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ABSTRACT. Comparisons among sites varying in climate and soils can yield impor-
tant insights into the mechanisms shaping forest carbon stocks and fluxes. Research at a 
network of small plots spanning regional variation in central Panama, including a strong 
regional rainfall gradient and high geological heterogeneity, provides excellent oppor-
tunities for such comparisons, and places findings for Barro Colorado Island (BCI) in a 
broader context. Here, we examine regional variation in climate, soils, and land use his-
tory and discuss associated datasets. We then review previous work and present updated 
analyses of among-plot variation in aboveground biomass, aboveground woody produc-
tivity, and tree mortality rates with dry-season severity and soil fertility. We enumerate 
the different types of complementary datasets that have been collected in subsets of these 
plots, which offer opportunities to investigate alternative hypotheses regarding underly-
ing mechanisms, and close with a discussion of promising directions for future research. 

Keywords: aboveground biomass; aboveground woody productivity; tree mortality; pre-
cipitation gradient; soil fertility; geological variation; tree census; phosphorus

INTRODUCTION

Tropical forests vary widely in their aboveground biomass (AGB, mass per area), as 
well as in their woody productivity and other carbon stocks and fluxes, even after con-
trolling for stand age (Cleveland et al., 2011; Xu et al., 2021). AGB depends proximally 
on aboveground woody productivity (AWP, mass per area per time) and aboveground 
woody residence time, the average time that an atom of carbon remains in AGB before it 
becomes dead wood (Muller-Landau et al., 2021). AWP is the production of woody AGB 
by tree growth and recruitment, which can be calculated from plot re-census data with 
appropriate correction for census interval length (Kohyama et al., 2018). Woody resi-
dence time depends (negatively) on tree mortality rates, especially of the largest trees. All 
else equal, higher AWP leads to higher AGB, and higher tree mortality rate leads to lower 
woody residence time and lower AGB. Comparisons among sites varying in climate, 
soils, and other factors have helped illuminate the mechanisms underlying variation in 
AGB, AWP, and other carbon stocks and fluxes (Cleveland et al., 2011; Muller-Landau 
et al., 2021). 
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Panama provides excellent opportunities for investigating 
how forest carbon stocks and fluxes vary with environmental 
drivers, and the regional perspective places values for Barro 
Colorado Island (BCI) and the Barro Colorado Nature Monu-
ment (BCNM) in a larger context. Central Panama features high 
heterogeneity in geology and soils and a steep regional rainfall 
gradient from the drier Pacific side to the wetter Caribbean side 
of the isthmus (2,000–4,000 mm annual precipitation; dry-sea-
son length varying three to five months). In the late 1990s, Rick 
Condit established 46 forest census plots spanning this regional 
variation in climate and soils, including the 4-ha Cocoli and 
5.96-ha San Lorenzo (formerly Sherman) large plots, 34 1-ha 
plots and 10 0.32-ha plots (Condit et al., 2001; Condit et al., 
2013; Condit, 2024). An additional 21 1-ha plots were estab-
lished later (mostly in drier forests and outside the canal water-
shed), for a total of 67 plots, although some plots have been lost 
to land use change or access restrictions. A set of 94 small (0.1 
ha) plots at Smithsonian Tropical Research Institute’s (STRI’s) 
Agua Salud site provides an additional reference for young sec-
ondary forests (van Breugel et al., 2019). Elsewhere in Panama, 
there are plots at higher elevation in western Panama (Dalling 
and Turner, 2021), in mangroves (Wang et al., 2004), and in the 
Darien (Mateo-Vega et al., 2019). 

In this chapter, we focus on what the central Panama plots 
can tell us about patterns and mechanisms of variation in aboveg-
round forest carbon stocks and fluxes in relation to climate and 
soils. We first review environmental variation among the plots 
and how it has been characterized. We then evaluate among-plot 
variation in AGB, AWP, and tree mortality rates, including new 
analyses and a review of previously published studies. We close 
with recommendations for future research. Elsewhere in this vol-
ume, Condit (2024) addresses how the tree species compositional 
information from these plots has shaped our understanding of 
the BCI tree community, and Cusack (2024) reviews patterns of 
variation in soil carbon stocks and fluxes across these plots. 

