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SUMMARY

Recent work proposes that passive directed dispersal (PDD) occurs when resource tracking leads animal
vectors to disperse seeds at sites that favor plant establishment. For example, wildland fire can attract
seed-dispersing animals via the magnet effect while simultaneously generating the environmental conditions
that benefit animal-dispersed plants. To evaluate the hypothesis that frequent fire results in PDD, we first
documented the effect of frequent fire on locally common bird-dispersed plants known to be promoted by
fire by measuring frequency of occurence along transects and per-individual fruit production in a long-
term replicated fire experiment. Two of these focal plant taxa occurred more frequently in plots burned bien-
nially compared with plots that remained unburned for approximately six decades. All focal plant taxa pro-
duced more fruit per individual with recurring fire. Next, we used a paired crossover experiment to measure
bird activity and bird-dispersed seed rain at perches after fire. Fire increased seed dispersal distance and
elevated seed loss from seed traps. When adjusting for these confounding factors, the magnet effect of
recent fire resulted in greater projected seed rain from focal plant taxa arriving in recent burns compared
with areas burned 1-2 years prior. Collectively, these results suggest that wildland fire generates the neces-
sary conditions for PDD. With the prevalence of fire in terrestrial ecosystems, PDD may thus be a widespread

process shaping global plant communities.

INTRODUCTION

One interpretation of the diffuse mutualism paradigm is that
directed seed dispersal by animals—defined as nonrandom
deposition of seeds at destinations that provide a fitness advan-
tage—is rare." This interpretation arose from the presumption
that traits favoring directed seed dispersal evolve within special-
ized plant-animal dispersal relationships, followed by the recog-
nition that most relationships are instead diffuse.’ Specialized
traits include mistletoe (Santalales) fruit containing a sticky sub-
stance that induces vectors to dislodge seeds directly onto suit-
able host trees and fat bodies on myrmecochorous seeds that
encourage ants to deposit seeds in advantageous microsites
associated with ant nests." In contrast, Mason et al.? hypothe-
sized a passive form of animal-mediated directed dispersal
that occurs without specialized plant traits beyond fruit produc-
tion (hereafter, passive directed dispersal [PDD]). PDD emerges
when three conditions are met: (1) animal vectors track re-
sources in heterogenous environments, (2) this behavior results
in seed rain skewed toward those resources, and (3) the loca-
tions with vector resources are also favorable destinations for
the dispersed plants.” Despite the prevalence of diffuse
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dispersal mutualisms and resource tracking, empirical evalua-
tions of PDD remain limited.>

Fire is a pervasive eco-evolutionary force that shapes plant as-
semblages,” yet relatively few studies explore the interaction
between endozoochory (i.e., plant dispersal via ingestion by an-
imals) and fire in frequent-fire systems.®® Two factors suggest
that endozoochory can generate PDD in ecosystems where
fire is common. First, conditions in recently burned areas can
advantage plant species with one or more life-history stages
adapted to fire and disturbance.”®'° Second, recent burns
attract diverse seed-dispersing animals.’ "' Although originally
coined to describe herbivore attraction to recovering forage in
recent burns,'* a more broadly defined “magnet effect” of recent
fire may link plants and fire via resource tracking by these animal
vectors.

We hypothesized that the magnet effect of wildland fire gener-
ates the necessary conditions for PDD in a diffuse mutualism of
seed-dispersing birds and early-successional, generalist focal
plant taxa promoted by frequent fire. Birds are observed at
active fires, immediately following fires, and during vegetation
recovery in the year following fire,"""'>">~'® and their perching
behavior provides an opportunity to monitor bird-mediated
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Figure 1. Game cameras monitored artificial perches positioned
above seed traps in our paired and nested second experiment

We monitored avian seed dispersal using game cameras and artificial perches
positioned above a 1 m? seed collection platform (i.e., seed trap). We placed
these traps at 6 sites made from 12 paired units. Each unit consisted of 3 seed
traps (n = 6 per site, 36 total traps). We monitored each unit in a year following
fire and in 1-2 years since fire by swapping treatments after the first year of the
experiment.

seed dispersal.’®" Post-dispersal recruitment and fitness of
our focal plant taxa partly depends on positive feedback be-
tween fire frequency and fire-adapted vegetation.'®?>?° The
magnet effect of recent fire on seed-dispersing birds (i.e., in
the year following fire) should increase the probability that focal
plant taxa establishing from seed banks or seed rain encounter
this recurring fire.”**> Two predictions arise if birds deliver
PDD during the magnet effect in our frequent-fire ecosystem.
First, fire should provide a fithess advantage to plants benefiting
from PDD. Second, the magnet effect of recent fire should direct
bird-dispersed seeds from those plants to favorable, recently
burned destinations. We explored these predictions in two
distinct, but complementary, experiments designed to evaluate
different components of the PDD hypothesis.

Experiment 1: Does frequent fire promote locally
common bird-dispersed plants?

The first experiment was a six-decade-long, continuous manip-
ulation of fire frequency in North American upland pine savanna,
with biennial fire and fire-exclusion treatments that assessed the
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net effects of recurring fire on three focal bird-dispersed plant
taxa that are frequently dispersed beneath artificial perches: Cal-
licarpa americana, Rhus copallinum, and Rubus spp. PDD pre-
dicts that frequently burned destinations preferred by birds in
our system provide an advantage to our focal taxa, independent
of increased seed arrival.”®?” This prediction is supported by
literature demonstrating that fire can promote establishment
and fruit production for these focal taxa and other early-succes-
sional and generalist species.”®" Accordingly, we expected
biennial fire to enhance indicators of resource availability and
fecundity in focal taxa compared with fire exclusion (i.e., fre-
quency of occurence along transects and fruit production).®*>3

Experiment 2: Does the magnet effect increase bird
activity and vectored seed rain at artificial perches?

