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a b s t r a c t
Successful management of tropical forest resources depends upon an understanding of their patterns of
density and spatial distribution, since these affect the potential for harvesting. The variation in these patterns across different spatial scales has rarely been explored. We assessed the extent to which different
spatial scales are useful in understanding resource distribution, using the example of an economicallysigniﬁcant tropical tree genus, Copaifera, which is valued across Brazilian Amazonia for its medicinal oleoresin. We mapped the spatial distribution of Copaifera trees at three nested spatial scales: basin-wide
(across Brazilian Amazonia), landscape (across two contiguous extractive reserves) and local (within a
100-ha plot). Using data from our own study and an Amazon-wide forest inventory (Projeto RADAMBRASIL), we quantiﬁed the population distribution, density and size structure at the genus and species level at
all three scales, relating these to two environmental variables – forest type and elevation. Spatial statistics were used to further characterize the resource at the landscape and local levels. The distribution, density and adult population structure differed between species and forest types at all three spatial scales.
Overall tree densities ranged from 0.37 ha–1 (basin-wide scale) to 1.13 ha–1 (local scale) but varied
between forest types, with várzea containing a Copaifera tree density just 43% of that in terra ﬁrme forest
at the landscape scale. Spatial distribution analyses showed signiﬁcant clumping of some species, especially C. multijuga which averaged 61 m between neighbouring trees. We compare our cross-scale density
estimates and discuss the relative merits of studying the distribution of non-timber forest products
(NTFP) at more than one spatial scale. Our results have implications for the management and extraction
of this important Amazonian forest resource.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Historically, there has been considerable interest in the spatial
distribution of plants across a range of scales (Erickson, 1945;
Forman, 1964) together with the environmental and demographic
factors determining these patterns (Hutchings, 1997). The sustainable management of plant resources also depends critically upon
an understanding of the spatial distribution and population structure of the harvested species (Boll et al., 2005). This is particularly
true of economically important tropical forest resources, which are
vulnerable to over-exploitation if appropriate harvest levels are
not determined by detailed knowledge of their patterns of distribution and recruitment (Reynolds and Peres, 2006). As demand for
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such resources grows, an understanding of how the spatial distribution of a resource varies may allow managers and extractors to
estimate the potential harvest of a resource over space and time.
The scope for understanding patterns of resource distribution is
largely determined by the scale at which such patterns are examined, with different spatial scales offering alternative resolutions
(Krebs, 2009). Spatial heterogeneity in tropical tree distribution
has been demonstrated at multiple scales from vast areas covering
an entire region (e.g. Tuomisto et al., 2003), to intermediate scales
covering landscapes (e.g. Phillips et al., 2003) to small, localized
scales (e.g. Hubbell et al., 2001). When economically-important resources are considered, regional scale studies can offer an overview
of both the potential for sustainable extraction (e.g. Peres et al.,
2003), whilst landscape scale studies can usefully inform individual resource managers and extractors (e.g. Wadt et al., 2005). Local
level studies are invaluable as a basis for detailed analyses of population structure and dynamics (e.g. Klimas et al., 2007) as well as
for developing sustainable harvest models incorporating density
dependence (e.g. Freckleton et al., 2003).
The distribution of plant species may be inﬂuenced by environmental conditions including light, edaphic factors, topography,
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climate, latitude, and hydrological conditions. However, environmental variables exert varying degrees of inﬂuence at different
spatial scales (Willis and Whittaker, 2002). Species ranges may
be determined by climatic parameters or geographic boundaries
(e.g. Wittmann et al., 2006), whilst landscape-level distribution
may be inﬂuenced by edaphic or hydrological constraints (e.g.
Haugaasen and Peres, 2006). In contrast, local distribution patterns
may be dictated by small-scale gradients in topography and natural disturbance such as tree-fall gaps (e.g. Valencia et al., 2004), or
through spatial patterns of recruitment and mortality (Hutchings,
1997). The extent to which there is divergence in the environmental variables that best explain patterns of resource heterogeneity at
different spatial scales is of interest to researchers and agencies
wishing to manage resource populations.
The oleoresin harvested from trees of the genus Copaifera is a
commercially-important non-timber forest product (NTFP) found
throughout the neotropics (Plowden, 2004). Extractors drill a hole
into the trunk from which oleoresin is drained; if the hole is then
plugged, oleoresin deposits may be replenished over time (Newton
et al., 2011). The oleoresin is widely valued for its therapeutic uses,
including anti-inﬂammatory and analgesic properties (Veiga Junior
and Pinto, 2002). Widely harvested and used across Brazilian
Amazonia, sales of Copaifera oleoresin generated R$4.1 million
(USD 2.6 million) in revenue in Brazil in 2009 (IBGE, 2011). As a
slow-growing hardwood tree, Copaifera also historically provided
valuable termite-resistant timber in many regions, although extraction for this purpose is now prohibited within most protected areas.
The spatial distribution of the genus is not well documented but
is thought to be heterogeneous on both a basin-wide (Martinsda-Silva et al., 2008) and landscape scale (Plowden, 2003;
Rigamonte-Azevedo et al., 2006).
We investigated patterns of Copaifera species distribution, richness and abundance at three nested spatial scales: (i) basin-wide
(across the 5 million km2 Brazilian Amazonia); (ii) landscape
(across a 900,000 ha area within two contiguous extractive reserves); and (iii) local (within a single 100-ha terra ﬁrme forest
plot). The study aimed to: (1) describe the spatial distribution of
Copaifera at these three scales; and (2) explore how this distribution
varied with respect to two key environmental variables: (a) forest
type; and (b) elevation. We ask whether there is congruence between patterns of resource distribution at different spatial scales,
and discuss the relative merits of a cross-scale approach in understanding and managing this and other key tropical forest resources.
2. Material and methods
2.1. Study species
A recent taxonomic review by Martins-da-Silva et al. (2008)
recognised nine species of Copaifera across Brazilian Amazonia: C.
duckei Dwyer, C. glycycarpa Ducke, C. guyanensis Desf, C. martii Hayne, C. multijuga Hayne, C. paupera Herzog, C. piresii Ducke, C. pubiﬂora Benth and C. reticulata Ducke. Copaifera species encountered
within the study site were identiﬁed using the key provided by this
monograph before being compared against voucher specimens
previously identiﬁed by R. Martins-da-Silva in the herbarium of
the Botany Department of the Instituto Nacional de Pesquisas da
Amazônia (INPA), Manaus. Numbered voucher specimens of each
species identiﬁed during this study have been deposited at the
INPA herbarium.
2.2. Basin-wide scale
Data were compiled from 2343 one-hectare (20  500 m) tree
plots inventoried by taxonomists in Brazilian Amazonia between

