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scaling framework to quantify ontogenetic size variation and assessed patterns of

egies from >114,000 trees in a primary, neotropical forest. We classified trees

trade-off, and a stature-recruitment axis with tall, long-lived pioneers at one end

Handling Editor: Pieter Zuidema 2. Relative abundance, richness, productivity and light interception follow an ap-
proximate power law, systematically shifting over an order of magnitude with tree
size. Slow saplings dominate the understorey, but slow trees decline to parity with
rapidly growing fast and long-lived pioneer species in the canopy.

3. Like the community as a whole, slow species are the closest to obeying the en-
ergy equivalence rule (EER)—with equal productivity per size class—but other life
histories strongly increase productivity with tree size. Productivity is fuelled by
resources, and the scaling of light interception corresponds to the scaling of pro-
ductivity across life history strategies, with slow and all species near solar en-
ergy equivalence. This points towards a resource-use corollary to the EER: the
resource equivalence rule.

4. Fitness trade-offs associated with tree size and life history may promote coexist-
ence in tropical forests by limiting niche overlap and reducing fitness differences.

5. Synthesis. Tree life history strategies describe the different ways trees grow, sur-

vive and recruit in the understorey. We show that the proportion of trees with a

pioneer life history strategy increases steadily with tree size, as pioneers become
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1 | INTRODUCTION

Tree life histories are a major component of trait variation that
provides insight into how tropical forests are assembled, includ-
ing changes in species composition and biomass over time (Riiger
et al., 2020). The most well-known life history dimension in trees is
a growth-survival trade-off that underlies a widespread fast-slow life
history axis in mesic forests, in which fast-growing, but short-lived
pioneer species (‘'fast’) regenerate in disturbances or gaps from treef-
alls (Reich, 2014; Wright et al., 2010). Conversely, species with slow
growth but low mortality (‘slow’) tolerate shade and often dominate
late successional forests. More recently, Ruger et al. (2018) synthe-
sized recruitment, growth and mortality rates at different size stages
to reveal an additional life history axis characterized by a stature-
recruitment trade-off. Long-lived pioneers (LL pioneers) with poor re-
cruitment and large maximum size occupy one end of the continuum,
and small, short-lived shrubs and understorey trees that recruit well
occupy the other end (SL recruiters). In some forests, LL pioneers rep-
resent a large portion of carbon stores due, in part, to their massive
size, as tree biomass generally increases in larger size classes (Lutz
et al., 2018; Ruger et al., 2020). Indeed, tree size is a well-known
driver of forest structure: governing patterns of abundance, mortal-
ity, carbon storage and carbon sinks (Hubau et al., 2019; Niklas, 1994;
West et al., 2009). Tree size is often an important categorical compo-
nent of life history classification (e.g. Riiger et al., 2018), but how life
history frequency changes continuously with size has received less
attention. For instance, pioneer species are often regarded as a rela-
tively small component of mature forests (Molino & Sabatier, 2001;
Whitmore, 1984), but their rarity may be size-dependent. Numerical
assessment of tree abundance are effectively a measure of saplings,
which are orders of magnitude more common than canopy trees.
If pioneer species outgrow slow species and increase in relative
frequency with size, they would constitute a progressively larger
proportion of canopy composition, forest biomass and carbon se-
questration (Condit et al., 1998; Lima et al., 2016).

A scaling approach to life histories is useful for quantifying how
traits change continuously with size. Many aspects of physiological
rates and demography change or scale as an allometric function of
organismal size following a power law: yxx? where y is a quantity,
x is organismal size (e.g. stem diameter) and « is a scaling exponent
#1 that is the slope on a log-log plot. Tree abundance per area, for
instance, often follows an approximate power law with tree size in
forest communities (Niklas, 2004), although some departure from a
power law at upper or lower size limits is common. Muller-Landau,
Condit, Harms, et al. (2006) showed that size distributions emerge

relatively more abundant, productive, diverse and capture more resources to-
wards the canopy. Fitness trade-offs associated with size and life history strategy

offer a mechanism for coexistence in tropical forests.

coexistence, energy equivalence, life history, niche, scaling, tropical forests

from individual growth and mortality rates. Condit et al. (1998)
found that fast-growing species maintained low abundances in the
understorey because they quickly grew out of small size classes.
Therefore, we expect slow-growing and shade-tolerant slow trees
to be the most common at small sizes but become proportionally
less abundant at larger classes, as fast-growing fast and LL pioneers
outpace them (Figure 1a). Further, if richness is an allometric func-
tion of abundance, as observed in some systems (McClain, 2004), we
expect richness to also scale with tree size in a similar fashion, albeit
with shallower slopes (Figure 1c). Note that differences in scaling
slopes of abundance or richness between life histories imply a pro-
portional shift of life history frequency from the understorey to the
top of the canopy. Specifically, differences in scaling slopes between
different life history strategies are equivalent to regressing the ratio
of response variables from two life history strategies against size.
This provides a convenient metric for the rate of relative (per-stem)
change in abundance and richness with tree size (Figure 1b,d).

A scaling approach to life history frequency can also shed light
on the theoretical underpinnings of forest structure. A widespread
feature of ecosystems, from algae to forests, is that the scaling of
organismal metabolism offsets with the scaling of population abun-
dance such that many small organisms collectively respire as much
as a few large ones. In particular, if R is metabolic rate, S is organ-
ismal size, A is abundance per area and RA is the total metabolic
rate, RxS% AxS™® and RAxSC. This implies that all individuals at a
given size collectively flux equal amounts of metabolic energy as
other size classes, a phenomenon known as the energy equivalence
rule (EER). The EER has been argued to be an organizing feature
of communities, linking individual metabolism to community scale
patterns (Damuth, 1998; Deng et al., 2008; Perkins et al., 2019;
West et al., 2009). Although there is site-to-site deviation, the EER
appears to be a macroecological average across forests and other
autotrophic systems (Perkins et al., 2019; Zhang et al., 2015). There
is little understanding, however, of how functional trait variation
within communities reflects or deviates from whole-community EER.
Because metabolism is fuelled by resources, deviation from EER may
reveal how trees with different life history strategies compete for
resources at different sizes. We expect that scaling shifts in relative
abundance (Figure 1b) will lead to departure from EER, particularly
in fast-growing fast and LL pioneers that initially constitute only a
small fraction of the understorey. Specifically, we predict fast and LL
pioneers will deviate from EER by progressively increasing their share
of resources and metabolic flux at larger size classes (Figure 1e,f).

