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Abstract
1. As communities assemble, species establishment can be driven by multiple fac-
tors. Two such factors, nutrients and consumers, are predicted to interact, but

few studies have explored whether this interaction results from synergistically
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altering the same biotic and abiotic mediators or complementarily altering differ-

ent mediators.

. To test this, | added seeds of multiple native species to old field communities

in which | experimentally manipulated soil nutrients, leaf litter and consumers

(insect herbivores and fungal pathogens). Using Bayesian hierarchical modelling,
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| evaluated the degree to which changes in light and water availability, fungal

disease and insect herbivory, and community functional composition influenced

Handling Editor: Anne Kempel seedling establishment and the richness of colonizing species and were driven
by experimental treatments. | then examined whether nutrients, litter and con-
sumers interactively determined the success of colonizing species with different
resource allocation strategies.

3. Contrary to expectation, nutrient addition and consumer exclusion reduced,
and litter removal increased, seedling establishment and colonizer richness in-
dependently and via different pathways. Also contrary to expectation, seedling
resource allocation strategy did not interact with nutrient addition and consumer
exclusion to alter establishment success. Rather, as community damage (foliar
fungal disease +insect herbivory) increased, seedlings with high % leaf nitrogen (a
proxy for an acquisitive resource allocation strategy) become increasingly disad-
vantaged relative to seedlings with low % leaf nitrogen (a proxy for a conservative
resource allocation strategy).

4. Synthesis: These results indicate that seedling establishment is unlikely to be in-
teractively impacted by nutrients and consumers (fungal pathogens +insect her-
bivores) because these two drivers act on different environmental pathways to
influence community assembly.
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1 | INTRODUCTION

Establishing new populations is a critical aspect of community assem-
bly that can be influenced by the independent and interactive effects
of multiple factors. Two of these factors—nutrients and consumers—
are ubiquitous drivers of community dynamics that are often pre-
dicted to interact (Heckman et al., 2016; Kempel et al., 2013). To
date, most studies examining the interactive effects of nutrients and
consumers on community assembly have focussed on mammalian
herbivores (e.g. Borer et al., 2014; Eskelinen et al., 2022). Two other
consumer groups—insect herbivores and fungal pathogens—are also
key determinants of community structure (Agrawal & Maron, 2022;
Allan et al., 2010; Kempel et al., 2015; La Pierre et al.,, 2015;
Mitchell, 2003), but the effects of their interactions with nutrients
are not as well understood. Nutrients and consumers can each influ-
ence community assembly via multiple, potentially synergistic or an-
tagonistic pathways (Halliday et al., 2019; Harpole et al., 2017; Zirbel
et al., 2017). This includes altering the availability of other resources
(e.g. water and light; Borer et al., 2014; Rose et al., 2012), attributes
of the plant community (Kempel et al., 2015; Wilfahrt et al., 2020)
or competitive interactions among species (Seabloom et al., 2018).
Although several studies have examined these paths independently,
few have evaluated multiple paths by which nutrients and consum-
ers can impact community assembly, regardless of consumer group
identity. Ultimately, understanding how nutrients and consumers
interact to influence seedling establishment will require identifying
whether these drivers synergistically alter the same path or comple-
mentarily alter different paths.

Nutrient availability can influence seedling establishment in
multiple ways. Nutrient addition often increases photosynthetic
rate and above-ground plant productivity (Fay et al., 2015; Liang
et al., 2020). As photosynthetic rate and productivity increase,
more evapotranspiration may reduce soil water availability (Rose
et al., 2012). Similarly, productive communities have large amounts
of standing vegetation that can reduce light availability (Borer
et al., 2014; DeMalach et al., 2017), which often leads to increased
competition for light (Eskelinen et al., 2022; Hautier et al., 2009).
Nutrient addition can also shift communities towards strategies that
favour rapid acquisition of available resources (i.e. high tissue nu-
trient concentrations and metabolic rates; Cappelli et al., 2020; Cui
et al., 2020), which may subsequently hinder seedling establishment
(Davis et al., 2000). Together, these responses to nutrient addition
may promote priority effects that can benefit larger, established res-
idents and limit seedling establishment (Craine & Dybzinski, 2013;
Tilman, 2004).

Like nutrients, consumers also influence colonization suc-
cess in multiple ways. For instance, fungal pathogens and insect
herbivores can reduce photosynthetic rates and standing plant

biomass (Aldea et al., 2006; Allan et al., 2010; Coupe & Cahill, 2003;
Mitchell, 2003; Seabloom et al., 2017), which can increase the avail-
ability of key resources like light and water (Heinen et al., 2022;
Wilfahrt et al., 2020). The impacts of fungal pathogens and insect
herbivores on community dynamics often depend on the charac-
teristics of the consumers. When pathogens and herbivores prefer-
entially impact dominant plants, they can promote colonization and
increase community richness (Mordecai, 2011). This may result from
reductions in the performance of resident individuals and the size
of resident populations (Alexander, 2010; Katz, 2016). When patho-
gens and herbivores more strongly impact rare species, such as when
generalists spill over from common plant species to rare ones, they
can limit community diversity (Mordecai, 2011). Furthermore, high
levels of disease and herbivory can promote conservative strategies
among the resident community (i.e. low tissue nutrient concentra-
tions and metabolic rates; Borer et al., 2015; Fine et al., 2004). Plants
with conservative resource use strategies may be better defended
against consumers, but less successful competitively (Pérez-Ramos
etal., 2019).

