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Tropical tree diversity increases with rainfall*. Direct physiological effects of moisture
availability and indirect effects mediated by biotic interactions are hypothesized to
contribute to this pantropical increase in diversity with rainfall*®. Previous studies

have demonstrated direct physiological effects of variation in moisture availability
ontree survival and diversity>”'°, but the indirect effects of variation in moisture
availability on diversity mediated by biotic interactions have not been shown®. Here
we evaluate the relationships between interannual variation in moisture availability,
the strength of density-dependentinteractions, and seedling diversity in central
Panama. Diversity increased with soil moisture over the first year of life across 20
annual cohorts. These first-year changes in diversity persisted for at least 15 years.
Differential survival of moisture-sensitive species did not contribute to the observed
changesindiversity. Rather, negative density-dependent interactions among
conspecifics were stronger and increased diversity in wetter years. This suggests
that moisture availability enhances diversity indirectly through moisture-sensitive,
density-dependent conspecific interactions. Pathogens and phytophagous insects

mediate interactions among seedlings in tropical forests

18 and many of these plant

enemies are themselves moisture-sensitive®%. Changes in moisture availability
caused by climate change and habitat degradation may alter these interactions and

tropical tree diversity.

Direct effects of moisture availability on plants and their enemies are
well known and are hypothesized to contribute to increases in plant
diversity with moisture availability across the tropics' . Direct effects
of moisture availability on plants range from adaptive physiological
responses to seasonal water deficits, which contribute to tree species
turnover along tropical rainfall gradients”®?, to physiological failure
under prolonged deficits during drought, which causes species-specific
changes in mortality rates that alter the species composition of forests
worldwide>'°. The physiological tolerance hypothesis proposes that
these direct physiological effects of moisture on plants could increase
plant diversity if more moisture-sensitive species were able to recruit
and survive as moisture availability increased®'°.

The direct effects of moisture availability on plant enemies might
also have indirect effects on plant performance and diversity. As
moisture availability increases, tropical phytophagous insects tend
to increase their activity'??, and primary pathogenic fungi and
oomycetes (water moulds) tend to increase their dispersal, growth
and infection rates of healthy hosts?**. The enemies hypothesis***
proposes that phytophagous insects and microbial pathogens
decrease the survival of their plant hosts in areas with high host
density? 1?30 and that this conspecific negative density depend-
ence (CNDD) suppresses locally abundant species and advantages
locally rare species, thereby contributing to plant diversity'**°32, The
direct effects of moisture availability on plant enemies could thus
increase plant diversity if CNDD strengthened as moisture availability
increased"?,

Here we evaluate the relationships between temporal variation in
moisture availability, differential survival of moisture-sensitive species,
the strength of CNDD, and plant diversity in a tropical moist forest.
We then use simulations to explore how moisture-dependent varia-
tion in CNDD and species-specific survival affect diversity. We use a
census of seedlings of 215 species for 20 years, including the driest
and second wettest years since local rainfall records began in 1926
(Extended Data Fig. 1and Methods). Diversity tended to decline over
the first year of seedling life in drier years and to increase in wetter
years (Fig. 1and Extended Data Fig. 2a). We evaluated two mecha-
nisms that might contribute to this relationship between diversity
and moisture availability. First, moisture availability mightincrease the
survival of moisture-sensitive species and thereby enhance diversity
during wetter years. Second, moisture availability might strengthen
CNDD and thereby suppress abundant species, advantage rare spe-
cies and enhance diversity during wetter years. The two mechanisms
are mutually compatible and both are hypothesized to enhance
diversity with increases in moisture availability along geographical
gradients'>1,

We used generalized linear mixed models (GLMMs) to explore how
first-year seedling survival varied with mean wet season soil mois-
ture content (SM,,), species-specific moisture optima (SPMO) and the
strength of conspecific density dependence (Methods). SPMO were
determined from the distributions of 550 tree species across a twofold
rainfall gradient extending from the dry Pacific to wet Caribbean coasts
of central Panama®and are strongly related to species-specific drought
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Fig.1| Therelationship betweensoil moisture and changesinseedling
diversity over the first year of seedling life for 20 seedling cohorts. The
changeindiversity tended toincrease from negative values (decreasing
diversity) indrier years to positive values (increasing diversity) in wetter years
(Spearman correlation =0.62, two-tailed AS89 algorithm, P=0.004,n=20).
Theblackline depictsthe meanresponse estimated with ageneralized least-
squares analysis that accounts for heterogeneity of variance. Dashed lines are
thebootstrapped 95% confidence intervals around the mean response. Soil
moisture is the mean gravimetric soil water content (6,) during the wet season.
Diversity was quantified as the effective number of species or Hillnumber (°D),
theinverse of the Simpson dominance index, which places more weight on
abundantthanrare species. The pattern is qualitatively similar for'D, the
exponential Shannon-Wiener diversity index, which weights species by their
abundance without favouring common or rare species (Extended Data Fig. 2a).
Beg istheslopeofthefitted model (Pvalue based onatwo-tailed t-test).

sensitivities determined experimentally’. We modelled survival over
the first year of life for each seedling as a function of SM,,, SPMO, the
interactionbetween SM,,and SPMO, the density of conspecific seedling
neighbours (CSD), the density of heterospecific seedling neighbours
(HSD), the density of conspecific sapling and adult or large neigh-
bours (CLD), the density of heterospecific sapling and adult or large
neighbours (HLD), and the interactions between SM,, with HSD and
CSD. We focus on the interactions between SM,, and seedling densi-
ties (CSD and HSD) because the effect of seedling neighbours is an
order of magnitude stronger than the effects of larger neighbours
in our dataset®?* and because the interactions between SM,, and
larger neighbour densities did not improve our model (Methods).
The interactions between SM,, and CSD and between SM,, and SPMO
address the two mechanisms that are hypothesized to affect diversity.
Anegativeinteraction between SM,,and CSD would be consistent with
the hypothesis that wetter years reduce survival when CSDs are high
or strengthen CNDD. A positive interaction between SM,,and SPMO
would be consistent with the physiological tolerance hypothesis, with
wetter years enhancing survival of moisture-sensitive species. As the
study site is near the wet end of the rainfall gradient used to quantify
SPMO, we also expected greater survival among species with higher
values of SPMO’.

The strongest effect on first-year survival was anegative effect asso-
ciated with CSD as observed previously**** (Fig. 2). We refer to this
effectas seedling CNDD. The interaction between soil moisture content
and CSD (SM,, x CSD) was also significantly negative (Fig. 2). Wetter
years enhanced seedling CNDD (Fig. 3a and Extended Data Fig. 3c).
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Fig.2|Mean effects of conspecific and heterospecific neighbours, soil
moisture and SPMO on first-year seedling survival. Estimates are based on
aGLMMfittosurvival records of n = 45,100 seedlings recruited between 1995
and2015in 800 census plots, eachwithanareaof1m?, distributed across a
50-haforest dynamics plot (Methods). Error bars shows.e.m. Filled symbols
indicate significant effects (two-tailed Wald z-tests), and asterisks indicate
significance (exact Pvalues (top to bottom): 0.0010,1.56 x107*?,0.3770,
0.2034,0.5615,0.0033,0.0265,0.0886 and 0.4310). High CSD values strongly
reduceseedling survival, and this effect increases with increasing soil
moisture during the wet season, asindicated by the significant negative
interaction between these variables. Asexpected at our relatively moist site,
survivalis higher for species whose abundance peaks at moist sites (indicated
by the SPMO). See Extended Data Fig. 3a,b for the final best-fit GLMM results
and Supplementary Discussion for adiscussion of HSD effects.

