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Abstract 4 
Aim: To examine the contribution of large-diameter trees to biomass and species richness.  5 

Location: Global 6 

Methods: We tested the role of large trees as determinants of worldwide forest density, 7 

diversity, and biomass using 48 large (2 ha ≤ area ≤60 ha) mapped forest plots with 5,474,048 8 

stems representing 9,407 species and 307 plant families. Large-diameter trees were assessed in 9 

three ways: the largest 1% of trees, trees ≥60 cm diameter at breast height (DBH), and those 10 

large trees together comprising 50% of forest biomass. 11 

Results: Globally, we found disproportionate contributions of large-diameter trees to biomass. 12 

Averaged across these 48 forest plots, the largest 1% of trees comprised 50% of aboveground 13 

live biomass, with hectare-scale standard deviation of 26%.  Trees ≥60 cm DBH comprised 41% 14 

of aboveground live tree biomass. The size of the largest trees correlated with total forest 15 

biomass (r2 = 0.62, P<0.001), but large-diameter trees in these forests represented far fewer 16 

species relative to overall forest richness (r2 = 0.45, P<0.001). Forests with more diverse large-17 

diameter tree communities had lower biomass (r2 = 0.42, P<0.001). The concentration of 18 

biomass in the largest 1% of trees declined with increasing absolute latitude (r2 = 0.46, P<0.001). 19 

In other words, forests with high biomass had high large-diameter thresholds and relatively low 20 

richness of the large-diameter structural class. 21 

Main conclusions: Because large-diameter trees constitute roughly half of the forest biomass 22 

worldwide, their climate sensitivities and resilience to change represent potentially large controls 23 

on global forest productivity. Understanding the climate sensitivities of large-diameter trees may 24 

allow for better prediction of forest biomass with changing climate, and conservation efforts 25 

focused on large-diameter trees may provide an effective means of preserving ecosystem 26 

function. We recommend managing forests for large-diameter trees as a simple way to preserve 27 

ecosystem services.  28 
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Introduction 31 
Concentration of resources within a few individuals in a community is a pervasive property of 32 

biotic systems (West et al., 1997), whether marine (Hixon et al., 2014), terrestrial (Enquist et al., 33 

1998), or even anthropogenic systems (Saez & Zucman, 2016), and the concentration of biomass 34 

in forests is no exception (Pan et al., 2013). Forests are the central component of the global 35 

terrestrial carbon cycle, and large-diameter trees within forests contribute disproportionately to 36 

these functions. They provide structural complexity, long-term carbon storage, contribute 37 

importantly to forest biogeochemical and hydrological cycles, and act as a structural and 38 

demographic buffer to physical disturbances and climate extremes. Large-diameter trees in 39 

forests take many decades or even centuries to develop, but can disappear rapidly due to human 40 

or natural disturbances (Van Mantgem et al., 2009). Given the many new threats to forest 41 

ecosystems due to global change, quantifying the roles that large trees play in forests is critical to 42 

efforts for global forest conservation.  43 

Despite the recognized ecological significance of large-diameter trees within individual 44 

forest types, relatively little is known about the distribution and abundance of large-diameter 45 

trees at the global scale. Previous studies have showed that large-diameter trees comprise a large 46 

fraction of the biomass of many forests (Brown et al., 1995; Clark & Clark, 1996; Lutz et al., 47 

2012; Bastin et al., 2015), and that they modulate stand-level leaf area, microclimate, and water 48 

use (Martin et al., 2001, Rambo & North, 2009). Large-diameter trees contribute 49 

disproportionately to reproduction (van Wagtendonk & Moore, 2010), influence the rates and 50 

patterns of regeneration and succession (Keeton & Franklin, 2005), limit light and water 51 

available to smaller trees, and contribute to rates and causes of mortality of smaller individuals 52 

by crushing or injuring sub-canopy trees when their bole or branches fall to the ground (Chao et 53 

al., 2009; Das et al., 2016). Large-diameter trees (and large-diameter snags and large-diameter 54 

down woody debris) make the structure of primary forests and mature secondary forests unique 55 

(Spies & Franklin, 1991). The multilayered canopies topped by the largest trees can control 56 

forest development and disturbance over long time periods (Swetnam, 1993; Winter et al., 2002). 57 