1968 and 1975 as part of the national Radar na Amazônia survey
programme (Projeto RADAMBRASIL, 1982; Fig. 1). Within each
plot, all trees larger than 100 cm circumference at breast height
(CBH), or P31.8 cm diameter at breast height (DBH), were measured and identiﬁed to genus or species. Copaifera is a good model
genus for large-scale surveys involving multiple taxonomists since
it is widely used and its distinctive trunk is easily recognizable,
thereby reducing the likelihood of both false negatives (failing to
record a tree) and false positives (mistakenly identifying a tree of
a different genus as Copaifera). For each plot, the number of Copaifera trees of each species and a binary measure of forest type
(unﬂooded or seasonally ﬂooded) was recorded.
We additionally reviewed the literature for studies that provided data on Copaifera densities across lowland Amazonia. These
were summarized and tabulated for comparison with the results
of this study.
2.3. Landscape scale
The study was conducted within and around two contiguous
extractive reserves bisected by the Juruá River, a large white-water
tributary of the Amazon (Solimões) River in the state of Amazonas,
Brazil. The federally-managed Médio Juruá Extractive Reserve
(hereafter, ResEx Médio Juruá) occupies 253,227 hectares, whilst
the larger, state-managed Uacari Sustainable Development Reserve
(hereafter, RDS Uacari) is 632,949 hectares (Fig. 1). A 10–20 km
wide band of seasonally inundated (várzea) forest spanning the
main river channel is subjected to a prolonged ﬂood-pulse every
year between January and June, whilst terra ﬁrme forests on higher
elevation have never ﬂooded, at least since the Pleistocene. The elevation is 65–170 m above sea level and the terrain is ﬂat or undulating. The area has a wet, tropical climate; daily rainfall records
at the Bauana Ecological Field Station (S 5°260 19.03200 W 67°170
11.68800 ) indicated that 3659 mm and 4649 mm of rain fell annually
in 2008 and 2009, respectively. All forest within the study site was
intact, primary forest that had experienced very little logging activity except for some historical selective removal of key timber species (including Copaifera spp.) from várzea forest between 1970
and 1995 (Scelza, 2008).
We placed 63 transects of between 2000 m and 5000 m in
length (mean ± SD = 4213 ± 953 m) in both terra ﬁrme (37 transects) and várzea forest (26 transects) (Fig. 1). Each transect was
measured using a HipChainÒ, marked every 50 m with ﬂagging
tape and mapped with a high-resolution handheld GPS receiver.
Each transect was slowly (1 km/h) censused on foot (during the
dry-season in várzea forest) by a minimum of two experienced
observers. All Copaifera trees P25 cm DBH encountered within
10 m on either side of the transect were recorded, and their position along the transect recorded to the nearest 50 m. Each tree
was identiﬁed to species and measured at 1.3 m height, to the
nearest 0.1 cm using a standard DBH tape. Each transect was therefore effectively a linear plot (hereafter) of 20 m by l m, where l was
the length of the transect, within which all Copaifera trees larger
than the minimum size threshold were recorded. Copaifera trees
were frequently sighted up to 25 m either side of the transect,
but to account for occasional areas of dense understory vegetation,
and to be conﬁdent of conducting exhaustive censuses, we limited
our strip-width to a conservative 20 m.
2.4. Local scale
We demarcated a 100-ha square plot in terra ﬁrme forest
approximately 2 km from the Bauana Ecological Field Station in
the RDS Uacari reserve (northern plot corner: S 5°260 51.28800 , W
67°150 55.80000 ; Fig. 1). This plot contained 11 parallel transects
of 1-km length, spaced 100 m apart and connected at both ends
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Fig. 1. Location of study populations of Copaifera spp. at three spatial scales. (a) Dots indicate a total of 2343 1-ha plots across Brazilian Amazonia (indicated in the shaded
inset within South America). The rectangle indicates the area shown in: (b) 63 linear plots (black lines) within and immediately outside the boundaries of the Uacari
Sustainable Development Reserve and the Médio Juruá Extractive Reserve in the state of Amazonas. Grey and white areas are terra ﬁrme and várzea forest, respectively. The
black square indicates the location of a 100-ha plot in terra ﬁrme forest, bisected by one of the linear plots (see inset). Rivers are shown in grey in both maps.