In addition to their independent effects, nutrients can interact
with herbivores and pathogens to alter colonization. First, high nu-
trient supply can shift community composition towards individuals
and species with acquisitive traits, such as high growth rates, photo-
synthetic rates and foliar nutrient concentrations (Diaz et al., 2016;
Reich, 2014). Due to physiological trade-offs, species with acquisi-
tive phenotypes often allocate minimally to defence against herbi-
vores and pathogens (Endara & Coley, 2011; Heckman et al., 2019;
Zust & Agrawal, 2017). This leads to predictable changes in com-
munity composition: species that benefit from nutrient-rich envi-
ronments may be most impacted by herbivores and pathogens and
are likely to benefit most from their exclusion (Halliday et al., 2019;
Heckman et al., 2019; Liu et al., 2017). Second, nutrient addition can
increase plant tissue quality (e.g. higher foliar nitrogen concentra-
tions) irrespective of changes in community composition, leading to
higher rates of herbivory and disease on species within a community
(Mattson, 1980; Veresoglou et al., 2013). As a result, impacts of fun-
gal pathogens and insect herbivores are often greater in nutrient-
rich habitats than in nutrient-poor habitats (Hahn & Maron, 2016;
Mattson, 1980). Third, nutrient addition can alter the physical struc-
ture of communities. When standing biomass is higher, for example,
increased humidity within the canopy could benefit fungal patho-
gens (Cappelli et al., 2020). Finally, by jointly impacting plant pro-
duction, nutrients and consumers can alter the availability of other
resources—like water and light—that are critical for colonization.

Nutrients and consumers can alter another important determi-
nant of seedling establishment—leaf litter. Because the abundance
of leaf litter often increases with plant community productivity
(Foster & Gross, 1998), factors that increase biomass production,
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like nutrient addition or consumer exclusion, can promote litter
accumulation. The build-up of leaf litter may exacerbate the size-
asymmetric advantage in light competition that larger resident
plants have against smaller colonizers (Foster & Gross, 1998), which
may be especially important early in the growing season when the
plant canopy is sparser. Beyond impacting light availability, litter can
increase soil water availability by reducing evaporation from ex-
posed soil (Deutsch et al., 2010), increase fungal disease by increas-
ing the prevalence of overwintering fungal spores (Roy et al., 2014)
and increase insect herbivory by providing habitat for herbivorous
insects (Karban et al., 2012). Litter can also alter community func-
tional composition by promoting acquisitive strategies that enhance
competition for light (Letts et al., 2015).

Some determinants of establishment success may impact all po-
tential colonizers similarly, while others may be determined by the
characteristics of colonizing species. Drastically reducing the avail-
ability of a critical resource, like light or soil water, should reduce es-
tablishment by all but the most drought- or shade-tolerant species.
This could lead to reductions in both the total number of seedlings
that establish and their species richness (Borer et al., 2014). On the
contrary, specialist herbivores or pathogens may prevent one or a
few related species from establishing, while having no impact on
other species (Mordecai, 2011). Thus, specialist consumers may im-
pact colonizer richness more than the total number of established
seedlings. Seedling functional strategies may also impact establish-
ment. When consumers are present, conservative strategies among
colonizing species may be advantageous because these plants will
be better defended against herbivores and pathogens; the absence
of consumers may promote more acquisitive colonizer strategies be-
cause these plants may be able to grow more quickly to take advan-
tage of available resources (Blumenthal, 2006).

In this three-year study, | factorially manipulated (1) soil nutrient
supply, (2) leaf litter presence and (3) consumer access (fungal patho-
gens+insect herbivores) to herbaceous old field communities. In the
second and third years, | added seeds of 11 native species to each
community and measured changes in five community attributes im-
portant for seedling success—water and light availability, community
functional composition and disease and herbivory—in order to test:
(1) whether nutrients, leaf litter and consumers interact to influence
total seedling establishment and the richness of colonizing species,
(2) whether these interactions are mediated by the same abiotic or
biotic community attributes (Table S1), and (3) whether nutrients,
leaf litter and consumers differentially impact the success of coloniz-

ing species with different resource allocation strategies.

2 | METHODS

2.1 | Studysite

| performed this study in the Duke Forest Teaching and Research
Laboratory (Orange Co., NC; research registration number R1112-
314) in an old field that was abandoned in 1996. Since 1996, annual

mowing has maintained herbaceous dominance by perennial spe-
cies, including three dominant exotic species—Lespedeza cuneata,
Lonicera japonica and Schedonorus arundinaceus, which constitute
two-thirds of community cover (Heckman et al., 2016)—as well as
several native species typical of North Carolina old fields (Oosting
1942).

2.2 | Experimental design

This study used a split-plot experimental design. | factorially ma-
nipulated (1) soil nutrient supply and (2) access by two important
consumer groups—fungal pathogens and insect herbivores—to com-
munities for 3years at the whole-plot level. At the subplot level, |
manipulated leaf litter for 2years. This yielded a study that com-
prised 40 plots (2 nutrient supply levelsx2 consumer access lev-
elsx 10 replicate blocks). Each plot included two leaf litter removal
subplots, for a total of 80 subplots within these 40 plots.