Adirect positive effect of soil moisture availability on survival was only
evident at the lowest CSDs (Fig. 3b,c). The interaction between soil
moisture and CSD reversed the expected positive relationship between
survival and soil moisture at higher CSDs (Fig. 3b,d). The interaction
between soil moisture and CSD advantages locally rare species dur-
ing wetter years and could thereby contribute to the greater diversity
of first-year survivors in wetter years (Fig. 1). In modern coexistence
theory, the relative strengths of CNDD and heterospecific neighbour
density dependence (HNDD) influence population stabilization and
species coexistence® 2, We assess the relative strength of CNDD and
HNDD at different soil moisture levels in the Extended Data Fig. 4
and the Supplementary Discussion.

The significant, positive effect of SPMO on first-year survival indi-
cates greater survival among species whose abundance peaks in moist
sites, as expected at our relatively moist site (Fig. 2). A significant,
positive interaction between soil moisture and SPMO (SM,, x SPMO)
would provide evidence consistent with the physiological tolerance
hypothesis. Thisinteraction was positive as expected but not significant
(Fig. 2). Thus, increased survival of moisture-sensitive species seems
to be unlikely to contribute significantly to the greater diversity of
first-year survivors in wetter years (Fig. 1).

We explored alternative modelsin which SM,,is replaced with mean
soil moisture during the dry season (SM,) or across both seasons
(SM,). The data did not support these alternative models (difference
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Fig.3|Relationships between soil moisture, conspecificseedling
neighbour effects and first-year seedling survival. a, The estimated
strength of CNDD associated with CSD (seedling CNDD) increased significantly
with mean wet season soil moisture across 20 seedling cohorts (Pearson’sr;
two-sided t-test, P=4.395x107). Mean effects are calculated from the
coefficients of the GLMM fitted to first-year survivalrecords of n=45,100
seedlings recruited between1995and 2015in 800 census plots, eachwithan
area of 1 m? distributed across a 50-ha forest dynamics plot (Methods).
Uncertaintiesin the estimated strength of seedling CNDD were obtained from
10,000 simulations of model parameters (see Methods). Data are mean + 95%
confidenceinterval.b, Thefitted relationships between survivaland CSD for
the20seedling cohorts demonstrate the interaction between mean wet
season soil moisture and conspecific neighbours. Soil moisture increasesin
thedirectionred (driest), orange, yellow, green, blue (wettest). The black
dashedlinerepresents survival with soil moisture and all other fixed effects set
totheir medians. Arrows along the horizontal axis correspond to the low and
high CSDsincandd, respectively. c,d, The fitted relationships (and 95%
confidenceintervals) between first-year survival probability and soil moisture
atlow CSD (no conspecific neighbours) (c) and high (85th percentile) CSD

(d), show thatincreased soil moisture favours seedling survival at low CSD

and decreases seedling survival at high CSD.

in Akaike information criterion of 42 and 8, respectively). Fitted model
coefficients were similar for GLMMs using SM,,, SMy and SM,,, with
one exception (Extended Data Table 1). The fitted coefficient for the
interaction between soil moisture and CSD was not significant for
SM, (-0.07 + 0.05 (mean + s.e.m.)), significant for SM, (-0.10 + 0.06),
and notably stronger for SM,, (-0.14 + 0.05). Wet season conditions
determined the strength of the interaction between CSD and soil
moisture.

We used the final best-fit model for individual-level survival to
parameterize three simulations of community-level diversity of
first-year survivors (see Methods). The three simulations emulated nat-
ural conditions and evaluated the relative contributions of enhanced
survival of moisture-sensitive species and stronger seedling CNDD

in wetter years to changes in community-level diversity of first-year
survivors (Fig.1). Simulated mean changesin diversity reproduced the
observed relationship between soil moisture and percentage change
in cohort diversity when all model coefficients were equal to their
best-fit values (Fig. 4a,b and Extended Data Fig. 2a,b,e) and when the
SM,, x SPMO coefficient was set to zero (Fig. 4a,c and Extended Data
Fig. 2a,c,f). By contrast, when the SM,, x CSD coefficient was set to
zero, the relationship between soil moisture and percentage change
in diversity was significantly weaker (Fig.4a,d and Extended Data
Fig.2a,d,g). These simulation results are consistent with the hypoth-
esis that the increase in seedling CNDD with soil moisture (Fig. 3a)
causes the positive relationship observed between soil moisture and
diversity (Fig.1).

Seedling dynamics shape the structure of future forests®. To further
evaluate therelevance of seedling CNDD for forest diversity, we tested
whether changes in cohortdiversity over the first year of seedling life
endure and whether future cohort diversity is better predicted by
cohort diversity at the time of recruitment or after one year. Cohort
diversity after the first year was strongly correlated with future cohort
diversity for atleast15years (r > 0.7; Extended Data Fig. 5a). Compared
with cohortdiversity at recruitment, cohort diversity after the first year
also significantly improved the prediction of future cohort diversity
(Extended DataFig. 5b). Thus, the observed changesin diversity during
the first year of seedling life have long-lasting effects.

Several mechanisms might contribute to seedling CNDD*¢, We
discount intraspecific competition for light, water and nutrients
because the small leaves and root systems of first-year seedlings
rarely overlap other seedlings, precluding competition for light and
soil resources®?*%, Furthermore, competition for water should be
reduced, and not enhanced, in wetter soils (Fig. 3a) and should occur
during the dry season, when water availability is lowest. Yet, 20 years
of natural variation in dry season soil moisture (SMy) had no signifi-
cant overall effects on seedling survival (Extended Data Table 1, bot-
tom row). By contrast, wet season soil moisture was associated with
stronger seedling CNDD (Fig. 3), with long-lasting effects on seedling
diversity (Fig.4). Natural enemies disperse between seedlings and soils
with higher moisture facilitate the dispersal and virulence of some
enemies. Specifically, soil microorganisms—including primary patho-
genic fungi and oomycetes—infect healthy seedlings, cause seedling
CNDD intropical forests'>*182¢ and often respond toincreased mois-
ture availability with increasesin transmission and/or virulence'%,
Experiments will be necessary to evaluate the possible link between
primary pathogens, soil moisture availability and the strength of seed-
ling CNDD (Fig. 3a).

Ecologists have investigated the causes of the increase in tropical
tree diversity along rainfall gradients by focusing on the relative con-
tributions of drought stress and natural enemies. The experimental
evidence for stronger enemy-mediated CNDD along rainfall gradients
is limited***. The significant interaction between temporal variation in
soil moisture and the strength of seedling CNDD in our study suggests
thereasons for this limited evidence. Reciprocal transplant studiesin
whichasingle seedling of each speciesis planted in each experimental
plot*®* capture the direct physiological effects of drought that we
observed for low CSDs (Fig. 3b,c) but miss the strong indirect biotic
effect of moisture availability that we observed for high CSDs (Fig.3b,d).
By contrast, reciprocal transplant studiesin which seedlings are planted
with conspecific neighbours showed more damage and mortality from
pathogens at the wetter site for most species*>. More generally, interac-
tions between abiotic and biotic factors such as those observed here
between soil moisture and CNDD can explain why climate variables are
often weak predictors of tree mortality patterns®.