by two perpendicular transects of 1-km length. Each transect was
measured with a HipChainÒ and marked with ﬂagging tape every
20 m.
The population of Copaifera P25 cm DBH was mapped and
number-tagged within this plot. Initially, each of the 1-km transects was walked by two observers; subsequently, three observers
walked at evenly-spaced intervals, midway between and parallel
to the transect lines, recording all adult trees sighted. We recorded
the same data as in the linear plots, but additionally each tree was
mapped with an x, y coordinate to the nearest meter. This was
determined by measuring the perpendicular distance from the tree
to the nearest transect using a 50-m tape and SuuntoÒ compass,
and recording the position along that transect.

2.5. Data analysis
The genus and species level distribution (presence/absence),
density, and adult population structure (based on DBH size classes)
were quantiﬁed for Copaifera trees at all three spatial scales.
2.5.1. Basin-wide scale
At the basin-wide scale, minimum convex polygons (incorporating 100% of points) were created using the Home Range Tools
extension to ArcGIS 9.3 for each of the ﬁve species for which individuals were recorded in at least three plots (Rodgers et al., 2007).
Copaifera density (trees ha–1) was plotted in ArcGIS at the same
scale.
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There were discrepancies between the species nomenclature
used by Projeto RADAMBRASIL, which was conducted in the
1970s, and those recognized by the most recent taxonomic review
of the genus in Brazilian Amazonia (Martins-da-Silva et al., 2008).
Here, we report the original names of the species recorded by the
survey, which were consistent across all plots, but additionally
present minimum convex polygons produced from our own digitisation of the species distribution map presented by Martins-daSilva et al. (2008) based on the gazetteer of collecting localities
of herbarium specimens surveyed by that study.
2.5.2. Landscape scale
The Copaifera population P25 cm DBH had been mapped within the linear plots, but extreme edge effects precluded the use of
most spatial statistics. Instead, Fortin and Dale’s (2005) method
was used to assess evidence of pairwise (Wm) and serial (hm)
clumping of trees, treating each linear plot as a one-dimensional
line transect.
2.5.3. Local scale
Three spatial distribution metrics were calculated for exhaustively mapped Copaifera populations at the local scale using the R
package ‘spatstat’ (Baddeley and Turner, 2005): (i) mean nearestneighbour distances (NND) were calculated using Clark and Evans’
(1954) method, based on the x, y locations of the trees encountered, applying Donnelly’s (1978) modiﬁcation to eliminate edgeeffect bias (Krebs, 1999); (ii) the aggregation index (R) provided
an initial indication of whether the population had a clumped, random or uniform distribution. The associated z-value was used to
determine whether the observed pattern deviated signiﬁcantly
from an expected random pattern (Krebs, 1999); (iii) since R does
not reliably differentiate an aggregated distribution from an even
distribution of regularly sized clumps (Klimas et al., 2007), we used
a linearized Ripley’s K function L(r) with edge correction as a further test of spatial randomness (Goreaud et al., 1999). All spatial
statistics were applied to the entire assemblage of Copaifera spp.
trees, as well as to each species independently.
2.6. Comparing scales
We divided the 100-ha plot into individual 1-ha subplots (100 
100 m) and each linear plot into 0.1-ha subplots (50  20 m). We
calculated the elevation (m above sea level) of each subplot from
90-m resolution Shuttle Radar Topography Mission (SRTM) data
in ArcGIS 9.3 (Jarvis et al., 2008). Presence and absence of each
species was also recorded for each subplot. Evaluation of Moran’s
I values showed no signiﬁcant effects of spatial autocorrelation at
either scale, for either presence or abundance.
We assessed congruence between nested scales by comparing
our density estimates within the Médio Juruá study region, using
an equal minimum size threshold (P31.8 cm DBH). Firstly, we
selected all RADAMBRASIL 1-ha plots that fell within: (i) the two
reserves (N = 12); and (ii) the Juruá watershed (N = 55). Secondly,
we used the 100 1-ha subplots to assess intra-plot variation in tree
density at the local scale, and compared this to the landscape and
basin-wide scale data.
3. Results
3.1. Basin-wide scale
A total of 864 Copaifera trees were recorded within the 2343 1ha plots, resulting in an overall mean Copaifera density of 0.37 trees
ha–1. However, density was not homogenous across the basin, with
only 497 (21.2%) of the plots containing one or more Copaifera trees