REGIONAL VARIATION IN CLIMATE,  
SOIL, AND LAND USE HISTORY

Sites in central Panama vary strongly in total annual rainfall 
and in the severity of the dry season, and hardly at all in tem-
perature (Fig. 1). Seasonal climate variation in this region is gov-
erned by the movements of the Inter Tropical Convergence Zone 
(ITCZ), a band of clouds at the thermal equator. The wet season 
extends approximately from May through December, when the 
ITCZ is overhead. The single dry season, from December/Janu-
ary to March/April, occurs when the ITCZ is to the south, and 
ranges three to five months regionally (compared with a range of 
zero to six months across tropical forests globally). 

Historic rainfall patterns in this region are well docu-
mented at many ground stations, in large part because of the 
importance of rainfall for the operation of the Panama Canal. 
Condit estimated plot-specific climate variables by fitting spatial 

models to these ground station data. The resulting estimates 
have improved over time as the number of rainfall stations incor-
porated increased, modeling methods improved, and the mod-
eled response variables have shifted to more biologically relevant 
metrics, from total annual rainfall and total dry-season rainfall 
(Pyke et al., 2001) to dry-season length (Engelbrecht et al., 2007) 
to maximum cumulative moisture deficit (Condit et al., 2013). 
Maximum cumulative moisture deficit provides a measure of 
dry-season severity. It is calculated as the maximum cumulative 
(between any two days of the year) deficit of precipitation rela-
tive to potential evapotranspiration. Given the absence of site-
specific potential evapotranspiration data, Condit et al. (2013) 
employed values based on measurements at BCI, with a correc-
tion for elevational differences. 

Gridded global climate reanalysis datasets informed by satel-
lite and ground-based climate data and mechanistic models now 
provide additional options for visualizing landscape-level patterns 
in climate, or rather, estimated climate (Fig. 1). Mean annual pre-
cipitation in the CHELSA 2.1 climatologies for 1981–2010 (Karger 
et al., 2017, 2018) is well-correlated with ground measurements 
across sites in central Panama (n = 71, r = 0.70), although it aver-
ages 289 mm higher, and systematically underestimates rainfall at 
the wettest sites (Fig. S1). Maximum climatological water deficit 
(MCWD) calculated from mean monthly rainfall and monthly 
potential evapotranspiration data from CHELSA v. 2.1 is well-
correlated with those modeled for forest inventory sites by Condit 
(n = 77, r = 0.71), although on average 186 mm higher (Fig. S2). 

Central Panama is also geologically heterogeneous, and this
together with the variation in climate leads to strong variation 
in soil nutrient availability (Condit et al., 2013). Regional geol-
ogy was well mapped due to its importance for canal construc-
tion (Woodring et al., 1980), and thus the geological formations 
underlying plots were known prior to plot establishment. Detailed
soil chemistry data were collected at 77 plots and inventory sites 
in the regional network (Turner and Condit, 2022), in addition 
to more detailed studies in the BCNM and Agua Salud. Condit 
et al. (2013) selected a set of seven variables that were relatively 
weakly correlated to represent soils variation across the sites:
resin phosphorus (a measure of readily exchangeable phospho-
rus, extracted with anion-exchange resin), calcium, potassium, 
aluminum, iron, zinc, and inorganic nitrogen. Resin phosphorus 
was the most important soils variable in explaining tree species 
distributions (Condit et al., 2013) and ranged over 100-fold from
0.07 to 22.8 mg kg−1 among the central Panama sites. 