Finally, shifts in the relative frequency of tree life histories with
size may also inform a longstanding debate in ecology: how trait
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FIGURE 1 A schematic for life history scaling with tree size. Different scaling slopes of abundance per area (a), richness (c) and
productivity/resource use (e) lead to proportional shifts with size across life history strategies (b, d, f). In particular, in b, d and f we plot the
corresponding dimensionless ratio of relative abundance, richness and productivity/resource use between distinct life history strategies
that reach the canopy: fast, slow and long-lived (LL) pioneers. Shade-tolerant slow saplings are predicted to dominate the understorey
(highest y-intercept) but decline rapidly as fast-growing fast and LL pioneer species become increasingly common towards the canopy; other
y-intercepts are arbitrary. Richness scaling (c) is predicted to track abundance (a), but with shallower slopes. Shade-tolerant slow species
are expected to be the closest to equivalent productivity per stem size (e, ‘energy equivalence’). Productivity is fuelled by resource use, so
both are expected to show similar scaling patterns for collective rates of resource use like light interception (e). Because medium trees are
intermediate in trait space we do not include a scaling prediction. All axes are log-transformed. See Figure S1 in Supporting Information S1

for life history principal component analysis values.

variation promotes species diversity. Because fast-slow life history
variation in humid forests corresponds to shade tolerance and re-
cruitment success (Ruger et al., 2018; Valladares & Niinemets, 2008),
it has long been thought that variation in life history may promote
the partitioning of light in the understorey, reducing niche overlap
and promoting coexistence (Ricklefs, 1977; Whitmore, 1989). The
partitioning of light across tree gapfalls—which can lead to over
an order of magnitude of variation in light availability—has been of
particular interest. Hubbell et al. (1999) reasoned that niche differ-
ences between pioneers and shade-tolerant species should lead
to changes in the relative richness of these groups as a function of
their proximity to gaps. But in analyses of diverse, primary forests
in the neotropics, Hubbell et al. (1999) at Barro Colorado Island
(BCI), Panama, and Lieberman et al. (1995) at La Selva, Costa Rica,
failed to find any difference in per-stem richness between shade-
tolerant and pioneer species in understorey gaps and non-gaps (but
see Molino & Sabatier, 2001; Terborgh et al., 2017). Similar findings
have been reported in a diverse, primary temperate forest (Busing
& White, 1997). A review by Brokaw and Busing (2000) concluded

that ‘gaps help maintain species diversity mostly by harboring higher
densities of stems, not by providing more niches’.

However, the most sustained, non-stochastic changes in light
intensity—where light limitation, differential growth and mortality
should be most pronounced and persistent—is with tree size over
ontogeny, as light intensity increases more than two orders of mag-
nitude from the forest floor to the canopy (Muller-Landau, Condit,
Chave, et al., 2006; Stark et al., 2012). A variety of mortality stress-
ors also shift with ontogenetic size: relative humidity and leaf fungal
load decline with size while water stress, wind-throw and lightning
strike frequency increase towards the canopy (Bennett et al., 2015;
Canham et al., 2001; Gilbert et al., 2007; Gora et al., 2020;
Madigosky, 2004). Thus, variation in per-stem richness across life
history strategies may be more apparent as a function of tree size,
rather than across gaps or light availability in the understorey.

Niche theory posits that coexistence of species A and B oc-
curs when intra-specific competition exceeds inter-specific
competition (Chesson, 2000). This may occur when species A out-
performs species B in one environment, but species B outperforms
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species A in another (Kitajima & Poorter, 2008; Silvertown, 2004).
Microenvironments, such as light availability, change with tree size
and both theoretical and empirical work indicate that species with
overlapping ontogenetic sizes can coexist by having fitness advan-
tages at different size stages such that total intra-specific varia-
tion over ontogeny exceeds total inter-specific variation (Baraloto
et al., 2005; Bassar et al., 2017; Kitajima & Poorter, 2008; Kohyama
& Takada, 2012). In forests, one mechanism argued to promote size-
based niche partitioning is variation in tree crown structure, which
varies with life history strategy and impacts competitors asymmetri-
cally with size by reducing light to smaller competitors but not larger
(lida et al., 2011; Poorter et al., 2006; Turner, 2001). Crown varia-
tion has been analytically shown to permit stable niche partitioning
(Kohyama & Takada, 2012) and Bohlman and O'Brien (2006) found
that shade-tolerant species have larger, deeper crowns than gap spe-
cies at our study site in BCI, Panama.

A second way fitness trade-offs with size can maintain diversity
is by reducing whole organismal fitness differences between species
when trade-offs are integrated over ontogeny. As species become
more competitively similar, rates of exclusion decline, helping to main-
tain standing diversity (Chesson, 2000; Hubbell, 2005). In trees, per-
formance trade-offs have been documented in reversals of relative
growth rate and survival rank in seedlings over ontogeny (Baraloto
et al., 2005), though this pattern may not be widespread (Kitajima
& Poorter, 2008). Because growth rate and survival are typically
negatively correlated, integrating these performance measures is an
important challenge (Kitajima & Poorter, 2008). At the demographic
level, we suggest that scaling shifts in relative abundance—which is
a function of growth and mortality (Muller-Landau, Condit, Harms,
et al., 2006) and can be regarded as a proxy for fitness (AIvarez—Yépiz
et al.,, 2017; Shipley et al., 2016)—represent a direct and more inte-
grative measure of performance trade-offs that reduce fitness dif-
ferences. Although the hyper species diversity of tropical forests is
unlikely to solely reflect life history variation (Condit et al., 2006), we
suggest that consistent functional diversity and associated richness
in humid forests may be maintained, in part, by fitness trade-offs with
size and life history strategy that promote coexistence.