Large-diameter trees occur at low stem densities, yet influence spatial patterns over long inter-58 

tree distances (Enquist et al., 2009; Lutz et al., 2014). Consequently, patterns, mechanisms, and 59 

consequences of large-diameter tree ecology require large sample plots (Lutz, 2015; Das et al., 60 

2011). Studies based on smaller plots (1 ha) often do not contain enough large-diameter trees to 61 

conduct community-level analyses or do not include enough area to gauge the effect of large-62 

diameter trees on the local neighborhood (Das et al., 2011).  63 

Changes in climate or disturbance regimes threaten to continue to contribute to the 64 

decline of large-diameter trees globally (e.g., Lindenmayer et al., 2012; Bennett et al., 2015; 65 

Lindenmayer & Laurence, 2016). The resilience of large-diameter trees (and by extension, the 66 

ability of the forest to sequester carbon) is dependent on two factors: 1) presence of species 67 

capable of attaining a large size, and 2) conditions permissive for the development large-68 

diameter trees. If the species richness of the large-diameter cohort is high, a forest may be better 69 

able to respond to perturbations (Musavi et al., 2017) and maintain its structure and ecological 70 

function. However, if the large-diameter species richness is low, then a forest could be 71 

susceptible to any change that affected those few species.   72 
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What is a large-diameter tree? 73 
Generally, a large-diameter tree can be considered to be one that is of reproductive stature, is tall 74 

enough to reach the upper canopy layer of the forest, and that is larger than the majority of 75 

woody stems in the forest. In any forest, the largest trees relative to the rest of the stand 76 

contribute disproportionately to ecological function and represent some of the longest-lived and 77 

most fecund components of their respective forests. The definition of large-diameter inherently 78 

depends on species and forest type. In cold, continental forests, a large-diameter tree may only be 79 

20 cm diameter at breast height (1.3 m above the ground; DBH) (Baltzer et al., 2014). In 80 

productive temperate or tropical forests, a large-diameter tree may be >100 cm DBH (Lutz et al., 81 

2012; 2013). To compare dissimilar ecosystems, we used three metrics for defining large 82 

diameter trees: 83 

1) 99th percentile diameter. The largest 1% of trees in the forest. 84 

2) Fixed diameter. We used a fixed threshold for large-diameter trees of 60 cm DBH, a 85 

diameter reached by at least some trees in almost all plots.  86 

3) The large-diameter threshold. We defined the large-diameter threshold to be that 87 

diameter such that trees greater than or equal to that diameter constituted half of the 88 

aboveground live biomass of the plot.  89 

Both the Unified Neutral Theory of Biodiversity (Hubbell, 2001) and Metabolic Scaling 90 

Theory (West et al., 2009) propose that plants have a degree of functional equivalency. However, 91 

those theories cannot fully explain global patterns of forest species diversity or the larger portion 92 

of the size distribution (Coomes et al., 2003; Muller-Landau et al., 2006; Lutz et al., 2012; 93 

LaManna et al., 2017). Other studies suggest that a greater generalization of forest structure in 94 

the tropical, subtropical, temperate, and boreal forests of the world may indeed be possible (i.e., 95 

Gilbert et al., 2010; Slik et al., 2013; Ostertag et al., 2014). To the extent that forests share 96 

structural attributes either globally or regionally, it may improve our ability to model forest 97 

change by focusing on global patterns in structure rather than individual species life-history 98 

traits. Our principal hypothesis was that only a small proportion of the largest trees are 99 

responsible for the preponderance of forest biomass globally. Our objectives were to characterize 100 

the range of global forest structure and to quantify the relative contribution of large-diameter 101 

trees to forest biomass and species richness. We analyzed 48 forest plots spanning 86.4° of 102 

latitude (Fig. 1), covering 1,240 ha (median size 24 ha), and including 5,474,048 stems 103 

representing 9,407 species and 307 plant families (Fig. 1, Tables 1, S1).  104 

Materials and Methods 105 
We used data from the Forest Global Earth Observatory (ForestGEO; Anderson-Teixeira et al., 106 

2015) network of forest dynamics plots coordinated by the Smithsonian Institution), which 107 

includes major forest types in the Köppen climate zones of cold, temperate, and tropical forests 108 

(Fig. 1, Table S1). These forest plots feature consistent field methods (Condit, 1998) and data 109 

representation (Condit et al., 2014). Importantly, these plots include all woody stems 1 cm 110 