The effects of soil moisture on CNDD and diversity may extend to
anthropogenicdrivers that affect soil moisture, including forest frag-
mentation, forest degradation and climate change. Simplified forest
structure and edge effects significantly reduce soil moisture**** and
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Fig.4|Observed and simulated relationships between soil moisture and
changesin cohortdiversity. a, Therelationship for changes observed over the
firstyear of seedling life (from Fig.1) is indistinguishable from relationships
simulated using all fitted coefficients from the individual-level survival model
or simulated using all fitted coefficients except theinteraction betweensoil
moisture and SPMO (SM,, x SPMO). The relationship for changes simulated
using all fitted coefficients except the interaction between soil moisture

and CSD (SM,, x CSD) is significantly weaker. See Methods for details on

could cause declines in diversity by reducing the strength of CNDD
as demonstrated in this study. Experiments on the importance of
CNDD in forest fragments anticipate this by showing that fungi- and
insect-mediated CNDD promote diversity in the forest interior but
not on its drier edges*®. Forest fragmentation and degradation are
likely to reduce plant diversity through effects on soil moisture that
weaken CNDD.

Climate change is altering moisture availability across the tropics,
increasing the urgency tounderstandits effects on tropical forest diver-
sity”*#. Our long-termrecords of temporal variation in moisture, seed-
ling survival and diversity show that weaker CNDD tends to preserve
local dominance and low seedling diversity in drier years, whereas
stronger CNDD tends to reduce local dominance and increase seed-
ling diversity in wetter years (Figs. 1and 3a). We have shown that the
temporal variation in CNDD is associated with moisture availability*$*
and is a community-wide phenomenon with persistent impacts on
diversity (Extended DataFig.5), as first hypothesized 50 years ago for
variationin conspecific density-dependentinteractions and diversity
along spatial moisture gradients**. Most tropical tree species regen-
erate from a persistent, shade-tolerant seedling bank. Conspecific
density-dependent effects are strongest at this life stage, and a dep-
auperate seedling bankis unlikely to sustain a diverse community>>*°.
Therelationships between temporal variation in moisture availability,
the strength of CNDD and diversity documented here suggest that tree
species diversity will be affected as climate change and anthropogenic
disturbance alter moisture availability in tropical forests.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-05717-1.
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modelling communities and fitting the relationship. b-d, The observed slope
oftherelationship (vertical red dashed line), the distribution of simulated
slopes and means () and 95% confidence interval (CI) for simulated slopes
includingall coefficients from the individual-level survival model (b) and all
coefficients except the SM,, x SPMO interaction (c) or the SM,, x CSD interaction
(d). Changesindiversity are expressed as the percentage changein the
effective number of species (D). The pattern is qualitatively similar for'D
(Extended Data Fig.2a-d).
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Methods

Study site and data collection

The study was conducted in the lowland tropical moist forest of Barro
Coloradolsland (BCI; 9.15°N, 79.85° W) in central Panama. Annual rain-
fall averages 2,600 mm, with just 10% falling during a 4-month dry
season (January to April). Temperature averages 26 °C for 11 months
and 27 °Cin April. All seedlings of woody plants (no lower size limit
imposed) were censused annually during the dry season from 1994
through 2019 for 800 1-m?plots located around 250 seed-trap stations
ina50-ha, old-growth forest dynamics plot (FDP)*. All free-standing,
woody plants =1 cm diameter at breast height (DBH) in the FDP have
been identified to species, mapped to the nearest 0.5 m, and meas-
ured for DBH every 5 years since 1985, except during 2020%. We used
FDP census data to calculate densities of large (=1 cm DBH) CLDs and
HLDs for each realized combination of seedling species, census year,
and 1-m? plot. For years between the 5-year FDP censuses, we linearly
interpolated densities of larger plants. Thus, ¢ (0 < t < 4) years after the
FDP censusinyeary, the density (D) of speciesjwas estimated as Dy .. , =
Dy, +0.2 xtx(Dy,.s5— D,), where Dy, s refers to the density of species
Jjinthe next FDP census. The focal seedling dataset includes 45,100
fully identified recruits of 215 species with known year of recruitment
between 1995 and 2015 and SPMO. The study ends in 2015 with the
most recent census of the 50-ha FDP used to calculate 2 independent
variables for the seedling survival analyses.

SPMO values were determined from models of occurrence prob-
ability fitted to the distributions of 550 tree species at 72 sites across a
strongrainfall gradient extending from the dry Pacific towet Caribbean
coasts of central Panama®. Condit et al.® used standardized (N(0, 1))
cumulative dry season water deficits asa measure of dry season intensity
torepresent therainfallgradient. Thus, SPMO hasmean O ands.d.1and
represents the water deficit at which a species attains peak probability
of occurrence, with negative and positive values for species associated
withdrier and wetter sites, respectively. The 215 species included in our
analyses encompass the entire range of SPMO values in Condit et al.®.

We use soil moisture in our analyses because soil moistureis a direct
and immediate measure of water availability to plants and soil biota.
Results of alternative analyses using rainfall, awidely available climatic
variable, are presented in the Supplementary Discussion.

Gravimetric soil water content (6,) was determined for 30-40 cm
depth every two weeks between June and November and every week
between December and May since 1971 for 10 locations distributed
withinthe 9.73-ha Lutz watershed, located 1.25 km from the FDP. Kupers
etal.® determined soil water potential (SWP) repeatedly during the dry
season in2015and 2016 at 240 locations distributed across the 50-ha
FDP. SWP is the most direct measure of water availability for plants
and microorganisms. We evaluated the relationship between 6, in the
continuously monitored Lutz watershed and SWP in the 50-ha plot.
We calculated mean and s.e.m. values for both sites for soil moisture
measurements taken up to 4 days apart from February to April 2015
and in March 2016. Lutz 6, and SWP in the 50-ha FDP are strongly cor-
related (r= 0.80; two-tailed t-test, P= 0.02; Extended Data Fig. 6). This
indicates that Lutz 6, measurements are agood predictor of moisture
availability at the 50-ha FDP.

We calculated mean 6, for each month starting with our first seedling
census in1994. Seedlings emerge between May and September on BCI**,
and werecord recruitment betweenJanuary and March and first-year
survival betweenJanuary and March one year later. We calculated mean
wet season (May to December) soil moisture over two wet seasons for
eachseedling, including the wet season the seedling emerged and the
wet season between its recruitment and first-year censuses. This is
appropriate because moisture availability might affect transmission
andvirulence of natural enemies throughout this period. We calculated
meandry season (January to April) soil moisture for the dry season of
the recruitment census. Thisis appropriate because rainfall during April

determines thelengthand severity of the dry season and seedlings only
experienced one April before their first-year census.

Soil moisture and species diversity

Toassess effects of soil moisture on diversity, we evaluated the relation-
ship between soil moisture and the observed change in first-year cohort
diversity (Fig. 1, Extended Data Fig. 2a). A preliminary analysis using
correlations and multiple regression showed that changes in diver-
sity were most strongly related to mean soil moisture over wet season
months and were not significantly related to mean soil moisture over
dryseason months (Extended Data Table 2). These results concur with
apreliminary analysis (described below) showing greater support for a
seedling survival GLMM including mean wet season soil moisture. Wet
season soil moistureis used in subsequent analyses for these reasons.