1.1 | The scaling of life histories and light
interception

We use a scaling framework to test four predictions. First, we pre-
dict increases in the relative abundance, richness and above-ground
woody productivity of fast and LL pioneers relative to slow species,
which overlap in ontogenetic size. We define above-ground woody
productivity (hereafter ‘productivity’, P) as the sum of individual
above-ground woody growth rate (‘mass growth’, G) per hectare
per unit stem diameter (kgyear*ha*cm™). Note that while differ-
ences in maximum tree size may promote coexistence (Kohyama
et al., 2015), we are particularly interested in demographic shifts oc-
curring in species with overlapping ontogenetic sizes and contrast-
ing life histories (Figure 1; Figure S1). For this reason, we give special

attention to relative scaling differences between canopy-reaching
fast, slow and LL pioneers (Figure 1b,d,f). Categorical life history
groups have a long history of discussion, spurring our use here, but
these groupings occur along a continuum. For this reason, we also
test the prediction that average life history principal component
analysis (PCA) loadings shift with tree size and light intensity from
slow and SL recruiters in the shade/understorey, towards fast and LL
pioneers in high light/canopy.

Second, we predict that richness, like abundance, is an allome-
tric function of tree size (Figure 1c). If richness is driven by abun-
dance, we expect a power relationship between the richness and
abundance. We compare scaling slopes of abundance and richness
with size and also regress richness against abundance and determine
if slopes are <1.

Third, we predict that at the whole-community scale, an undis-
turbed forest is close to the EER with respect to productivity, char-
acterized by a slope of zero across size classes. We further expect
that many life history groups will deviate from EER. In particular,
pioneer fast and LL pioneers—which are shade intolerant or recruit
poorly in the understorey respectively—will deviate most strongly
from the EER, while shade-tolerant slow species are the closest to
the EER, at least at smaller sizes (Figure 1e).

Finally, we use a measure of light availability (Riger et al., 2011)—
based on tree size, position to neighbours, and light transmission
through the canopy—to estimate individual tree light environment and
test the hypothesis that pioneers increasingly gain a greater share of
solar energy at larger sizes (Figure 1e,f). Because productivity is fu-
elled by resource use, we hypothesize there will be matching scaling
slopes between productivity and total light interception with tree size,
where total light interception is defined as the sum of intercepted light
for all trees at a given stem size (Figure 1e). Thus, if whole-community
productivity follows the EER—with a zero scaling slope—total light in-
terception scaling will also have a zero slope with size. If confirmed,
this would lend support for a resource-based corollary to the EER: a
resource equivalence rule, in which all size classes have equal resource
acquisition rates from the environment. Likewise, if particular life his-
tories deviate from the EER, we expect their collective scaling of light
interception will deviate by the same degree (Figure 1e).

To test predictions, we use data from a 50-ha primary for-
est tract of humid neotropical forest on BCl, Panama, where de-
mographic data have been collected continuously for over three
decades, and all life history strategies are near demographic equi-
librium (Ruger et al., 2020). We exclude the perimeter of the forest
where light penetration is influenced by non-plot forest we are un-
able to model, as well as a 2 ha portion of secondary growth, to yield
a total of 42.84 ha of forest in our analysis. We use life history data
and classification scheme of BCI trees from Riiger et al. (2018) to
categorize woody plant life histories (1995 census). We categorize
five life history strategies along fast-slow and stature-recruitment
axes: fast, slow, LL pioneer, SL recruiter, as well as a medium classifica-
tion that is intermediate to both axes (Figure S1). Following Riger
et al. (2011), we use a neighbourhood model to estimate light trans-
mission and calculate individual and total light interception per size
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class (see Section 2). We accommodate empirical deviation from a
single power law fit at upper and lower tree size bounds by fitting
piecewise power law distributions, that is, multiple power law fits
with each segment connected. Unless otherwise noted, reported
slopes represent the intermediate regression segment where most
size variation occurs, ~3-50cm stem diameter at breast height (dbh).

2 | MATERIALS AND METHODS
2.1 | Site and demographic data

We used long-term demographic data from a moist neotropi-
cal forest on BCI, Panama (9°9’ N, 79°51" W). The forest at BCl is
semi-deciduous, with a four-month dry season. Censuses of all free-
standing woody stems >1cm dbh, (measured 1.3 m from ground), at
0.1-cm resolution, excluding tree ferns and lianas, have been con-
ducted on a 50-ha portion of the island at 5-year intervals since
1980; see Condit et al. (1998) for full description. We excluded pe-
rimeter and secondary forest in this plot to yield 43 ha for analysis.
Growth analyses were based on the ~114,000 trees tagged both
1990 and 1995. We also included the ~18,000 new recruits from
the 1995 census when fitting the abundance distributions for 1995,
yielding a total of ~132,000 individuals.

2.2 | Life history classification and analysis

There is a long history of classifying trees into discrete life history
or functional groups, such as pioneer/intermediate/shade-tolerant,
or fast/slow (e.g. Hubbell et al., 1999; Reich, 2014; Ricklefs, 1977).
We use a similar but more broadly defined trait-based classification
based on Riiger et al. (2018). Riiger et al. analysed 282 species at
BClI, using demographic data across four canopy layers plus seed and
seedling data. Species scores in weighted PCA for growth, survival
and recruitment rates. Following their classification scheme, we cat-
egorize trees as fast, medium, slow, short-lived recruiter (aka ‘short-
lived breeder’) and LL pioneer (Figure S1). Specifically, both PCA axes
were normalized by the absolute value of the 10th and 90th percen-
tile values on that axis divided by two. All species within a radius of
one from the origin were included in the medium group. The remain-
ing species were divided into quadrants at a 45° angle from the PCA
axes, resulting in five life history guilds.