DBH. ForestGEO includes most major forest types (Anderson-Teixeira et al., 2015).  111 

We calculated structural accumulation curves for each plot, calculating the area required 112 

to estimate forest density and aboveground live biomass to within 5% of the entire plot value. 113 

Within each plot, for each of density and biomass, we used random sampling of 400 m2 quadrats, 114 

beginning with random sample of n = 1 quadrat and ending with a random sample of n = total 115 
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number of quadrats in each plot. This process was repeated based on the number of quadrats in 116 

each plot which allowed us to calculate a mean and standard deviation for each value of n. A 117 

percent deviation metric was calculated as: 118 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (𝑎𝑏𝑠(𝑚𝑒𝑎𝑛𝑛 − 𝑚𝑒𝑎𝑛𝑝𝑙𝑜𝑡) + 𝑠𝑑𝑛)/𝑚𝑒𝑎𝑛𝑝𝑙𝑜𝑡 119 

where meann is the mean of a random sampling of n quadrats, meanplot is the mean for the entire 120 

plot, and sdn is the standard deviation for the random sample of n quadrats. 121 

We calculated the density, basal area, and biomass of stems 1 cm DBH and tabulated 122 

them within each square hectare (100 m  100 m) of the 48 plots. Because large-diameter trees 123 

can strongly structure the local community, we used the one hectare scale to implicitly include 124 

variation in structure without introducing the spurious high or low values of biomass that could 125 

be associated with small extents (Réjou-Méchain et al., 2014). We calculated biomass for 126 

tropical forests by the methods of Chave et al. (2014), which uses a generic equation to predict 127 

biomass based on diameter, climate, and wood density. We calculated biomass for cold and 128 

temperate plots using the composite taxa-specific equations of Chojnacky et al. (2014). For both 129 

tropical and temperate plots, species not represented by specific biomass equations or wood 130 

density values were defaulted to an equation or wood density value for the genus or the family. 131 

We used site-specific allometric equations when available (Palamanui, Laupahoehoe, 132 

Jianfengling, Lanjenchi, and Changbaishan). We used the fixed metric (≥60 cm DBH) and the 133 

two relative metrics (large-diameter threshold and 99th percentile diameter) to examine the 134 

species richness of the large-diameter cohort.  135 

We further analyzed the full structural characteristics of each plot based on six tree 136 

diameter classes (1 cm  DBH < 5 cm, 5 cm  DBH < 10 cm, 10 cm  DBH < 30 cm, 30 cm  137 

DBH < 60 cm, 60 cm  DBH < 90 cm, and DBH  90 cm). Diameter classes were selected to 138 

include recognized differences in tree life-history traits worldwide. The two smallest diameter 139 

classes (DBH < 10 cm) were selected because of the ability of the ForestGEO protocol to capture 140 

unique elements of small-diameter trees (Memiaghe et al., 2016). The larger diameter classes 141 

were selected based on preliminary analysis of the data and on prior studies (Lutz et al., 2009; 142 

2012). We performed nonmetric multidimensional scaling (NMDS; Kenkel & Orloci, 1986) 143 

analyses on the density and biomass of each diameter class of each 100 m × 100 m area, using 144 

the environmental correlates of Anderson-Teixeira et al. (2015). Analyses were performed using 145 

the version 2.4.2 of the vegan package (Oksanen et al. 2016, Oksanen, 2017) in R version 3.3.1 146 

(R Development Core Team, 2016). 147 

Results 148 
The concentration of biomass in the largest 1% of trees ranged from 13% (Palamanui, USA) to 149 

83% (Ituri Lenda, Democratic Republic of Congo), with the mean of the 48 plots being 45% (SD 150 

= 18%)(Table 1). Average stem density in the plots ranged from 608 stems ha-1 (Mudumalai, 151 

India) to 12,075 stems ha-1 (Lanjenchi, Taiwan) with most high-density plots occurring in the 152 

tropics (Tables 1, 2). Aboveground live tree biomass ranged from 13 Mg ha-1 (Mpala, Kenya) to 153 

559 Mg ha-1 (Yosemite, USA). The biomass of trees ≥60 cm DBH ranged from 0 Mg ha-1 154 

(Mpala, Kenya, Palamanui, USA, and Scotty Creek, Canada) to 447 Mg ha-1 (Yosemite, USA). 155 