Our second, 2-year field experiment used a paired crossover
design to monitor bird activity and seed rain at artificial perches
erected above seed traps in areas burned <1 year prior, paired
with units burned between 1 and 2 years prior (Figure 1A). Recur-
ring fire can alter bird communities by maintaining open-canopy
conditions and a herbaceous understory.?® We isolated the mag-
net effect from fire-driven habitat heterogeneity by conducting
the second experiment in separate frequent-fire units. After the
first year of fire application, we burned the “1- to 2-years-
since-fire” units and allowed the vegetation to continue to
grow in the “<1-year-since-fire” units. Each treatment in year 1
thus became the opposing treatment in year 2, further isolating
the magnet effect from variation in bird activity associated
with landscape characteristics other than fire frequency. We
also measured four other potentially confounding factors at or
beneath the artificial perches: avian defecation rate, natural
perch availability, seed loss, and fruit availability. After account-
ing for these potentially confounding factors, we anticipated
greater seed rain <1 year since fire based on comparisons with
uncorrected totals from locations burned 1-2 years prior.

RESULTS

Experiment 1: Does frequent fire promote locally
common bird-dispersed plants?

In our survey for focal plant taxa, we detected C. americana on
10 transects, R. copallinum on 17 transects, and Rubus spp.
on 11 transects (Figure 2). Rhus copallinum and Rubus spp.
only occurred with biennial fire, which prevented statistical ana-
lyses. Results from Poisson and binomial generalized linear
mixed models (GLMMs) demonstrated that total C. americana
counts (ratio = 1.1, SE = 0.7, z-ratio = 0.1, p = 0.948) and obser-
vation probability (ratio = 0.6, SE = 0.4, z-ratio = 0.7, p = 0.498)
remained constant across biennial fire and fire-exclusion plots.
The C. americana Poisson model explained 1%-9% of the vari-
ance in the data, all attributable to the random effect of site
(<0.01% explained by fixed effects). The C. americana binomial
model explained 12%-69% of the data, with 9%-56% attribut-
able to the random effect of site, respectively.

Most of the individual plants detected for fruit surveys
occurred with biennial fire (n = 65) compared with fire exclusion
(n = 34; Figure 3). R. copallinum and Rubus spp. only produced
fruit with biennial fire, but we detected R. copallinum (n = 5) and
Rubus spp. (n = 5) individuals with no fruit in fire-exclusion plots.
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Figure 2. Some focal bird-dispersed plant taxa occur more with
frequent fire

Estimated marginal means (solid points) and 95% confidence intervals of
observation probability at transect points in fire-exclusion (gray) and 2-year
fire-return-interval (orange) plots for Callicarpa americana, Rhus copallinum,
and Rubus spp. Translucent points represent values for each transect (n = 16—
18). p values derived from general linear mixed effects models comparing the
number of transect points with C. americana present in fire-exclusion and
2-year-fire-return-interval plots.

See also Table S7.

Results of a reduced generalized linear model (GLM) with a nega-
tive binomial distribution demonstrated that fruit production
increased by a factor of 16.5 for C. americana (SE = 7.7, z-ratio =
6.0) in biennial fire. This model explained 22%-62% of the vari-
ance (only fixed effects).

Experiment 2: Does the magnet effect increase bird
activity and vectored seed rain at artificial perches?
Avian observations

Of the 64 species and taxonomic groupings (i.e., other sparrows,
new world thrushes, and Setophaga sp. that we could not iden-
tify to species) detected with camera monitoring at artificial
perches, we identified 43 species and 9 other taxonomic group-
ings with diets that can include fruit (Table S1). Adjusted esti-
mated marginal means of annual avian observations at artificial
perches derived from a GLMM with a negative binomial distribu-
tion increased by 30 in <1 year since fire compared with areas
burned 1-2 years prior (y2 = 6.5, degrees of freedom [df] = 1;
Figure 4). For many of the most frequent birds visiting artificial
perches, this increase occurred in the growing season immedi-
ately following the prescribed fire application in March, but
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Figure 3. Focal bird-dispersed plant taxa produce more fruit with
frequent fire

Estimated marginal means (solid points) and 95% confidence intervals of fruit
counts in fire-exclusion (gray) and 2-year fire-return-interval (orange) plots for
Callicarpa americana, Rhus copallinum, and Rubus spp. Translucent points
represent values for C. americana (n = 46), R. copallinum (n = 33), and Rubus
spp. (n = 20) individuals. p values derived from general linear mixed effects
models comparing fruits on individual plants in fire-exclusion and 2-year-fire-
return-interval plots.

some taxa favored the fall (Figure S1). The effect of fire was
stronger in units burned the second year (y2 = 12.5, df = 1, p
<0.001; Figure 4; Table S2). The model explained 65%-72% of
the total variance in the dataset, with 10%-11% attributable to
the fixed effects of fire treatment and burn year and the remain-
ing attributable to random effects. Variance associated with site
(SD = 0.7; Figure S2) was greater than individual traps nested
within units and sites (SD = 0.4) and units nested within sites
(SD =0.3).

Projected seed counts

We collected nearly 12,800 seeds from focal taxa beneath arti-
ficial perches across 2 monitoring years. Focal taxa accounted
for 72% of the total identified taxa with morphological adapta-
tions encouraging endozoochoric dispersal and 23% of the to-
tal seeds collected. Results from a GLMM with a negative
binomial distribution provided evidence that raw seed totals
obscured the relationship between recent fire and seed arrival
of focal bird-dispersed seeds (Table S3). After multiplying by
the ratio of fruit availability and then seed loss across treat-
ments (see below), the estimated marginal means of corrected
annual seed counts in <1 year since fire increased by a factor
of 3.5 for C. americana, 2.8 for R. copallinum, and 239.2 for
Rubus spp. compared with those in 1-2 years since fire
(Figures 5 and S38). The model accounted for 43%-82% of
the variance in the data, with 28%-54% of this attributable
to the fixed effects of fire treatment, focal taxa, and burn
year. Variance associated with site (SD = 1.2; Figure S4) was
greater than that associated with individual traps nested within
sites (SD = 0.6).

