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Supplementary information 2 

Appendix 1 – The influence of palm abundance on trends in 3 

structural parameters 4 

Palms are fundamental components of the ecology of Amazonia and are included in 5 

our data. However, it is important to note that palms do not have radial growth, thus 6 

are not expected to increase in diameter over time. Therefore, the inclusion of palms 7 

in our analysis may influence the magnitude of observed trends in structural 8 

parameters. 9 

The percentage of palm stems in each plot ranges between 0-31%, though most plots 10 

have low palm abundance: 78% of plots have <10% of palm stems and 22% of plots 11 

have no palms.  12 

To test for any influence of palm abundance on trends, we repeated the main analyses 13 

excluding all plots where palms represent over 10% of stems (subset used for the 14 

analyses = 146 plots) and found no change in the directionality or significance of 15 

observed trends. However, as by excluding palms we exclude stems that are unlikely 16 

to increase in size, the magnitude of some of the observed trends marginally 17 

increased. Specifically, we observed an increase in the relative trend for mean BA 18 

from 0.32 to 0.38% y-1, and an increase in the relative trend for the scale parameter 19 

from 0.30 to 0.37% y-1.  20 

We further tested for any relationships between palm abundance, expressed as 21 

proportion of palms within the plot, and the plot-level trend in structural parameters 22 

and found only weak associations (maximum R2 0.05) between palm abundance and 23 

the magnitude of plot-level trends (Table S1).  24 

 25 

 26 

 27 
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Table S1. Effect of palm abundance of trends in forest structure.  Model statistics 28 

summarising the relationships between the rate of change in five structural parameters 29 

and the proportion of palms (%) within the plot. P values <0.05 are marked *. 30 

Model (~ proportion of palms) R-squared p value 

Mean stem BA 0.019 0.053 

Stem density  0.008 0.222 

Total BA 0.0003 0.813 

Gini 0.0009 0.669 

Scale  0.05 0.002* 

 31 

  32 
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Appendix 2 - The influence of measurement technique on basal area 33 

estimations 34 

The method used to assess trees’ diameter (D) across time can potentially influence 35 

results in terms of tree size change. Conventionally, tree growth is assessed based on 36 

the diameter of the tree trunk at 1.3 m above the ground (diameter at breast height - 37 

DBH), assuming the trunk is cylindrical at the point of measurement (POM). However, 38 

this is often not the case for tropical trees that commonly have buttresses or 39 

deformities extending above the 1.3 m standard POM. For those trees with irregular 40 

trunks, the POM is instead placed in higher areas of the trunk, above any deformities 41 

where the trunk is cylindrical (Sheil, 1995). Buttresses often move upwards during 42 

trees’ lifespan, which implies that the POM sometimes has to be shifted towards higher 43 

parts of the trunk in advance in order to measure tree growth over long periods of 44 

monitoring (Sheil, 1995). Various approximations have been developed to estimate 45 

growth of those trees that had their POM changed (Cushman et al., 2014; Talbot et 46 

al., 2014). 47 

In this study, for those trees that had the POM changed during the monitoring period, 48 

we use the mean between the diameter (D) where the old POM is recorded (DPOMold) 49 

and the D at the new POM (DPOMnew), so called DPOMmean (Talbot et al., 2014). For 50 

every census the diameter sequences of DPOMold and DPOMnew are calculated based on 51 

the actual measured D and on estimations based on the ratio between DPOMold : 52 

DPOMnew. This method has the advantage of creating a continuous growth sequence 53 

for each individual tree, regardless of POM changes, and of using the actual measured 54 

taper of that tree to create such a sequence. DPOMmean has been used in previous 55 

studies, where it was found to lead to results consistent with those from other D 56 

estimation technique (Brienen et al., 2015; Lewis et al., 2009; Talbot et al., 2014). 57 

However, because trees’ circumferences tend to decrease with height as a result of 58 

taper, it is conceivable that the tendency of this method to adjust POMs down the tree 59 

stem for later censuses and adjust them up for earlier censuses may still lead to some 60 

overestimation of stand level growth rates.  61 

Information from the tree taper is also often used to estimate D (Cushman et al., 2014). 62 

This technique consists of estimating the D at 1.3 m based on DPOMactual, the POM 63 
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height and the taper parameter, which quantifies the decay in D from 1.3 to DPOMactual 64 

