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Globally, tree fecundity exceeds productivity gradients1

—2
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Abstract134

Lack of tree fecundity data across climatic gradients precludes analysis of how seed supply135

contributes to global variation in forest regeneration and biotic interactions responsible for136

biodiversity. A global synthesis of raw seed-production data shows a 250-fold increase in seed137

abundance from cold-dry to warm-wet climates, driven primarily by a 100-fold increase in seed138

production for a given tree size. The modest (three-fold) increase in forest productivity across139

the same climate gradient cannot explain the magnitudes of these trends. The increase in seeds140

per tree can arise from adaptive evolution driven by intense species interactions or from the141

direct effects of a warm, moist climate on tree fecundity. Either way, the massive differences in142

seed supply ramify through food webs potentially explaining a disproportionate role for species143

interactions in the wet tropics.144

Introduction145

Understanding how tree fecundity contributes to global biodiversity and ecosystem function146

requires estimates of latitudinal trends in seed production. At the community scale, tree fe-147

cundity determines the density of competing offspring and the diets of consumers and seed148

dispersers that depend on seeds and seedlings (Terborgh, 1986; Corlett, 2013; Mokany et al.,149

2014). Diversity, stem density, and growth and mortality rates all show important trends150

with latitude (Phillips & Gentry, 1994; Lewis et al., 2004; Stephenson & Van Mantgem, 2005;151

Chu et al., 2019; Locosselli et al., 2020). Fecundity estimates are now available in North Amer-152

ica (Clark et al., 2021; Sharma et al., 2021), but unlike growth and mortality rates (Stephenson & Van Mantgem,153

2005; Brienen et al., 2020), fecundity estimates have not been compiled from the tropics. At154

the global scale, a meta-analysis of 18 seed-trap studies in temperate and tropical forests did not155

find a relationship between seed-rain density (seeds per area) and latitude, but the same study156

suggested that seed-mass density might decline with latitude (Moles et al., 2009). If the density157

of seed mass per-area is higher in the tropics than the temperate zone, does high seed mass158

density in the tropics come from the fact that tropical trees are simply larger and/or embedded159

in more productive communities, as assumed in Dynamic Global Vegetation Models (DGVMs)160

(Sitch et al., 2003; Krinner et al., 2005; Fisher et al., 2018; Hanbury-Brown et al., 2022)? Al-161

ternatively, does high seed mass density in the tropics result from greater seed production for a162

given tree size? Understanding global trends requires estimates of seed-production at both the163

individual-tree and the per-area scales. We present a new synthesis that allows us to quantify164

the fecundity gradient on a global scale and determine that the fecundity gradient is amplified165

in warm/moist climates beyond what can be explained by tree size or NPP.166

The global meta-analysis that found a possible trend in seed mass multiplied the number167

of seeds counted in traps by the average seed size for all plant species that were observed at168

the same latitude (Moles et al., 2009). Authors recognized the approximate nature of these169

estimates given the seven-order of magnitude range of seed sizes used to obtain the latitude170

means. In addition to uncertain seed size, counts from seed traps vary widely depending on171

precise placement of seed traps relative to locations of trees. Where reproduction is counted172

directly on trees, studies typically report on one to a few species from one to a few sites, and not173

seed production for all trees in measured plots, as would be needed to place fecundity on a per-174

area basis. Recent compilations of year-to-year mast production recognise additional challenges175

posed by divergent methods, some yielding a range of indices at the individual or stand scale176

on relativized or ordinal scales (LaMontagne et al., 2020; Pearse et al., 2020). Unlike previous177

meta-analyses, we analyze raw data referenced to an individual tree-year, i.e., the seed production178
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Figure 1: a) Individual seed productivity (ISP, seed mass per tree basal area) might not vary with latitudinal

climate gradients, in which case community seed productivity (CSP, seed mass production per forest area) depends

on variation in tree size. Alternatively, responses could depend on net primary productivity (NPP), increasing if

allocation in warm climates shifts preferentially to fecundity or decreasing if allocation in warm climates shifts to

growth and defenses. b) Proportionate differences in fecundity hypothesized for the three scenarios in (a) shown as

differences from the climate gradient in NPP. The NPP-scaling scenario means that NPP and CSP follow the same

proportionate trajectory (green line).

by each tree in each year, including all trees on inventory plots. By estimating seed production179

at the tree-year scale (Clark et al., 2019) we quantify both the trends in individual production180

and in the seed production per area.181

The indicators that we evaluate allow us determine both the gradient in seed productivity of182

communities and how the gradient in seed productivity is influenced by individual tree responses.183

Individual fecundity could vary due to climate through alternative allocation priorities (Fig. 1a).184

Because reproductive effort depends on both seed sizes and numbers (Westoby et al., 1992), and185

reproductive effort varies with tree size (Qiu et al., 2021), individual standardized production186
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(ISP) is defined here relative to tree basal area,187

ISPi j =
f̂i js × gs

basal areai

(1)