In May 2012, | established 40 2-mx 2-m plots separated by 1-m
aisles and began the nutrient supply and consumer access treat-
ments. | manipulated soil nutrient supply at two levels (fertilized with
10gm’2year’1 N, P and K vs. not fertilized). This level of fertilization
successfully alleviated nutrient limitation to communities of similar
composition at this site (Fay et al., 2015). | manipulated consumer
(fungal pathogen and insect herbivore) access to plots at two levels
(sprayed with fungicide and insecticide vs. not sprayed). To do this,
| sprayed all above-ground biomass within a plot every 2-3weeks
throughout the main growing season (April-October) with nonsys-
temic, broad-spectrum biocides. Repeated biocide application was
necessary to protect newly produced tissue and to counter biocide
degradation caused by rain and light. Neither the fungicide (man-
cozeb, Dithane® DF, Dow AgroSciences, Indianapolis, IN) nor the
insecticide (es-fenvalerate, Asana® XL, Dupont, Wilmington, DE)
affected the growth of species common at this site under green-
house conditions, including many of the species present in this
study (Heckman et al., 2016). Previous research indicates that the
fungicide does not affect mycorrhizal fungi when applied at recom-
mended rates (Parker & Gilbert, 2007).

This site was dominated by perennial grasses that can produce
thick (5-15cm) litter layers. Within each 2-mx2-m plot, | manip-
ulated leaf litter in one of two randomly selected 0.5-m? subplots
within the central 1m? of the plot at two levels (raked to remove all
standing dead biomass and leaf litter on the ground vs. unraked).
| first applied this treatment early in the second year of the study
(February 2013) and repeated it early in the third year (March 2014).

2.3 | Seed addition

Early in the second year and third years of this study—February 2013
and March 2014—I removed litter from plots and then immediately
added seeds of 11 native species to each plot at a rate of 1g seed m2
ground area species lyear™ (see Table S2 for details). This seed
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addition rate accounts for the general increase in colonization ability
with increasing seed size (Turnbull et al., 1999). For one extremely
large-seeded species, Tripsacum dactyloides, | added a greater mass
(4g seed m’zyear’l) of seeds because 1g seed m~2 would have been
insufficient to account for potentially low germination (see Table S2
for seed masses). Adding seeds in the second and third years of the
study allowed more time for the consumer and nutrient treatments
to influence community composition. | measured seedling success
late in the second and third years of the study—late August 2013 and
September 2014—as the number of established seedlings in each
0.5-m? subplot (seedling establishment) and the number of species
of established seedlings (colonizer richness).

2.4 | Community attributes

In 2013 and 2014, | measured several abiotic and biotic commu-
nity attributes that could impact seedling success. Measurements
differed between years and were more extensive in 2014 than in
2013. Specifically, in 2014, | measured soil water availability, light
availability, community disease and herbivory, and community leaf
Npasss in 2013, I measured light availability and community disease
and herbivory. | first describe the measurements taken in 2014, then
describe any differences from 2013 measurements (see Table S3
for details). During the 2014 growing season, | repeatedly measured
the availability of water and light. Specifically, | measured soil water
availability at 10-cm soil depth using a time-domain reflectometer
(HydroSense Soil Water Content Measurement System, Campbell
Scientific Australia) once per month (May-September 2014). Be-
cause there was no strong directional trend in soil water availabil-
ity over the growing season, soil water availability of each subplot
was the arithmetic mean of the five soil water measurements. | also
measured light availability, the ratio of photosynthetically active
radiation at two points at ground level to above the canopyx 100
(Borer et al., 2014). Light availability was measured monthly (March-
September) within 2 h of solar noon on cloudless days (Accupar LP80
Ceptometer, Decagon Devices, Pullman, WA) and then integrated
into a single value per subplot (auc() function in the R package MESS;
Ekstrgm, 2016). Thus, light availability represented the average pro-
portion of light (umol PAR m™2s  day™) available at ground level at
solar noon over the 2014 field season. | also measured light avail-
ability at a single time point in September 2013, using the same ap-
proach (i.e. the ratio of ground level to above canopy light).

To assess community disease and herbivory, and community leaf
Nuass: | first visually quantified per cent cover of each plant spe-
cies in each subplot in August. Because | evaluated cover for each
species independently, the sum of cover values for each plot could
exceed 100%.

| used different methods to assess foliar fungal disease and insect
herbivory in communities in 2013 and 2014. In 2014, | maximized
the number of host species surveyed in each subplot by haphazardly
assessing damage on 20 leaves of the most abundant host species
and each subsequent species, iterating until the summed cover of

all sampled species was at least 80% of the subplot's total plant
cover (Halliday et al., 2019). This sampling scheme is consistent with
scheme recommendations for measuring other plot-scale commu-
nity responses (Halbritter et al., 2020). In total, | surveyed fungal
disease and insect herbivory on 23 species—12 grasses, 6 nonlegu-
minous forbs, 3 woody vines, 1 tree and 1 leguminous forb. Follow-
ing Heckman et al. (2016), Mitchell et al. (2002) and Mitchell (2003),
| sampled leaves that varied in age, location within the subplot and
degree of damage. For each sampled leaf, | recorded the per cent
of the leaf's area that was damaged (by guilds of insect herbivore
and fungal morphospecies) by referring to digitized images of known
damage severity (James, 1971). | then calculated community disease

and community herbivory.

n
N N N Ci subplot
Community disease or herbivory = Z di subplot < =),
i=1 Ct subplot

where d; subplo

gens or insect herbivores for the ith species in the subplot, c; subplot is
per cent cover of the ith species, and Ct subplot is the total cover of spe-
cies surveyed in the subplot (Mitchell et al., 2002).