Fast trees are characterized by fast growth in stem diameter,
high mortality at all size stages, low wood density, high leaf N and P,
and shade intolerance; slow trees are the opposite. On the stature-
recruitment axis, LL pioneers have a large maximum size, poor sapling
recruitment (despite abundant seedfall and seedlings), low mortality
and fast growth. Conversely, SL recruiters are large shrubs and un-
derstorey trees with the opposite traits. Medium species are inter-
mediate for both axes (Figure S1; Figure 3a). 2.1% of species at BClI
are unclassified, that is, not classified in any life history category, in-
cluding medium, but are included in plots and analyses of All species

BRITISH 491
E ECOLOGICAL
SOCIETY

(shown in black). Fast trees are short-lived and generally associated

Journal of Ecology

with tree gapfalls or disturbed areas that promote light penetration;
thus, an alternative description for them could be short-lived pio-
neers. The reliance on light or disturbance for recruitment links fast
species (‘short-lived pioneers’) and LL pioneers as ‘pioneers’ but their
combined trait differences lead them to occupy very different places
in trait space (Figure S1; Figure 3a), warranting treatment as distinct
life history categories. Nonetheless, these categorical classifications
represent different ends along a continuum rather than modal trait
spaces. For this reason, we also regress mean tree PCA values of
both dimensions against tree size and light intensity.

2.3 | Allometry from tree diameter measurements

At BCl, dbh is measured at 5-year census intervals. Reported regres-
sions are based on the 1990-1995 census, but range bars from 1985
to 2010 censuses are shown in Figures 2 and 4, and in Figures S2-5S4.
We estimated the following measurements for all individual trees
using allometric functions of dbh: tree height, crown area, crown
depth, crown volume and above-ground biomass. We calculated di-
ameter-height allometry and diameter-crown area allometry using
parameter values generated from measurements taken on BCI (Cano
etal., 2019). Cano et al. (2019) found that the generalized Michaelis-
Menten function was the best fit for tree height, as it reaches an
asymptote at high dbh values: H = " \where D is dbh and a, b and

k+Db’
k are constants. For crown area, a power law relationship fit best:

A = aDb, where D is dbh, A is crown area and a and b are constants.
In both cases, we used species-specific coefficients provided from
Cano et al. (2019) where possible, and the all-species coefficients for
species not included in the study (9.1% of individuals).

Next, we estimated above-ground woody biomass (AGB) for
each individual given individual dbh and height. The parameters of
the allometry are taken from Chave et al. (2005) and were developed
to apply across moist tropical forests: AGB = 0.0509g3D2H, where g
is wood-specific gravity, D is dbh and H is tree height. This approach
uses wood-specific gravity measurements at the genus or species
level (measurements provided by K. C. Cushman, personal communi-

cation). After calculating AGB for each individual, we estimated AGB
AAGB
At

growth by taking the difference in AGB for a 5-year period:

We converted this to annual mass growth rate G using the follow-

ing equation: G = %‘;B = A:ggf' (%’1), where At is the census interval
in days (roughly 5years). We excluded individuals appearing for the
first time in the tree census from the individual AGB analyses (14%
of all individuals). We removed outliers where trees were recorded
as gaining more than 20cm dbh between two censuses or were en-
tered into the census with >10cm dbh following the first census,
representing likely errors. This resulted in removing <300 individu-
als of 114,058. Above-ground woody productivity (‘productivity’, P)
is the sum of G per cm dbh per ha (kgyear *cm™*ha™). Thus, it does
not include the components of leaf growth, volatile organic carbon
productivity, root productivity, discarded or consumed biomass, or
reproductive organs.
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Allometries for height, crown area and biomass were cor-
rected for Jensen's inequality to eliminate biases in the height of
curve resulting from log transformation (see ‘Productivity Scaling
Relationships’ in Supporting Information S1). We took the correction
factors for tree height and crown area from Cano et al. (2019).

2.4 | Modelfitting

We used hierarchical Bayesian models to model the scaling of growth,
abundance, richness, productivity and light interception for respective
life histories. We evaluated fits with one, two and three segments, fit-
ting piecewise log-log regressions to individual mass growth G, indi-
vidual diameter growth, individual light interception and richness data
and piecewise Pareto (power law) distributions to abundance data.
Piecewise regression permits multiple power law fits to be fit and con-
nected at multiple size ranges, which is useful if there are deviations
from a single power law at different size classes. We used the widely
applicable information criterion to select the optimal number of seg-
ments (Gelman et al., 2019). A single segment was best suited for mass
growth and individual light interception and three-part segments for
abundance following a Pareto distribution. To calculate productivity P,
we took the product of the fitted values for abundance and individual
mass growth across the range of sizes. For three-part regression fits
in abundance and productivity, we report the middle regression fit,
which covers most of the tree size range. Unlike abundance, which
can be modelled as function of individual tree size distributions, rich-
ness is a collective attribute. Therefore, we fit regressions of richness
to tree diameter or to abundance using mixed Bayesian linear model
regression derived from size-binned values, with life history group as
random effect. Finally, to model the scaling of mortality with tree size,
we fit a non-linear logistic mixed-effects model with a J-curve func-
tional form to capture the trend of mortality decreasing with increas-
ing diameter for small trees but flatlining or increasing with increasing
diameter at large sizes.

2.5 | Energy equivalence and productivity

Energy equivalence is based on the observation that a species'
abundance per area A and organismal respiration R may scale in-
versely with organismal mass or size S: In particular, RxS% AxS”,
a=-p and therefore RAxS°. The EER has traditionally been meas-
ured indirectly by comparing regression fits of abundance scaling
to literature references of metabolic scaling and assessing if they
offset. This generally assumes a single power law fit across all
sizes, but this may not be accurate (Muller-Landau, Condit, Chave,
et al., 2006; Muller-Landau, Condit, Harms, et al., 2006). Originally,
the EER applied to data in which one adult species had a single
metabolic value and abundance, but has been since extended to
species-agnostic size classes for taxa in the same trophic level with
large size ranges, such as trees (e.g. West et al., 2009; see White
et al., 2007 for discussion). The EER can therefore be written as

E,ocs;', /3‘,o<5i’j and (Ei K,,)ocsio, where i is stem size class and E; and Zi
are average values and (E,. Z,.) is the total respiration per size class.
We follow this approach of focussing on differences between in-
dividuals at different sizes, rather than between species of differ-
ent adult sizes. Although the EER has traditionally focussed on the
scaling of individual respiration—which is challenging to measure at
the whole-community scale—it has been extended to productivity,
another metabolic process (West et al., 2009; Zhang et al., 2015).
We follow this approach, focussing on the scaling of P with tree
stem diameter (see Figure 2e).