(g m−2yr−1). ISP depends on the mass of a seed gs produced by species s and the estimate188

of mean seed production f̂i js for tree i at location j that accounts for effects of shading by189

neighbors, and the variation and uncertainty in seed production each year, fi js,t (see Methods:190

Uncertainty in ISP and CSP, eq. (4)). ISP is standardized by tree size to isolate the fecundity191

differences that are unrelated to size. If seed production is determined solely by tree size, as192

assumed in most ecological models (reviewed in Qiu et al. 2021), then climate effects on tree193

size still come through the effects of climate on past growth, which, in turn, affects tree size194

and thus stand structure; even if trees are larger in the wet tropics, ISP could still be constant195

across the climate gradient because ISP is standardized for size. Departures from this constant196

response are possible if trees allocate proportionately more or less to fecundity in warm/moist197

climates (Fig. 1).198

Figure 2: MASTIF data summary, with symbol size proportional to observations. The distribution of data is

detailed in Figure S1 and in Table S1.

While ISPi j can show how individual allocation changes with climate, community seed199

production, CSP j , quantifies seed production per area of forest, the starting point both for200

stand regeneration and the interactions between seeds, seedlings, consumers, and dispersers.201
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[We hereafter omit subscripts to reduce clutter.] Like NPP, CSP is a community property,202

defined as the seed production summed over all trees on a plot and divided by plot area203

(g ha−1 yr−1, Methods, eqn 5). CSP might scale as a fraction of NPP, as suggested by204

some empirical evidence (Vacchiano et al., 2018) and assumed in DGVMs (Fisher et al., 2018;205

Hanbury-Brown et al., 2022). NPP scaling predicts high CSP in warm/moist climates where206

NPP is high (Del Grosso et al., 2008) (Fig. 1b). It is also possible that intense competition207

selects for allocation to growth and defenses that enhance survival. If so, CSP is expected to208

show a flatter response to climate than the NPP response to climate ("↑growth/defense in Fig.209

1).210

Alternatively, fecundity responses could be amplified beyond what could be explained by211

the effects of climate on size or NPP ( "↑fecundity" in Figure 1). There are at least two potential212

causes for fecundity amplification, including i) reproductive allocation can respond to favorable213

climates because reproduction is unconstrained by the structural and hydraulic constraints that214

limit growth responses (Koch et al., 2004; King et al., 2009), and ii) intense species interactions215

in the wet tropics amplify selection for reproduction to offset high losses to consumers and216

enhance the benefits of frugivory (Terborgh, 1986; Harms et al., 2000; Hille Ris Lambers et al.,217

2002; Schemske et al., 2009; Levi et al., 2019; Hargreaves et al., 2019).218

Large data sets are needed to estimate climate effects due to wide variation in seed produc-219

tion. For a given tree, large crop years often exceed intervening years by orders of magnitude220

(Mendoza et al., 2018; Vacchiano et al., 2018; LaMontagne et al., 2020; Koenig, 2021). Vari-221

ation between trees also varies by orders of magnitude (Clark et al., 2004; Minor & Kobe,222

2019). Seed production further responds to spatio-temporal variation in habitat and climate223

(Caignard et al., 2017; Bogdziewicz et al., 2020a), including local competition (Clark et al.,224

2014, 2019). The many sources of variation means that biogeographic trends of interest can225

only be identified from broad coverage and large sample sizes, while accounting for individual226

tree condition, local habitat, and climate (Qiu et al., 2021).227

This synthesis extends the Masting Inference and Forecasting (MASTIF) network (Clark et al.,228

2021; Sharma et al., 2021) to quantify the climate controls on seed production globally and the229

extent to which seed-production trends go beyond what can be explained by effects of tree size230

and productivity. Data include 12M observations from 147K mature trees and 251 inventory231

plots (Fig. 2). We summarize climate trends with mean annual temperature and moisture232

surplus. Model fitting allows for the effects of individual condition and local habitat variation233

by including tree diameter, shade class, and soil cation exchange capacity (CEC), a widely used234

indicator of soil fertility (Hazelton & Murphy, 2007; Hengl et al., 2017), all of which affect seed235

production (Materials and Methods).236

Material and Methods237

Fecundity Data238

This study uses crop-count (CC, on trees) and seed-trap (ST) data (fig. 3) from the Masting Inference and Forecasting239

project. Most observations (99%) come from longitudinal studies, where all trees on a plot (ST)240

or individual trees (CC) are observed repeatedly. Other CC observations (1%) are obtained241

opportunistically through the iNaturalist project MASTIF (Clark et al., 2019). All observations242

provide estimates of ISP, including those on isolated trees. CSP requires seed production from243

a known area and comes from inventory plots (Table S1). Data include 12,053,732 tree-year244

observations from 748 species and 146,744 mature individuals.245

As in all observational studies, geographic coverage is not uniform. The majority of sites are246

temperate (98%), while most observations (tree-years, 80%), trees (58%), and species (74%)247
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Figure 3: The MASTIF model simplified from Clark et al. (2019) to emphasize variables and parameters

discussed in the text. A biophysical model for change in fecundity ψi,t of tree i in year t (a tree-year) is driven

by individual tree condition and climate and habitat variables in design vector xi,t with corresponding coefficients