We calculated relative changesin total diversity—thatis, in diversity
across all seedling plots combined—because our soil moisture dataare
from outside the census plots and are an indicator of soil moisture
status for the whole area and because diversity sampling bias is likely
severe at the 1-m? plot scale. To quantify diversity, we used Hillnumbers
(“D), whichindicate the number of equally common species required
to give a particular value of a diversity index or true diversity®. The
superscript g—the ‘order’ of the diversity—indicates the sensitivity of
the Hill number to species relative frequencies. We calculated the
relative change in diversity as A’D,  , =100 x (D, - D, )/'D,, where
D, ,and D, represent cohortdiversity at the recruitmentand first-year
censuses, respectively. We present changes in diversity for g=2inthe
main text. 2D equals the inverse Simpson dominance index and places
more weight onabundant than rare species®. This order of D matches
our GLMM modelling approach where random effects for groups with
few data (such asrare species) are influenced by the overall effect size
and groups withample data (such as abundant species). We also present
changes in diversity for 'D in Extended Data Fig. 2a-d.'D equals the
exponential Shannon entropy index and weights species by their abun-
dance without favouring either common or rare species.

We used generalized least squares (GLS) to evaluate the relationship
between observed mean wet season soil moisture content and observed
changes in diversity (Atho,rl)- GLS allows variance in the dependent
variable (A’D, ) toincrease with theindependent variable (soil mois-
ture) (that is, heteroscedastic errors; Fig.1). Models were fitted using
variance structures that were either constant (homoscedastic errors)
or a proportional, power or exponential function of soil moisture.
Models with heteroscedastic variance structures were selected when
their Akaike information criterion (AIC), was at least two units lower
than the AIC of the model with homoscedastic errors*. Models with a
heteroscedastic variance structure, a power function of soil moisture,
were selected forboth A’D, , and A'D, ..
Seedling survival analysis
We used a GLMM withabinomial error distribution (logit link function)
to analyse first-year survival of seedling recruits as a function of CSD
and HSD, the CLD and HLD, mean soil moisture (SM) over dry, wet or
both seasons combined (alternative model fits are described below),
SPMO and the SM x HSD, SM x CSD and SM x SPMO interactions. We
analysed subsets of our datato demonstrate that results are robust with
respect to species’ abundances (see Supplementary Discussion). The
SM x SPMO interaction addresses the physiological tolerance hypoth-
esisthat temporal variationin soil moisture has differential effects on
the survival of species with different soil moisture affinities. A positive
SM x SPMO interaction would indicate that wetter years disproportion-
ately enhanced survival of moisture-sensitive species associated with
wetter forests. The SM x CSD interaction addresses the hypothesis that
temporal variation in soil moisture alters seedling CNDD. A negative
SM x CSD interaction indicates that wetter years strengthen seedling
CNDD. We focused on the interactions between seedling neighbours
and soil moisture because previous analyses indicated that seedling



neighbours have an order of magnitude greaterimpact on survival than
dolarger neighbours®?* and because models including the SM x CLD
and SM x HLD interactions performed worse than models excluding
them (AAIC =1.6 and 2.0, respectively, for models including SM,,), con-
sistent with non-significant effect estimates (0.015 £ 0.061, P= 0.81and
-0.024 + 0.034, P=0.48; significance based on two-tailed Wald z-tests).

Conspecific and heterospecific neighbour densities equalled the
number of woody plants <1cm DBH in each 1-m? plot for seedlings and
the number of free-standing, woody plants >1cm DBH within1.15crown
radii of each 1-m? plot for larger neighbours. Following Lebrija-Trejos
etal.®?** weselected 1.15 crown radii for larger neighbours by using the
likelihood ratio test to evaluate improvements in the likelihood of 11
models for crownradii 0f1.00, 1.05,1.10, ... 2.0. Individual crown radii
were estimated from DBH and allometric relationships between DBH
and crown diameter of BCl trees””. Lebrija-Trejos et al.** evaluated the
performance of the variable-radius approach used in this study and
concluded that models using the variable-radius approach had much
greater support than models using a fixed radius to estimate neighbour
densities whether with neighbours weighted equally, by basal area or
by basal area divided by distance.

GLMM estimates of density-dependent effects can be biased by
saturating functional responses to the density of individuals®®. To
accommodate saturating responses, we evaluated the support for
models with square and fourth root transformations of CSD, HSD,
CLD and HLD using the AIC (see model fitting details below). Amodel
with the fourth root transformation of HSD was better than a model
with untransformed HSD (AAIC =-57). Models with square or fourth
root transformations of the remaining neighbour terms performed
worse than models with untransformed variables (the AAIC between
models with the best transformation for each term—HLD"?, CLD"?and
CSD¥2—and the model with untransformed variables equalled 1,9 and
45, respectively, for models including SM,,).

Apreliminary analysis determined whether mean soil moisture dur-
ing dry seasonmonths (SMy, January to April), wet season months (SM,,,
May to December) or all months combined (SM;) should be included in
the GLMM using the AIC. Fitted coefficients are qualitatively similar for
allthree models, and AIC was minimized using wet season soil moisture
only (AAIC =9 for SM, and 43 for SM,, Extended Data Table 1).

Modelfitting details

Allfitted GLMMsincluded randomintercepts for species, year and plots
(nested within seed-trap stations) to account for interspecific, interan-
nual and spatial variation, respectively. To minimize type I error rate
inflation, we followed Bolker et al.” and Barr et al.*° and fitted ‘maximal’
GLMMs thatincluded all possible random slopes by species and years
aswellastheir correlations. Weincluded random slopes for species for
each fixed effect except SPMO, which s a property of species, and for
year for each fixed effect except SM, which is a property of years (the
best-fit maximal modelis shown below). The maximal models produced
asingular (boundary) fit warning, with the Ime4 (v.1.1-27.1) R package.
GLMMs with complex random structures are often singular. The sin-
gular fitwarning indicates that one or more of the variance-covariance
Cholesky decomposition parameters (6) are close to zero (<10™*) orin
theboundary of the allowable parameter space®. While singular models
arestatistically well defined and it is possible that the ‘true’ best fitting
model has 8 parameters that approach zero, there are concerns about
the power and reliability of estimates of parameter uncertainty in such
models that could compromise statistical inference®.

Therefore, we followed the recommendations of Barr et al.*° to sim-
plify the random structure of the model until it converged success-
fully while minimizing type I statistical error. Barr et al.** recommend
removing correlations among random terms first, removing random
intercepts and slopes only if problems persist, and using acommon
random structure to compare models. We compared models with the
following alternative fixed effects: neighbour density represented by

untransformed and square and fourth root transformations of CSD,
HSD, CLD and HLD; moisture availability represented by soil moisture
during the wet (SM,,), dry (SM,) and both seasons (SM,) or by rainfall
for the same seasons; and with interactions of SM,, with CLD and HLD.
The maximal model that converged successfully for every alternative
parameterization removed correlations among random terms by year
and species and retained all randomintercepts and slopes. We used this
‘zero correlation’random structure and AIC to compare the relative fit
of alternative models. The best-fit ‘zero correlation’ model with the
lowest AIC included SM,, and the fourth root transformation of HSD.