Examining potential confounding factors in experiment
2

Avian defecation observations Results from a binomial GLMM
demonstrated that the mean probability of recording defecation
events during any individual bird observation at an artificial perch
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Figure 4. Recent fire (<1 year) increased bird observation at artificial
perches

Estimated marginal means and confidence limits for annual bird observations
from game cameras at 36 artificial perches in 1-2 years (empty) and <1 year
since fire (solid). p values derived from general linear mixed effects model
comparing total seed-dispersing bird observations in the year following fire to
1-2 years since fire.

See also Figures S1 and S2; Tables S1 and S2.

(Pmodel = 0.05, 95% confidence interval [CI] [0.04, 0.06]) re-
mained constant across <1-year-since-fire areas and areas
burned 1-2 years prior (x* = 2.1, df = 1, p = 0.147; Figure 6A)
and year of fire application (x* = 1.1, df = 1, p = 0.287), and no
interaction occurred (3 = 0.0, df = 1, p = 0.979). This model ex-
plained 0%-2% of the variance in the data, with 0%—-1% attribut-
able to the random effects of site and individual traps. Variance
attributable to the random effect of individual trap nested within
site (SD = 0.2) was greater than that of site (SD = 0.1).

Lower-midstory perch availability and quality Results from a
GLMM with a Gaussian distribution indicated that the model-
estimated mean distance of 3.1 m to nearest lower midstory
(95% CI [2.4, 4.1]) remained constant across fire treatments
(o = 0.5, df = 1, p = 0.494; Figure 6B). This model explained
6% of the variance in the data, with <0.01% attributable to fixed
effects. Variance attributable to the random effect of trap nested
within site (variance = 0.07, SD = 0.27) was greater than that of
site (variance = 0.06, SD = 0.25).

The model-estimated probabilities of the lower-midstory
perch having foliage in <1 year since fire (mean = 0.7, 95% CI
[0.6, 0.9]) and 1-2 years since fire (mean = 0.6, 95% CI [0.5,
0.7]) did not significantly differ (42 = 2.0, df = 1, p = 0.160). This
model explained 2%-3% of the data, with < 0.01% attributable
to the random effect of site.

Calculating fruit availability Results from a binomial GLMM
revealed that recent fire (<1 year) decreased fruit availability,
but this effect varied across species (x> = 15.1, df = 2,
p < 0.001). Overall, the probability of fruit detection was highest
for R. copallinum (mean = 0.04, 95% CI [0.02, 0.06]), followed
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Figure 5. Recent fire (<1 year) increased seeds from focal plant taxa
arriving beneath artificial perches after adjusting for fruit availability
and seed loss

Estimated marginal means and confidence limits for natural logarithm-trans-
formed annual seed counts at 36 traps beneath artificial perches in 1-2 years
(empty) and <1 year since fire (solid) for Callicarpa americana, Rhus copalli-
num, and Rubus spp. Annual seed counts in <1-year-since-fire units are
adjusted by multiplying raw values by ratios of fruit observation and seed loss
probability. These ratios account for the increased fruit availability in 1-2 years
since fire and increased seed loss in <1 year since fire. p values derived from
general linear mixed effects models comparing seed counts and projected
seed counts in the year following fire with 1-2 years since fire.

See also Figures S3 and S4; Tables S3-S5.

by C. americana (mean = 0.02, 95% CI [0.01, 0.03]) and Rubus
spp. (mean = 0.01, 95% CI [0.00, 0.02]). These overall probabil-
ities were driven by recent fire, which decreased the odds of
fruit detection by a factor of 0.4 for C. americana (SE = 0.17,
p = 0.034), 0.3 for R. copallinum (SE = 0.12, p = 0.005), and
0.01 for Rubus spp. (SE = 0.01, p < 0.001; Table S4). The
odds of detecting fruit were higher in 1-2 years since fire
than in <1 year since fire at every site, and we only detected
Rubus spp. fruit once in <1 year since fire (Table S4). The
model explained 23%-62% of the variation in the data, of
which 7%-20% was attributable to the random effects of the
overdispersion term (SD = 1.2), unit nested within site (SD =
0.4), and site (SD = 0.3).Seed loss probability Results from a
binomial GLMM revealed that recent fire (<1 year) increased
the average odds of seed loss by a factor of 3.8 (SE = 1.8)
compared with 1-2 years since fire (p = 0.006; Figure 7A).
Seed loss was greater in <1 year since fire in 4 out of 6 sites
and in 5 of 6 sequential trials occurring in the year following
fire (Table S5). Species varied in the probability of being lost
(> = 6.4, df = 2, p = 0.040; Figures 7B and 7C), and the
odds of losing a seed from the trap increased by approximately
9% (SE = 0.03) for each additional day of trial duration. The
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Figure 6. Probability of observing avian defecation at artificial
perches and lower-midstory perch availability is similar in <1 and
1-2 years after fire

(A) Left graph depicts estimated marginal means of the probability of observing
defecation events and confidence limits (solid lines) for 1-2 years (gray) and <1
year (orange) since fire. Right graph shows probability for individual traps in
treatment years (n = 72) with confidence limits (black line).

(B) Left graph depicts observed mean distance to nearest three lower-mid-
story perches at each trap for 1-2 years (gray) and <1 year (orange) since fire
with confidence limits. Right graph shows individual values for distance to
nearest lower-midstory perch (each trap represented three times) with confi-
dence limits (n = 108).

p values derived from general linear mixed effects models comparing the
probability of observing avian defecation events and distance to nearest
midstory perch in the year following fire to 1-2 years since fire.

model explained 65%-69% of the variance in the data, of
which 51%-54% was attributable to the random effects of
the overdispersion term (SD = 2.0), trap nested within site
(SD = 1.3), and site (SD = 0.3).