β. Maturation status incorporates tree diameter di,t . The hierarchical state-space model includes process error

variance σ2 and observation error in two data types. A crop count ci,t has a beta-binomial distribution that

includes observation error through the estimated crop fraction. A set of seed traps provides a vector of counts

yt = y1,t, . . . , yn,t that together provide information on tree i through a dispersal kernel. There is conditional

independence in fecundity values between trees and within trees over time, taken up by stochastic treatment of ψi,t .

There is an additional subscript for location j that is suppressed here to reduce clutter. The full model includes

additional elements (see Model Inference with MASTIF).

are tropical. Sample sizes are included in Table S1. Sample locations are shown in Fig 2 and248

detailed in the Supplement (Figure S1 and Table S1). To assure that results are not dominated249

by any one site, we show that the same trends dominate when the largest tropical site, Barro250

Colorado Island (BCI), is removed from the analysis (Figure S4).251

For both CC and ST data types, an observation references a tree-year (a fecundity estimate252

for one tree in one year). A crop-count (CC) observation includes the number of fruiting253

structures counted (e.g., individual seeds, cones, fruits) and an estimate of the fraction of the254

total crop represented by the count (see Model Inference with MASTIF). Where structures bear255

more than one seed, numbers are scaled by seeds per structure. For example, Fagus capsules256

bear two seeds per capsule, and Pinus cones bear from 10 to 200 seeds per cone, depending on257

species. Seed mass and number of seeds per fruiting structure were taken as an average for the258

species, obtained from collections in our labs, supplemented with the TRY Plant Trait Database259

(Kattge et al., 2020). A seed-trap (ST) observation includes counts and locations for seed traps260

on an inventory plot where each tree is measured and mapped. The uncertainty in a tree-year261

estimate depends on the crop-fraction estimate for CC observations and on the redistribution262
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kernel for ST observations. A beta-binomial distribution for CC data combines uncertainty in the263

count and in the crop-fraction estimate. For ST observations, the redistribution model ("dispersal264

kernel") quantifies transport to seed traps, a categorical (multinomial) distribution allows for265

uncertain seed identification, and a Poisson likelihood allows for variable counts. These data266

models link to a common process model for individual fecundity (Figure 3). Stochastic treatment267

of fecundity absorbs dependence between observation types, between trees, and within trees268

over time. The full model is detailed in Clark et al. (2019) and summarized in the section269

Model Inference with MASTIF.270

Environmental and Individual Covariates271

Predictors for a given tree-year include diameter, crown class, climate, soil and terrain covariates272

(Table S2). Linear and quadratic terms for diameter allow for changes of fecundity with tree273

size (Qiu et al., 2021). The crown class assigned to each tree ranges from 1 (full sun) to 5 (full274

shade), following the protocol used in the National Ecological Observation Network (NEON)275

and the USDA Forest Inventory and Analysis (FIA) program.276

Climate variables include norms and annual anomalies for temperature (◦C) from the previous277

year, and moisture surplus (summed monthly precipitation minus evapotranspiration, mm) from278

the previous and current years. To allow for changes in moisture access with tree size we279

included the interaction between moisture surplus and tree diameter. Climate variables were280

derived from CHELSA (Karger et al., 2017), TerraClimate (Abatzoglou et al., 2018), and local281

climate monitoring data where available. TerraClimate provides monthly but spatially coarse282

resolution (Abatzoglou et al., 2018) through 2020. CHELSA provides high spatial resolution (1283

km) but CHELSA is not available after 2016. We used regression to project CHELSA climate284

forward based on Terraclimate, followed by calibration to local weather data where available.285

Details are available in (Clark et al., 2021).286

Cation exchange capacity (CEC), an indicator of soil fertility (Hazelton & Murphy, 2007),287

was obtained from soilGrid250 (Hengl et al., 2017) and used as the weighted mean from three288

soil depths: 0-5, 5-15 and 15-30 cm, where weights are the reported uncertainty values. Slope289

and aspect were obtained from the global digital elevation model from the NASA shuttle radar290

topography mission (Farr et al., 2007) and, for latitudes above 61°, from the USGS National291

Elevation Dataset (Gesch et al., 2002). Both products have 30-m resolution. The covariates for292

slope and aspect (u1, u2, u3) constitute a length-3 vector,293

u j =




u j,1 = sin(s j)

u j,2 = sin(s j) sin(a j)

u j,3 = sin(s j) cos(a j)

(2)

for slope s j , where aspect a j is taken in radians. These three terms are included as elements of294

the design vector xi j,t (Clark, 1990b).295

Model Inference with MASTIF296

The MASTIF model is a (hierarchical) state-space, auto-regressive model that accommodates297

dependence between trees and within trees over years through a joint analysis detailed in298