We provide a better fit to data by using a three-piece regression
for the scaling of abundance, which captures curvature while still
retaining the ease of interpretability of linear models—for example,
fitted coefficients represent the change in response variable per unit
size. We then multiply fitted values of abundance scaling (regres-
sion line in Figure 2a) to fitted values of a one-segment model of the
scaling of G (regression lines in Figure 4d) to calculate productivity
scaling. A similar process is used to calculate total light interception
scaling to test for solar energy equivalence. Tests of the EER are
based on the intermediate segment regression fits that characterize
most of the tree size range.

Alternatively, a more direct measure of productivity is to simply
sum individual growth per stem size class i: P; = Z‘N G, where N is the
number of individuals. We use the latter approach to visualize pro-
ductivity (Figure 2e) and total light interception Ly,; = Z,N L, (plotted
points in Figure 5a; Figure S6). See ‘Binning and Plot Presentation’
below for more discussion on binning.

2.6 | Quantifying light interception

To characterize the light environment for individual trees, we followed
methods by Ruger et al. (2011). Specifically, we utilized published light
estimates derived from annual censuses of vegetation density (http://
richardcondit.org/data/canopy/bciCanopyReport.php). The presence/
absence of vegetation was measured along a 5m grid across a 50-ha
plot at BCI and at six height intervals: 0-2, 2-5, 5-10, 10-20, 20-30
and 230m. If vegetation was present, it was assumed to cast shade in
the same manner as a 5m flat circle at the vertical midpoint of each
height range. The proportion of open sky reaching a given tree was
derived from a shade index based on irradiance and vegetation meas-
urements taken at BCI, near the 50-ha plot area (Wirth et al., 2001).
For a full description of the algorithm, see Riiger et al. (2011). Absolute
irradiance reaching each tree was determined by multiplying the aver-
age overhead insolation at the latitude of BCI (418 Wm™ at 9°9" N) fol-
lowing North (1975) to the proportion of open sky for a tree to obtain
the incoming light energy per area reaching the vertical projection area
of the crown of each tree. To calculate light intensity, we divided this
value by the crown area of each tree. 408 individuals (0.36%) lacked a
modelled light value.

To calculate total light intercepted per stem size class, we used
the same methods as for productivity: we used a one-segment
regression model of intercepted light and stem diameter and a
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three-segment regression model for abundance by dbh for each life
history. We multiplied the fitted values of individual light received
and abundance to yield the total light scaling relationship.

2.7 | Binning and plot presentation

The wealth of data at long-term monitoring sites is invaluable but
can present challenges for presentation. First, it is difficult to visu-
ally assess variation between life history strategies when there are
>100,000 data points overlapping on a plot. Second, non-linearities
are also obscured by such an abundance of overlapping data. Finally,
despite drawing from the same large data pool, collective attributes
like abundance and productivity do not have individual data values
for presentation. For these reasons, we show piecewise regression
fits and 95% credible interval (Cl) bands without raw data, as well as
binned mean or summed quantities per stem size class to indicate
empirical central tendency patterns, including non-linearities. Thus,
empirical deviation from a regression fit—such as curvilinearity near
the upper or lower bounds of the data—is apparent to the viewer.
Using binned data, we can plot and compare trees from different life
histories. Error and parameter values associated with regression fits
are provided in Table 1 and Supporting Information S2.

To bin summed data, we follow White et al. (2008) by plotting
summed abundance, productivity and light interception that is mea-
sured over stem diameter or light intensity bin increments in logarith-
mic space and then divided by the bin range to show arithmetic mean
values per unit cm stem diameter. Note all reported values are per unit
plot area (ha™), except richness. Richness is per plot (42.84ha) rather

Scaling of Life Histories
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than ha, since richness scales allometrically with plot area. All plotted

Journal of Ecology

points have a minimum of 20 individuals per bin.

2.8 | Code and data availability

All models were coded in the Stan language. In all cases, we used
Hamiltonian Monte Carlo to sample from the posterior distribu-
tion, with three chains, 5000 warm-up samples per chain that we
discarded, and 1000 post-warm-up samples per chain that we re-
tained. We assessed convergence of posterior distributions by visu-
ally examining trace plots and by ensuring R < 1.1forall parameters
(Gelman & Rubin, 1992). Data and R code required to reproduce
our analysis are archived at Zenodo at https://doi.org/10.5281/ze-
nodo.10407633. BCl survey data are publicly available through the
Smithsonian Institution (https://repository.si.edu/handle/10088/
20925). See Supporting Information for complete description.

3 | RESULTS

We measured the scaling of abundance, richness, above-ground
woody productivity and light interception in five life history strate-
gies to test four hypotheses: (i) that pioneer life histories (fast and
LL pioneers) increase in relative frequency to slow species at larger
sizes, (ii) that life history richness follows a power law with abun-
dance, (iii) that life histories converge or diverge predictably towards
energy equivalence and (iv) that light interception tracks the scaling
of above-ground woody productivity.

Relative Scaling
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Demographic patterns of life history scaling support our first hy-
pothesis. At the smallest stem size classes, slow species are by far the
most abundant saplings in the understorey, with small, SL recruiters a
distant second (Figure 2a). Slow trees then decline steadily in abun-
dance from ~70% at 3cm dbh to ~50% at 10cm dbh, and finally <8%
at 100cm dbh. This decline is offset by a rapid increase in the relative
abundance of fast and LL pioneers, which achieve numerical parity or
superiority in the upper canopy. The demographic shift reflects dif-
ferences in abundance scaling with size: slow trees decline in abun-
dance with size at a faster rate than LL pioneer and fast trees (Table 1;
slope,,,, =-2.40, 95% quantile Cl=-2.38, -2.42; slope,,=-1.71,
Cl: -1.60, -1.82; slope, | ;e =~1.45, Cl: ~1.40, -1.50). This differ-
ence in slopes leads to an ~order of magnitude decline in the rela-
tive abundance of slow species towards the canopy, where they are
equalled by fast species and surpassed by LL pioneers (Figure 2a,b).
At smaller size classes, hyperabundant slow trees effectively drive
whole community scaling patterns of abundance, but towards the
canopy they are no more common than fast and LL pioneer trees.
Consistent with their small maximum sizes, the relative abundance
of SL recruiter shrubs and understorey trees declines rapidly at larger
size classes, with a steep slope of -3.02 (Cl: -3.01, -2.94; Figure 2a;
Table 1). Similar to scaling shifts in relative abundance, the mean life
history PCA loadings for all trees change directionally with size and
light availability, from values closer to slow and SL recruiter loadings
at small sizes and low light towards fast to LL pioneers loading values
at larger stem diameters and light levels (Figure 3).