DISCUSSION

Our first experiment confirmed that more than 60 years of bien-
nial fire promotes widespread and locally common bird-
dispersed focal plant taxa known to thrive with frequent fire.
Our second experiment revealed that recent fire attracts the
birds dispersing those plants to artificial perches in the year
following fire. Based on projections, Rubus spp. seeds arrived
more often in <1 year compared with 1-2 years since fire, after
adjusting only for fruit availability, indicating that the magnet ef-
fect compensated for increased seed loss. However, after jointly
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Figure 7. Fire increased seed loss from seed traps beneath artificial
perches

(A) Estimated marginal means of seed loss probability and confidence limits
(solid lines) for 1-2 years (hollow) and <1 year (filled) since fire, averaged over
trials (mean length = 14 days). Each of the six seed loss trials consisted of
seeds from three plant species (i.e., Capsicum annuum, Sinapis alba, and
Helianthus annuus).

(B) Estimated marginal mean probability and confidence limits (solid lines) for
C. annuum (purple), H. annuus (green), and S. alba (yellow) in 1-2 years and <1
year since fire.

(C) Mean probability of seed loss for species at individual traps (n = 36)
averaged over six trials that varied in length from 6-23 days.

p values derived from general linear mixed effects models comparing seed
loss in the year following fire to 1-2 years since fire.

adjusting for seed loss and fruit availability, the magnet effect of
recent fire attracted seeds of all focal taxa beyond what may be
expected in conditions similar to 1-2 years since fire. This flow of
seeds toward <1 year since fire increases the probability that
plants encounter the recurring fire that maintains favorable
open-canopy conditions and ecosystem flammability.?***
Accordingly, our data demonstrate that wildland fire presents
the necessary conditions for PDD.

The effect of recurring fire on focal bird-dispersed taxa
One shade-tolerant focal taxa (C. americana) occurred in bien-
nial fire and fire-exclusion plots, but other focal taxa
(R. copallinum and Rubus spp.) were nearly completely limited
to gaps and edges after 60+ years of fire exclusion. This pattern
generally confirms the reported life-history traits of focal taxa
and suggests that recurring fire promotes recruitment for
some taxa.>*®’ Alternatively, these patterns could also result
from seed limitation (i.e., more individuals would establish
with greater seed arrival).’” However, given the potential for
vector overlap in diffuse mutualisms and the presence of
C. americana in biennial fire and fire-exclusion plots, it is plau-
sible that seeds from the other focal taxa also arrived in both
treatments.

Despite differences in how often they were encountered
across treatments, all focal taxa produced more fruit with bien-
nial fire, indicating that recurring fire promotes plant perfor-
mance.*”*® The conditions that promote fruit production also
encourage fruit removal,”® leading to more effective seed
dispersal. Collectively, these findings are supported by previous
literature reporting positive responses of these and other gener-
alist and early-successional plant species to decreased compe-
tition and increased resource availability. 2%’
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The magnet effect of recent fire on avian vectors

The magnet effect of recent fire conventionally describes the
response of vertebrate herbivores to the pulse of high-quality
forage in recent burns.'**¢~4° Fruit availability often drives avian
resource tracking,® but ripe fruit in <1 year since fire was nearly
absent in our surveys and similar works.”'™* Instead, avian vec-
tors may be attracted to our artificial perches in <1 year since fire
by changes in vegetation structure,**“> other food resources
(e.g., quality and accessibility),'>*®*" territory availability,*®
and exploratory behavior (i.e., neophilia sensu Greenberg®®).
For example, insectivores in our experiment visited more often
in the months after the fire, as insects recolonized. In contrast,
resident omnivores that utilize diverse resources responded
throughout the growing season. Our results highlight the utility
of the magnet effect for understanding additional fire-driven
community interactions beyond pyric-herbivory.

Seed arrival resulting from the magnet effect

Raw seed arrival values were comparable or lower in <1 year
since fire, despite elevated bird activity at artificial perches.
This discrepancy likely resulted, in part, from decreased fruit
availability after recent fire, which increased the distance that
birds traveled to reach artificial perches after fruit consump-
tion.>° Consequently, birds likely deposited seeds before reach-
ing artificial perches more often in <1 year than in 1-2 years since
fire. Nevertheless, by increasing avian activity at artificial
perches, the magnet effect of recent fire distributed seed rain
across our frequent-fire landscape by directing seeds from 1-2
years since fire toward <1 year since fire.

Recent fire also increased loss from seed traps between col-
lections, potentially due to elevated wind speeds associated
with changes in understory vegetation or increased seed
removal by animals. One potential explanation of seed removal
by animals is seed predation. Accordingly, higher seed predation
could negate the fitness benefit of dispersal toward <1 year since
fire. However, seed removal from seed traps by animals may not
accurately represent seed predation. Seeds may be easier to
detect on the seed trap collection surface than on exposed min-
eral soil in recent burns. Moreover, seed removal from traps by
animals can also indicate secondary seed dispersal, with poten-
tially positive outcomes for plant establishment.®'>? Even if seed
predation occurs more often in <1 year since fire, PDD is
possible if the beneficial conditions associated with fire result
in greater fitness overall compared with random dispersal.