To select a final ‘maximal’ best-fit model structure that minimizes
typelerror, we started with the maximal singular model including all
correlationsamong random terms. The model equation in Wilkinson-
Rogers notation® follows:

Alive ~ 1+ CSD + HSD%? + CLD + HLD + SM,, + SPMO
+SM,, x CSD +SM,, x HSD%% + SM,, x SPMO
+(1+CSD + HSD®% + CLD +HLD +SM,, +SM,, x CSD
+SM,, x HSD®®|species) + (1ltrap/plot)

+(1+CSD + HSD%? + CLD + HLD + SPMOl|year),

where the response variable ‘Alive’ indicates whether a seedling sur-
vived (Alive =1) or died (Alive = 0) one year after recruitment; and the
random grouping terms ‘species’, ‘trap’,‘plot’ and ‘year’ are factor vari-
ables indicating the species of the focal individual, the FDP seed-trap
station, the 1-m?seedling plot where the seedling was censused and the
seedlingcohortyear, respectively. We removed only the terms necessary
to achieve convergence without a boundary fit by removing covari-
ancesofrandomterms one atatime and thentwo atatime and three at
atime until non-singular convergence was achieved. Our final best-fit
GLMM excluded the correlations of HSD, SM,, x HSD and SM,, x CSD
with other random terms by species and is presented in the main text
as the ‘final best-fit’ model.

The GLMM model equation of the final model follows (the double
verticallline indicates that covariances were not estimated for theran-
domtermsinside the parentheses):

Alive ~1+CSD +HSD%% + CLD + HLD + SM,, + SPMO
+SM,, x CSD + SM,, x HSD%? + SM,, x SPMO
+(1+CSD + CLD +HLD + SM,Ispecies) + (0 + HSD®%%
+SM,, x CSD +SM,, x HSD®?||species) + (1|trap/plot)
+(1+CSD +HSD®% + CLD + HLD + SPMOlyear).

To facilitate convergence and interpretation, all independent vari-
ables were centred by subtracting their median and scaled by dividing
by theirinterquartile range (IQR), arobust measure of variability. The
IQR equals the difference between the upper and lower quartiles of
the data (or between the 75th and 25th percentiles). Slopes of predic-
torsscaledinthisway canbeinterpreted as the change in effects from
conditions with atypical ‘low’ (25th percentile) value to a typical ‘high’
(75th percentile) value of the predictor. Centring predictors further
allows (conditional) main effects estimates to be equivalent among
models with or without interaction terms®. Analyses of residuals of the
final best-fit modelincluding plots of residuals against predictors are
found in Extended Data Figs. 7 and 8 and Supplementary Discussion.

Simulating effects of moisture on species diversity

We simulated expected patterns of changein first-year cohort diversity
with variation in soil moisture for three scenarios. We used best-fit
coefficients from our final best-fit individual-level survival model and
observed values of allindependent variables to calculate the survival
probability of each observed seedling recruit (P) for each scenario. The
first scenario retained all model coefficients to emulate observed
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conditions. The second scenario set the SM,, x SPMO coefficient to zero
to evaluate the role of differential survival of moisture-sensitive species
withincreased moisture. The final scenario setthe SM,, x CSD coefficient
to zeroto evaluate the role of enhanced seedling CNDD with increased
moisture. We simulated a cohort of first-year survivors by comparing
the survival probabilities (P) calculated for each observed recruit to
randomdraws (r) from a uniform distribution bounded between 0 and
1.Simulated individuals survived the first year when P > rand died oth-
erwise. We calculated the diversity of each simulated cohort of first-year
survivors (D, m)) and the change in diversity relative to the observed
cohortofseedlingrecruits A’D,  «im)=100 % (°D; (i)~ /D, )/ D, We
repeated this procedure for the 20 observed cohorts of seedling recruits
and calculated the linear regression slope (see next paragraph) and
Spearman correlation between the 20 values of A’D, , ) and
observed mean soil moisture contents. Finally, we compared the
observed and 10,000 simulated values for slopes (Fig. 4 and Extended
DataFig. 2b—-d) and Spearman correlations (Extended Data Fig. 2e-g)
for each scenario.

As with the relationship between observed soil moisture content
and observed changesin diversity, we used GLS with different variance
structures tofit linear regressions to the relationship between observed
soil moisture content and mean simulated changes in diversity
(A"Dy, ¢ simy) for the three simulated scenarios (Fig. 4 and Extended
Data Fig. 2). According to the AIC, a constant variance structure was
selected for allmean simulated changes indiversity (A’D,_, «im)) €xcept
the mean simulated change in'D for the scenario zeroing the SM,, x CSD
coefficient, where a power (of soil moisture) variance structure was
selected. We also fit linear regressions between observed soil moisture
contentandsimulated A’D, . imforeachsimulated setof 20 cohorts.
Models for each of the simulated sets of 20 cohorts were fitted with
the same variance structure selected for the models involving mean
simulated changes.

Species diversity through time

We performed two tests to evaluate the lastingimportance of first-year
changes in diversity. First, we evaluated the persistence of first-year
changes in diversity through time (Extended Data Fig. 5a). Second,
we determined whether cohort diversity at the time of recruitment
or after the first year was more strongly correlated with the diversity
ofthe same cohort two through 10 years later (Extended Data Fig. 5b).
Because these analyses do not require the FDP census data, we used
seedling cohorts from1995 through2019. To test for the persistence of
first-year changesindiversity through time, we evaluated the decay of
Pearson correlation coefficients calculated between cohort diversity
after one year and cohort diversity after 2 through 15 years. We set a
maximum of 15 years to maintain a minimum of 10 first-year cohorts
to calculate correlation coefficients. Ten is the minimum sample size
to determine whether a correlation differs from zero with a signifi-
cance level a=0.05, a statistical power 1 - = 0.85 and an alternative
hypothesis of r= 0.8 (a strong correlation)®. For the second test, we
calculated Pearson correlation coefficients between cohort diver-
sity at recruitment or after 1year and cohort diversity after 2 through
10yearsand tested for asignificant differencein correlation strength.
We used a one-tailed Dunn and Clark’s test, which is based on Fisher’s
r-to-ztransform and is appropriate for comparing two dependent cor-
relations (those obtained from the same observations and having one
variable in common)®. We set a maximum of 10 years to maintain a
minimum of15 cohorts to test for differences in correlation strength®®.
With seedlings censused through 2019, 15 cohorts (1995 t0 2009) were
followed for 10 or more years.

We conducted all modelling analyses in R v. 3.6.0 (ref. %), using the
Ime4 (ref. ®) (v.1.1-27.1) and nlme®® (v.3.1-153) packages for GLMM and
GLS models, respectively. Parameter simulations (n =10,000) used
tocompute uncertainties in the estimated strength of seedling CNDD
(Fig. 3a) were performed with the sims function of the arm package®

(v.1.12-2). Analyses of residuals were performed with the arm and
DHARMa’ (v. 0.4.5) packages.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All datasets generated or analysed during the current study are
available through Figshare repositories. The first-year seedling
survival and diversity datasets, including soil water availability and
rainfall™ are available at https://figshare.com/s/a4d2dbb2a73b3
eb09f9f. The FDP SWP source data’ are available at https://doi.org/
10.6084/m9.figshare.c.4372898.v1, and the Lutz Watershed soil water
content”is available at https://doi.org/10.25573/data.10042517.v2.