The large-diameter tree threshold (separating the plot aboveground forest biomass into two equal 156 

parts) varied from 2.5 cm (Palamanui, USA) to 106.5 cm (Yosemite, USA). Variation in the 157 



 5 

abundance of trees of different diameter classes at hectare scales was high globally (Tables S2, 158 

S3), and relative variance of the 1-ha stem densities was highest in the cold temperate / boreal 159 

plots and lowest in the tropics (Table 2). There was a strong positive relationship between the 160 

large-diameter threshold and the overall forest biomass globally (r2 = 0.62, P<0.001; Fig. 2A). 161 

Results based on basal area were similar to those for biomass (Fig. S1). There was a negative 162 

relationship between the large-diameter threshold and large-diameter richness (r2 = 0.42, 163 

P<0.001; Fig. 2B). There was a strong negative relationship between large-diameter richness and 164 

biomass (r2 = 0.45, P<0.001; Fig. 2C) and a strong negative relationship between large-diameter 165 

richness (relative to the forest as a whole) and concentration of biomass in the largest 1% of trees 166 

(r2 = 0.61, P<0.001; Fig. 2D). In other words, plots with high biomass had high large-diameter 167 

thresholds and relatively low richness of this large-diameter structural class. 168 

The amount of aboveground forest biomass contained within the largest 1% of trees 169 

averaged among the 48 plots was 50% (weighted by the forest biomass of each plot, 48% as an 170 

unweighted average of the 48 plots), representing an average of 23% of the total species richness 171 

(Table 1). The average large-diameter threshold was 47.7 cm DBH (half of global aboveground 172 

forest biomass is contained within trees ≥ 47.7 cm DBH) irrespective of total stem density or the 173 

high density of small trees (Fig. 4D). The average portion of biomass contained within trees ≥60 174 

cm DBH in the 48 plots was 41%. Forest density gradually decreased with increasing absolute 175 

latitude (r2 = 0.33, P<0.001; Fig. 3A). The proportion of tree biomass accounted for by the 176 

largest 1% of trees declined with absolute latitude (r2 = 0.46, P<0.001; Fig. 3C), partially a 177 

reflection of the higher stem densities of small-diameter trees in the tropics (Fig. 3A, Tables 1, 178 

S2). Latitudinal gradients were not present for biomass (Fig. 3B) or the large-diameter threshold 179 

(Fig. 3D).  180 

The absolute numbers of species that reached the local large-diameter threshold varied 181 

between two in Laupahoehoe, USA to 343 in Yasuni, Ecuador (Table 1). Temperate plots 182 

generally had <10 species that reached the large-diameter threshold (maximum 25 species in 183 

SERC, USA). Tropical plots generally had >25 species reaching the large-diameter threshold 184 

(minimum nine species in Cocoli, Panama). On a percentage basis, large-diameter richness 185 

ranged from 5% (Cocoli, Panama and Bukit Timah, Singapore) to 69% (Palamanui, USA). The 186 

relative richness of the large-diameter cohort was highest in plots with low biomass, while plots 187 

with high biomass had a lower proportion of richness represented by the large-diameter trees 188 

(Fig. 2C, Table 1). In general, forests with lower total richness had a higher proportion of that 189 

richness retained in the large-diameter class. Unsurprisingly, plots with lower large-diameter 190 

thresholds (<60 cm) had a higher proportion of species represented in the large-diameter guild 191 

(mean 34%), whereas plots with large-diameter thresholds ≥60 cm DBH had a lower proportion 192 

of species represented in the large-diameter guild (mean 18%).  193 

NMDS ordinations of the abundance of trees in each of the six diameter classes in each 194 

100 m × 100 m area showed that tropical forests have a high degree of structural similarity at the 195 

global scale (Fig. 4A, B). The 1-ha scale variation for tropical plots showed a high degree of 196 

overlap (Fig. 4C, D). Temperate plots, conversely, showed a wide range in ordination space, 197 

indicating greater structural variability at global scale. This phenomenon was also mirrored at 198 

local scales - coefficients of variation in density at 1-ha quadrats differed among climate regions 199 

and were higher in temperate and boreal forests than in tropical plots (Table 2). The grouping of 200 

plots with no trees ≥60 cm DBH (left of Figs. 4A, B; Table S2) shows a structural equivalency of 201 
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forests growing in stressful environments. Those forests include Scotty Creek, Canada 202 