In 2013, | surveyed disease and herbivory at the plot level rather

. is mean per cent of leaf area damaged by fungal patho-

than the subplot level. | surveyed fungal disease and insect herbiv-
ory on 18 species—8 grasses, 5 nonleguminous forbs, 3 woody vines,
1 tree and 1 leguminous forb.

To assess the resource allocation strategies of the resident com-
munity, | calculated community-weighted mean leaf % N (hereafter,
community Ny,,¢s) using the same species and calculation as com-
munity disease and herbivory in 2014. N, ,<s has been shown to co-
vary significantly with several other important functional traits (e.g.
leaf mass per area, carbon assimilation and dark respiration; Diaz
et al., 2016; Reich, 2014; Wright et al., 2004). From all species that
constituted >80% of relative cover in each subplot, three young fully
emerged leaves were harvested, dried at 60°C for 72h and ground
to a fine powder; leaf % N was quantified using a micro-Dumas
combustion analyzer (Environmental Chemistry Lab, University of
Georgia).

2.5 | Seedling traits

To assess the resource allocation strategies of the species added as
seeds, | measured leaf % N on individuals of each species grown in
the greenhouse at the University of North Carolina at Chapel Hill.
All seeds were stratified in moist sand at 4°C for 1 month and then
sowed into 0.94-L pots (Deepots, Stuewe and Sons, Corvallis, OR)
containing a 50:50 mixture of potting medium (Fafard 3B, Sun Gro
Horticulture, Agawam, MA, USA) and sterilized sand. At the two-leaf
stage, each pot was thinned to a single individual and then randomly
assigned to one of two groups: high nutrient supply, receiving the
equivalent of 10g NPK m™, and low nutrient supply, receiving the
equivalent of 2g NPK m~2. | added slow-release forms of P and K
once (triple super phosphate and potassium sulphate, respectively)
and aqueous N in five biweekly applications of ammonium nitrate.
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These two nutrient levels were intended to generate differences in
nutrient limitation similar to what plants experienced in the field ex-
periment; Heckman et al. (2019) also used these nutrient levels to
achieve the same goal. To avoid limitation by micronutrients, both
treatments received 100gm™2 micronutrients (Micromax, The Scotts
Company, Marysville, OH, USA). After 8 weeks in the greenhouse, |
removed the youngest fully emerged leaf from each plant and pro-
cessed them as described for community Ny,,¢s. Four species could
not be analysed due to poor germination (Asclepias syriaca, Tripsa-
cum dactyloides) or limited growth (Solidago pinetorum, Symphyotri-
chum pilosum) in the greenhouse. Thus, | measured seedling % N on
70 plants (7 species x 2 nutrient supply levels x 5 replicates).

2.6 | Dataanalysis

In this study, | used Bayesian hierarchical models (brms package—
Burkner, 2017, Stan—Carpenter et al., 2017, R version 4.2.1—R Core
Team, 2022), primarily with data collected in 2014, to address three
questions. To answer the first question—whether nutrient supply,
litter presence and consumer access interact to influence total seed-
ling establishment and the richness of colonizing species—I| exam-
ined treatment effects on seedling establishment (the number of
seedlings in each subplot) and colonizer richness (species richness
of colonizing seedlings) in September 2014. For each response, the
full model included additive and pairwise interactive effects of nu-
trient addition, litter removal and consumer exclusion, a random ef-
fect of plot to account for the split-plot nature of the experiment,
an observation-level random effect to account for overdispersion
(Harrison, 2014) and Poisson errors with a log link (see Appendix Al
for complete model specification). The final simplified model omit-
ted interactive treatment effects whose 90% credible intervals over-
lapped 0.

To evaluate the second question—whether interactive effects of
nutrients, litter and consumers on seedling establishment and col-
onizer richness are mediated by the same community attributes—I
used a multivariate hierarchical Bayesian model. This hierarchical
model had a two-level structure, where each experimental treat-
ment and two-way interactions between experimental treatments
influenced five standardized (mean=0; standard deviation=1)
community attributes—logit-transformed light availability, soil
water availability, community N, ,s., logit-transformed community
disease (foliar fungal disease) and logit-transformed community
herbivory (foliar insect herbivory)—and those community attri-
butes plus direct effects of nutrient supply and consumer access
(to account for potentially missing mediators) could subsequently
influence seedling establishment and colonizer richness (Table S1).
For each response, | included plot as a random effect. The effects
of experimental treatments on these community attributes were
modelled with a Gaussian distribution and an identity link (i.e. lin-
ear mixed model); the effects of experimental treatments and com-
munity attributes on seedling establishment and colonizer richness
were modelled with a Poisson distribution and a log link (i.e. Poisson

generalized linear mixed model); correlations among community at-
tributes and among seedling establishment and colonizer richness
were also modelled. The full multivariate model included all main
effects of, and two-way interactions among, treatments on commu-
nity attributes. The final, simplified multivariate model omitted ef-
fects whose 90% credible intervals overlapped O (see Appendix A2
for full model specification).