Code availability

An R script demonstrating the model fitting routine and containing
code to reproduce main and supplementary analyses of the study is
availableinthe Figshare repository at https://figshare.com/s/a4d2db-
b2a73b3eb09fof”.,
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Extended DataFig.1|Annual precipitation and mean soil moisture. soil moisture and rainfall are significantly correlated (ties-corrected
Precipitation records at Barro ColoradoIsland (BCI; 9.15°N, 79.85°W) from Spearman’srho=0.63, p-value<2.2x107%, two-tailed asymptotic-t
1926 t02019. Dark gray bars show precipitation during the study period approximation test with 416-2 df). The study of first-year survivalendsin 2015

(1995-2015). Black arrows mark years with the lowest (1997) and second highest ~ with the most recent census of the 50-ha Forest Dynamics Plot used to quantify
(2010) precipitationsince BClrainfall records began. The continuous blue line twoindependent variables for the survival analyses. The study of the
shows annual mean soil moisture content (%) from1981to 2019. Monthly mean persistence of first-year changes in diversity continues through 2019.
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Extended DataFig.2|Observed and simulated relationships between
meanwet-season soil moisture (SM,)) and changesin cohortdiversity over
thefirst year of seedlinglife (AD) for the effective number of species or Hill
numbers 1D (a-d) and>D (e-g). Panels a-d contain the information in main text
Figs.1and 4 for'D.a. Therelationship for observed changes (black dotsand line
with95% confidenceintervals shown as dashed blacklines) is not different than
that for changes simulated using all fitted coefficients from the final
individual-level survivalmodel (blue dashed line) or simulated using all fitted
coefficients except theinteraction between soil moisture and species-specific
moisture optima (SM,, x SPMO; two dot-dash greenline). The relationship for
changes simulated using all fitted coefficients except the interaction between
soil moisture and conspecific seedling density (SM,, x CSD; dotted yellow line)
issignificantly weaker. Panels, b,cand d show the observed slope of the
relationship (vertical red dashed line), the distributions of 10,000 simulated
slopes and means (8)and 95% confidence intervals (CI) of simulated slopes
includingallfitted coefficients from the individual-level survival model (b) and
allfitted coefficients except the SM,, x SPMO interaction (c) and the SM,, x CSD
interaction (d). The observed slope (/?eg) and Spearman correlation (r,) for the
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SM,-A'D relationship are in the legend of panel a; the two-sided p-values of a
t-test, for Beg' and the AS89 algorithm, for r,, indicate both parameters differ
significantly from zero. Panels e,fand g, show Spearman correlation
coefficients (r,) between SM,,and simulated changesin’D. The dashed red line
shows the observedr,for 20 seedling cohorts. Histograms show distributions
0f10,000 simulated r,values. The observed correlation does not differ from
simulated correlations that emulated natural conditions by retaining all
best-fit coefficients of our individual-level survival model (e) or that zeroed the
interaction between wet-season soil moisture (SM,,) and species-specific
moisture optima (SPMO) to evaluate the role of differential survival of
moisture-sensitive species with greater soil moisture (f). In contrast, the
observed correlation differs from simulated correlations that zeroed the
interaction between SM,,and the density of conspecific seedling neighbours
(CSD) to evaluate the role of enhanced conspecific seedling negative density
dependence withsoil moisture (g). See Methods for detailed descriptions of
the simulations, seedling survival model, calculations of changes in diversity
andfitting of linear models.
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a
Fixed factor Estimate SE z - value P —value
Intercept -0.33 0.09 -3.54 4.0e-04 ***
Conspecific seedling density (CSD) -0.30 0.09 -3.31 0.001 ***
Heterospecific seedling density (HSD) 0.24 0.03 7.07 1.6e-12 ***
Conspecific large density (CLD) -0.06 0.07 -0.88 0.377 ns
Heterospecific large density (HLD) -0.04 0.03 -1.27 0.203 ns
Mean wet-season soil moisture (SMy,) 0.03 0.06 0.58 0.561 ns
Species moisture optima (SPMO) 0.22 0.07 2.94 0.003 **
Mean wet-season soil moisture x Conspecific seedling
density (SMy x CSD) -0.13 0.06 -2.22 0.027 *
Mean wet-season soil moisture x Heterospecific
seedling density (SMy x HSD) -0.06 0.03 -1.70 0.089 ns
Mean wet-season soil moisture x Species moisture
optima (SMy, x SPMO) 0.03 0.04 0.79 0.431 ns
b c
Grouping Random SD
factor effect
Species Intercept 0.980 M :
CSD 0.553 3 - 1
HSD 0.131 :
CLD 0.400 . QL | :
HLD 0.092 9 [
SM, 0.243 S 87 :
SM,, x CSD 0.198 g o] |
SMy, x HSD 0.058 « !
Year Intercept 0.180 o :
CsSD 0.072 [
HSD 0.086 o -4 e—=~ [hee ":"‘ = 200
CLD 0.062 : ' ' ' '
HLD 0.089 -0.3 -0.2 -0.1 0.0 0.1
SPMO 0.081 SM,, x CSD effect size estimate
Plot Intercept 0.348
Trap Intercept 0.154

Extended DataFig. 3 |Summary of results of the final best-fit generalized
linear mixed model of first year seedling survival using wet season soil
moisture. a. Estimate, standard error (SE) and significance of fixed effects
(two-tailed Wald-Z tests). Seedling density quantifies all individuals <1cm DBH
found in the same 1-m? plot with the focal seedling. Large density quantifies all
individuals >1cm DBH found within 1.15 crown radii of the seedling plot. With
median centred variables, the exponential of the interceptindicates the mean
firstyearsurvival odds,y=P/(1-P), where P=survival probability, when fixed
effectsaresetto their medians. The exponential of the fixed effect coefficients
indicates the proportional change in first year survival odds with one
interquartilerange (IQR) increase in the predictor. The slopes of the main

effects of predictorsinvolvedininteractionsindicate the changeinthe
first-year survival odds with aoneIQRincreaseinthe predictor whenthe
second predictorintheinteractionisatits median value.b. Estimates of the
standard deviation (SD) of random effects; SD values arein the same scale as
the fixed effects estimates ina thus allowing the comparison of their
magnitudes. c. Species-specific (random effect) estimates of the effect of the
interaction between conspecific seedling density (CSD) and mean wet-season
soil moisture (SM,,). Negative values indicate astrengthening of negative CSD
effectswithincreasing SM,,. Only 7 out of 215 species are estimated to
experiencereduced conspecific seedling negative density dependence with
increasing SM,,.
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Extended DataFig. 4 |Distributions of estimated changesin first-year
survival probability (A p) with one unitincreases in HSD (light bars) or CSD
(dark bars) at a) low, b) median and c) high values of soil moisture (i.e., 25,
50 and 75 percentiles of SM, ). The distributions fulfil the conditions for
potential species stabilization under the assumptions of Modern Coexistence
Theory (i.e., CNDD >HNDD) for all values of SM,, with stronger effects for