Clark et al. (2019). For each tree i at location j and year t there is a mean fecundity estimate299

f̂i j,t = ρ̂i j,tψ̂i,t that is the product of conditional fecundity ψ̂ and maturation probability ρ̂i j,t ,300

which is the probability that an individual is in the mature state, zi j,t = 1. The model for301

conditional fecundity is given by logψi j,t = x
′
i j,t

β(x)
+ β

(w)

i
+ γg[i],t + ϵi,t , where xi j,t is the302
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design vector holding climate, soils, local crowding, and individual attributes (Table S2), β(x)
303

are fixed-effects coefficients, β
(w)

i
is the random effect for tree i, γg[i] j,t are year effects that are304

random across groups g and fixed for year t, and ϵi j,t is Gaussian error. To approximate the scale305

of potential synchronicity of masting species, the group membership g[i] for tree i is assigned306

by species-ecoregion (Clark et al., 2019), using the WWF ecoregion classification (Olson et al.,307

2001). The principle elements of the model are summarized as a directed acyclic graph (DAG)308

in fig. 3.309

Conditional log fecundity ψ is censored at zero to allow for the immature state and for failed310

seed crops in mature individuals,311

fi j,t |(zi j,t = 1) =

{
0 ψi j,t ≤ 1

ψi j,t ψi j,t > 1
(3)

This censoring means that seed production requires the potential to produce at least one seed;312

the Tobit model uses this censoring to allow for discrete zero observations for otherwise con-313

tinuous response variables (Tobin, 1985). For ISP, fecundity is multiplied by mass per seed314

and standardized for tree basal area (eq. (1)). For CSP, seed mass is summed over trees on315

an inventory plot and divided by plot area. The uncertainty for both quantities is given in the316

section Uncertainty in ISP and CSP317

The posterior distribution includes parameters and latent variables for maturation state318

and tree-year seed production. Posterior simulation uses direct sampling and Metropolis and319

Hamiltonian Markov Chain (HMC) updates within Gibbs. Model structure and methodology320

was implemented with R (version 4.0, R Core Team 2020) and the R package Mast Inference321

and Forecasting (MASTIF), detailed in Clark et al. (2019).322

Uncertainty in ISP and CSP323

Mean productivity estimates for an individual, ISP, incorporate year-to-year uncertainty for that324

tree. Mean productivity estimates for the community, CSP, incorporate tree-to-tree uncertainty325

for the inventory plot. We included only trees > 7 cm in diameter, i.e., at least as large as the326

smallest measured size in inventory data. Individual fecundity for species s at location j is327

evaluated as328

f̂i js =

∑
t wi js,t f̂i js,t∑

t wi js,t

(4)

where the weight wi js,t is the inverse of the predictive coefficient of variation for the estimate,329

wi js,t = CV−1
i js,t

. Th CV is used rather than the predictive standard deviation, because the mean330

tends to scale with the variance such that a standard-deviation weight would have the undesirable331

property of down-weighting the important large values while up-weighting the less important332

low values. ISP combines fecundity from eq. (4) with seed mass and tree basal area in eq. (1).333

Community seed production is evaluated from the individual means334

CSPj =
n j

A j

∑
is wi js f̂i js∑

is wi js

(5)

where A j is plot area, n j is the number of trees, and wi js is the inverse of the coefficient of335

variation given by the root mean predictive variance divided by the predictive mean for tree i js.336

Because CSP requires plot area, only trees on inventory plots are included in the CSP analysis.337

Variation in ISP and CSP values were compared across temperature and moisture surplus using338

regression.339
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Net Primary Production340

We extracted Net Primary Production (NPP) from the Moderate Resolution Imaging Spectrora-341

diometer (MODIS) product MOD17 at 500 m resolution (MOD17A3HGFv006, Running et al.342

2004). We merged yearly CSP estimates with NPP from matching site years, which are available343

from 2000 to 2020. Because seed production data span the interval 1959 to 2020, we used the344

location-specific mean NPP values for the limited number of earlier years. Because MODIS345

NPP is influenced by cloud cover, we compared MODIS NPP values with NPP values from346

DGVMs in the S3 experiment of the TRENDY project (Sitch et al., 2015). For each MASTIF347

site we averaged NPP from 11 models (CABLE-POP, CLASSIC, CLM5.0, ISAM, JSBACH,348

JULES, LPJ-GUESS, LPX, OCN, ORCHIDEE, ORCHIDEE-CNP) and fitted regressions to the349

same climate variables used for ISP and CSP (temperature, moisture surplus). The two NPP350

products show similar main effects, but differ in the temperature × moisture interaction, which351

is positive for MODIS and negative for the aggregated DGVM. Despite this difference in the352

interaction term, main effects dominate the response surfaces that show the same trends for both353