Our projections of seed rain that incorporate adjustments for
seed removal and fruit availability are inexact representations
of seed arrival beneath perches. Using commercial seeds likely
affected estimates of seed loss, and our single metric for seed
loss obscured variation across species. Similarly, our adjust-
ments assumed a simple relationship between fruit availability
and seed dispersal by birds. This approach disregarded the pos-
sibility of non-monotonic relationships between distance and
dispersal probability,”® including those potentially resulting
from central foraging®® and rare-biased seed dispersal.?’
Although these caveats highlight limitations in our approach,
our projections more effectively demonstrate the magnet effect
of recent fire on bird-mediated seed dispersal than raw seed to-
tals that omit the confounding effects of fruit availability and seed
loss associated with recent fire.
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Potential community effects of PDD after fire
Seed dispersal by animals toward frequently burned areas is
one among a suite of plant, consumer, and abiotic interactions
mediated by fire.*>>*°° Indeed, plants have a suite of fire-
adapted traits that may drive community assembly (e.g.,
resprouting and seed banking).” At a minimum, our results
indicate that seed dispersal by animals influences community
assembly and trophic interactions in pyric ecosystems by
increasing the probability that seeds arrive at recent burns.
We highlight the potential positive outcomes of these dispersal
patterns for some regionally widespread and locally common
bird-dispersed taxa promoted by fire, but many early-succes-
sional and generalist plants will similarly benefit, while other
plant taxa respond negatively or neutrally. In either case,
post-fire seed dispersal and seed fate for these plant taxa likely
depends on variation within mutualisms and ecosystems
across space, time, and fire characteristics.*>**¢1=%% For
example, the landscape for experiment two provided birds
with ample opportunities to travel back and forth among evenly
dispersed <1-year-since-fire and 1- to 2-years-since-fire areas,
which likely influenced the patterns in bird activity and seed rain
that we observed.®® More broadly, seed dispersal by animals
after recent fire will also vary across ecosystems due to differ-
ences in abiotic conditions, fire regimes, and plant and animal
traits.8’12’65’66

Our biennial fire treatment in old fields is a reasonable choice
of study system, given regional initiatives to restore pine sa-
vannas in post-agricultural areas with frequent fire.°”:°® In this
interconnected system, avian vectors that subsist on old-field,
fire-maintained vegetation disperse those same plant species
while seeking out recently burned areas. This process likely
promotes homogeneity across vegetation communities in our
landscape, but in other circumstances it could also facilitate
the spread of introduced species,®® mediate mesophica-
tion,?>?%7% or drive forest recovery and expansion.'®20:""
Despite this, research exploring plant-animal-fire interactions
in the context of land management often focuses on pyric-her-
bivory.”?”® We propose integrating seed dispersal by birds into
a broader understanding—including pollination, herbivory,
seed predation, and other forms of animal-mediated seed
dispersal (e.g., myrmecochory and scatter-hoarding—to further
management, restoration, and conservation efforts in frequent-
fire ecosystems.39,51,52,54,55,57,60

Moving forward

Our sampling design underrepresents spatiotemporal, inter-
specific, and intraspecific variation in plant performance, avian
activity, seed arrival, and fire regimes. For example, Rubus
spp., which fruited relatively soon after prescribed fire, re-
sponded more strongly to recent fire than other focal taxa that
fruited 3-4 months later, indicating potential phenological con-
siderations. Similarly, differences in bird-mediated seed
dispersal that we demonstrated across areas differing by only
ayear in time since fire likely vary with longer temporal compar-
isons. Moreover, the secondary movement and fate of individ-
ual propagules, the role of microsite characteristics, and the ef-
fects of seed rain density on post-fire destination quality remain
areas for future investigation.”*’® Finally, although we focused
on seed dispersal after fire by a suite of birds visiting artificial
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perches that mimic the lower midstory, other forest strata
remain unmeasured. Future research should deconstruct the
complexity of PDD after fire while assessing the biological rele-
vance and generalizability of our findings across fire regimes,
taxa, and ecosystems.

Conclusion

Our evidence suggests that the necessary conditions for PDD
occur in a diffuse, bird-mediated seed dispersal mutualism
with frequent fire in pine savannas. Considering that much of
the terrestrial planet is flammable, seed dispersal by birds to-
ward recent burns provides additional evidence that directed
dispersal may occur more often than previously expected.’**
More broadly, the mechanisms underlying PDD after wildland
fire occur in other contexts where resource tracking occurs at lo-
cations that favor animal-dispersed plants.’™
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

Rv4.4.0° https://www.r-project.org/ N/A
R studio version 2023.9.0.463"" https://posit.co/download/rstudio-desktop/ N/A
R package tidyverse’® https://CRAN.R-project.org/package=tidyverse N/A
R package fitdistrplus’® https://CRAN.r-project.org/package=fitdistrplus N/A
R package Dharma®® https://CRAN.R-project.org/package=DHARMa N/A
R package performance®’ https://CRAN.r-project.org/package=performance N/A
R package emmeans®” https://CRAN.R-project.org/package=emmeans N/A
R package car®® https://CRAN.r-project.org/package=car N/A
R package gimmTMB®* https://cran.r-project.org/package=gimmTMB N/A
R package Mumin®® https://cran.r-project.org/package=MuMIn N/A
Other

Audubon Guide to North American birds https://www.audubon.org/field-guide N/A
The Cornell Lab: all about birds https://www.allaboutbirds.org/guide N/A
University of Michigan Museum of Zoology: animal diversity Web https://animaldiversity.org/ N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We conducted experiments (Table S6) at Tall Timbers Research Station (TTRS; 30°39°23.4” N, 84°12’31.5” W), a ~2800 acre prop-
erty embedded alongside similarly managed properties in the Red Hills Region of the Atlantic Coastal Plain in Florida, USA. The over-
story is predominantly composed of pine species (i.e., Pinus taeda, Pinus echinata, and Pinus palustris).2® More forbs and off-site
mesophytic woody plants occur in the understory at TTRS than in the intact longleaf pine forests that historically characterized
much of the southeastern United States.**%%%” Most of the site has experienced annual and biennial fires applied March-May since
the late 1800s and early 1900s that mimics historical fire frequency.®%% Fire is applied in a roughly checkerboard pattern such that
units (~2-16 ha, x ~ 8 ha) burned each year often abut those burned 1-2 years prior. Interspersed in this mosaic are fire-excluded
experimental areas with closed canopies of primarily broadleaf trees and reduced herbaceous vegetation.

METHOD DETAILS

Experiment 1: Does frequent fire promote locally common bird-dispersed plants?