T
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wettersoils (i.e., larger values of SM,,). The estimates of the difference in effects
between CSD and HSD include the observed main effect of seedling density
anditsinteractions with SM,, with other predictors set at their median values.
The mean (X) and 95% confidence intervals (in square brackets) of A p for each
seedling density effect are shown above the corresponding distribution.
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b
Cohort age (years) Coefficient of determination (r?) Difference in variation z - value P — value N
with first year diversity with recruit explained (%) (one tail)
diversity
Diversity quantified as 2D
2 0.97 0.88 9 -5.42 2.9x1008 23
3 0.90 0.79 12 -3.91 4.6x100° 22
4 0.81 0.68 13 -3.29 5.1x1004 21
5 0.72 0.58 14 -2.86 2.1x1002 20
6 0.67 0.53 13 -2.59 4.8x10°3 19
7 0.76 0.71 4 -0.84 0.19998 18
8 0.77 0.74 3 -0.52 0.30321 17
9 0.65 0.64 1 -0.21 0.41706 16
10 0.61 0.59 2 -0.31 0.37776 15
Diversity quantified as 'D
2 0.98 0.83 15 -8.37 2.8x10"7 23
3 0.94 0.77 17 -5.54 1.5x10°8 22
4 0.88 0.69 19 -4.31 8.1x10°% 21
5 0.81 0.58 22 -4.39 5.7x100¢ 20
6 0.78 0.55 23 -4.18 1.5x10% 19
7 0.80 0.68 12 -1.94 0.02628 18
8 0.82 0.72 10 -1.55 0.06103 17
9 0.69 0.60 8 -1.11 0.13400 16
10 0.64 0.56 8 -0.92 0.17973 15

Extended DataFig. 5|Lasting significance of first-year changesinseedling
diversity. a. Persistence of first-year changesin diversity through time.
Pearson correlation coefficients (r) between first-year seedling cohort
diversity and the diversity of the same seedling cohort two through 15 years
afterrecruitmentindicate changes in first-year cohort diversity are lasting.
The number of cohorts (V) included in the correlationranged from 23to 10,
respectively. Blackand grey symbolsrepresent correlations with diversity
quantified by Hill numbers °D for  =1and 2, respectively. All rvalues are
significant (two-sided t test p < 0.028).b. Results of analysis to determine
whether future cohortdiversity at cohort ages 2 through 10 yearsis better

predicted by cohortdiversity at the time of recruitment or one year later.
Coefficients of determination (r?) and their difference (fourth column) are
presented for relationships between cohort diversity at ages 2 through 10 years
and cohortdiversity at the year of recruitment (third column) and after 1year
(second column). We use the Dunn and Clark z statistic to test for significant
differencesin the magnitude of dependent correlations (i.e., obtained from the
same observations and having one variable in common, which s diversity at
age x; See Methods) estimated for aminimum sample size (V) of 15 cohorts.
Diversity is quantified by Hillnumbers 2D (upper table) and 'D (lower table).
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Extended DataFig. 6 | Covariation betweendry-seasongravimetricsoil
water contentinthe Lutzwatershed and soil water potential in the 50-ha
forest dynamics plot at Barro ColoradoIsland. The two sitesare1.25km
apart.Pearson correlation coefficient r= 0.80 (two-sided t test p = 0.018).
Kupers et al.’. measured soil water potential (SWP) during the dry season for
samples collected across the 50-ha FDP repeatedly in 2015 and 2016.
Gravimetricsoil water content (8,) in the Lutz watershed was determined from
samples taken every week between December and May across 10 sites
separated by 30 to 470 m. Means (+/-s.e.m.) were calculated for measurements
madelessthan four days apartaround February20and 27, March20and 30,
andApril2and13in2015and March11and16in2016. There weren=44,200,
119,125,129,174,112 and 217 widely scattered SWP determinations from the
50-haFDP per measurement period, respectively,and n=10 6, determinations
fromthe Lutz watershed for each measurement period excepting 20 March
2015and 16 March 2016 whenn=9.
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Extended DataFig. 7| Quantile-quantile plot of scaled conditional
residuals for the final best-fit first-year seedling survival model produced
withthe ‘DHARMa’ package. Kolmogorov-Smirnov test for deviations of
scaled residuals fromthe expected uniform (flat) distribution, D45100=0.006,
two-tailed p=0.111.
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Extended DataFig. 8| Conditional residuals against predictors.a,b,e fi,j,
Smoothedscatterplots of zero-to-one standardized residuals produced with
the ‘DHARMa’ package show estimated quantile regressions on the empirical
0.25,0.5and 0.75 distribution quantiles (continuous lines) to assist with
inspection of deviations from the theoretical quantile expectations (dashed
straight lines). Standard error bounds for the predicted quantile regressionare
toonarrow to be seen. Plot shadingreflects the density of data points, which
areomitted for clarity. Red lines indicate significant deviations from the
theoretical expectations for auniform distribution of residuals. c,d,g,h k1,

Binned plots of averaged residuals against predictors produced with the ‘arm’
package. The solid lines show plus and minus two standard errors and are
expected to contain-95% of the binned residuals. The predictor variables are
scaled and transformed as used in model fitting. The number of bins was set to
default values corresponding to the minimum of the square root of the sample
size (i.e., 45,100 seedling recruits) or the number of unique values of the
predictor (e.g.,20 unique values of mean wet-season soil moisture yields 20
binsin panell).



Extended Data Table 1| Fixed effect estimates and information criteria metrics for seedling survival GLMMs fitted with
alternative soil moisture variables

Fixed effect estimate
SM metric Int Neighbour effects Moisture effects AAIC
included
in model Sp SMu: SMs»: SMs: SMw: SMb»: SMa: SMw: SMy: SMe:
CSD HSD CLD HLD | SMw SM» SMy
Mo CSD CSD CSD HSD HSD HSD SpMo SpMo SpMo

Wet
season -0.33 -0.29 0.24 -0.13 -0.04 0.05 0.21 -0.14 -0.05 0.04 0
only dekk *k Fekdk * ns ns *k * ns ns
(SMw)
Both wet
and dry -0.32 -0.29 0.24 -0.13 -0.04 0.05 0.21 -0.10 -0.03 0.04 9
seasons bl ** xx * ns ns ** * ns ns
(SMb)
Dry

-0.32 -0.30 0.24 -0.14 -0.04 0.06 0.20 -0.06 -0.01 0.04
season — — — — — — — — 43

*kk *% Fedkedk * ns ns *%k ns ns ns
only (SMq)

Fitted GLMMs excluded correlations among random terms by species and year (see Supplementary Methods). Significant effects (two-tailed Wald-Z tests) are marked in bold. Asterisks indicate
significance levels (* p<0.05, ** p<0.01, *** p<0.001). Ns = not significant. Int = model intercept; CSD = conspecific seedling density; HSD = heterospecific seedling density; CLD = conspecific
large neighbour density; HLD heterospecific large neighbour density; SM,,, SM and SM, = soil moisture for wet, dry and both seasons combined, respectively; SpMo = species specific moisture
optima. The colon symbol denotes interactions between terms. AAIC= difference in Akaike Information Criteria. Exact p values of model coefficients follow. For the wet season only model,
Int=0.0001, CSD =0.0032, HSD = 4.91x10™%, CLD = 0.0169, HLD = 0.2531, SM,, = 0.4463, SpMo = 0.0081, SM,,:CSD = 0.0110, SM,,:HSD: 0.1457 and SM,,:SpMo = 0.4093. For the both seasons model,
Int=0.0002, CSD =0.0030, HSD =1.52x10"", CLD = 0.0167, HLD = 0.2476, SM, = 0.2966, SpMo = 0.0083, SM,:CSD = 0.0289, SM,:HSD = 0.2854 and SM,:SpMo = 0.2513. For the dry season only
model, Int=0.0003, CSD =0.0031, HSD = 6x1072, CLD = 0.0164, HLD = 0.2374, SM,4 = 0.1194, SpMo = 0.0100, SM,:CSD = 0.2066, SM4:HSD = 0.7768 and SMy:SpMo = 0.1441.
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Extended Data Table 2 | Relationships between changes in cohort diversity over the first year of life and seasonal mean soil

moisture

a. Spearman correlation

Change in diversity

coefficients D D

Wet season only 0.53 (0.018) 0.62 (0.004)