NPP sources (Figure S5). Thus, we included only MODIS results in Figure S6.354

Results355

Community seed production (CSP) increases 250-fold to a global maximum in the warm, moist356

tropics, primarily driven by a 100-fold increase in seed production for a given tree size (ISP).357

ISP and CSP trends with climate align with the geographic trend in NPP (panels in Fig. 4), but358

ISP and CSP far exceed the NPP response. The flat ISP (seed production per tree basal area)359

response expected if fecundity scales with tree basal area (Fig. 1) contrasts with the observed360

100-fold ISP increase along this gradient (Fig. 5), verifying the amplification hypothesized in361

Figure 1b. The NPP-scaling assumed in current models (Fig. 1b) is likewise dwarfed by the362

CSP rise in seed supply to consumers (Fig. 4b).363

Despite large trends in ISP and CSP with temperature and moisture (Fig. 5), the latitudinal364

contribution to fecundity variation is still lower than contributions of between-tree and the365

within-tree (over time) variation (Figure S2). Average seed production for 95% of all trees366

of a given size varies over five orders of magnitude, with ISP ranging from 0.000025 to 50367

g per cm2 of basal area (Figure S7a). Individual variation is matched by that for community368

seed production, with 95% of CSP values ranging from 50 g to 2500 kg ha−1 (Figure S7b).369

Tree-to-tree variation combines for an increase in ISP to highest values in warm, moist climates370

(Fig. 4a, b) that is driven more by temperature than by moisture (Table S3); the temperature371

response is amplified by moisture where temperatures are high (Figure S2c). The fact that the372

massive geographic trend in Fig. 5 can be masked by tree-to-tree and year-to-year variation373

(these sources are partitioned in Clark et al. 2004) emphasizes the importance of large data sets374

that span broad coverage in individual condition, habitat, and climate (Qiu et al., 2021).375

Forest productivity does not explain the global fecundity gradient evident at the individual376

and community levels. The parallel 100- and 250-fold increases for ISP and CSP (Fig. 5b) to377

maxima in warm, moist climates (Fig. 4) spans only a three-fold range for NPP. The trends in378

both ISP and CSP mean that not only do individual trees produce more seed for a given size379

in the wet tropics, but also that seed abundance is amplified at the community level (Figure 4a,380

b). [Community-level CSP need not necessarily track ISP responses due to heterogeneous381

size-species structures associated with local site conditions, past disturbance, and competition].382
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Discussion383

The 250-fold latitudinal trend in tree seed production exceeds expectations from previous studies.384

The possibility that seed production might be highest at low latitudes and that seed production385

might not be explained by productivity was suggested from mean counts in 18 forest seed-trap386

studies (Moles et al., 2009). New estimates reported here reflect an extension to large sample387

sizes, direct inference on seed production by each tree (rather than counts within traps), and use388

of seed mass for the species (rather than a mean value across all species at the same latitude).389

With synthetic modeling of 12M observations on 753 species we extend the previous discovery390

of a fecundity hotspot in the warm, moist southeastern North America (Clark et al., 2021) to a391

global phenomenon.392

Biogeographic trends reported here complement studies that focus on interannual varia-393

tion, or "masting". Temporal variation in climate (Clark et al., 2014; Caignard et al., 2017;394

Bogdziewicz et al., 2020a) are of great interest for understanding allocation shifts within indi-395

viduals over time (Koenig, 2021), but these interactions fundamentally differ from geographic396

variation in populations subjected to divergent selection histories (Clark et al., 2014). Results397

here provide a geographic context for variation within species and communities and the variables398

that control variation.399

Improving forest regeneration in DGVMs might shift from the current focus on sharpening400

estimates of reproduction as a fraction of NPP (Fisher et al., 2018; Hanbury-Brown et al., 2022)401

to a recognition of how fecundity responses diverge from NPP. Results from figure 5 show that402

the DGVM assumption of fecundity as a simple fraction of NPP misses the key controls at stand403

and regional scales. Clearly, reproduction is not a residual sink to be filled after growth and404

other demands are satisfied. Previous understanding shows the assumption of reproduction as a405

constant fraction of NPP to be unrealistic at the individual scale (fecundity is far more volatile406

than annual resource capture or growth) (Clark et al., 2004; Sala et al., 2012; Clark et al., 2014;407

Berdanier & Clark, 2016). The climate trends in Figure 5 show that NPP scaling also does not408

work as a community-level summary. Fecundity responses to local habitat and regional climate409

reported here can enter models directly.410

Amplified fecundity in warm, moist climates, beyond what could be explained by trends in411

NPP (Fig. 5), may represent a direct climate response or the legacy of adaptive evolution to412

intense species interactions. By quantifying both individual and community seed productivity413

(ISP, CSP), we show that the community response is driven primarily by the fact that trees of414

a given size produce, on average, 100 times the seed mass in the wet tropics. This latitudinal415

trend in ISP is then amplified to a 250-fold trend in CSP (seed production per area) by the416

greater abundances of large trees in the wet tropics. Amplification beyond the trend in NPP may417

result from flexibility in seed production to respond to a longer growing season (Yeoh et al.,418