(Metcalf et al., 2009). However, taper parameter can vary considerably across species 65 

and the lack of species-specific taper parameters for tropical trees hampers a more 66 

widespread application of D estimations based on tree taper (Cushman et al., 2014). 67 

To verify for possible bias in DPOMmean one could use DPOMactual, i.e. the D where it was 68 

measured regardless of POM changes. However, DPOMactual always underestimates 69 

the growth of stems with POM changes, since the D drops when POM is moved up 70 

the tree as a consequence of tree taper, creating discontinuous growth sequences 71 

(Phillips et al., 2002). POM changes are applied in advance of deformations reaching 72 

within 30 cm of the POM, thus another alternative is DPOMactual-1, i.e. estimation of D 73 

where DPOMold is applied for censuses up to, and including, the census when the new 74 

POM is first recorded, and DPOMnew is applied from the census where the POM change 75 

took place. The most highly conservative D estimation would be DPOMconst, that applies 76 

for each tree that had a POM change the mean growth rate of its size class in that plot 77 

(gr) during the first census interval calculated based on all Eudicots that did not have 78 

POM changes. For monocots and tree ferns with POM changes DPOMnew is applied. To 79 

estimate DPOMconst the growth rate is calculated for each plot in one of three size 80 

classes (100-199mm, 200-399mm, >400mm D). Thus, DPOMconst = Dt1+ gr * (t2-t1) and 81 

when Dt1+gr*(t2-t1) > D of next size class, the gr of the next size class should be used.  82 

Trends in plot mean POM over time are good indicators of whether there has been 83 

any bias in the measurement towards under or overestimating growth. An increase in 84 

mean POM height would either indicate that the field team has been conservative in 85 

estimating basal area increments and POM changes have been applied often, or that 86 

in fact there has been a real increase in the size or number of large buttressed trees 87 

which would have high POMs. Another way to assess potential biases in trend in mean 88 

tree size as a consequence of the measurement techniques is to investigate the trends 89 

in mean basal area-weighted POM height. An increase in basal area weighted POM 90 

shows that the POM has been placed higher, especially for large trees. Basal-area 91 

weighted POM dynamics are a closer indication of whether trees are being measured 92 

around the buttresses as it gives less weight to the fluctuation of small trees from 93 

census to census, and is expected to be most insightful when evaluating whether POM 94 

change protocols might be affecting stand-level basal area and biomass analyses. 95 
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Analyses 96 

Investigating potential changes in mean POM height  97 

We investigate potential bias in tree size estimation caused by shifts in POM. we 98 

assessed the trends in mean POM height, diameter weighted mean POM, and basal 99 

area weighted mean POM through time in terms of time elapsed (all plots with at least 100 

2 censuses) and in terms of censuses number (plots with at least 5 censuses). 101 

For each plot we calculated the linear slopes of mean and weighted mean POM as a 102 

function of time (years or number of censuses). The mean and the 95% CI of all plots 103 

weighted by plot sample effort (i.e. squared root of monitoring time x area for year-104 

based analyses and squared root of plot area for census-based analyses) were 105 

estimated using non-parametric bootstrapping by randomly resampling values of plot-106 

level mean change across all plots 10,000 times. This analysis was repeated using 107 

different ways to estimate basal area, i.e. DPOMactual, DPOMmean, DPOMactual-1 and 108 

DPOMconst. 109 

Comparing results across different D estimation techniques 110 

To assess whether DPOMmean is in fact a robust D estimation to assess changes in 111 

mean tree size we also conducted two alternative analyses: (1) repeated the core 112 

analyses using DPOMactual and (2) calculated mean tree size using a taper parameter to 113 

estimate D. we applied a general taper function:  114 

𝑑 =  𝐷 ∗  𝑒−𝑏(ℎ−1.3)    Eq. 1 115 

where d is the diameter at height h, D is the diameter when POM = 1.3 m and b is the 116 

taper parameter (Cushman et al., 2014; Metcalf et al., 2009). As species-specific b are 117 

not available we used a general taper parameter for all trees, which is calculated for 118 

each tree based on d and h following Cushman et al. (2014): 119 

log (b) = -2.4368 -0.3566 * log(d) + 0.3093 * log(h).   Eq. 2 120 

The taper correction was applied to all trees that had POM different than 1.3 m. 121 

