.
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