(range 0–7 trees ha–1; mean density ± SD = 0.37 ± 0.89 trees ha–1;
mean density per occupied plot = 1.74 ± 1.15 trees ha–1; Table 1).
The region north of the Solimões River had relatively low densities
of Copaifera, whereas a hotspot of elevated tree density was
centred on the Madeira and Aripuanã Rivers in southern central
Brazilian Amazonia (Fig. 2).
Five species of Copaifera were identiﬁed within these plots,
though species richness per plot never exceeded two species ha–
1
. We mapped the distribution of individual Copaifera species
across the basin and found a distinct spatial partitioning in species
distributions. Minimum convex polygons showed that C. reticulata
had the most extensive distribution, covering the majority of the
basin, whereas C. multijuga, C. langsdorfﬁi, C. glycycarpa and C. duckei had more restricted geographic ranges (Fig. 3). More abundant
species had signiﬁcantly more extensive distributions (RADAM:
r = 0.932, N = 5, p = 0.021; Martins-da-Silva: r = 0.874, N = 9,
p = 0.002). The region of greatest species overlap coincided with
the area of highest Copaifera density (Fig. 2). There was a high degree of congruence in distribution between the taxonomy used by
Projeto RADAMBRASIL and that described by Martins-da-Silva
et al. (2008) (Fig. 3).
Copaifera density was approximately equal in the two main forest types, with a mean of 0.37 ± 0.87 trees ha–1 (N = 2052 plots) in
terra ﬁrme forest and 0.37 ± 0.99 trees ha–1 (N = 291 plots) in várzea forest. However, there was considerable species turnover with
respect to forest type, with all species occurring in terra ﬁrme forest but only two species, C. reticulata and C. glycycarpa, regularly
encountered in várzea forest (11.3% and 15.7% of conspeciﬁcs,
respectively).
There were signiﬁcant differences between the mean size (DBH)
of some of the seven species (ANOVA (ln DBH): FBrown-Forsythe =
4.329, df = 6, p = 0.001; Table 2). In aggregate, Copaifera trees within várzea forest (median DBH = 50.93 cm, N = 107) were larger than
their congeners in terra ﬁrme forest (median DBH = 46.15 cm,
N = 757) (Mann–Whitney U = 34910, z = –2.318, p = 0.020; Fig. 4).

3.2. Landscape scale
A total of 341 Copaifera trees P25 cm DBH were encountered in
a total of 530.6 ha of forest censused, resulting in an overall density
of 0.64 trees ha–1. However, density was not homogenous across
the landscape (mean density ± SD = 0.63 ± 0.52 trees ha–1, N = 63
linear plots; Table 1), and four of the 63 linear plots did not contain
a single Copaifera tree.
Four species of Copaifera were identiﬁed within the Médio Juruá
study area: a total of 163 C. guyanensis, 66 C. multijuga, 65 C. paupera and 47 C. piresii were recorded. Species distributions were not
uniform between forest types: C. multijuga and C. piresii were found
only in terra ﬁrme, whilst all but two C. paupera trees were found
in várzea. C. guyanensis was encountered in both forest types,
though predominantly (92.0%) in terra ﬁrme.
Copaifera density differed signiﬁcantly between forest types,
being more than twice as high in terra ﬁrme forest (mean = 0.83 ±
0.57 trees ha–1, N = 37 linear plots) than in várzea forest (mean =
0.36 ± 0.26 trees ha–1, N = 26 linear plots). C. guyanensis (the only
species occurring in both forest types), was found at densities an
order of magnitude higher in terra ﬁrme forest than in várzea forest (Table 1). C. guyanensis and C. paupera were the most abundant
species in terra ﬁrme and várzea forest, respectively.
There were signiﬁcant differences between the mean sizes
(DBH) of the four Copaifera species. Within terra ﬁrme forest, C.
multijuga were signiﬁcantly larger than C. piresii. The two várzea
forest species (C. guyanensis and C. paupera) were both signiﬁcantly
larger than the three terra ﬁrme forest species (C. guyanensis, C.
multijuga and C. piresii) (C. guyanensis split by forest type; ANOVA
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3.3. Local scale

c

Reference

Table 1
Comparison of population densities of Copaifera tree species from studies conducted across lowland Amazonia.