The analyses in this appendix, with exception to the repetition of the core analyses 122 

using DPOMactual, were developed using the plots with POM information available for at 123 
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least 80% of the stems: 147 plots were used to calculate D based on taper function 124 

and for the year basis analyses of POM height and 73 plots were used for census 125 

basis analyses of POM height. 126 

Results 127 

Investigating potential changes in mean POM height  128 

The analyses trends in POM for different D estimation techniques show that field 129 

measurements have progressively moved higher in the trunk to avoid measurements 130 

around the buttresses. Thus, field teams have either progressively become more 131 

conservative in their interpretations of the need to avoid deformities, or trees have 132 

generally become larger and more buttressed, or both. Mean POM for DPOMactual and 133 

DPOMactual-1 increased when giving the same weight to all trees or when calculating 134 

POM weighted by D or basal area (Table S2 and S3). The POM used for DPOMmean and 135 

DPOMconst tend to decrease when the same weight was applied to all individuals, or not 136 

to change when POM was weighted by tree basal area (Table S2 and S3; Figure S2). 137 

Comparing results across different D estimation techniques 138 

The main patterns of tree size observed using DPOMmean (Table 1 - main text) persisted 139 

when using the more conservative DPOMactual (Table S1). DPOMactual underestimates 140 

growth as the POM moves up the trunk, which happens more frequently for large trees. 141 

However, we still found an increase in mean tree size within the largest size class (≥ 142 

400 mm). The non-significant trend in tree size among overstorey trees is explained by 143 

the underestimation of tree size change among large trees when using DPOMactual. 144 

The increase in mean tree size across the Amazon was more pronounced when 145 

calculated using D estimated from the taper function which was of 186 mm y-1 (95% 146 

CI 135; 239) (Figure S1), which does not differ from mean tree size calculated for the 147 

same dataset using DPOMmean 145 mm y-1 (95% CI 107; 182).  148 
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Table S2 – Trends in tree size in forests across the Amazon basin using DPOMactual 149 

to estimate basal area. Bootstrapped mean and 95% CI (in brackets) for trends in 150 

tree size for different group of trees and tree size parameters. Note that none of the 151 

estimated trends differ significantly from the trends calculated using DPOMmean (Table 152 

1 - main text). 153 

 154 

  155 

 Absolute trend N of plots 

Mean 83 (47|123) 187 

Median 28 (11|45) 187 

Size classes   

< 200 mm 13 (7|19) 187 

200 - 399 mm 14(-11|38) 187 

≥ 400 mm 293(77|502) 187 
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Table S3 - Mean and 95 % CI annual trends in plot level mean POM, diameter weighted mean 156 

POM and basal area weighted POM for different diameter (D) estimation techniques across 157 

146 Amazonian plots with at least 2 censuses and 80% of the trees with POM height recorded. 158 

DPOMactual = actual D of the tree as measured at each point in time. Dactual-1 = D where the POM 159 

was initially recorded is applied for all censuses up to and including the census at which the 160 

new POM is first recorded, and D at new POM for all analyses from the census when the POM 161 

change took place. DPOMmean = mean diameter value where the POM was recorded initially 162 

and the diameter at the new POM. DPOMconst = applies the mean growth rate of the plot during 163 

the first census interval forwards. Mean trends and CI were weighted by plot sample effort 164 

(squared root of plot area x monitoring period). 165 

 Mean (mm y-1) 2.5% CI 97.5% CI 

POM height 

DPOMactual 6 4 7 

DPOMactual-1 4 3 5 

DPOMmean -1 -2 -1 

DPOMconst -2 -2 -1 

Diameter weighted POM height 

DPOMactual 3 2 4 

DPOMactual-1 2 1 3 

DPOMmean -1 -1 -1 

DPOMconst -1 -1 -1 

Basal area weighted POM height  

DPOMactual 10 7 12 

DPOMactual-1 7 4 9 

DPOMmean -1 -2 0.2 

DPOMconst -2 -3 -1 

 166 

  167 
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Table S4 - Mean and 95 % CI trends per census of mean POM, diameter weighted mean 168 

POM and basal area weighted POM for different diameter (D) estimation techniques across 169 