We surveyed focal plants and their fruit availability in the Stoddard Fire Plot study, a long-term experiment established in 1959 with a
standardizing burn on 84 permanent ~0.20 ha plots.*>#° This experiment consists of a randomized complete block design with three
blocks and five fire frequency treatments: 1-, 2-, 3-, and 4-year return; and fire-excluded treatments.'%*%#° We sampled three bien-
nial spring fire plots for our frequent fire treatments and two plots left unburned since the beginning of the experiment as fire exclusion
plots. We added two more fire exclusion areas using an abandoned fire phenology experiment that last burned in 1966 and another
mesophytic mixed forest area not subjected to frequent fire.?®

Plant surveys

We surveyed vegetation in the understory (height <3 m) periodically using the point-intercept method with 1 m intervals on 30 m tran-
sects on the following dates: 2020-09-02, 2021-05-22, 2022-10-25, and 2024-07-03. During individual survey events, we positioned
temporary transects ~20 m apart. In total, we established 34 transects across 7 plots—3 subjected to biennial spring burns and 4
where fire is excluded (3-6 transects per site; Table S7).

Fruit production

We counted all fruit on as many as 10 randomly selected individuals belonging to focal taxa in each plot. Sampling occurred on 2022-
10-04, 2022-10-25, and 2024-07-03 to account for early and late growing season fruit production. We counted fruit on 46 C. amer-
icana, 33 R. copallinum, and 20 Rubus spp. plants (n = 99 individuals across 7 long-term fire frequency experiment plots). The total
number of individuals surveyed ranged from 5 to 24 depending on the site.
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Experiment 2: Does the magnet effect increase bird activity and vectored seed rain at artificial perches?

After spring burns in 2020, we initiated a second, distinct experiment by placing three artificial perches above seed traps in each of six
pairs of units (n = 36 total traps). We placed artificial perches in upland old field pine savanna, except for one unit with more hard-
woods and mesic vegetation than others. We arranged the artificial perches within units and across the property to maximize site
coverage while maintaining adequate distance (defined as > 500 m between sites to sample independent bird and plant assemblages
and > 80 m among artificial perches within units to capture local variation). In 2021, the established paired units remained, but we
swapped the burn treatment (i.e., we monitored each paired unit as <1 and 1-2 years since fire).

Artificial perches

Perches consisted of a single 15.9 mm dia. X 122 cm L. round wooden crossbar with three perpendicular 6 mm dia. X 61 cm L.
wooden extensions to accommodate birds of varying sizes (Figure 1B). We positioned the perch ~2 m above the soil surface. Un-
derneath, we constructed a 1 m? seed collection platform by stretching insect screening over a square PVC structure. To monitor bird
activity at artificial perches, we positioned a game camera (Bushnell Trophy Cam HD) on a tripod (year 1), or wooden board affixed to
a t-post (year 2) ~1.5 m from the seed traps. We oriented game cameras parallel with the artificial perch and set the trigger on high
sensitivity to record 15-second videos with a 5-minute latency period between detections. We erected artificial perches, game cam-
eras, and seed traps beginning on 2020-04-15 and sampled through 2022-04-23. We deployed game cameras and seed traps at
sites sequentially as prescribed fire applications occurred in the first year of the experiment.

Avian Observations

We operated game cameras continuously during the experiment and retrieved data intermittently. In processing these video clips, we
identified bird taxa, attempted to determine sex and age class (i.e., juvenile and adult), and recorded behavior. Then, we searched for
taxa on Audubon Guide to North American Birds, The Cornell Lab: All About Birds, and the University of Michigan Museum of
Zoology: Animal Diversity Web. Based on whether taxonomic descriptions included references to fruit or an omnivorous diet, we
classified species into binary groups (i.e., potential seed dispersers and others). Some summer migrants only consume fruit in their
winter range; these were considered in the ‘other’ category.

We calculated coverage days by subtracting the days with missing data (n = 1,931) from the total possible camera coverage days
(n=25,239). Missing data resulted from camera malfunction and misalignment, faulty traps and perches after weather events, and file
formatting issues. We derived start and end dates for camera coverage from the camera deployment dates and the beginning and
end of each treatment (i.e., based on the prescribed fire application dates).

Seed counts

We collected seeds from seed traps beneath artificial perches during periodic sampling events. To ensure traps remained functional
during spring high-wind events in 2020, we sampled them more often in the weeks and months following fire than the rest of the year.
For consistency, we continued this approach in the second year. We sampled all established pairs during field visits, resulting in 23—
26 seed collections per trap, depending on when we first erected pairs (i.e., how early in the year prescribed fire occurred on that unit).
After each sampling event, we attempted to identify seeds to the most refined level of taxonomic classification achievable using
collected voucher specimens and tallied the number in traps. We made no attempt to ascertain seed viability. Weather, animals,
and prescribed fire-damaged seed traps for brief periods of time, which prevented sample collection. We did not correct for the
lack of sample collection during these periods because they were brief (<0.03% of sampling days).

Assessing assumptions and potential confounding factors in experiment 2

Avian scat observations

We recorded whether we observed birds on artificial perches defecating in game camera video clips as a binomial variable (yes/no)
based on visibly observing egestion after squatting or crouching. Given the placement of the game camera directly on the artificial
perch, there are no discernible environmental differences between treatments that should interfere with the observation of defecation
events. We thus assumed that this data genuinely represented any differences in defecation across treatments.

Lower midstory perch availability and quality

Pine savanna vegetation is two-tiered with minimal true midstory. Fire prevents trees from growing, and many overstory species in
this system naturally prune their lower branches. Consequently, the lower midstory that our trap simulates primarily consists of
mostly small woody trees. Based on the height of the artificial perch (~2 m), we categorized lower midstory perches as woody plants
between 1.5 and 2.5 m tall. Then, we recorded the distance from the center of each seed trap to the three nearest lower midstory
perches in the dormant season of the final sampling year (2022). This procedure resulted in 18 measurements per site and 9 per
paired unit (n = 108 total).