Area covered

Number found

Mean density (ind ha–1)

SDa

Min size (Px cm DBH)b
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A total of 113 Copaifera trees P25 cm DBH were encountered in
the 100-ha plot, resulting in an overall Copaifera density of 1.13
trees ha–1. Sixty-two of the 100 1-ha subplots contained one or
more Copaifera trees (mean per subplot = 1.13 ± 1.16 trees ha–1;
mean per occupied subplot = 1.82 ± 0.95 trees ha–1). Three of the
four species found in the Médio Juruá entire study area occurred
within the 100-ha terra ﬁrme forest plot: 38 C. guyanensis, 51 C.
multijuga and 24 C. piresii were recorded. C. paupera, which was largely restricted to várzea forest, was missing from this plot. Species
richness consequently ranged from one to three species per 1-ha
subplot.
Within the 100-ha plot, the mean DBH of C. multijuga trees was
signiﬁcantly larger than that of C. piresii trees (ANOVA: F = 4.707,
df = 2, p = 0.011, Gabriel’s post hoc: p = 0.007). C. guyanensis were
not signiﬁcantly different in size to the other two species (Table
2). Mean DBH was higher within the 100-ha plot than across the
landscape linear plots for all three species (Table 2), but the local
scale captured a smaller proportion of the total variance in population size range (Fig. 4). Size distributions indicate that populations
of all species at all spatial scales typically have a low median size
(many smaller and younger individuals) but a wide spread of sizes.
Nearest neighbour distances (NND) for C. multijuga were significantly shorter than for both C. guyanensis and C. piresii (one-way
ANOVA (ln NND): F = 8.853, p < 0.001; Gabriel’s post hoc: p <
0.01; Table 3).
The spatial distribution of all Copaifera trees was signiﬁcantly
clumped (R = 0.87). Independent analyses of each species suggested that this clumping effect was due primarily to a stronger
tendency for aggregation of C. multijuga (R = 0.82), whilst C. piresii
(R = 1.06) and C. guyanensis (R = 1.08) did not deviate signiﬁcantly
from a random pattern (Table 3; Fig. 5). Plots of the linearized Ripley’s K function L(r) conﬁrmed a clumped distribution for C. multijuga, with aggregation of trees at distances > 150 m (Fig. 6). C.
piresii was also demonstrated to have a clumped distribution at
distances >100 m.
3.4. Effect of elevation on Copaifera distribution
At the landscape scale, Copaifera trees occurred along the entire
elevation gradient between 88 m and 149 m (range of elevation
sampled = 85–149 m). There was no signiﬁcant difference between
the elevation at which the three species were encountered in terra
ﬁrme forest (ANOVA: FBrown-Forsythe = 0.153, df = 2, p = 0.858). However, the mean elevation at which C. guyanensis occurred in várzea
forest (87.2 ± 4.4 m, N = 13) was signiﬁcantly lower than that of C.
paupera (96.0 ± 4.6 m, N = 63), indicating habitat partitioning of the
two species (t-test: F = 0.042, df = 74, p < 0.001). C. piresii also
showed evidence of habitat speciﬁcity: the elevation of individual
0.1-ha subplots where at least one C. piresii tree occurred
(mean = 107.1 ± 13.0 m, N = 43) was higher than those where no
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Fig. 2. Variation in Copaifera density across Brazilian Amazonia, based on 2343 1-ha plots surveyed by Projeto RADAMBRASIL between 1968 and 1975. Plots in which
Copaifera trees were not recorded are not shown.

trees of this species were present (mean = 101.5 ± 10.9 m, N =
3099; t-test: t = –3.351, df = 3140, p = 0.001).
Within the 100-ha plot, elevation ranged between 94 m and
109 m (Fig. 5). Again, there were no signiﬁcant elevational differences in the occurrence of the three species (ANOVA: F = 1.652,
df = 2, p = 0.196). However, there was evidence of habitat speciﬁcity for both C. multijuga and C. piresii, which were more commonly
encountered in areas of higher elevation. The elevation of 1-ha
subplots containing at least one tree of these species (C. multijuga:
mean = 103.9 ± 3.0 m, N = 37; C. piresii: mean = 104.4 ± 2.4 m, N =
21) was higher than those of unoccupied plots (C. multijuga:
mean = 102.5 ± 3.4 m, N = 63; C. piresii: mean = 102.7 ± 3.5 m, N =
79); (t-test (C. multijuga): t = –2.067, df = 98, p = 0.041; t-test (C.
piresii): t = –2.664, df = 44, p = 0.011; Fig. 5). C. guyanensis occurred
at similar abundances at all elevations.
3.5. Comparing densities at nested scales
Twelve of the Projeto RADAMBRASIL 1-ha plots were located
within the Médio Juruá study area, but only two of these plots
contained P1 Copaifera tree, with four trees (all recorded as C.
multijuga) in total. The overall density estimate for our study area
from these data was therefore 0.33 ± 0.89 trees ha–1. This is comparable to the density of 0.25 ± 0.62 Copaifera ha–1 within the 55 1-ha
plots located within the wider Juruá River watershed between the
city of Eirunepé and the river’s junction with the Solimões/Amazon
River. Considering the same minimum size threshold of 31.8 cm
DBH, the mean density of Copaifera across all 63 linear plots in
our study landscape was 0.39 ± 0.30 trees ha–1, and across all 100
sub-units of the 100-ha terra ﬁrme plot was 0.74 ± 0.93 trees ha–1.
4. Discussion
At all spatial scales, our data showed that the density, DBH and
aggregation of Copaifera trees varied between species, with elevation, and between forest types. The population size structure of
all species and at all scales indicated populations with a wide
spread of tree sizes, dominated by smaller trees. Next, we compare
the explanatory congruence of different scales and discuss the relative merits of a cross-scale approach to understanding and managing tropical NTFP distribution.