(temperature, nitrogen, and hydrologically limited), Mpala, Kenya (water and herbivory limited) 203 

and Palamanui, USA (water limited, soil limited, and with limited species complement). 204 

Temperate plots occupied the greatest range of structure. Some 100 m × 100 m areas of 205 

temperate forests were structurally unique, but there were 100 m × 100 m areas from temperate 206 

plots that were structurally similar to the less dense portions of tropical forests.  207 

Discussion 208 
Forests with high biomass were characterized by relatively low species richness of the large-209 

diameter trees with respect to overall richness (Fig. 2B), although the density of large-diameter 210 

trees was higher (Tables 1, S1). The forests with highest biomass (≥400 Mg ha-1) included 211 

temperate forests with low absolute richness of the large-diameter class and tropical forests with 212 

high absolute richness of the large-diameter class (Table 1). This relationship suggests that some 213 

forests with the highest biomass may be more vulnerable to species declines. The loss of a single 214 

species from a high-biomass, low richness forest, whether by changing climate, disturbance, or 215 

anthropogenic influence, may have a large impact total forest biomass, making the sequestered 216 

carbon less stable over time. Forests with lower biomass had higher relative species richness in 217 

the large-diameter classes, and therefore are potentially less sensitive to changes in species 218 

composition. 219 

The relation between the large-diameter threshold and overall biomass (Fig. 2A) suggests 220 

that forests cannot sequester large amounts of aboveground carbon without large trees, 221 

irrespective of large-diameter tree richness. The 48 forests in this study have all passed beyond 222 

the developmental stage of intense self-thinning (Yoda et al., 1963) and are composed of large-223 

diameter trees interspersed among more numerous smaller diameter trees (Table S2). Almost all 224 

forests have some species that grow to relatively large sizes. In high biomass forests across the 225 

globe, these species grow to large absolute sizes. Species capable of attaining large diameters are 226 

relatively few (Fig. 2), and their richness does not scale with the diversity of the system globally. 227 

The species that reach large sizes are likely able to do this not because of luck or access to 228 

resources, but based on allocation adaptations that invest in the types of tissue structures and 229 

maintenance that allow long life and large stature. This relationship held across plots with a 230 

range of stem densities and among trees of varying wood densities (wood density values from 231 

0.10 g cm-3 to 1.08 g cm-3). A linear relation (Fig. 2A) best explained the correlation among 48 232 

plots, although we would expect an upper limit based on maximum tree heights (Koch et al., 233 

2004) or biomass (Sillett et al., 2015; Van Pelt et al., 2016). The generally high proportion of 234 

biomass represented by the largest 1% of trees reinforces the importance of these individuals to 235 

carbon sequestration. Larger numbers of small and medium-diameter trees cannot provide 236 

equivalent biomass, although they may contribute to the majority of carbon cycling (Meakem et 237 

al., in press). The implication from scaling theory (West et al., 2009) being that large-diameter 238 

trees are taller and have heavier crowns, and occupy space not available to smaller trees (West et 239 

al., 2009; Van Pelt et al., 2016). Temperate forests featured higher density of trees ≥60 cm DBH 240 

(Table 1), consistent with the presence of the very largest species of trees (Sequoia sempervirens, 241 

Sequoiadendron giganteum, and Eucalyptus regnans) in cool, temperate forests (Sillett et al., 242 

2015; Van Pelt et al., 2016). As a consequence, temperate forests exhibited also considerably 243 

lower density of small trees (e.g., 1 cm ≤ DBH < 5 cm; Table S2) and in effect also total stem 244 

density, which is largely formed by the density of small trees (Tables 2, S2). The lower 245 

proportional richness of large-diameter trees in tropical forests likely has at least two 246 
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explanations. First, tropical forests contain many more stems (Table S3) with much higher 247 

understory diversity (LaFrankie et al., 2006). Second, not all species capable of reaching large-248 

diameters may be represented in even the large ForestGEO plots.  249 

Large-diameter trees can be abundant in a variety of climates (Table S1), but different 250 

mechanisms may limit the ability of an ecosystem to support a high level of aboveground live 251 

biomass. Environmental limits to the growing season imposed by cold temperatures and nutrient 252 

limitations (e.g., Scotty Creek, Canada) or drought and herbivory (Mpala, Kenya) may preclude 253 

the development of large-diameter trees. Conversely, ecosystems that are environmentally quite 254 

productive in terms of annual growth can be limited by frequent, severe disturbance (e.g., 255 

typhoons in Fushan, Taiwan). And finally, the regional species pool may not contain species that 256 

can attain large diameters in the combination of local climate and resource availability (e.g., 257 