The plot network established by Condit spans regional 
variation in climate and soils within forested areas, which itself 
spans a substantial fraction of the range found globally across 
tropical forests (Fig. 2). The high local geological heterogeneity 
means there is a wide range of soil fertility for any given dry-
season severity. However, dry-season severity and soil fertility 
do not vary completely independently; wetter sites tend to have 
lower fertility soils. Furthermore, soils differ in their water-hold-
ing capacity and other characteristics that affect plant-available 
moisture, beyond the influences of climate alone. For example,
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FIGURE 1. Spatial variation in central Panama in (a) estimated mean annual precipitation (mm), (b) mean precipitation for January to April
(mm), (c) mean annual potential evapotranspiration (mm), (d) near-surface wind speed (m s−1), (e) mean daily solar radiation specifically surface
downwelling shortwave flux (MJ m−2 d−1), and (f) mean annual temperature (°C), from the CHELSA v. 2.1 average climatologies for 1981–2010
(Karger et al., 2017, 2018), together with the locations of forest plots with soils data (filled squares), forest plots lacking soil data (open squares), 
onetime inventories with soils data (filled circles), and onetime inventories lacking soils data (open circles).
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soils on the Tau Formation (limestone) dry out faster in the dry 
season, and forests on these soils have higher abundances of 
deciduous species than expected based on their rainfall (Bohlman, 
2010). The BCNM sites are mostly intermediate in soil fertility 
and dry-season severity relative to the region (see Fig. 2 caption). 
The range of soil resin phosphorus across 77 Panama plots was
larger than that found across 71 Amazonian plots (1.30 to 21.82 
mg kg−1) by Quesada et al. (2010). (The Amazon data are for 
0-30 cm soil depth compared with 0-10 cm for Panama; given 
that phosphorus declines with depth, this suggests a comparison 
at constant depth would show an even greater range difference.)

Land use history is confounded with climate and soils in 
central Panama, as in most regions, reflecting greater forest con-
version in drier, flatter, and more fertile sites. Indeed, there are no 
old-growth forests on the drier Pacific side of the isthmus. Each 
of the central Panama plots has been classified by expert local 
botanists as secondary (the youngest class), mature (intermedi-
ate), or primary (oldest), enabling stand-age class to be included 
as a categorical variable (Chave et al., 2004), although these 
classifications are inherently uncertain.   

INSIGHT INTO REGIONAL VARIATION  
IN FOREST CARBON STOCKS AND FLUXES

Estimated AGB varies almost threefold among the central 
Panama plots, and some of this variation is explained by cli-
mate, soils, and forest age class. A multiple regression of log-
transformed AGB against Condit’s MCWD and log-transformed 
resin soil phosphorus in 45 plots shows a significant increase  
(p = 0.006) from dry to wet sites and a significant positive effect 
of soil phosphorus (p = 0.049) (adjusted r 2 = 0.14; Fig. 3a,b). 
By comparison, Turner et al. (2018) found a significant positive 
effect of MCWD and no effect of soil phosphorus for untrans-
formed AGB in 32 of these plots, and qualitatively the same 
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FIGURE 2. Among-site variation in soil phosphorus and maximum 
climatological water deficit (MCWD), with MCWD calculated either 
(a) from spatial modeling of ground-based precipitation data by 
Condit, or (b, c) from the monthly CHELSA 2.1 climatology.  Forest 
plots (p) with soils data (n = 45) are shown in panels (a) and (b) with 
labels and colored symbols indicating stand-age class (secondary is 
youngest, mature is intermediate, and primary is oldest) and in panel 
(c) with filled diamonds. Onetime inventory sites with soils data  
(n = 32) are shown with black crosses (all panels); plots without 
soils data as open diamonds and inventory sites without soils data as 
small points (c). The Barro Colorado National Monument sites are 
p10, p14, and BCI (Barro Colorado Island 50-ha plot), on BCI; p11 
and p18 on the Peña Blanca Peninsula; gigante1 and gigante2 on the 
Gigante Peninsula; and p12 and p13 on the Bohio Peninsula. Other 
abbreviations are explained in Table 1.
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result was previously reported by Chave et al. (2004) based on 
an analysis of variance (ANOVA) of 49 central Panama plots or 
subplots in relation to annual precipitation, dry-season length, 
stand-age class, and geology (10 levels). 