4.1. Adult density
Studies that have recorded Copaifera trees at the genus or species level across Amazonia have reported tree densities ranging
from 0.14 ha–1 (ter Steege and Zondervan 2000) to 1.69 ha–1
(Barbosa 2007) (Table 1). This variation in densities may be partly
explained by: (i) the minimum size threshold of recorded trees
(range: P10.0 cm to P31.8 cm DBH; densities were higher when
the minimum size cut-off was smaller); (ii) the spatial extent of
the surveyed area (range: 5 to 2300 ha); or (iii) the extent to which
study site selection was biased by known Copaifera abundance.
Including all congeners, our mean densities increased approximately twofold from the basin-wide (0.37 ha–1) to the landscape
scale (0.63 ha–1), and from the landscape to the local scale
(1.13 ha–1), and lie within the range recorded elsewhere in the literature. However, our censused areas were much larger than most
other studies, lending greater support and population-level significance to our estimates.
At the landscape scale, densities within várzea forest were just
42.9% of those within terra ﬁrme forest, possibly as a consequence
of historical logging activity which selectively removed larger
Copaifera trees within mature ﬂoodplain forest of the Juruá River
(Scelza, 2008). Extraction of Copaifera trees within the two extractive reserves in our study area is now prohibited, so accessible populations may eventually regenerate to former levels.
4.2. Species distribution
Our data describing the distributions of Copaifera species across
both the basin-wide and landscape scales are an important step in
understanding the potential for commercial harvesting of this resource. High inter-speciﬁc variability in oleoresin yield volumes
(Newton et al., 2011) and chemical composition (Veiga Junior et
al., 2007) mean that the incidence of economically-viable species
will determine the local potential for initiating or developing
extractive industries based on oleoresin harvesting.
The mapped ranges of trees recorded under the Projeto RADAMBRASIL taxonomy were based on more than three times as many
sample points as the mapped geographic origin of the herbarium
specimens used by Martins-da-Silva et al. (2008), though the latter
is considered the deﬁnitive contemporary taxonomic arrangement
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Fig. 3. Minimum convex polygons (MCP) representing the approximate geographic distributions of Copaifera species in Amazonia. Polygons incorporate all data points based
on: (a) the presence of each species within all 2343 1-ha plots surveyed by Projeto RADAMBRASIL in Brazilian Amazonia (bold outline) between 1968 and 1975; and (b) the
gazeteer of collecting localities of herbarium specimens examined by Martins-da-Silva et al. (2008) in the most recent taxonomic revision of the genus Copaifera. Numbers in
parentheses indicate the number of data points used to create the MCP in each case.

Table 2
Size comparisons of adult Copaifera spp. trees within Brazilian Amazonia. Populations were surveyed at three nested spatial scales: (a) the basin-wide scale (within a total of 2343
1-ha plots across Brazilian Amazonia); (b) the landscape scale (within 63 linear plots in the Médio Juruá region of the state of Amazonas); and (c) the local scale (within a 100-ha
terra ﬁrme plot in the Uacari Sustainable Development Reserve). Trees were recorded if they were P31.8 cm DBH at the basin-wide scale, and P25 cm DBH at the landscape and
local scales. Data are not shown for any species with 62 trees per forest type at any scale.
Forest type

Species

Terra ﬁrme

C.
C.
C.
C.
C.
C.
C.

(a) Basin-wide scale
DBH (cm)
N

Várzea

duckei
glycycarpa
guyanensis
langsdorfﬁi
multijuga
piresii
reticulata

C. glycycarpa
C. guyanensis
C. paupera
C. reticulata
Total (Copaifera spp.)

(b) Landscape scale
DBH (cm)

Mean

SD

7
59

41.38
54.57

10.23
21.96

21
42

44.38
43.70

11.70
10.73

624

51.19

17.27

11

67.28

26.80

93
864

56.49
51.61

25.35
18.62

(c) Local scale
DBH (cm)

N

Mean

SD

150

34.77

7.42

66
47

36.28
31.32

9.06
4.13

13
63

47.68
42.69

14.25
14.08

341

36.49

10.15

N

Mean

SD

38

35.17

6.53

51
24

37.18
32.19

7.12
5.48

113

35.45

6.82
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Fig. 4. Size distributions of Copaifera trees P25 cm DBH in either terra ﬁrme or várzea forest, Brazilian Amazonia. Data for four species surveyed in the Médio Juruá region of
the state of Amazonas are presented from the: (a) local scale (a 100-ha terra ﬁrme plot); and (b & c) landscape scale (63 linear plots, in both forest types). Data for ﬁve species
surveyed across Brazilian Amazonia are presented at the: (d & e) basin-wide scale (2343 1-ha plots surveyed by the Project RADAMBRASIL between 1968 and 1975). Four
trees in (c), two in (d) and four in (e) were larger than the maximum DBH displayed. Dashed lines indicate the minimum permitted size of trees to be drilled for oleoresin
extraction by the management plan of the Uacari Sustainable Development Reserve (SDS, 2010).