To determine how general the answers to the first and second
questions were across years, | repeated the analyses described
above using data from the previous year, 2013. For the first ques-
tion, | took the approach described above. For the second ques-
tion, | modified the previously described approach in two ways.
First, the 2013 multivariate model only included three of the five
community attributes—logit-transformed light availability, logit-
transformed community disease and logit-transformed commu-
nity herbivory. Second, because community disease and herbivory
were measured at the plot level in 2013 (rather than the subplot
level, as in 2014), litter removal was not included as a predictor
of community disease and herbivory. Model specifications are de-
scribed in Appendix A3.

To assess the third question—whether nutrients, litter and con-
sumers interact to differentially impact the success of colonizing
species with different resource allocation strategies—I| again used
a multivariate hierarchical Bayesian model. To do this, | examined
treatment effects on seedling establishment separately by species
and how these treatment effects interacted with seedling % leaf
N (hereafter, seedling N,,,ss) measured from greenhouse-grown
plants. This model included four community attributes—logit-
transformed light availability, soil water availability, community
Npass and logit-transformed community damage (foliar fungal dis-
ease +insect herbivory)—plus seedling Ny,,sc, Which was averaged
across multiple replicates of two nutrient levels from greenhouse
measurements, and was treated as a species-level effect. Because
this model addressed the ability of individual species' traits to
predict species-level establishment success, it does not include
colonizer richness as a response. This model also included ran-
dom effects of plot and subplot nested within plot (to account for
species-level differences). Because species-level seedling establish-
ment was low, | used a zero-inflated Poisson model with a species-
level random effect on the zero-inflated term (Appendix A4). This
model included only 6 of the 11 species sown in this study. One
species was removed because it was absent from all experimental
plots (Sorghastrum nutans). Four other species had poor germination
(Asclepias syriaca, Tripsacum dactyloides) or limited growth (Solidago
pinetorum, Symphyotrichum pilosum) in the greenhouse, and thus, no
values for seedling Ny, q¢

The full prior specifications for these models are described
in Appendix A. Briefly, | used weakly informative priors on all
fixed and random effects (i.e. population-level and group-level
parameters, respectively). Using more diffuse priors on the fixed
effects did not qualitatively change the results. Each model was
fit using four chains, each with 5000 Hamiltonian Monte Carlo
iterations. Chains converged on a stationary distribution based
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on trace plots and model diagnostics (Rhat=1). Models ade-
quately fit the data based on visual posterior predictive checks
(pp_check() function). | also calculated marginal Bayesian R? to
assess the proportion of variance explained by fixed effects (r2_
bayes() function in performance R package; Gelman et al., 2019,
Lidecke et al., 2021).

3 | RESULTS

3.1 | Do nutrients, litter and consumers interact to
influence seedling success?

The first prediction, that nutrient supply, litter presence and con-
sumer access will interactively influence seedling establishment and
colonizer richness, had little support. Contrary to expectations, none
of the three treatments interactively altered seedling establish-
ment or colonizer richness (all 90% credible intervals overlapped O;
Table S4). Rather, nutrient addition, litter removal and consumer ex-
clusion each independently altered colonization. Specifically, nutri-

ent addition reduced seedling establishment and colonizer richness

by 97% and 95%, respectively; litter removal increased seedling es-
tablishment and colonizer richness by 158% and 84%, respectively;
and consumer exclusion reduced these responses by 48% and 28%,

respectively (Table S5, Figure 1a).

3.2 | Do interactive effects occur via the same
community attributes?

The second prediction, that nutrients, litter and consumers would
alter common mediators, also had limited support. All interactive ef-
fects of treatments on community attributes had credible intervals
that substantially overlapped O (Table S6). Moreover, nutrient ad-
dition, litter removal and consumer exclusion each primarily influ-
enced colonization via different mechanisms (Table S7, Figure 1b),
which may explain the lack of support for the first prediction. After
simplifying the model, the effects did not qualitatively differ from
those in the full multivariate hierarchical model.

Nutrient addition reduced colonization through multiple mech-
anisms: directly and indirectly by reducing soil water and light avail-

ability and indirectly by increasing community Ny,,s. Specifically,

(Aa Litter removal :  ———
onsumer exclusion ————— |
Nutrient addition T ———— i : ‘
-4 -2 0 2
Change in log established seedlings, 2014
Litter removal D ———
Consumer exclusion ————-—
Nutrient addition T ———— : ‘
-4 -2 0 2
Change in log colonizer richness, 2014
(B)
Nutrient Nutrients x Litter Litter x Consumer Nutrients x
addition litter removal consumers exclusion consumers

==

Soil water Light Community Community Community
availability availability Npass disease herbivory
RZ =032 RZ=0.70 RZ=0.36 RZ=0.39 RZ=0.21