Estimated AWP varies more than twofold among the plots 
but shows only weak and nonsignificant relationships with envi-
ronmental variables. A multiple regression of log-transformed 
AWP against MCWD and log-transformed soil phosphorus in 39 
plots shows a nonsignificant increase from dry to wet sites, and 
nonsignificant decrease with soil phosphorus (Fig. 3c,d). Con-
sidering that AWP and AGB show similar patterns with MCWD 
and soils, it’s not surprising that Turner et al. (2018) found that 
relative AGB growth, defined as AWP/AGB, was not related 
to MCWD or soil phosphorus in a multiple regression (n = 32 
plots). Tree diameter growth was higher in wetter sites for small 
trees, but not large trees, and increased with plot resin phospho-
rus after controlling for tree size and species; however, plot-level 
mean growth rates did not vary with phosphorus (Turner et al., 
2018). 

The increasing trends of AGB and AWP from drier to wet-
ter sites in central Panama are broadly consistent with those for 
other tropical forests. Productivity and biomass increase from 
dry to wet forests because of both direct effects of limited water 
availability on productivity as well as shifts in functional compo-
sition (Muller-Landau et al., 2021). 

In contrast, the trend for a negative relationship of AWP 
with soil phosphorus is unexpected. Most tropical forest studies 
have found positive relationships of woody productivity with soil 
fertility in general and phosphorus in particular (Muller-Landau 
et al., 2021). An increase in productivity with soil fertility is also 
predicted by mechanistic models in which higher nutrient avail-
ability reduces the cost of acquiring nutrients and enables plants 
to achieve greater light use efficiency and thus faster growth 
rates. A nutrient fertilization experiment in the BCNM found no 
effect on AWP, however, in contrast to significant positive effects 
on litterfall and reproduction (chapter 60, Wright et al., 2024), 
and a meta-analysis of experimental nutrient addition in tropical 
forests found positive effects on tree diameter growth rates in sec-
ondary forests but not old-growth forests (Wright et al., 2018). 
In combination, these results suggest that total net primary 
productivity (NPP, total plant biomass production) increases at 
more fertile sites in the region but that this is not translating into 
higher AWP because of allocational shifts. Increased consump-
tion by herbivores, compositional shifts toward lianas, and con-
founded variation in soil water-holding capacity, topography, 
and stand age may also play a role—possibilities that remain to 
be tested. 

Tree mortality rates vary almost threefold among the sites in 
central Panama and decline significantly with MCWD and soil 
phosphorus (Fig. 3e,f). There have been relatively few studies of 
among-site variation in tree mortality rates in tropical forests, 
and few of those have found strong or statistically significant 
effects (Muller-Landau et al., 2021). Weak relationships for mor-
tality rates in part reflect high sampling errors for this binomial

variable in individual plots, especially considering high temporal 
variation and spatial clustering in mortality events. They also 
likely reflect biological reality, given that there is little mechanis-
tic basis for expecting climate or soils to be strongly predictive
of tree mortality rates (McDowell et al., 2018). In the available 
studies, mortality tends to decrease in wetter forests (consistent 
with the pattern here) and increase with soil fertility (contrary 
to the pattern here) more often than not. Although the Panama 
sites are unusual in their patterns of AWP and mortality rate 
with soil fertility, the lack of a relationship of AGB with soil 
fertility is unexceptional. Studies are fairly evenly split between 
increasing, decreasing, and no relationships for AGB with fer-
tility, a pattern that can be explained by contrasting influences 
and strengths of patterns with AWP and mortality rate (Muller-
Landau et al., 2021). 

The directions of trends in among-site variation in AGB, 
AWP, and tree mortality rate are robust to the details of the 
analyses (compare Fig. 3 with Fig. S3, S4, and see “Online 
Supplemental Materials” section). Whether trends are statisti-
cally significant, however, is sensitive to these details. Of the 
variables considered here, AWP is the most sensitive to meth-
odological details, in particular including the thresholds used to 
identify erroneous values and the methods for substituting for 
them (Muller-Landau et al., 2014). Models including stand-age 
class performed more poorly (higher AICc) than those omitting 
this term for all response variables. The regressions for AWP and 
mortality are strongly influenced by the three highest-elevation 
sites (p32, coba1, and coba2 at 363, 515, and 643 m elevation), 
which also are the wettest according to the Condit MCWD but 
not the CHELSA MCWD. If these sites are omitted, then mul-
tiple regressions find significant effects of phosphorus on AGB 
(positive) and mortality (negative), no significant effect of phos-
phorus on AWP, and no significant effects of MCWD, regardless 
of which MCWD metric is used (Appendix S1). 