Dry season only 0.40 (0.085) 0.45 (0.051)

Wet and dry seasons combined 0.51 (0.024) 0.57 (0.010)

b. Multiple regression models Effect estimate Std. Error t-value p-value
D

(Intercept) -178.12 39.96 -4.46 0.000
Mean wet-season soil moisture 2.55 1.20 213 0.048
Mean dry-season soil moisture 0.57 0.91 0.63 0.539
D

(Intercept) -186.77 50.20 -3.72 0.017
Mean wet-season soil moisture 3.78 1.50 2.52 0.022
Mean dry-season soil moisture -0.51 1.52 -0.44 0.664

Changes in cohort diversity are quantified by Hill numbers (“D) for g=1('D) and 2 (*D). a. Spearman correlation coefficients, r,, for the relationship between changes in cohort diversity over the
first year of life and seasonal mean soil moisture. Correlations with soil moisture are estimated for mean soil moisture over wet and dry seasons combined and over the wet and dry seasons
alone (n=20 cohorts). P values (two-sided t tests) for the null hypothesis that the true r, equals zero are reported in parentheses. Significant correlations are marked in bold. b. Parameter
estimates of generalized least squares (GLS) multiple regression models of relative changes in cohort diversity over the first year of life as a function of soil moisture averaged over wet and dry

seasons separately.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

We use long-term annual survival records of 45,100 fully identified seedlings of 215 tree species, censuses of their woody plant
neighbors and local measurements of soil moisture to explore relationships between seedling mortality, moisture availability and
conspecific neighbor density focusing on their consequences for diversity in a tropical moist forest.

Tropical tree seedlings censused in 800 permanent 1m sq. plots located around 250 seed-trap stations in a 50-ha, old-growth Forest
Dynamics Plot (FDP) in the lowland tropical moist forest of Barro Colorado Island in central Panama.

Over 420,000 free-standing, woody plants >1 cm diameter at breast height (DBH) censused within the 50-ha FDP (used to calculate
densities of conspecific and heterospecific saplings and adults for each realized combination of 1m sq. plot and seedling species). For
a detail description of the FDP site and data, see https://forestgeo.si.edu/sites/neotropics/barro-colorado-island and web links
therein.

Approximately 7,000 soil samples taken from 10 locations within the Lutz creek Watershed, a 9.73-ha watershed located 1.25 km
from the FDP (used to estimate soil moisture).

All these samples constitute one of the most spatially and temporally extensive plant dynamics and soil moisture data sets available
for tropical forests worldwide.

For seedlings: all woody seedling recruits (i.e., there is no lower seedling size threshold) were censused annually during the dry
season from 1994 through 2019. For sapling and adult neighbors in the 50-ha, old-growth FDP: all free-standing woody plants >1 cm
diameter at breast height DBH were identified to species, mapped to the nearest 0.5 m, and measured for DBH in 1982, 1985, and
each five years thereafter, except 2020. For soil moisture: gravimetric soil water content was determined for 30-40 cm depth from
soil samples taken weekly or biweekly at ten sample locations distributed across the Lutz catchment area.

Seedling data: all measured seedlings are tagged, identified to species and measured for height and leaf number every year between
January and March by a field crew led on site by Andres Hernandez, a permanent STRI technician. FDP censuses, taking hundreds of
person-days, last about a year and have been directed and supervised by STRI technicians Rolando Pérez and Salomdn Aguilar. Trees
with DBH <60 mm are measured with calipers. Larger stems are measured with diameter tape. See Condit 1998 for full sampling
details: https://doi.org/10.1007/978-3-662-03664-8. Soil moisture data collection is currently supervised by Steven Paton from STRI's
Physical Monitoring Program. Soil cores are taken at 30-40 cm depth with an ‘Oakfield punch’” and immediately transferred to pre-
weighed metal sampling containers for subsequent processing using standard methods for gravimetric determinations of soil
moisture.

Seedlings are censused in 800 permanent 1m sq. plots within the 50-ha FDP. Germination is concentrated in the first months of the
wet season and falls to zero throughout the dry season on BCI. The dry-season census from January to March thus avoids
germination during the census period and excludes ephemeral germinants that fail to establish during their first wet season. The
study period starts in 1995, with the first cohort of seedlings with known establishment dates, and ends in 2015, with the most
recent census of the 50-ha FDP (no census was performed in 2020). We use data from five FDP censuses (1995-2015). For years
between the five-year FDP censuses, we linearly interpolated densities of larger plants so that species are assumed to die or recruit
gradually through the period. Soil samples for the estimation of soil moisture are collected every two weeks between June and
November and every week between December and May since 1971. The specific sampling locations are areas of approximately 1m
sg. that are moved every 4-5 years (usually in January) within a larger area of approximately 5 x 5 m to reduce the effects caused by
soil perturbation due to technician activity. When sample locations are moved, parallel sets of samples are taken from both old and
new locations for approximately 3 months in order to assure comparability. New sites that are found to differ significantly from old
sites are abandoned and a new site is chosen.

Since the FDP excludes lianas and small shrubs, individuals from these growth forms have been excluded as focal seedlings but they
were included along with all focal recruits in calculations of seedling neighbor densities. We have also excluded 14 free standing
woody species with 696 individuals in total for which no estimate of moisture optima is available.

No experiments have been conducted for this study.

Understory seed-trap stations were located along 2.7 km of trails within the 50-ha plot at 13.5-m intervals on alternating sides of the
trail and randomly between 4 and 10 m from the trail. Soil samples for moisture determination are taken randomly within the 1m sq.

sampling locations yet avoiding spots that have been previously sampled.

Blinding is not relevant for the study design.

Did the study involve field work? ~ [X] Yes [ no
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Field work, collection and transport

Field conditions Annual rainfall in Barro Colorado Island averages 2600 mm. Temperature averages 26°C for 11 months and 27°C in April. Seedling
censuses take place during the dry season receiving in average just 10 % of the mean annual precipitation. FDP censuses take about a
full year.

Location Latitude: 9.15°N. Longitude: 79.85°W. Plot dimensions: 1000 x 500 m. The FDP has an elevation of 120 m in average.

Access & import/export  The Barro Colorado Island FDP is located in the Barro Colorado Nature Monument, a nature reserve under the administration of the
Smithsonian Tropical Research Institute. All research activities are conducted under strict regulations seeking to minimize
disturbance and in accordance with Panamanian and US government laws.

Disturbance Trampling represents the major disturbance caused by the study. The FDP has a system of well defined trails to minimize its impact.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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