Palamanui, USA). The grouping of plots with only small-diameter trees (Fig. 4A) shows that 258 

forests in markedly different environments can exhibit convergent structure based on different 259 

limiting factors. Primary forests and older secondary forests exhibited similar distribution of 260 

diameter classes overall (Table 1) even though individual species diameter distributions and the 261 

history of disturbance varied. Within some older secondary forests, abundances of individuals of 262 

shade-intolerant pioneer species exhibited unimodal diameter-abundance relationships as 263 

opposed to the reverse-J distribution of shade-tolerant species. In at least some forests (i.e., Wind 264 

River, USA), the shade-intolerant cohort was still apparent after five centuries (Lutz et al., 2013). 265 

Forest structure clearly depends on climate (Fig. 4), however the relatively low correlations 266 

between significant climate variables and the first NMDS axis suggests that either the important 267 

climate correlates are not functions of univariate physical or biophysical factors, or that structural 268 

similarity between forests depends more significantly on the diversity of the species present and 269 

their life-history traits.  270 

The climate sensitivities of larger-diameter trees may provide a more straight-forward 271 

path to predicting changes in forest biomass because the large-diameter trees contain about half 272 

of forest biomass worldwide. Larger trees are susceptible to sapwood cavitation and are exposed 273 

to high radiation loads (Allen et al., 2010). Although location-specific climate models may be the 274 

best way to examine potential trends in biomass, at the global scale, it may be more important to 275 

understand the environmental sensitivities of large-diameter trees. Any decline in temperate zone 276 

large-diameter tree abundance may be compounded by the low large-diameter tree diversity in 277 

temperate forests. Large-diameter tree richness in tropical forests suggest more resilience to 278 

projected climate warming in two ways. First, large-diameter tree richness was highest in 279 

tropical forests, suggesting that the large-diameter tree guild may have different adaptations that 280 

will allow at least some species to persist. And second, the pool of species that can reach large 281 

diameters may have been undersampled, implying an even higher level of richness.  282 

Characterizing forest structural variation and the abundance and diversity of large-283 

diameter trees required these large plots (Fig. S2), a finding consistent with other studies 284 

examining forest biomass (Réjou-Méchain et al., 2014). In particular, the relatively large area 285 

required (6.5 ha, on average) to estimate biomass to within 5% of the entire plot value reinforces 286 

conclusions that the distribution of large-diameter trees is not uniform throughout the forest (e.g., 287 

Lutz et al., 2012; 2013; Furniss et al., 2017), and that the influence that these individuals can 288 

have on the local neighborhood is high. We note that this calculation of the size of the plot 289 

required is a measure of spatial variation within the forest, and does not depend on the accuracy 290 
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of the allometric equations themselves. Allometric equations are well known to be imprecise for 291 

large-diameter trees, and therefore our estimates of overall biomass could be off by ±15% (Lutz 292 

et al. 2016). Although temperate plots had much lower overall species diversity compared to the 293 

tropical plots, tropical plots had much more homogeneous structure (Fig. 4). With large plot 294 

sizes and global distribution, ForestGEO is uniquely suited to capture structural variation (i.e., 295 

the heterogeneity in the abundance of trees of all diameter classes) in addition to their utility in 296 

examining species diversity (Hubbell, 2001; Anderson-Teixeira et al., 2015).  297 

Our principal hypothesis that the largest 1% of trees ≥1 cm DBH constitute almost 50% 298 

of the biomass (and hence, carbon) was supported worldwide. The maintenance of large-299 

diameter trees is therefore imperative to maintain full ecosystem function, as the time necessary 300 

for individual trees to develop large sizes could preclude restoration of full function for centuries 301 

following the loss of the oldest and largest trees from forests. The fact that the largest individuals 302 

belong to relatively few species (at least in temperate forests) means that the loss of large-303 

diameter trees may alter forest function. If species that can attain large diameter disappear, 304 

forests will feature greatly reduced biomass and structural heterogeneity that will take decades to 305 

centuries to recover. Recovery may never occur if those species are extirpated, or if continuous 306 

climate change over the coming centuries prevents trees from living long enough to attain large 307 

sizes. Policies to conserve the tree species whose individuals can develop into large, old trees 308 