CONCLUSIONS AND FUTURE DIRECTIONS

Strong regional variation in rainfall and geology in central 
Panama offers an excellent opportunity to investigate variation 
in tropical forests with climate and soils. The tree census data 
collected in the regional small plot network have enabled impor-
tant analyses of forest structure, dynamics, and composition as 
well as aboveground woody carbon stocks and fluxes (Condit 
et al., 2002; Chave et al., 2004; Engelbrecht et al., 2007; Con-
dit et al., 2013; Turner et al., 2018). The value of these plots 
will be further enhanced by continued maintenance of the core 
census data, expansion of the plot network to more completely 
represent regional environmental conditions, and the elucida-
tion of disturbance histories of the plots and the landscape. 
They are a resource not only for ground-based studies but also
for calibration and validation of remote sensing studies, and in 
turn, remote sensing increasingly offers important information 
about environmental variables, forest structure, and function 



a

bci

campochagres
cardenas

caritas

cerrogalera

cerropelado

coba1

coba2

elcharco

fincaroubik
gigante1

gigante2

lp1
lp2

metrop

p01

p02

p03

p04

p05

p06

p07

p08
p09

p10

p11

p12
p13

p14

p15

p16
p17 p18

p19

p20

p21
p22

p23

p24

p25

p26

p27

p28

p32

sherman

c

bcicerropelado

elcharco
fincaroubik

gigante1

gigante2

lp1

lp2

metrop

p01 p02

p03

p04

p05

p06

p07

p08

p09

p10

p11

p12

p13

p14

p15

p16

p17

p18

p19

p20
p21

p22

p23

p24

p25

p26

p27

p28

p32

sherman

e

bci

campochagres

caritas
coba1

coba2

elcharco

fincaroubikgigante1
gigante2

lp1

lp2

metrop

p01

p02

p03

p04

p05

p06
p07

p08

p09

p10

p11

p12

p13

p14

p15

p16

p17

p18

p19

p20
p21 p22

p23

p24

p25

p26
p27

p28

p32

sherman

AG
B 
(M

g
ha

−1
)

AW
P 
(M

g
ha

−1
yr

−1
)

Tr
ee

 m
or

ta
lity

 ra
te

 (%
yr

−1
)

−550 −500 −450 −400

−550 −500 −450 −400

−550 −500 −450 −400

200

300

400

4

5

7

0.9
1.0

2.0

5 10 15 20
Resin P

b

bci

campochagres

cardenas

caritas

cerrogalera

cerropelado

coba1

coba2

elcharco

fincaroubik

gigante1

gigante2

lp1

lp2

metrop

p01
p02

p03

p04

p05

p06
p07

p08

p09

p10

p11

p12
p13

p14

p15

p16

p17

p18

p19

p20

p21

p22

p23

p24

p25

p26

p27

p28

p32

sherman

d

bci

cerropelado

elcharco

fincaroubik

gigante1
gigante2

lp1

lp2

metrop

p01
p02 p03

p04

p05

p06

p07

p08

p09

p10

p11
p12

p13

p14

p15

p16

p17

p18

p19

p20
p21

p22

p23

p24

p25

p26

p27

p28

p32
sherman

f

bci

campochagres

caritas

cerrogalera

coba1

coba2

elcharco

fincaroubik

gigante1

gigante2

lp1
lp2

metrop

p01

p02 p03p04

p05

p06

p07

p08

p09

p10

p11
p12

p13

p14

p15

p16

p17

p18

p19

p20

p21
p22

p23
p24

p25

p26 p27

p28

p32

sherman

0.3 1.0 3.0 10.0

0.3 1.0 3.0 10.0

0.3 1.0 3.0 10.0

200

300

400

4

5

7

0.9
1.0

2.0

Soil Resin Phosphorus (mg kg−1)

−550 −500 −450 −400
MCWD

Maximum Climatological Water Deficit (mm)



to complement ground-based data collection (Bohlman, 2010; 
Schimel et al., 2019; chapter 52, Bohlman, 2024; chapter 50, 
Cushman, 2024). 