Table 3
Descriptors of spatial distribution patterns of trees of three species of Copaifera in a
100-ha square plot in terra ﬁrme forest within the Uacari Sustainable Development
Reserve in the state of Amazonas, Brazil. Statistics are shown for the Index of
Aggregation (R) and associated z-value, and for mean nearest-neighbour distances
(NND).
Species

N

Ra

zb

Mean ± SD NND (m)

C. guyanensis
C. multijuga
C. piresii
Total (Copaifera spp.)

38
51
24
113

1.08
0.82
1.06
0.87

0.90
2.23
0.50
2.44

94.5 ± 47.7
61.3 ± 40.5
118.6 ± 88.4
42.7 ± 27.4

a
R = 1 if the spatial pattern is random; R = 0 if clumping occurs; R approaches a
maximum of 2.15 if the pattern is regular.
b
the pattern is non-random if z > ±1.96.

of the genus (Fig. 3). Both taxonomies showed larger range sizes
amongst more abundant species (Gaston and Blackburn, 2000)
and there was considerable geographic congruence between the
two. For example, both maps in Fig. 3 indicate that C. multijuga –
one of the most commercially important species – is widespread
throughout western Amazonia and that C. glycycarpa is predominantly found in central Amazonia. Our mapped range of
C. langsdorfﬁi corresponds closely to that of C. piresii in Martinsda-Silva (2008), and we note that several type specimens in the
INPA herbarium originally misclassiﬁed as C. langsdorfﬁi (an Atlantic Forest species) were recorded as C. piresii by R. Martins-da-Silva
(PN, pers. obs.).
4.3. Size-class structure
Copaifera trees in várzea forest were larger-girthed than those
in terra ﬁrme forest (Table 2; Fig. 4). C. glycycarpa and C. reticulata
at the basin-wide scale, and C. guyanensis at the landscape scale,

occurred in both forest types but their mean DBH was up to
12.7 cm larger within várzea forest. At all three scales mean Copaifera DBH differed between species. Differences in mean tree size
have two practical implications. Firstly, it has been demonstrated
that larger trees yield greater oleoresin yields, but that the relationship between DBH and yield volume varies between species
(Newton et al., 2011). Inter-speciﬁc variation in population size
structure reiterates the importance of quantifying this relationship
for each commercially-harvested species. Secondly, government
agencies set a minimum size for oleoresin extraction. For example,
the RDS Uacari management plan imposes a lower limit of 50 cm
DBH (SDS, 2010), whilst other guidelines recommend a minimum
of 40 cm DBH (Alechandre et al., 2005; Leite et al., 2001). None
of these cases explicitly deﬁne how these cut-off values were selected. At a basin-wide scale, the mean DBH of four species was
smaller than 50 cm, whilst at the landscape scale 88% of all Copaifera encountered were below this size threshold. All but one tree
within the 100-ha plot were smaller than this criterion (Fig. 4).
In contrast, several authors have found that trees larger than
25 cm DBH may yield oleoresin (e.g. Newton et al., 2011; Plowden,
2003). These ﬁndings suggest that a blanket minimum size threshold for harvesting may be inappropriate and that management
plans should be site- and species-speciﬁc in setting any lower size
limit since Copaifera populations may vary geographically and
taxonomically.
4.4. Aggregated distributions
We found evidence of aggregation of trees within populations of
some, but not all, Copaifera species. At the local scale, all three
measures of aggregation (NND, R, and Ripley’s K) indicated that
C. multijuga had a signiﬁcantly clumped distribution (Fig. 5).
Ripley’s K suggested that this aggregation tendency also applied
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Fig. 5. Size-speciﬁc spatial distribution of three species of Copaifera trees within a 100-ha plot in terra ﬁrme forest within the Uacari Sustainable Development Reserve in the
state of Amazonas, Brazil. Black, grey and white circles represent individual trees P25 cm DBH of C. multijuga, C. guyanensis, and C. piresii, respectively. Circle radii represent
DBH classes. Shaded 90-m pixels indicate elevation above sea-level, according to Shuttle Radar Topography Mission (SRTM) data (Jarvis et al., 2008).