Established
seedlings
2
Ry =0.62
h |

&
Colonizer
richness

2
R2,=0.68

FIGURE 1 Directand indirect effects of nutrient addition, litter removal and consumer exclusion on seedling success in 2014. (a) Point
estimates and 80% and 95% credible intervals from a Bayesian hierarchical model showing treatment effects on seedling establishment and
colonizer richness (see Table S5 for model estimates). (b) Results from a multivariate hierarchical Bayesian model used to examine the effects
of nutrient addition, litter removal, consumer exclusion and their interactions on seedling performance mediated by soil water and light
availability, community leaf Ny, <5, community disease (foliar fungal disease) and community herbivory (foliar insect herbivory; see Table S7
for model estimates). Width and colour of arrows represent relative effect sizes (blue, positive; red, negative; solid wide, large effect (effect
size >|1]), solid narrow, moderate effect (effect size <|1|), dashed, marginally significant). Effects on seedling success (seedling establishment
and colonizer richness) were calculated from a Poisson generalized linear mixed model; all other effects were from linear mixed models. All
community attributes were standardized (mean=0, standard deviation=1); community disease, community herbivory and light availability
were logit-transformed first. R2M values are marginal Bayesian R? which only account for variance explained by fixed effects.
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after accounting for covariates, nutrient addition directly reduced
seedling establishment by 94% and colonizer richness by 92%
(Table S7, Figure S2A,G, Figure 1b). This direct statistical effect
likely indicates that an important covariate was not accounted
for in this model. Nutrient addition also had strong effects on
other resources. Nutrient addition reduced soil water availabil-
ity by 15% (Figure S1A), which drove a 22% reduction in seedling
establishment and a 28% decline in colonizer richness (Table S7,
Figure S2B,H, Figure 1b). Similarly, nutrient addition reduced light
availability by 34% (Figure S1B), which drove a 14% reduction in
seedling establishment (Table S7, Figure S2C, Figure 1b). Moreover,
nutrient addition increased community Ny, by 17% (Figure S1C),
which indirectly reduced seedling establishment by 24% (Table S7,
Figure S2D, Figure 1b).

Litter removal's effect on seeding success was driven by two
main factors. First, litter removal increased light availability by
230%, on average, throughout the growing season (Figure S1D),
which increased seedling establishment by 70% (Table S7,
Figure S2C, Figure 1b). Second, this effect was reinforced by a
litter-removal-mediated increase in community disease and her-
bivory: Litter removal increased community disease by 40% on
average (Figure S1F), leading to a 12% increase in seedling estab-
lishment (Table S7, Figure S2E, Figure 1b). Likewise, litter removal
increased community herbivory by 235% (Figure S1G), which
resulted in a 39% increase in seedling establishment and a 27%
increase in colonizer richness (Table S7, Figure S2F, Figure 1b). Lit-
ter removal also reduced community Ny, by 10% (Figure S1E),
but this only reduced seedling establishment by 4% (Table S7,
Figure S2D, Figure 1b).

Consumer exclusion reduced seedling success through multiple
mechanisms that were largely distinct from those altered by nutri-
ent addition. Unlike nutrient addition, and contrary to predictions,
consumer exclusion did not alter light or soil water availability. Like
nutrient addition, consumer exclusion altered community Ny, acs,
but the effects were in opposite directions—consumer exclusion
reduced community Ny,,cs by 14% (Figure S1H), which increased
seedling establishment by 2% (Table S7, Figure S2D, Figure 1b).
Consumer exclusion, instead, reduced colonization primarily by
altering community disease and herbivory, which were both un-
affected by nutrient addition. Consumer exclusion reduced com-
munity disease by 66% (Figure S1l), on average, resulting in a 27%
decline in seedling establishment (Table S7, Figure S2E, Figure 1b).
Consumer exclusion also reduced community herbivory by 75%
(Figure S1J), which resulted in a 20% reduction in seedling es-
tablishment and a 25% reduction in colonizer richness (Table S7,
Figure S2F,l, Figure 1b). The large consumer-exclusion-driven re-
duction in community disease and herbivory indirectly harmed the
colonizers, which apparently overwhelmed any positive effect that
excluding pathogens and herbivores had on them. In support of
this inference, there was no significant main effect of consumer
exclusion on seedling establishment in the full multivariate hierar-
chical model after accounting for community disease and herbiv-
ory (Table Sé6).

3.3 | Are effects of nutrients, litter and consumers
consistent between years?

Most results were consistent between years. None of the treat-
ments interacted to alter seedling establishment or colonizer rich-
ness in 2013 (Table S4, Figure S3A). As in 2014, nutrient addition
reduced seedling establishment and colonizer richness (88% and
62% reductions, respectively), litter removal increased seedling
establishment and colonizer richness (328% and 103% increases,
respectively), and consumer exclusion had no effect on colonizer
richness (Table S5, Figure S3A). The most notable difference be-
tween years was that the effect of consumer exclusion switched
directions—seedling establishment increased by 12% in 2013, but
this effect was nonsignificant (Table S5, Figure S3A). Results from
the 2013 multivariate hierarchical model are presented in Appen-
dix B and Tables S8 and S9.

3.4 | Does seedling resource allocation strategy
impact responses to nutrients, litter and consumers?