Supporting our second prediction, the scaling patterns of absolute
and relative richness patterns mirror power law shifts in abundance,
but with shallower slopes that are >-2 (Figure 2c vs. 2a; Table 1).
Likewise, regressing richness against abundance on a log-log plot re-
veals a slope <1 for all life history strategies (Figure 4a; all slope 95%
Cl's are <1, see Supporting Information S2), indicating that richness in-
creases sublinearly with abundance. Like abundance, richness per unit
cm is the highest at small sizes, but declines with stem diameter follow-
ing a power law. Interestingly, despite notable non-linearities in abun-
dance and richness scaling on their own (Figure 2a,c), when richness is

Species Life History Loadings

regressed against abundance the results are almost perfectly linear on
alog plot (Figure 4a). The slopes and intercepts of the regression fits of
richness against abundance across life histories are largely similar, but
show some divergences (LL pioneer slope is 0.75 (Cl: 0.72-0.77) versus
0.59 for slow trees (Cl: 0.56-0.63). In particular, slow species have the
fewest species per individual in the understorey while fast, LL pioneer
and medium have the highest species per individual at small size classes
(Figure 4a). However, all life history strategies converge in the canopy
where abundance is the lowest, maintaining ~one species per five indi-
viduals. Note that abundances and richness reflect size-binning shown
in Figure 2a,c, in which the highest abundances correspond to the
smallest size classes and vice versa.

Above-ground woody productivity scaling patterns help clarify
the role of tree size in the metabolic production of carbon. Reflecting
their higher abundances on the forest floor, slow trees produce nearly
an order of magnitude higher productivity at the smallest size class,
but productivity declines to parity with fast and LL pioneers at ~30cm
dbh (Figure 2e,f). As predicted, slow trees are the closest to an en-
ergy equivalence of productivity (slope=0), with a slight decline in
woody production towards the canopy (slope of -0.13; ClI: -0.16,
-0.12; Table 1). In medium and pioneer life history strategies (fast and
LL pioneers), there is a much stronger and opposing deviation from
equivalence, with steep increases in absolute and relative produc-
tivity in fast and LL pioneers towards the canopy (Figure 2e,f; slope-
Fast=0-62, Cl: 0.49, 0.73; sIopeLLpioneer=0,75, Cl: 0.70, 0.80; Table 1).
At the whole-community scale, all trees are collectively close to EER
(Figure 2e, slope=0.18, Cl: 0.16-0.19). This reflects the outsized con-
tribution of slow species near energy equivalence, which comprise
only 22% of species but over 65% of individuals (Table 1).

To better understand some of the drivers of life history scal-
ing, we also explored demographic components of community
abundance and productivity. Demographic size distributions, such
as abundance scaling, are a function of diameter growth and re-
cruitment into new stem size classes, which is counterbalanced by
mortality and growth out of a size class (Condit et al., 1998; Lima
et al., 2016). Since fast trees are, in part, defined by rapid diameter

Mean Life History Loadings
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FIGURE 4 Demographic components of life history scaling. In (a), richness is an allometric function of abundance, with slopes <1 for all
groups (Supporting Information S2). Demographic components of abundance scaling include stem diameter growth rate (b) and mortality
(c); components of productivity are abundance and individual mass growth rate in (d). Note that while life history strategies are categorized,
in part, by differences in diameter growth, rates converge at the smallest sizes in (b), and mass growth rates are similar at all sizes in (d).

All regression fits are plotted with shaded 95% credible bands. Vertical bars are ranges from other census years, but are not always large

enough to be visible (see Figures S4 and S5).

growth and high mortality, it follows that fast show the greatest di-
ameter growth rates (cmyear™) for a given size (Figure 4b). However,
these differences are size dependent. Diameter growth for all species
are approximately equivalent at the smallest stem size classes but
diverge sharply with size, reflecting differences in slope (Supporting
Information S1). This may reflect a higher sensitivity of fast species
to light, which increases towards the canopy. Again, patterns of mor-
tality broadly fit expectations, but there are shifts in ranking with
size: slow trees have the lowest mortality and fast trees the highest
at small sizes, but LL pioneers have the lowest mortality above the
sapling stage (>3cm dbh), while fast trees converge towards other
life histories when large (Figure 4c). Thus, the higher abundance of
LL pioneers and fast species in the upper canopy is consistent with
their combination of low mortality plus fast stem diameter growth
for LL pioneers, and fast diameter growth and declining mortality
with size for fast species.

Above-ground woody productivity is the product of abun-
dance and individual woody mass growth G. In contrast to diam-
eter growth (Figure 4b), it is striking how similar individual mass
growth is for all life history strategies, both in terms of absolute
values and slopes (Figure 4d; Supporting Information S2). Fast
trees show modestly steeper slopes for mass growth, but overall
there is little difference between groups. Thus, increases in pro-
ductivity in fast and LL pioneer species compared to slow are driven
by increases in relative abundance with size, not differences in
mass growth rates. These scaling patterns are stable across census
years (Figures S2-S5).
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FIGURE 5 Lightinterception scaling and energy equivalence.