Fig. 6. Linearised Ripley’s K analyses of the spatial distribution of three species of Copaifera trees within a 100-ha terra ﬁrme forest plot within the Uacari Sustainable
Development Reserve in the state of Amazonas, Brazil. If L(r) (solid line) falls outside of the shaded envelope then tree distribution deviates signiﬁcantly from complete spatial
randomness. L(r) above the envelope indicates clustering at distance r, whereas L(r) below the envelope indicates spatial regularity.

to C. piresii and this species showed consistently clumped distributions at the landscape scale. The mean distance between neighbouring C. multijuga trees (61 m) was half that between C. piresii
trees (119 m). An aggregated population may result from dispersal
limitation, environmental conditions, historical events, or density
dependence (Boll et al., 2005).
Aggregated NTFP populations have implications for extractors
wishing to harvest a resource. Drilling Copaifera trees entails repeated visits to any given tree, since the oleoresin is exuded slowly.
There is also uncertainty that a given tree will yield any oleoresin
at all, so that individual extractors may drill several trees in a single day (Newton et al., 2011). Clusters of C. multijuga trees spaced
just 61 m apart therefore offer opportunities for reduced travel

distances, enhancing the efﬁciency and economic viability of the
harvest process.
4.5. Environmental variables
Many environmental variables affect tropical tree distributions,
with the importance of different factors expected to be scaledependent (Willis and Whittaker, 2002). In this study, Copaifera
occupancy was closely associated with elevation at the landscape
and local scales. In particular, Copaifera trees were frequently absent from low-lying, poorly drained terra ﬁrme forest, even when
differences in elevation from surrounding areas of higher abundance was only a few meters (Fig. 5). These lowland areas often
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contained backwater swamps, characterized by monodominant
stands of arborescent palms and very low densities of hardwood
trees (Peters et al., 1989).
4.6. Comparing scales: selection of minimum tree size
The Projeto RADAMBRASIL forestry inventory was restricted to
trees P31.8 cm DBH. Our data suggest that 35% and 38% of Copaifera trees were between 25.0 and 31.8 cm DBH in the landscape
scale linear plots and the local scale 100-ha plot, respectively
(Fig. 4). Because adult Copaifera spp. within this size class clearly
occurred within many of the 1-ha plots which were recorded as
zeros, the density of Copaifera trees P25 cm DBH could be as high
as 0.51 trees ha–1 at the basin-wide scale. Given that trees P25 cm
DBH can produce viable oleoresin volumes and can easily be recorded by ﬁeld surveys with little extra effort, we suggest that
smaller trees are also recorded by future studies. However, we recommend a lower limit of 25 cm DBH, since the characteristic trunk
markings are less recognizable at smaller sizes and experienced
observers in our study were not entirely conﬁdent of reliably
recording trees below this cut-off size.
4.7. Selection of spatial scale
Basin-wide data cover many management units, so patterns of
resource distribution may be applicable in interpreting species
ranges or planning regional conservation policy. The landscape
scale is a useful resolution for examining variation within the resource population available to individual extractors, who may access several hundred hectares of forest (Peres and Lake, 2003).
On a local scale, mapping an entire population enables the characterization of a resource using more detailed spatial statistics. However, a limited study area may be unrepresentative, thereby failing
to take account of variation between habitat types or across an entire management unit (e.g. a large reserve).
The proportion of the study area censused at each spatial scale
differed by several orders of magnitude. Our survey at the local
scale was exhaustive, with all trees P25 cm DBH within the 100ha plot mapped and measured. The 63 linear plots at the landscape
scale accounted for 530.6 ha (0.06%) of the 886,176-ha combined
area of the two extractive reserves, whilst at the basin-wide scale
the 2343 1-ha plots accounted for only 0.000005% of the
500,640,904 ha extent of Brazil’s Amazônia Legal (ARPA, 2009). This
enormous variation in survey coverage is an inevitable consequence of scale, but has important implications for interpreting
our results.
Estimates of Copaifera distribution in the Juruá region obtained
using the same size threshold (31.8 cm DBH) at all three spatial
scales produced similar density estimates for the basin-wide
(0.33 ha–1) and landscape (0.39 ha–1) scales, but a density more
than twice as high for the local scale (0.74 ha–1). Alternative
sampling strategies within the same geographic area can affect
assessments of spatial distribution, and patterns inferred from
large-scale data may lead to conﬂicting conclusions in relation to
those obtained from a more detailed study within the same site.
In the Médio Juruá region, RADAMBRASIL data indicated relatively
low densities of Copaifera trees, and critically failed to account for
patches of locally-high density.
5. Conclusions
Studying Copaifera species populations at three spatial scales
has enabled us to better understand variation in density and spatial distribution in relation to a forest resource of importance to
millions of rural and urban Amazonians. Alternative spatial scales

offer opportunities to variously explore and compare patterns of
distribution, density and aggregation, and to cross-validate patterns observed at more than one scale. Basin-wide, landscape,
and local studies are each associated with their own merits and
limitations, but in combination offer a more holistic understanding
of tropical forest resource distribution.
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