2017; Mendoza et al., 2018) well in excess of tree growth, which is limited by mechanical and419

hydraulic constraints on tree size (Koch et al., 2004; King et al., 2009). At the community scale,420

NPP is further constrained by the compensatory losses in stand biomass as mortality increases421

to offset increases in growth (Assmann, 1970; Clark, 1990a). Thus, while NPP increases with422

warm, wet conditions, the lack of structural constraints on producing more seeds might allow for a423

disproportionate fecundity response in Figure 1. Alternatively, amplification could also be driven424

by intense species interactions that select for reproduction to offset high losses to consumers and425

enhance the benefits of frugivory (Terborgh, 1986; Harms et al., 2000; Hille Ris Lambers et al.,426

2002; Schemske et al., 2009; Levi et al., 2019; Hargreaves et al., 2019).427

Whether amplification occurs as a direct response to climate or as an adaptive response to in-428

tense biotic interactions, the density- and frequency-dependent processes involving competition,429
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consumers, and seed dispersers have community-wide implications. The two order-of-magnitude430

climatic and latitudinal trend in seed mass per forest-floor area (CSP) has direct implications for431

density-dependent interactions, which include competition within tree species and frequency-432

dependent consumers. Elevated seed supply and the offsetting mortality losses affect selective433

pressure for competitive phenotypes. The bottom-up enrichment of food webs that cascades to434

higher trophic levels (Ostfeld & Keesing, 2000; Rosenblatt & Schmitz, 2016; Levi et al., 2019)435

can increase consumer and disperser densities that, in turn, impose frequency-dependence se-436

lection on seed and seedling survival (Janzen, 1970). The magnitude of amplification suggests437

that seed supply intensifies species interactions in the wet tropics.438

Frequency-dependent consumer pressures depend on diversity of the seed resource, which439

is poorly predicted by the standard inventory of trees. Using Shannon entropy [−
∑

s ps log ps,440

where ps is the fraction of species s in basal area (trees) and CSP (seed mass)], species diversity441

of both seed productivity and tree basal area is highest in the warm tropics. However, tree442

diversity exceeds the diversity of the seed resource in warm climates (Fig. 6). The lower species443

diversity for seeds than for trees in warm climates results from the fact that species having444

modest differences in tree basal area vary widely in fecundity; tendency for a subset of species445

to dominate seed production reduces seed diversity below that for trees. Conversely, in the cool446

climates where seeds tend to be small (small, blue symbols in Fig. 6), the low diversity that would447

be estimated on the basis of trees can mask an unexpectedly high seed diversity. Although many448

studies do not record fecundity for species having the smallest seeds (e.g., Salicaceae), these449

are also the seeds that are least apparent to many consumers. Omission of these smallest seeds450

from this study means that values of seed production are under-estimates, but still relevant for451

many consumers. The net effect of overestimating seed diversity in warm climates is important452

for frequency-dependent processes (Green et al., 2014), such as host-specific seed predation.453

Whether the 100-fold biogeographic gradient is driven by biophysical constraints on alloca-454

tion or adaptive evolution to differing consumer pressures, these results add a new dimension to455

the understanding of trophic processes that may control latitudinal diversity gradients. If host-456

specific consumers regulate diversity through density- and frequency-dependent attack, then the457

strongest impacts are occurring where seed supply can support the highest numbers of con-458

sumers. Through shared consumers and frugivores, fecundity of many species can contribute to459

the selection pressures on competitors and consumers (Whitham et al., 2020; Bogdziewicz et al.,460

2020b). The dramatic biogeographic trend in seed supply sets up the potential for an evolution-461

ary arms race (Dawkins & Krebs, 1979; Gruntman et al., 2017) as selective pressures balance462

the benefits of producing more seed against the full costs of increased fecundity (Obeso, 2002;463

Pincheira-Donoso & Hunt, 2015; Fridley, 2017), including diverting resources from growth and464

defense (Berdanier & Clark, 2016; Lauder et al., 2019). A positive feedback on selection pres-465

sure in diverse tropical forests could ensue where species from every major angiosperm clade466

enrich functional space and niche overlap. Regardless of whether this arms race has occurred,467

the trends in stand-level seed rain have profound implications for food web dynamics.468

Our results show that climate change impact on tree fecundity will not scale simply with469

change in productivity. Climate change induced changes in seed production will come with feed-470

backs through shared consumers and dispersers (Bogdziewicz et al., 2020b). The temperature-471

tropical gradient in seed production reported here could motivate research on climate effect on472

seed production, their consumers and dispersers (Hargreaves et al., 2019).473
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Figure 4: a) Climate responses for (a) ISP (seed production per tree basal area, log10 g m−2 y−1) (b) CSP (seed

mass per ha forest floor, log10 g ha−1 y−1), and (c) NPP (kg C m−2 y−1). Dashed lines indicate the transect from dry

taiga to wet tropics in Fig. 5b. The scales for contours are linear for (c) and log10 for (a) and (b). Convex hulls are

defined by observations (red), including individual trees (a, c) and inventory plots (b). Surface predictive standard

error are reported in Figure S3. Coefficients are reported in Table S3.
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Figure 5: a) Two order of magnitude increases from cold/dry to warm/moist for individual (ISP) and community

(CSP) seed production relative to NPP. Curves are sections through surfaces (dashed lines) in Fig. 4, with scales

for moisture surplus (above) and temperature (below). Curves are in proportion to values in cold, dry conditions.