73 Amazonian plots. As table S2 but at a census basis for all plots with at least 5 censuses. 170 

 Mean (mm census-1) 2.5% CI 97.5% CI 

POM 

DPOMactual 6 2 11 

DPOMactual-1 3 -2 7 

DPOMmean -3 -3 -2 

DPOMconst -3 -4 -2 

Diameter weighted POM 

DPOMactual 13 6 20 

DPOMactual-1 7 1 13 

DPOMmean -2 -4 -0.1 

DPOMconst -4 -6 -2 

Basal area weighted POM 

DPOMactual 26 15 37 

DPOMactual-1 17 7 27 

DPOMmean 1 -4 6 

DPOMconst -4 -8 1 

 171 

 172 

 173 

  174 
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 175 

Figure S1 – Distribution of trends in mean stem basal area per plot using D estimations from 176 

the taper function. 177 

 178 

Figure S2 – Trends in mean, diameter weighed mean and basal area weighed mean POM 179 

across censuses for 73 inventory plots in the Amazon Basin. Plots had at least 5 census and 180 

80% of trees with POM height recorded. Different colours represent POM applied to calculate 181 

different D estimation techniques: DPOMactual (blue), DPOMactual-1 (grey), DPOMmean (red) and 182 

DPOMconst (black). 183 

  184 
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Appendix 3 - Canopy status 185 

We classified each tree by their canopy status (overstorey or understorey) using the 186 

Ideal Tree Distribution (ITD) model (Purves et al., 2007). This model places the trees 187 

in the overstorey, or understorey stratum based on height and crown area. Trees are 188 

ordered from the tallest to shortest and the crown areas of the trees are summed 189 

cumulatively until this equals the ground area. These trees are classified as in the 190 

overstorey layer. All trees shorter than the smallest tree in the overstorey layer are 191 

then considered to be in the understorey. The model is based on the assumptions that: 192 

(1) the total crown area of each canopy layer is less than or equal to the ground area; 193 

(2) trees are sufficiently plastic so there should be no unused space in each canopy 194 

layer; and (3) consequentially, tree height defines which tree will be in the 195 

canopy(Bohlman & Pacala, 2012; Purves et al., 2007, 2008). 196 

In the absence of height and crown area of each tree we estimated the height for each 197 

tree in the data in each census using regional allometric equations from Feldpausch 198 

et al. (2011). Crown area was estimated using the allometric equation of Poorter et al. 199 

(2006):  200 

crown area = exp [-1.853 + 1.888 ln(height)]  Eq. 2 201 

We considered the crown area of palms to be zero as that they have a different crown 202 

allometry when compared to dicotyledonous trees (Goodman et al., 2013). The model 203 

was applied at the census level, and tree height and crown area were calculated for 204 

each tree allowing canopy status could change from understorey to overstorey and 205 

vice-versa. 206 

Canopies of tropical forests are often irregular because of gap dynamics, so to account 207 

for this patchiness we applied the model at the subplot scale(Bohlman & Pacala, 208 

2012). Thus, the classification of trees canopy status within plots was done at the ≈ 209 

400 m2 subplot scale, for which subplot information was available for 106 plots plus 210 

four plots with similar subplot size (385 m2; 450 m2, 416 m2 and 416 m2). The size of 211 

the subplots used here is within the optimum plot size for predicting canopy status 212 

according to comparisons between the ITD model and ground-based and satellite data 213 

in Central America (Fauset et al., 2012; Feeley et al., 2011). 214 
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Appendix 4 – Regional-level analysis 216 

 217 
To explore variation in trends among regions, we classify sites into four biogeographic 218 

regions defined by Feldpausch et al. (2011): (1) the Brazilian Shield; (2) the Western 219 

Amazon; (3) the East-Central Amazon; (4) the Guiana Shield. Classification of lowland 220 

Amazonian forests by biogeographic region is well-supported and reflects underlying 221 

variation in soil structure and fertility (Quesada et al., 2012) resulting in strong regional 222 

variation in forest structure and composition (Johnson et al., 2016). We analysed 223 

trends for mean, median, and maximum tree basal area, total basal area, Gini 224 

coefficient, shape parameter (γ) and scale parameter (β), stem density (stems per 225 

hectare) within each region, following the approach described in the methods.   226 

 227 
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