(a) Scaling patterns of total light interception are similar to
productivity (Figure 2e); slope comparisons of intermediate
regression fits are shown in (b), with 95% Cl bars. Credible intervals
overlap for all paired groups (b).
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TABLE 1 Scaling exponents for life history strategies at Barro Colorado Island. Results support life history predictions in Figure 1. Note
the similarity in slopes for productivity and total light interception, supporting predictions in Figure 1e. Slopes for abundance, productivity
and light interception are from the intermediate portion of three-part, piecewise Pareto fits: ~3-50cm dbh; 95% credible intervals are shown
in parentheses. 2809 individuals (2.1% of total) were unclassified and are included in statistics for All. N and Spp. represent the number of
individuals and species, respectively, over two sampling periods (1990 and 1995). Richness, Spp. and N trees are per plot (43 ha); all other

values are per ha.

Abundance Above woody productivity Total light interception

Life history (hatem™) Richness (cm™) (kg year *hatcm™) (Whatlem™) Spp. N trees

Fast -1.71(-1.84, -1.60) -0.557 (-1.00, -3.07) 0.620(0.491, 0.735) 0.504 (0.371, 0.615) 52 8898
LL Pioneer -1.45(-1.50, -1.40) -0.394 (-0.834, -0.177) 0.751 (0.695, 0.803) 0.780 (0.724, 0.830) 65 11,136
Slow -2.40(-2.42, -2.38) -0.853 (-1.02, -0.694) -0.134(-0.163, -0.113 -0.101 (-0.130, 0.081) 64 86,864
SL recruiter -3.02 (-3.10, -2.94) -0.721(-0.983, -0.334) -0.807 (-0.899, -0.724) -0.843(-0.936, -0.761) 44 10,456
Medium -1.63(-1.79, -1.54) -1.177 (-1.37,-0.948) 0.665 (0.507, 0.758) 0.704 (0.545, 0.795) 52 12,817
All -2.09 (-2.10, -2.08) -0.577 (-0.705, -0.443) 0.176 (0.164, 0.189) 0.181(0.168, 0.192) 293 132,982

3.1 | Lightinterception and resource use spend decades in a suppressed state of growth while waiting for

equivalence

Finally, we reasoned that if resources fuelled productivity, the size-
dependence of light capture should match the size-dependence of
productivity. Supporting these predictions, we do not find significant
differences in the scaling slopes of productivity and light capture
for any life history strategy, with Cl intervals overlapping for all life
histories (Figure 5; Figure S6; Table 1; Supporting Information S2),
and the scaling of total light capture largely mirrors patterns of pro-
ductivity (Figure 2e). This pattern extends to an approximate size
invariance in intercepted light for all individuals at the community
scale. Thus, we offer support for a resource use equivalence with
size that matches a productivity energy equivalence. The tracking
of light interception with productivity also provides an explicit met-
ric of changing resource competition with size. Because LL pioneers
and fast species are more abundant and productive at larger sizes
(Figure 2), they also increase their share of limited solar resources
in a closed canopy forest (Figure 5), consistent with predictions
(Figure 1e,f).

4 | DISCUSSION

Tree size and life history variation are major drivers of forest
structure and dynamics. We show that they interact following al-
lometric power laws at BCI such that the proportion of species
in a given life history group shifts systematically with tree size.
Despite being outnumbered more than 10:1 in the understorey,
fast and LL pioneer species rapidly increase their abundance, pro-
ductivity and richness relative to shade-tolerant slow species until
reaching or exceeding parity in the canopy. Indeed, despite rep-
resenting only 15% of individuals, fast and LL pioneer species to-
gether produce as much annual biomass as slow species that are
more than four times as abundant.

The high abundance of slow species in the understorey may
reflect a ‘sit and wait’ strategy of shade-tolerant trees that can

sufficient light conditions to develop. Conversely, the propor-
tional increase in pioneer trees towards the canopy is consistent
with their elevated growth rates and low mortality, in the case
of LL pioneers, or fast growth and declining mortality with size in
the case of fast species. By definition, fast trees grow quickly in
stem diameter but, intriguingly, have roughly the same above-
ground woody growth rate in biomass as all other life histories
at a given size (Figure 4b, Ruger et al., 2012). Thus, higher diame-
ter growth in pioneers is likely a function of lower wood density,
rather than elevated carbon fixation rates at the whole tree level.
In addition to wood density, pioneer and shade-tolerant trees also
differ in other aspects of construction, including total leaf area
and per leaf photosynthetic rates (Riiger et al., 2018; Valladares &
Niinemets, 2008). The convergence of woody growth in biomass
across life history strategies points towards general trade-offs
that strongly constrain individual tree productivity at given size.
For instance, fast trees—with higher foliar N, P and leaf photosyn-
thetic rates—are also the most shade limited (lida et al., 2011). To
avoid self-shading, they have lower total leaf area, limiting whole-
tree productivity to approximately the same rates as slow species.

4.1 | Energy use with tree size

A general pattern in ecological communities is that large organ-
isms are rare. Indeed, the number of individuals per area often
decline with organismal size following a power law. The magnitude
of this scaling relationship is counterbalanced by a power law in-
crease in per capita respiration or growth rate with individual size.
When the magnitudes offset, a system is said to follow the EER:
all size classes flux equal amounts of metabolic energy. The EER
has been widely documented in forests and other autotrophic sys-
tems and, given its ubiquity, has been argued to structure forests
(Deng et al., 2008; Perkins et al., 2019; West et al., 2009). At BCI,
we examined patterns of above-ground woody productivity to as-
sess whether the EER occurs not only at the whole-community
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level but also across life history strategies. Indeed, at the whole-
community level, productivity is near energy equivalence, with
similar levels of productivity between stem size class from 3 to
50cm dbh. Across life history strategies, however, only slow spe-
cies were near energy equivalence, declining modestly in energy
use at large stem size classes. In contrast, LL pioneers and fast spe-
cies increased in total productivity over an order of magnitude
with size, as they disproportionately increased in abundance to-
wards the canopy. Thus, even in systems constrained by the EER,
functional groups within may strongly diverge.