Confidence intervals (95%) are not visible for ISP and NPP due to the large number of trees. Confidence intervals

are wider for CSP due to limited inventory plots at high temperatures (Fig. 2).
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Figure 6: Species diversity in seeds (vertical axis) is lower than expected from species diversity in trees

(horizontal axis). In both cases, diversity is evaluated from the Shannon index, −
∑

s ps log ps , where ps is the

fraction of species s in basal area (trees) and CSP (seed mass). Each point represents an inventory plot. Except at

low tree diversity, points lie almost entirely below the 1:1 line (dashed). The legend at top left shows mean annual

temperature (symbol color) and mass of the average seed (symbol size).
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List of Figures661

Figures662

Figure 1: a) Individual seed productivity (ISP, seed mass per tree basal area) might not vary with latitudinal

climate gradients, in which case community seed productivity (CSP, seed mass production per forest area) depends

on variation in tree size. Alternatively, responses could depend on net primary productivity (NPP), increasing if

allocation in warm climates shifts preferentially to fecundity or decreasing if allocation in warm climates shifts to

growth and defenses. b) Proportionate differences in fecundity hypothesized for the three scenarios in (a) shown as

differences from the climate gradient in NPP. The NPP-scaling scenario means that NPP and CSP follow the same

proportionate trajectory (green line).
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Figure 2: MASTIF data summary, with symbol size proportional to observations. The distribution of data is

detailed in Figure S1 and in Table S1.
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Figure 3: The MASTIF model simplified from Clark et al. (2019) to emphasize variables and parameters

discussed in the text. A biophysical model for change in fecundity ψi,t of tree i in year t (a tree-year) is driven

by individual tree condition and climate and habitat variables in design vector xi,t with corresponding coefficients

β. Maturation status incorporates tree diameter di,t . The hierarchical state-space model includes process error

variance σ2 and observation error in two data types. A crop count ci,t has a beta-binomial distribution that

includes observation error through the estimated crop fraction. A set of seed traps provides a vector of counts

yt = y1,t, . . . , yn,t that together provide information on tree i through a dispersal kernel. There is conditional

independence in fecundity values between trees and within trees over time, taken up by stochastic treatment of ψi,t .

There is an additional subscript for location j that is suppressed here to reduce clutter. The full model includes

additional elements (see Model Inference with MASTIF).
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Figure 4: a) Climate responses for (a) ISP (seed production per tree basal area, log10 g m−2 y−1) (b) CSP (seed

mass per ha forest floor, log10 g ha−1 y−1), and (c) NPP (kg C m−2 y−1). Dashed lines indicate the transect from dry

taiga to wet tropics in Fig. 5b. The scales for contours are linear for (c) and log10 for (a) and (b). Convex hulls are

defined by observations (red), including individual trees (a, c) and inventory plots (b). Surface predictive standard

error are reported in Figure S3. Coefficients are reported in Table S3.
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Figure 5: a) Two order of magnitude increases from cold/dry to warm/moist for individual (ISP) and community

(CSP) seed production relative to NPP. Curves are sections through surfaces (dashed lines) in Fig. 4, with scales

for moisture surplus (above) and temperature (below). Curves are in proportion to values in cold, dry conditions.

Confidence intervals (95%) are not visible for ISP and NPP due to the large number of trees. Confidence intervals

are wider for CSP due to limited inventory plots at high temperatures (Fig. 2).
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Figure 6: Species diversity in seeds (vertical axis) is lower than expected from species diversity in trees

(horizontal axis). In both cases, diversity is evaluated from the Shannon index, −
∑

s ps log ps , where ps is the

fraction of species s in basal area (trees) and CSP (seed mass). Each point represents an inventory plot. Except at

low tree diversity, points lie almost entirely below the 1:1 line (dashed). The legend at top left shows mean annual

temperature (symbol color) and mass of the average seed (symbol size).
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Supporting Information663

Globally, tree fecundity exceeds productivity gradients664

Valentin Journé et al., Ecology Letters665

666

This Supplement provides additional data summaries as tables and figures. Full summaries of667

the MASTIF network are available these links for sites and species.668

Supplementary Tables669

Table S1: Numbers of species, stands, trees, and tree-years for ISP analysis and complete

inventories for CSP analysis by tropical and temperate regions. Complete inventories include

all trees within a mapped plot and are needed to determine seeds per area in CSP. Because not

all inventory plots use the same minimum diameter, the latter is based on trees > 7 cm.