Contrary to the third prediction, seedling Ny,,s¢, an indicator of
seedling resource allocation strategy, only interacted marginally
with the nutrient addition and litter removal treatments to alter es-
tablishment success (Table 510). However, seedling Nyass interacted
with both community Ny, s and community damage: as community
damage increased, the interactive effects of community N,,,.s and
seedling Ny qs On seedling establishment became less pronounced
(Table S11, Figure 2). This indicates that as community damage in-
creases, acquisitive seedlings (indicated by high seedling N;,,c) be-
come increasingly disadvantaged relative to conservative seedlings

(indicated by low seedling Ny c)-

4 | DISCUSSION

Nutrient addition and consumer exclusion (fungal pathogens +insect
herbivores) largely influenced seedling establishment and colonizer
richness independently and via different mechanisms. Adding nutri-
ents reduced seedling establishment indirectly by reducing light and
soil water availability, while also directly reducing seedling estab-
lishment, which indicates the likely importance of an unmeasured
environmental mediator. Exclusion of fungal pathogens and insect
herbivores, on the contrary, primarily reduced seedling establish-
ment and colonizer richness indirectly by reducing community dis-
ease and herbivory. The fact that nutrient addition reduced light
availability—a critical resource for seedling establishment (Borer
et al.,, 2014; DeMalach et al., 2017; Hautier et al., 2009)—while con-
sumer exclusion did not, may also explain the lack of a nutrient ad-
dition x consumer exclusion interaction and the larger impacts of
nutrients than consumers on seedling success. This lack of interac-
tion is contrary to previous studies that found nutrients and mam-
malian herbivores interacted to influence community processes by
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FIGURE 2 Results from a Bayesian hierarchical model used
to examine the interactive effects of seedling Ny,,¢5, community
Npass and community damage (fungal disease +insect herbivory)
on seedling establishment in September 2014 (see Table S11 for
model estimates). For community damage and community N, ¢,
high values are 1 standard deviation above the mean and low
values are 1 standard deviation below the mean. Seedling leaf
Nass Was determined from eight-week-old plants grown under
greenhouse conditions. Curves are derived from a zero-inflated
Poisson generalized linear mixed model; confidence ribbons
represent 90% credible intervals.

altering the availability of the same resource (e.g., Borer et al., 2014;
Eskelinen et al., 2022). While the impacts of mammalian herbivores
on community processes are well-studied, a recent meta-analysis
lacked enough data to assess the impacts of insect herbivores on
some community responses (Jia et al., 2018). Thus, similarities and
differences in the impacts of mammalian herbivores and fungal
pathogens and insect herbivores on community assembly warrant
further study (e.g. Heckman et al., 2016; La Pierre et al., 2015). To-
gether, these results demonstrate that multiple pathways influence
seedling establishment, but that interactive effects might only occur
in systems where nutrients and consumers leverage the same, criti-

cal mediator.

4.1 | Nutrients, litter and consumers influence
different mediators of seedling establishment

Nutrient addition reduced colonization in this study substantially
and by several distinct mechanisms. First, and most importantly,
nutrient addition reduced light availability, which is often an im-
portant mediator of the effects of eutrophication on plant diver-
sity (Borer et al., 2014; Harpole et al., 2017; Hautier et al., 2009).
This strong impact on light availability is consistent with other work
from this system (Wilfahrt et al., 2020). Second, nutrient addition
reduced soil water availability, probably because the greater pri-
mary production of fertilized plots promoted greater transpiration
(Rose et al., 2012). Together, these indirect effects mediated by re-
source availability may have resulted from the resident community's
ability to pre-emptively utilize the increased nutrient supply to re-
duce the availability of other resources (Hautier et al., 2009). Nu-
trient addition also promoted increasing community Ny,,¢s, Which

is typical of quick-growing species (Diaz et al., 2016; Reich, 2014).
Increasing the abundance of these quick-growing species may have
exacerbated priority effects: during the early growing season, resi-
dent individuals with established root systems could have quickly
utilized the recently applied nutrients to slow seedling establish-
ment and out-compete small seedlings (Craine & Dybzinski, 2013;
Schwinning & Weiner, 1998). Together, this suggests that nutrient
addition simultaneously promotes quick-growing species and shifts
competition from below-ground competition for nutrients to size-
asymmetric light competition (DeMalach et al., 2017; Schwinning &
Weiner, 1998), which marginally reduces seedling establishment in
communities that can respond quickly. Finally, contrary to expecta-
tion, nutrient addition did not influence community disease or her-
bivory (Cappelli et al., 2020).

Nutrient addition also had a direct negative effect on colonization
after accounting for environmental covariates. This may have occurred
because an important covariate was unaccounted for. For example, the
effect of community biomass may not be fully explained by other envi-
ronmental variables. In another study at this site, light availability was
a statistically significant predictor of, but explained relatively little vari-
ation in, community biomass (p<0.001, R2M=0.08; Borer et al., 2014;
Fay et al., 2015). Additionally, this direct effect may have resulted from
a mismatch between the spatial and temporal scales of light and soil
water availability measurements and those most relevant for estab-
lishing seedlings. For instance, seedlings may have been influenced
only by soil water availability in the top layer of soil or during periods
of acute drought (Harrington, 1991; Padilla & Pugnaire, 2007), which
may be missed by monthly measurements of slightly deeper soil water.
Similarly, seedling establishment may depend more on light availability
at a single developmental stage than on light integrated over the entire
growing season (Hutchings & Booth, 1996). Thus, while nutrient addi-
tion detectably reduced light and soil water availability, which subse-
quently reduced seedling establishment, my measurements of these
resources may not have fully captured their importance for seedling
establishment.