All trees use light, water and nutrients to capture carbon and
produce biomass. For these reasons, we predicted the scaling of
productivity across life history strategies to broadly match the scal-
ing of resource use. In principle, however, the scaling of total light
interception could diverge from productivity scaling if light use effi-
ciency varied greatly. For instance, canopy trees experiencing over-
saturated light levels may not be able to convert intercepted light
into carbon as efficiently as understorey trees. Nonetheless, we
expected that the scaling of productivity and light interception to
be similar for two reasons. First, there are adaptive and biophysical
constraints on how much variation in light use efficiency is possible
in a forest. Second, and more importantly, much of the scaling of
productivity and total light interception is a function of abundance,
which varies orders of magnitude more than light use efficiency with
size. Supporting our hypothesis, we found a general congruence
between variables: the scaling of total light interception and pro-
ductivity were nearly identical for each life history group and at the
whole-community scale.

The symmetry in productivity and total light capture is intrigu-
ing given the fact that incoming light flux is, on average, two or-
ders of magnitude greater at the top of the canopy than in the
understorey. The implication is that the patterns of mortality,
abundance and the spatial arrangement of trees from efficient
gap-filling (Purves et al., 2008) are such that each stem size class
intercepts similar amounts of light. Indeed, this pattern of light in-
terception has been observed in aerial Lidar analyses at the whole
forest community scale (Stark et al., 2012), though how functional
groups within the forests behaved has been unclear until now.
Overall, our results point towards an important corollary of the
EER: the resource equivalence rule. In systems following the EER,
resource use rates across size classes are expected to be approx-
imately equivalent.

Deviation from the EER across life history strategies can offer
insights into how resource competition changes with size and other
traits. At BCI, pioneer life histories are not only more relatively
abundant at large sizes but are also more competitive, increasing
their proportional share of resources by an order of magnitude from
saplings to the canopy. Further, the share of solar resources gained
by fast-growing fast and LL pioneer species—with generally higher
leaf nitrogen, phosphorus, carbon fixation and respiration rates
(Riger et al., 2018; Valladares & Niinemets, 2008)—increases with
average light availability. That is, trees with higher leaf metabolism
tend to predominate in high-light environments, and vice versa.
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These within-community findings complement cross-community

Journal of Ecology

research demonstrating that faster growing/metabolizing spe-
cies tend to be more common or competitively successful in high
resource habitats for plants (Grime, 1988; Reich, 2014) and ani-
mal communities (Grady et al., 2019). Faster metabolism generally
has fitness benefits—faster growth, faster reproduction and faster
movement—but at the cost of higher resource requirements. Such a
mapping of metabolic traits with resource availability may be a wide-
spread feature of ecological systems.

4.2 | Life history trade-offs and diversity

Coexistence theory stipulates that coexistence is possible if total
intra-specific competition across life stages exceeds the total effects
of inter-specific competition across life stages (Bassar et al., 2017;
Chesson, 2000), leading to ‘stabilizing’ niche differentiation (sensu
Chesson, 2000). For instance, coexistence can occur in two popula-
tions if each is a better competitor at different sizes. Indeed, Baraloto
et al. (2005) observed patterns of reversal in survival and relative
growth rank in some tropical seedlings that were consistent with on-
togenetic performance trade-offs. Relative abundance is a more in-
tegrated measure of fitness, however, than either survival or growth
rate in isolation. At BCl, we observe a strong shift in the relative
abundance with size, with all groups converging on parity or showing
rank reversal in abundance, richness, or productivity at the canopy,
despite an order of magnitude head start in abundance among slow
saplings (Figure 2). Similarly, mean life history PCA scores shift from
one side of the continuum to the other as tree size and light intensity
increase (Figure 3). These scaling shifts in life history frequency have
parallels to niche partitioning with light, with fast and LL pioneers in
the high-light canopy niche, and slow species occupying the low-light
understorey niche.

Alternatively, ontogenetic trade-offs across life histories may
represent an ‘equalizing’ or neutral force that promotes coexistence
by reducing whole-organismal fitness differences (Chesson, 2000).
That is, despite important functional differences, pioneer and slow
species may be competitively equivalent when examined over the
full size-range of ontogeny. There are limits, of course: if fitness
differences are strong enough at any size, coexistence is unstable
and exclusion will occur (Bassar et al., 2017). For example, if pioneer
species do not receive sufficient rates of disturbance, they may be
out-competed by the sapling stage before ever reaching the canopy.
Given that life history trade-offs with size can support diversity in
two independent ways, disentangling whether observed life history
scaling is more consistent with stabilizing or equalizing processes
deserves more attention.

Another link between life history variation and diversity is more
general. We observed all life history strategies became more spe-
ciose at higher densities, following remarkably regular power laws
(Figure 4a). This positive abundance-richness pattern has parallels to
the ‘more individuals hypothesis’ of diversity, in which more produc-
tive communities have higher richness because they support more
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individuals (Srivastava & Lawton, 1998). It is also consistent with the
long recognized species-area relationship in which species richness
is an allometric function of land area (Connor & McCoy, 1979). In
particular, if abundance is proportional to area, and richness is an
allometric function of area, then it follows that richness should be
an allometric function of abundance. What is different in this study,
however, is that we observe this pattern within a community in a
fixed area, rather than across communities. Further, the similarity
in abundance-richness relationships for all life history strategies is
indicative of deep functional convergences in tree species despite
divergent traits. This lends support to an important mechanism of di-
versity maintenance: Hubbell's argument of ‘functional equivalence’
or neutrality between coexisting species that limits competitive ex-
clusion (Hubbell, 2005).

5 | SYNTHESIS

We show that the proportion of individuals and resource use from a
life history group changes systematically with size, consistent with
ontogenetic trade-offs. In particular, fast-growing pioneer trees in-
crease proportionally in abundance at larger size classes towards
the high-light canopy, while shade-tolerant trees with a slow life
history decline. Along with this shift in abundance, pioneer trees
also increase their share of richness, productivity, light interception
and other resources towards the canopy. Trade-offs in competitive
fortunes over ontogeny may represent an important mechanism for
maintaining diversity in forests and other systems. Moving forward,
quantifying links between organismal size, trait frequency and re-
source share will provide deeper insights into the adaptive signifi-
cance of size and life history strategy.
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