Floristic Complete

Region Species Sites Tree-years Trees inventories

Tropical 559 64 9,723,438 85,261 47

Temperate 194 3506 2,330,294 61,461 204

Table S2: Covariates used to fit the MASTIF model and data sources. Subscripts are tree i, site

j, and year t.

Covariate Units Data source

Diameter (Gi j,t , G2
i j,t

) cm, cm2 MASTIF

Crown class (Ci j,t) ordinal (class 1-5) MASTIF

Moisture surplus (Sj) mm terraClimate, CHELSA

Surplus anomaly (Sj,t) mm terraClimate, CHELSA

Temperature (Tj)
◦C terraClimate, CHELSA

Temperature anomaly (Tj,t)
◦C terraClimate, CHELSA

Sj × Gi j,t mm × cm

CEC j (0 - 30cm) mmolc/kg soilgrid250m

Slope, aspect (u1 j , u2 j , u3 j) radians DEM, USGS
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Table S3: Coefficients for climate effect on individual (ISP), community fecundity (CSP) and

on NPP (MODIS or DGVMs TRENDY). ISP and CSP fecundity are fitted on a natural log scale.

r2 for ISP = 0.2, CSP = 0.15, NPP MODIS = 0.48, NPP DGVM = 0.52.

Variable Estimate SE P-value

Climate effects on logeISP

Intercept 4.64e+00 4.93e-02 <2e-16

T 1.78e-01 6.01e-03 <2e-16

T2 -5.60e-03 1.770e-04 <2e-16

S -2.72e-03 4.80e-05 <2e-16

S2 -1.12e-07 1.14e-08 <2e-16

T × S 1.84e-04 1.73e-06 <2e-16

Climate effects on logeCSP

Intercept 9.88e+00 5.61e-01 <2e-16

T 9.96e-02 7.88e-02 0.21

T2 -2.38e-03 2.82e-03 0.40

S -9.21e-04 7.16e-04 0.20

S2 2.87e-08 2.20e-07 0.90

T × S 1.19e-04 4.05e-05 3.60e-3

Climate effects on NPP (MODIS)

Intercept 3.52e-01 2.46e-02 < 2e-16

T 1.54e-02 1.92e-03 5.18e-15

S 1.80e-04 3.34e-05 1.02e-07

T × S 1.12e-05 2.64e-06 2.41e-05

Climate effects on NPP (DGVMs TRENDY)

Intercept 1.455e-01 2.2e-02 7.71e-11

T 3.19e-02 1.72e-03 < 2e-16

S 3.25e-04 3.00e-05 < 2e-16

T × S -7.36e-06 2.38e-06 0.00199
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Supplementary Figures670

Figure S1: MASTIF data network, including longitudinal (green) and opportunistic (orange) observations in

North America (a), Europe (b), Asia (c), South and Central America (d), Africa (e) and Oceania (f). Dot size

represents the number of initial tree year observations at log10 scale. Numbers of observations are reported in

Table S1.
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Figure S2: Climate responses for ISP (seed mass per basal area) (a, b, c) and stand-level CSP, as g ha−1 (d, e, f)

showing marginal responses to temperature (a and d) and moisture surplus (d and e) with observations (dots) and

the fitted model, and interactions between temperature and moisture surplus (c and f). Coefficient are reported in

Table S3. Low and high values used for conditional plots in (c and f), labelled as Moist (S = 1500 mm) and Dry

(S = −50 mm). Due to large sample size, confidence intervals around lines in (a, b, c) are not distinct from the

predictive mean. Temperature and moisture surplus correspond here to a mean annual value for each sites.
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Figure S3: a) Uncertainty in the climate responses, defined as the inverse of the predictive standard error, for (a)

ISP (seed production per tree basal area, log10 g m−2 y−1) (b) CSP (seed production per ha forest floor, log10 g ha−1

y−1), and (c) NPP (kg C m−2 y−1). Convex hulls are defined by observations (red), including individual trees (a,

c) and inventory plots (b). Surface scale color decreases as the inverse of the predictive standard error–blue edges

reflect increased uncertainty at data extremes.

Figure S4: Because BCI includes the largest sample of tree years, we show that the same trend exists without

BCI for both (a) ISP, (seed production per tree basal area, log10 values) and (b) CSP (seed mass per ha forest floor,

log10 values).
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Figure S5: Climate response for NPP from MODIS (a) and the mean value from 11 DGVMs in TRENDY (b)

show the same response to temperature.

Figure S6: Relationships between NPP from MODIS and individual (standardized) fecundity ISP (a) and

stand CSP (b), both positive (p < 0.00001) and both accounting for little of the variability (r2
= 0.05 and 0.13,

respectively).
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Figure S7: Distribution of (a) ISP (g seed per m2 basal area) and (b) CSP (g seed per ha basal area) fecundities.

Black dotted lines represent the quantile at 2.5 and 97.5%.
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