(Lindenmayer et al., 2014) could promote retention of aboveground biomass globally as well as 309 

maintaining ecosystem functions provided by large trees.  310 
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Tables 317 
Table 1. Structural characteristics of global forests. Values for density and biomass include trees 318 

≥1 cm DBH within each square hectare (100 m  100 m) of the plots, with the mean and 319 

standard deviation (SD) calculated for each full hectare. The large-diameter threshold represents 320 

the diameter where half the biomass is contained within trees above that threshold. The biomass 321 

of the 1% indicates the proportion of total live aboveground tree biomass contributed by the 322 

largest 1% of trees by DBH. Plots are listed by declining large-diameter threshold.  323 

Plot Large-

diameter 

threshold 

(cm) 

Density 

(stems ha-1) 

(SD) 

Biomass  

(Mg ha-1) 

(SD) 

Total 

species 

(n) 

Large-

diameter 

species 

(n) 

Large-

diameter 

richness 

(%) 

Biomass 

of the 

1% (%) 

Density 

≥60 cm 

DBH 

(stems 

ha-1) 

Yosemite 106.5 1399 (266) 559 (130) 14 3 21 46 52 

Wind River 92.9 1207 (273) 532 (161) 26 5 19 33 72 

Žofín 78.0 2404 (982) 248 (66) 11 4 36 56 41 

Ituri Lenda 72.0 7553 (829) 467 (62) 396 25 6 83 34 

Danum Valley 65.7 7573 (526) 486 (152) 784 62 8 72 27 

SERC† 65.4 2086 (792) 299 (49) 79 25 32 40 40 

Laupahoehoe 63.4 3925 (859) 241 (45) 22 2 9 58 37 

Santa Cruz† 62.3 1945 (593) 361 (102) 31 7 23 41 34 

Cocoli 60.1 2164 (248) 281 (37) 170 9 5 59 32 

Huai KhaKhaeng 59.9 2506 (674) 258 (65) 284 80 28 57 20 

SCBI† 59.7 1850 (1637) 259 (43) 64 22 34 31 35 

Ituri Edoro 59.3 8956 (1270) 375 (46) 426 63 15 80 23 

Changbaishan 56.2 1230 (188) 288 (33) 52 15 29 22 34 

Bukit Timah 55.6 6273 (180) 363 (140) 353 18 5 73 19 

Rabi 54.7 7988 (926) 323 (74) 346 74 21 73 14 

Lambir 51.9 7635 (1233) 495 (99) 1387 223 16 69 27 

Barro Colorado 51.2 4938 (463) 257 (49) 297 80 27 67 17 

Lilly Dickey 51.2 1112 (441) 214 (29) 34 19 56 22 20 

Xishuangbanna 49.8 4565 (650) 280 (81) 450 93 21 57 19 

Wanang 49.6 5523 (520) 324 (61) 581 170 29 61 14 

Palanan 49.4 4981 (489) 414 (119) 324 41 13 62 27 

Pasoh 48.5 5735 (631) 324 (55) 926 194 21 63 13 

Michigan Woods 47.5 1981 (515) 192 (25) 44 16 36 26 14 

Tyson 45.4 1601 (751) 176 (16) 45 18 40 24 10 

Wytham Woods† 44.8 1016 (309) 310 (46) 23 13 57 23 18 

Korup 42.9 7283 (920) 345 (88) 485 143 29 67 10 

Manaus 42.2 6234 (441) 344 (54) 1529 260 17 59 9 

Cedar Breaks 41.9 1542 (961) 168 (53) 17 8 47 34 13 

Mudumalai 41.7 608 (210) 205 (33) 72 35 49 18 12 

Jianfengling 40.8 6526 (993) 392 (37) 290 116 40 48 24 

La Planada 40.8 4030 (243) 270 (30) 241 74 31 43 8 

Fushan 39.2 4478 (1139) 224 (25) 106 33 31 46 14 

Sherman 38.5 3662 (550) 275 (41) 224 31 14 53 13 

Amacayacu 37.6 4948 (518) 268 (33) 1233 326 26 49 7 
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Kenting 36.1 3760 (410) 255 (38) 92 40 43 36 7 