These plots have served as foci for a variety of complemen-
tary data collection efforts, which offer additional opportunities 
to further investigate underlying mechanisms (Table 1). Other 
forest carbon stocks and fluxes have been measured in studies 
of soil carbon (Cusack et al., 2018), soil carbon dioxide efflux 
also known as soil respiration (Matson et al., 2017; Cusack et 
al., 2019), and litterfall (Cusack et al., 2018). A wide variety 
of plant functional traits have been measured on trees sampled 
from these plots, providing data on tree functional composition 
and enabling associated analyses (Umaña et al., 2021). Precise 
annual measurements of tree growth with dendrometers cur-
rently are being conducted on subsets of trees at 24 plots in 
the region, providing information on how annual climate varia-
tion affects tree growth and mortality. Tree heights have been 
measured on most of the dendrometer trees in the past decade, 
enabling tests for changes in tree allometries with environmen-
tal gradients (Ramos et al., 2024). Canopy imaging and photo-
grammetry using drones and associated mapping of crowns in 
the canopy has recently been expanded from BCI (Park et al., 
2019; Araujo et al., 2021) to other plots in the region (Vasquez 
et al., 2024). Lianas (woody vines) are regularly censused 
at a subset of plots (Parolari et al., 2020); it is possible that 
variation in liana abundance plays a critical role in explaining 
among-plot variation in tree woody productivity and mortality 
(Ingwell et al., 2010). Seedlings are also regularly censused in 
a subset of plots, enabling investigation of how regeneration 
dynamics vary with climate and soils (Browne et al., 2021a, 
2021b; Browne et al., 2022, 2023). Additional research focused 
on comparisons among just the large plots—Cocoli, Sherman, 
and BCI—including studies of deciduousness (Condit et al., 
2000), tree allometries (Bohlman, personal communication), 
tree growth and mortality in response to an El Nino (Condit 
et al., 2004), and the role of tree size in forest carbon cycling 
(Meakem et al., 2018). 

Future research at these regional plots should address endur-
ing unknowns regarding the patterns and mechanisms of varia-
tion in tropical forest carbon stocks and fluxes. These include 

true patterns of variation in biomass and woody productivity 
(rather than those estimated using allometric equations), pat-
terns and mechanisms of variation in woody residence time, and 
the roles of shifting plant functional composition, allocation pat-
terns, and interactions with lianas and natural enemies in driv-
ing observed patterns. High-resolution terrestrial or drone laser 
scanning data are of particular interest for precisely and accu-
rately quantifying wood volume, wood production, and wood 
turnover (including branchfall), without relying on assumptions 
about biomass allometries (Clark and Kellner, 2012). Because 
woody residence time depends strongly on mortality and branch-
fall rates of the largest trees, large sample sizes in area or time 
are required to quantify regional patterns precisely (Gora and 
Esquivel-Muelbert, 2022); this could be accomplished with 
drone or airborne remote sensing (Cushman et al., 2022). Addi-
tional site-level studies of other carbon stocks and fluxes could 
address how sites vary in production of leaves, roots, and plant 
reproductive material, in total net primary productivity (NPP, 
including all production of all tissues of all plants, not just wood 
production of trees), in autotrophic respiration (respiration 
by plants), and in gross primary productivity (GPP  =  NPP + 
autotrophic respiration), as in the GEM protocols (Malhi et al., 
2021). This would make it possible to compare patterns of NPP 
and GPP with patterns of NPP and to test for shifts in NPP allo-
cation and carbon use efficiency (NPP/GPP) across site. Quanti-
fication of root allocation, abundance, form, and function is of 
particular interest in relation to the strong regional gradients in 
soil nutrient availability. Direct measurements of soil moisture 
throughout the dry season would enable better characterization 
of among-site variation in water availability, which is influenced 
not only by climate but also by soil water-holding capacity and 
local topography. 

Finally, an opportunity exists for greater integration among 
existing studies to enable enhanced synergies, including simply 
greater colocation of research activities in the same subsets of 
plots. Importantly, better integration among studies of trees, lia-
nas, microbes, insects, and other animals could illuminate the 
role of interactions with natural enemies in driving shifts in tree 
functional composition, productivity, woody residence time, and 
biomass along these environmental gradients. 

