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Abstract
Across the tropics, there is a growing financial investment in activities that aim to reduce

emissions from deforestation and forest degradation, such as REDD+. However, most tropi-

cal countries lack on-the-ground capacity to conduct reliable and replicable assessments of

forest carbon stocks, undermining their ability to secure long-term carbon finance for forest

conservation programs. Clear guidance on how to reduce the monetary and time costs of

field assessments of forest carbon can help tropical countries to overcome this capacity

gap. Here we provide such guidance for cost-effective one-off field assessments of forest

carbon stocks. We sampled a total of eight components from four different carbon pools (i.e.

aboveground, dead wood, litter and soil) in 224 study plots distributed across two regions of

eastern Amazon. For each component we estimated survey costs, contribution to total for-

est carbon stocks and sensitivity to disturbance. Sampling costs varied thirty-one-fold

between the most expensive component, soil, and the least, leaf litter. Large live stems

(�10 cm DBH), which represented only 15% of the overall sampling costs, was by far the

most important component to be assessed, as it stores the largest amount of carbon and is

highly sensitive to disturbance. If large stems are not taxonomically identified, costs can be

reduced by a further 51%, while incurring an error in aboveground carbon estimates of only

5% in primary forests, but 31% in secondary forests. For rapid assessments, necessary to

help prioritize locations for carbon- conservation activities, sampling of stems�20cm DBH

without taxonomic identification can predict with confidence (R2 = 0.85) whether an area is

relatively carbon-rich or carbon-poor—an approach that is 74% cheaper than sampling and

identifying all the stems�10cm DBH. We use these results to evaluate the reliability of
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forest carbon stock estimates provided by the IPCC and FAO when applied to human-modi-

fied forests, and to highlight areas where cost savings in carbon stock assessments could

be most easily made.

Introduction
Climate mitigation activities that aim to avoid further deforestation and forest degradation,
such as REDD+, could help reduce annual greenhouse gas emissions by 10–12% [1,2]. Pay-
ments to support these forest conservation activities have been claimed to be the most cost-
effective way of mitigating climate change [3], and could potentially also deliver a suite of desir-
able environmental and social co-benefits, including biodiversity conservation, soil protection
and water provision [4–6]. However, establishing lasting and credible carbon finance schemes
requires countries to develop robust, transparent and verifiable systems for assessing and
reporting changes in forest carbon [7]. Under the UN-led REDD+ process, countries are
expected to follow the carbon accounting guidelines established by the Intergovernmental
Panel on Climate Change (IPCC) [8], which suggest three levels, or tiers, of increasing method-
ological complexity to assess forest carbon stocks: Tier 1 uses global estimates of forest stocks,
Tier 2 uses regional or country-level estimates of forest carbon, and Tier 3 uses data from local
field and remote sensing carbon assessments. However, as of 2009, only 3% of tropical coun-
tries had developed adequate capacity to assess forest carbon stocks [9] and, since then, little
progress has been observed [10]. This capacity gap is especially noticeable when considering
field assessments (i.e. Tier 3), which are essential to understand changes in carbon stocks fol-
lowing human disturbance (e.g. selective logging, understory fires, and edge effects [11,12]),
and to calibrate remote sensing estimates of forest stocks [13]).

Any effort to address this capacity gap requires the development of cost-effective guidelines
to provide a basis of reliable and replicable assessments of forest carbon stocks. The lack of
such guidelines undermines the ability of countries to secure long-term carbon finance for for-
est conservation programs [14]. Furthermore, cost-effective carbon stock assessments can
reduce transaction costs of mitigation programs, making them more attractive to new inves-
tors, which are urgently needed to scale-up carbon-conservation efforts. Natural scientists can
play a crucial role in helping the development of cost-effective carbon assessments under Tier
3. However cost-effectiveness studies are generally rare in the natural sciences (but see [15–
19]), especially in the tropics, and none to date have focused on quantifying the costs of esti-
mating forest carbon stocks through field assessments.

The development of cost-effective guidelines for forest carbon accounting is particularly
important in human-modified tropical forests, which are undergoing some of the highest rates
of deforestation and forest degradation in the world [20,21]. These forests include logged,
burned and fragmented primary forests as well as secondary forests regenerating on cleared
land, and are an increasingly prevalent feature across tropical forest landscapes [22–24]. Activi-
ties to avoid further degradation and losses of carbon from human-modified forests represent
an important opportunity for emission reductions and forest conservation, especially in
regions that lack large areas of undisturbed forests [25]. Despite their often high carbon-con-
servation value [26,27] and their risk of conversion to agricultural land-uses [20], human-mod-
ified tropical forests are rarely the focus of conservation initiatives and of research activities.