Seedling establishment and colonizer richness both increased
with community herbivory in 2014, while seedling establishment
also increased with community disease. This suggests that con-
sumers had large enough impacts on the resident community
to influence competition with establishing seedlings. Because
populations of resident species were denser than the establish-
ing seedlings, consumers that regulate plant populations in a
density-dependent manner would have larger impacts on resi-
dent species than on establishing seedlings (Connell, 1971; Gil-
bert, 2002; Janzen, 1970). This explanation is supported by other
results from this system: excluding consumers from communities
planted with native herbaceous species limited establishment by
exotic herbs and native trees (Heckman et al., 2017, 2022). Thus,
consumers may promote population growth when species are
rare, but limit population growth as they increase in abundance
(Mordecai, 2011).

The impact of consumers on seedling establishment was con-
siderably larger in the final year of this study than in the previous
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year. This may have resulted from a combination of factors. First,
community fungal disease and insect herbivory in unsprayed plots
were twice as high in 2014 as in 2013 (combined damage: 9.7%
and 4.5%, respectively), which may have resulted in differences in
consumer pressure on plant populations between years. Consumer
pressure can vary annually for a number of reasons, including differ-
ences in temperature and precipitation (e.g. Liu et al., 2019; Scherber
et al., 2013), which highlights a key consideration when interpreting
consumer reduction studies: consumer exclusion only yields detect-
able changes in plant performance when ambient consumer pressure
is sufficiently high. Second, effects of consumer exclusion on com-
munity composition may require several years to observe (Agrawal &
Maron, 2022; Allan & Crawley, 2011; Komatsu et al., 2019; Wilfahrt
et al., 2020), especially when consumer pressure is not consistently
high. Thus, longer studies, which can incorporate years with varied
environmental conditions, may be required to better understand the
average impacts of fungal pathogens and insect herbivores on com-
munity processes.

Litter removal enhanced seedling success via several mech-
anisms. As predicted, the largest effect of litter removal was to
increase light availability, which drastically increased seedling es-
tablishment (Foster & Gross, 1998). Similarly, litter removal reduced
community Ny,.cc. Reduced competition for light in litter removal
plots may have allowed plants with more conservative (i.e. low
Nuass) strategies to thrive (Letts et al., 2015), which marginally in-
creased seedling establishment. Contrary to prediction, however,
litter removal increased community disease and herbivory. This may
have occurred because litter can intercept fungal spores before they
land on live tissue or obscure growing leaves and stems from insect
herbivores. In total, although the magnitude of effects differed con-
siderably, all indirect effects of litter removal promoted increased

seedling success.

4.2 | Effects of seedling resource allocation
strategies on establishment success

Seedling resource allocation strategy was an important deter-
minant of establishment success that was related to consumer
pressure. Contrary to prediction, species with more acquisitive
resource allocation strategies had low establishment success
regardless of consumer pressure, which is consistent with some
previous work (Kempel et al., 2013). For species with more
conservative resource strategies (i.e. lower seedling Ny,,qs),
establishment success increased with increasing consumer
pressure (i.e. higher community damage). This suggests that
the increased seedling establishment in unsprayed plots was
driven primarily by responses from more conservative species,
which are frequently well defended (Endara & Coley, 2011).
Thus, consumers had stronger negative impacts on the resi-
dent community than on colonizer species (Mordecai, 2011),
but only when the colonizers possessed traits that were ad-
vantageous in the presence of consumers. This has important

implications for understanding community assembly: High con-
sumer pressure may promote the establishment of species with
more conservative resource allocation strategies, but reducing
consumer pressure fails to promote greater establishment of
acquisitive species.

5 | CONCLUSIONS

By experimentally manipulating seed rain, this study explicitly eval-
uated the role of recruitment in community assembly, which may
be key to understanding long-term community responses to nutri-
ents and consumers. Specifically, these results show that nutrients,
leaf litter, and fungal pathogens and insect herbivores influence
colonization through multiple independent mechanisms rather than
altering the same environmental pathways. These independent ef-
fects may have been driven by priority effects and differences in
population size. Fungal pathogens and insect herbivores benefitted
native seedlings in these communities in oneyear, suggesting that
consumers regulate populations in a density-dependent manner
(Gilbert, 2002; Mordecai, 2011). Increasing nutrient supply reduced
seedling establishment, likely because larger, established individu-
als were able to pre-emptively use most of these nutrients to re-
duce the availability of light and water. Over time, nutrient addition
may reduce community richness by increasing the abundance of
quick-growing, strong light competitors (Borer et al., 2014; DeMal-
ach et al., 2017; Hautier et al., 2009) and decreasing light availability
to seedlings (Foster & Gross, 1998). Thus, only when nutrients and
consumers alter the same critical mediators are their synergistic ef-
fects on community assembly mechanisms, such as seedling estab-

lishment, likely to arise.
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