FIGURE 3. (Opposite) Among-plot relationships of (top) aboveground biomass (AGB), (middle) aboveground woody productivity (AWP), 
and (bottom) tree mortality rate to (left) maximum climatological moisture deficit (MCWD, mm) and (right) soil resin phosphorus (resin P, 
mg kg−1) with fitted lines based on a multiple regression against these two variables and their associated p-values (solid lines indicate p < 0.05; 
dashed lines indicated p > 0.05). AGB and AWP were calculated from trunk diameter and taxon-specific wood density using allometric equa-
tions incorporating a local climate effect (Chave et al., 2014, eq. 7). Soil phosphorus was from site-specific measurements (Condit et al., 2013; 
Turner and Condit, 2022). MCWD was calculated by Condit through spatial modeling of ground-based precipitation data (Condit et al., 2013; 
Turner and Condit, 2022). Symbols indicate stand-age class, as defined in Figure 2. Figure S3 presents an alternative version of this figure using 
MCWD calculated from monthly climatologies for precipitation and potential evapotranspiration from CHELSA v. 2.1 for the relevant 1-km 
grid cell (see Fig. 1; data from Karger et al., 2017, 2018) and using AGB and AWP calculated with an allometry that is invariant across sites. 
Other abbreviations are explained in Table 1. 
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TABLE 1. Selected datasets collected in the central Panama plots and inventory sites.

Dataset Description and methods (referencea) Plotsb
Dataset contact 
(referencea) 

Tree census  
data

One or more censuses of all trees ≥10 cm dbh. In the case of 1-ha 
plots, most also have censuses of trees 1–10 cm dbh in a 0.16-ha 
subplot. (1)

All 67 plots (2, 3)

Soil chemistry Soil pH (in water and in CaCl2 solution), phosphorus (resin, 
Mehlich, total), nitrogen (ammonium, nitrate, total inorganic, 
dissolved organic, total), important elements (calcium, potassium, 
aluminum, iron, zinc, manganese, magnesium, boron), total bases, 
total carbon, and microbial carbon, nitrogen and phosphorus. (1)

42–45 plots, and up to 29–
32 inventory sites, depending 
on the variable

(4) 

Plant functional 
traits

Leaf, wood, and fruit functional trait collection on trees and  
lianas. (5)

bci, sherman, metrop, and 
others

S. Joseph Wright (6)

Dendrometers, 
subset

Annual measurements of band dendrometers on a size-stratified and 
spatially stratified subset of trees, since 2009–2013. (7)

bci, sherman, p05, p08, p18, 
p21, p22, p23, p24, p25, 
p26, p27, p28 

Helene C. Muller-
Landau (3)

Dendrometers, 
full

Annual measurements of band dendrometers on all trees with 
trunk diameter ≥ 10 cm, since 2018-2021 (many previously had 
dendrometers on a subset of trees). (7)

elcharco, fincaroubik
gigante2, metrop, 
metrop2, p06, p09, p12, 
p14, p15, p16

Helene C. Muller-
Landau (3)

Liana stem 
census

For 1-ha plots, stem census of all lianas ≥5 cm dbh in the entire 1-ha 
plot, and ≥1 cm dbh in a 40 × 40 m subplot (same one in which trees 
are measured in this size class) in 2010–2012. For BCI 50 ha plot, 
complete census of lianas ≥1 cm dbh. (8)

p01, p02, metrop, p05, p06, 
p07, p09, p15, elcharco, 
soberanía, bci

Stefan Schnitzer

Seedling census Annual censuses of seedlings ≥200 mm in height and <1 cm dbh 
in 400 1-m2 quadrats within each plot, since 2013 (except not 
panamapacifico in 2018 and not P15 in 2019 and 2020). (9, 10)

panamapacifico, metrop, 
soberanía, elcharco, p15, p12
sherman, fincaroubik

Liza Comita  
(11, 12)

Tree heights One-time measurements of tree heights with laser rangefinders on 
dendrometer trees. 