Like other distance-based, plotless methods, we assume that the distance to objects at any random point provides a measure of
how often that object is likely to be encountered. We chose this over a transect method because it is more sensitive to the presence of
perches immediately surrounding the seed trap, which we expected to most affect avian behavior.

The lower-midstory perches in this system have similar foliage across treatments because fire occurs early in the growing season.
However, it is possible that recent fire results in mortality, which would create differences in foliage and therefore perch quality. We
thus recorded the presence or absence of foliage on our perches after the growing season (n = 105 individuals). We note that ever-
green perches may have had foliage in the 1-2 years since fire units before similar individuals in the <1 year since fire began growing
new leaves. Such species account for ~13% of the data.
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Calculating fruit availability

We quantified fruit availability by recording the presence of fruit as a binomial variable on three 1 m point vegetation transects at traps
for each of Rubus spp., C. americana, and R. copallinum. We sampled traps in each site in <1 year since fire and 1-2 years since fire
once at a minimum (n = 519 transects). This resulted in 72 surveys at traps for Rubus spp., 60 for C. americana, and 42 for
R. copallinum. The size of these transects depended upon the relative abundance of focal plants (5 m for Rubus spp.; 30 m for
C. americana and R. copallinum).

Seed loss probability

We developed a general metric (i.e., not species-specific) to estimate an expected seed rain that accounted for differences in the
effect of seed loss across treatments, similar to approaches used in other.?’°> Seed morphology may also influence seed loss,
so we selected three species that varied in physiological and morphological traits to use in seed loss trials. During the first growing
season (2020-04-06-2020-07-26), we placed a known quantity of seeds into seed traps during six sequential trials that varied in
length (6-23 days). For each trial, we spread 10 bell pepper (Capsicum annuum, Ferry-Morse®), yellow mustard (Sinapis alba, Out-
sidepride®), and sunflower (Helianthus annuus, Royal Wing®) seeds onto the collection surface (n = 30 total). Upon returning for the
next collection, we tallied the remaining seeds.

QUANTIFICATION AND STATISTICAL ANALYSIS

Modeling approach

We cleaned, analyzed, and visualized data using R version 4.4.0.76 and R studio version 2023.9.0.463.”” We conducted models us-
ing the glmmTMB function from the glmmTMB package.®* First, we evaluated the distribution of response variables to determine
mean-variance relationships. For negative binomial distributions, we also visually inspected the relationship between mean and vari-
ance to select the appropriate parameterization.?>°* Then, we chose the convergent model that best incorporated our nested exper-
imental design while satisfying model assumptions. For the second experiment, we prioritized accounting for non-independence at
the landscape scale (e.g., site), followed by individual traps (e.g., ID) and then units composing the pairs (i.e., sites). After selecting a
model, we extracted estimated marginal means, confidence intervals, and measures of effect size. We adjusted these marginal
means using a sigma value calculated as the square root of the sum of squared variance values for random effects. This procedure
was omitted for models with an overdispersion term because high variance produced unreliable estimated marginal means. For
ANOVAs on model objects, type depended on whether the hypothesis focused on main effects (type Il) or an interaction (type Ill).
We did not correct for multiple comparisons for any analysis involving multiple species. Corrections are appropriate for disjunction
testing, in which one statistically significant result is sufficient to reject the joint null hypothesis.®® Instead, we assessed the hypoth-
esis independently for each species. Finally, we derive explained variance using the r.squaredGLMM function from the MuMIn pack-
age.®® We report the range of values produced using the delta (typically more conservative), trigamma, and lognormal methods for
count data, and the delta and theoretical methods for binomial data.

Experiment 1: Does frequent fire promote locally common bird-dispersed plants?
Plant surveys
We modeled the number of transect points with focal taxa (i.e., C. americana, R. copallinum, and Rubus spp.) using a negative bino-

mial general linear mixed effects model (GLMM) with variance = /4(1 +‘ﬁ), where u is the mean and « an overdispersion parameter

(type 2 hereafter). The number of total transect points are censored, which violates the Poisson distribution assumption of unbounded
counts. However, the Poisson model is appropriate in this case because the number of transect points with focal taxa never ap-
proached the maximum possible points. The model included the factors treatment (biennial fire, fire exclusion) and focal taxa as fixed
effects and the random effect of plot as a factor nested within treatment. We conducted a global model to estimate marginal means
but R. copallinum and Rubus spp. did not occur in both treatments. We thus also conducted a reduced model to compare
C. americana across treatments and assessed it using type || ANOVA:

#Transect points (all focal taxa) ~ Treatment x Focal taxa +; (1 | Treatment/P|°t>

#Transect points (C. americana) ~ Treatment + (1 | Treatment ot>

Understory plants in our system are more abundant overall with recurring fire than with fire exclusion. To evaluate the relative
contribution of focal taxa to the composition of plant communities, we created a binomial variable describing whether plants de-
tected at individual points along transects belonged to our focal did (success, failure). Then, we summarized the total number of suc-
cesses and failures for focal taxa in each plot and conducted a binomial GLMM. The model included the factors treatment (biennial
fire, fire exclusion) and focal taxa as fixed effects and the random effect of plot (1-7) as a factor nested within treatment. We conduct-
ed a global model to estimate marginal means, but R. copallinum and Rubus spp. were absent with fire exclusion. We thus also con-
ducted a reduced model to compare C. americana across treatments and assessed it using type Il ANOVA:

Successes, # Failures(all taxa) ~ Treatment « Focal taxa + (1 | Treatment/Plot)
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#Successes, #Failures(C. americana) ~ Treatment + (1 | Treatment/Plot)

Fruit production
We determined how long-term biennial fire and fire exclusion influenced fruit production for individual focal plants with a type 2 nega-
tive binomial GLMM. We conducted a global model including the factors treatment (biennial fire, fire exclusion) and focal taxa
(C. americana, R. Copallinum, and Rubus spp.) as fixed effects and the random effect of plot (1-7) as a factor nested within treatment.
We detected R. copallinum and Rubus spp. individuals in fire exclusion, but none produced fruit. We thus also conducted a reduced
model to compare C. americana fruit production across treatments and assessed it using a type Il ANOVA. We had to drop plot as a
predictor for this model to converge:

#of fruit per individual (all taxa) ~ Treatment « Focal taxa + (1| Treatment /Plot)

#of fruit per individual (C. americana) ~ Treatment

Experiment 2: Does the magnet effect increase bird activity and vectored seed rain at artificial perches?
Model design
The models below parallel the experimental design. They include the factors treatment (<1 or 1-2 years since fire) and year of fire
application (first or second) as fixed effects and the factors site (1-6), unit (A-L) and individual trap ID (1-36) as nested random effects.
The random effects in the model account for the 36 individual traps (ID) nested within 12 units that are themselves nested within 6
sites (Figure 1A). This model specification accounts for local variation in avian activity and seed rain at artificial perches with a paired
analysis isolating the effects of fire at individual traps (two measurements at each trap, one in each treatment year). Including trap ID
as arandom effect results in a model that attributes less variance to fixed effects. This is a conservative approach that addresses non-
independence.
Avian observations
We retained observations for species consuming fruit to any degree in our system and analyzed all potential fruit-consuming birds
together. After summarizing total observations at traps for each treatment year (i.e., <1 and 1-2 years since fire in each of the two
sampling years), we conducted a type 2 negative binomial GLMM. To account for coverage differences resulting from camera mal-
function and misalignment, periods of perch unavailability due to weather or fire, and file formatting issues, we also incorporated a
log-transformed offset term for camera coverage days (158-383) in each treatment year. We assessed this model using type I
ANOVA:

Avian observations ~ Treatment « Burn year + (1|Site) + (1|Site /Unit) + (1|Site /Unit /ID) + offset(log (Coverage days))
Expected seed counts
We calculated raw annual seed totals by summarizing counts of focal taxa (C. americana, R. copallinum, and Rubus spp.) over treat-
ment years at individual traps. We modeled GLMMs with a type Il negative binomial distribution and repeated this analysis using
counts adjusted for differences in seed loss, fruit availability, and their combined effect (see below). A model including the full nested
experimental design (i.e., unit) was singular. We assessed the model using type Ill ANOVA:

Seed counts ~ Treatment * Species x Burn year + (1|Site) + (1|Site /ID)

Examining assumptions and potential confounding factors in experiment 2

Avian defecation observations

We modeled the probability of observing any defecation events by potential seed-dispersing birds in individual videos
recorded at artificial perches. With this binomial response variable, we conducted a binomial GLMM with fire treatment and burn
year as interacting fixed effects and site (1-6) and trap ID as nested random effects. A model including the full nested experimental
design (i.e., unit) was singular. We assessed the model using type Il ANOVA:

#Defecation observations, #Failures ~ Treatment « Burn year + (1|Site) + (1|Site /ID)

Lower midstory perch availability and quality
We conducted a GLMM to estimate distance to the nearest perch using the gaussian distribution with a log link. The model included
the fixed factor fire treatment and the random factors site and trap ID. We assessed the model using type Il ANOVA:

Distance ~ Treatment + (1|Site /ID)

We also conducted a binomial GLMM to estimate the probability of observing foliage on the lower midstory perches. The model
included the binomial response variable of foliage (yes/ no), the fixed effect factor of treatment (<1 year since burn, 1-2 years since
burn), and the random effect factor of site (1-6). A model including the full nested experimental design was singular. We assessed the
model using type Il ANOVA:

Foliage(y /n) ~ Treatment + (1|Site)

Calculating fruit probability

We conducted binomial GLMMs to estimate the probability of detecting fruit at each point of 1 m point-intercept vegetation transects.
This model included a binomial response based on whether focal plants at transect points bore fruit during surveys in each treatment
year. Fixed effects included the factors burn treatment (<1 year since burn, 1-2 years since burn) and species (C. americana,
R. copallinum, Rubus spp.). Random effects included the factor site (1-6), unit (A-L) and an overdispersion term. We assessed
this model using type Il ANOVA for interactions between treatment and species:
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#Transect Points with Fruit, #Total Transect Points ~ Treatment x Species + (1|Site /Unit) + (1|Overdispersion term)

Based on this model, we calculated the ratio of fruit availability for <1 year since fire compared to 1-2 years since fire using esti-
mated marginal means for each focal taxa (Lenth, 2020).% The marginal means are point estimates within a range of variation. A lim-
itation of this approach is that it then propagates uncertainty that is not quantified in the resulting ratio. We multiplied raw seed rain by
this ratio:

Ratio = Fruit observation probability _» years since fire
" Fruit observation probability. 1 year since fire

Seed loss probability
We conducted binomial GLMMs to estimate the probability of seed loss from seed traps beneath artificial perches. This model
included a binomial response variable for seed loss; the fixed effects treatment (<1 year since burn, 1-2 years since burn), trial
(1-6), and species (C. annuum, S. alba, and H. annuus); the fixed continuous predictor trial length (6-28 days), and the random effects
site (1-6) and trap ID (1-36). We included an interactive term between trial and treatment to account for any variation in the effect of fire
across time because the trials were sequential. The model required an overdispersion term and was singular when including the
completed nested structure of the experimental design (e.g., unit). We assessed this model using type Il ANOVA:

#Lost Seeds, #Starting Seeds ~ Treatment « Trial + Trial length + Species + (1|Site) + (1|Site /Trap) + (1|Overdispersion term)

Based on this model, we again calculated the ratio of seed loss for <1 year since fire compared to 1-2 years since fire using esti-
mated marginal means (Lenth, 2020).°> We multiplied raw seed rain by this ratio and by projected totals after adjusting for fruit
availability:

1 — seed loss probabilitys _ years since fire

Ratio =
! 1 — seed loss probability .1 year since fire
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