Lienhuachih 35.7 6131 (1760) 170 (25) 145 49 34 51 10 

Harvard Forest 35.5 3104 (2600) 260 (66) 55 17 31 23 7 

Luquillo 35.5 2903 (626) 283 (53) 133 47 35 39 12 

Heishiding 34.5 5277 (706) 149 (27) 213 59 28 43 12 

Wabikon 31.1 1692 (1017) 111 (14) 31 15 48 17 1 

Gutianshan 31.0 5833 (1580) 185 (27) 159 40 25 34 2 

Ilha do Cardoso 31.0 4660 (578) 148 (17) 135 43 32 41 7 

Yasuni 29.1 5834 (692) 261 (48) 1075 343 32 50 8 

Hong Kong† 28.6 5860 (1056) 142 (20) 172 43 25 39 3 

Lanjenchi 17.2 12075 (2795) 113 (7) 128 72 56 29 1 

Mpala 10.0 2963 (2902) 13 (8) 68 35 51 30 0 

Scotty Creek 7.6 4136 (1407) 22 (11) 11 7 64 15 0 

Palamanui 2.5 8205 (1084) 30 (5) 16 11 69 13 0 
†Mature secondary forest 324 

  325 
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Table 2. The effect of climate zone on tree density and coefficient of variation of density at 1 ha 326 

scale and the proportion of biomass in the largest 1% of trees with all 48 plots weighted equally. 327 

Climate zone Mean tree density 

per hectare (trees 

ha-1) 

Coefficient of 

variation of density 

at 1 ha scale 

Biomass 

proportion of the 

1% (%) 

Cold temperate / boreal 2,281 47 23 

Temperate 3,527 32 38 

All Tropics 5,904 12 61 

Tropical Africa 7,945 12 76 

Tropical Asia 5,767 16 53 

Tropical Latin America 4,383 12 54 

Tropical Oceania 5,523 9 61 

 328 

  329 
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Figures 330 

331 
Fig. 1. Location of the 48 plots affiliated with the Smithsonian Forest Global Earth Observatory 332 

(ForestGEO) plots used in this study.  333 

 334 
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 335 

Fig. 2. Contribution of large-diameter trees to forest structure of 48 large forest plots. 336 

Aboveground live tree biomass increases with increasing large-diameter threshold (A). The 337 

large-diameter threshold reflects the tree diameter that segments biomass into two equal parts. 338 

Below the large-diameter threshold are a large number of small-diameter trees, and above the 339 

large-diameter threshold are a smaller number of large-diameter trees. Aboveground live 340 

biomass declines with the proportion of trees reaching the large-diameter threshold (B). Large-341 

diameter richness also declines with increasing large-diameter threshold (C). The concentration 342 

of biomass in the largest 1% of trees has a strong negative relationship with large-diameter 343 

richness (D). Grey areas indicate 95th percentile confidence intervals.  344 

 345 
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 346 

Fig. 3. Gradients of forest structural attributes by absolute latitude for 48 forest plots in the 347 

ForestGEO network. Absolute latitudinal gradients in density (A) and concentration of biomass 348 

in the largest 1% of trees (C) were significant, whereas those for biomass (B) and the large-349 

diameter threshold (D) were not. Grey areas indicate 95th percentile confidence intervals.  350 
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 351 

Fig. 4. Three-dimensional nonmetric multidimensional scaling (NMDS) results for density and 352 

biomass of trees organized into six diameter classes in 1240 hectares of 48 forest plots in the 353 

ForestGEO network (A, B). Plot mean values are shown with environmental predictors from 354 

Anderson-Teixeira et al. (2015) (A, B). Significant climate correlates (P< 0.001) include months 355 

with precipitation less than potential evapotranspiration (Deficit), annual potential 356 

evapotranspiration (PET), annual mean temperature (Mean temp), and annual precipitation 357 

(Precip). Structure of individual 100 m  100 m hectares within each plot showed wide variation 358 

(C, D; 95th percentile ellipses superimposed). Although plot means are differentiated in the first 359 

two ordination axes (A, C), the high degree of structural variation present in each hectare of 360 

forest includes considerable structural overlap among forests from very different geographies 361 

shown in the third NMDS axis (B, D). Ordination stress = 0.047.  362 
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