Dendrometer plots Helene C. Muller-
Landau (13) 

Drone 
photogrammetry 

High-resolution (3 cm) drone-acquired RGB imagery of the canopy, 
and mapping of crowns (>25 m2) in the canopy, —one or more times 
through 2023.  

Dendrometer plots Helene C. Muller-
Landau (14)

Airborne lidar High-resolution (1 m) airborne lidar data, collected May 2023 bci, p14, p10, gigante1, 
gigante2, p12, sherman, 
metrop, p05, p06, p07, p15, 
p12, elcharco, soberanía, 
fincaroubik, panamapacifico 

(15)

Litterfall, Wright Long-term, ongoing, with weekly to monthly data collection 
depending on the site (also Poacher’s peninsula on BCI).

bci, sherman, gigante 
fertilization

S. Joseph Wright

Litterfall,  
Cusack

Biweekly collection at 50 1 × 1 m traps for 1 year in 2013–2014. (16) metro1, panamapacifico, 
p07, p12, elcharco, 
fincaroubik, sherman, 
soberania

Daniela F. Cusack 
(16) 

Soil respiration, 
Corre

Measurements at 16 points per plot, every two to three weeks
from June 2010 to February 2012. CH4 and N2O fluxes were also 
measured. (17)

metrop, p08, p19, p27, p32 Marife Corre

Soil respiration, 
Cusack

Measurements at 12 points per plot, one to three times in the dry 
season and one to three times in the wet season of 2015–2016. (18)

cerrogalera, albrook, metrop, 
soberania, elcharco, p25, 
p15, campochagres, bci, p13, 
p12, p04, sherman, p01, 
fincaroubik

Daniela F. Cusack



TABLE 1. (Continued).

Dataset Description and methods (referencea) Plotsb
Dataset contact 
(referencea) 

Soil carbon 
stocks to 1 m 
depth

Soil cores to 1-m depth (divided into four depth classes: 0–10, 10–20, 
20–50, and 50–100 cm) at five points, and eight additional samples 
of surface soils (0–10 cm). (16)

albrook, bci, campochagres, 
cardenas, caritas, cerrogalera, 
cerropelado, coba1, 
coba2, elcharco, gigante1, 
gigante2, lp1, lp2, metrop, 
panamapacfico, p01–p28, 
p32, fincaroubik, sherman, 
soberania

Daniela F. Cusack (1) 

Fine root 
biomass to  
1 m depth

Oven-dried mass of live fine roots exhaustively removed from soil 
samples by hand for four depth classes (0–10, 10–20, 20–50, and 
50–100 cm). Based on sampling to 1-m depth at five points per plot, 
and surface (0–10 cm) samples at eight more points. (19)

43 plots Daniela F. Cusack 
(19)

a References:

1. Condit et al. (2013)
2. Condit et al. (2019)
3. ForestGEO (n.d.) 
4. Turner and Condit (2022)
5. Wright et al. (2010)

6. Kattge et al. (2020)
7. Muller-Landau (2023)
8. Parolari et al., (2020)
9. Browne et al. (2021a) 
10. Browne et al. (2023)

11. Browne et al. (2021b)
12. Browne et al. (2022)
13. Ramos et al. (2024)
14. Vasquez et al. (2024)
15. ForestGEO (2024)

16. Cusack et al. (2018)
17. Matson et al. (2017)
18. Cusack et al. (2019)
19. Cusack and Turner (2021)

b Plot identifiers (e.g., p05, elcharco) are codes used in the ForestGEO tree census datasets; “bci” is the Barro Colorado Island 50-ha plot; 
“sherman” is a 5.96-ha San Lorenzo plot that includes the San Lorenzo canopy crane; “metrop” is the 1-ha plot under the Parque Natu-
ral Metropolitano canopy crane.  All other plots are 1 ha in area. The Barro Colorado Nature Monument sites are p10, p14, and bci on 
Barro Colorado Island; p11 and p18 on the Peña Blanca Peninsula; gigante1 and gigante2 on the Gigante Peninsula; and p12 and p13 
on the Bohio Peninsula. The locations and environmental data on all plots are given in Table S1.
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