Here we provide the first assessment of the costs, in terms of both money and time, of con-
ducting a comprehensive field assessment of carbon stocks in human-modified tropical forests.
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We sampled eight components from four different carbon pools (aboveground, dead wood, lit-
ter and soil) in 224 forest plots distributed across two regions of the Brazilian Amazon. We
present the overall costs (time and money invested) of sampling individual components of the
total carbon stocks. Although these costs are specific to our study area and sampling design,
the relative costs of sampling different components of the total carbon stocks should be appli-
cable to other tropical regions. We then undertake a cost-effectiveness evaluation of field
assessments of forest carbon stocks focusing on three specific objectives. First, we examine how
much each individual component (i.e. trees of different size classes, coarse and fine dead wood,
litter, and soil) contributes to total estimated carbon stocks and how variable is that contribu-
tion across replicate samples. Second, we use this information to identify cost-effective sam-
pling strategies by asking how our ability to estimate forest carbon stocks in different types of
human-modified forests is affected by a) only sampling large live stems, b) only sampling a
subset of large live stems, c) not identifying large live stems, and d) using freely available esti-
mates of forest carbon stocks from the Food and Agriculture Organization of the United
Nations (FAO) and from the IPCC (a Tier-2 approach). Finally, we evaluate the most cost-
effective way for landowners and conservation practitioners to predict if a targeted area is car-
bon-rich or carbon-poor. We discuss our results by addressing practical aspects relevant to the
establishment of carbon-conservation projects in human-modified tropical forests, providing
guidance on which tier should be employed when sampling each individual carbon pool.

Methodology

Ethics statement
Research permits for plots situated inside the Floresta Nacional do Tapajós were provided by
Instituto Chico Mendes de Conservação da Biodiversidade (24164–2). For plots located in
rural properties, we received authorization for fieldwork development from each individual
landowner. Occasionally, field sampling involved measurement and identification of naturally
occurring protected or endangered plant species (e.g. Bertholletia excelsa and Euxylophora
paraensis), however none of these were damaged or killed, following the standard measure-
ment procedures of all other plant species.

Study areas
Carbon stock assessments were carried out in two regions of eastern Amazon located c. 800km
apart (Fig 1A): Santarém-Belterra (2° 26’S, 54° 42’W) and Paragominas (2° 59’S, 47° 21’W).
During the past 40 years these municipalities have experienced high rates of land-use change
and now present a mosaic of agricultural and forested lands [28]. In each municipality, 18
study catchments (c. 5000 ha each) were selected along a gradient of remaining forest cover (6–
100% in Paragominas and 10–100% in Santarém). In every catchment, study plots (10x250m;
0.25ha) were randomly located in evergreen non-flooded forests, applying a minimum separa-
tion between them of 1500m to maximize spatial independence. The number of plots per
catchment varied according to the amount of remaining forest cover of each catchment: more
plots were established in highly forested catchments than in catchments with little forest left;
following a density rule of 1 plot per 400 ha. As a result of the random distribution, our plots
comprised a range of undisturbed and varyingly disturbed primary forests (e.g. logged, burned)
as well as secondary forests (ranging from 6 to over 22 years old). We sampled a total of 224
plots (117 in Paragominas and 107 in Santarém), distributed across an area of more than three
million hectares. Using a combination of ground assessment of past human-disturbance (e.g.
logging debris, charred stems, and charcoal on the forest floor) and a visual analysis of a 20
years chronosequence of Landsat images, plots were classified into one of three categories:
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undisturbed primary forests, disturbed primary forests, or secondary forests (Table 1; see [26]
for more details on plot classification).

Field sampling and biomass estimates
In every plot we assessed four different carbon pools from the five determined by the IPCC
guidelines [8]: 1) Aboveground (live trees, palms and lianas); 2) Dead Wood (dead trees and
palms, as well as coarse woody debris); 3) Litter (fine woody debris and leaf litter); and 4) Soil
(0–30 cm depth). The belowground carbon pool, composed by coarse roots, was not assessed.
Considering both regions, we measured a total of 30,100 live and dead stems of trees, palms
and lianas�10cm DBH (DBH = 1.3m from the ground); 39,893 live and dead stems of trees,
palms and lianas 2–9.9cm DBH; 8,601 pieces of coarse woody debris; undertook 1,120 samples
of fine woody debris; 2,240 litter samples and 4,704 soil samples (Fig 1B). We assumed carbon
to account for 50% of biomass content of all components [8].

Vegetation. All trees and palms�10cm DBH were measured and identified to species
level, as well as all lianas�10cm diameter at 1.3m from the main rooting point (Fig 1B). Trees
and palms 2–9.9cm DBH and lianas 2–9.9cm diameter were sampled along 5 subplots
(5x20m). Dead trees and palms, irrespectively of the size, also had their height estimated. All
stems of individuals with bifurcations<1.3m height were measured. To estimate the biomass
of live trees and palms we used Chave’s equation for tropical moist forests, incorporating both

Fig 1. Sampling design. A) Location of the two study regions, Paragominas (PGM) and Santarém-Belterra (STM), within the Amazon Basin (in light gray),
B) Carbon stocks assessment: Large dark gray rectangle—survey of live and dead trees and palms�10cm DBH and live lianas�10cm diameter at 1.3m
from the main rooting point. Gray rectangles and small light gray rectangles attached– 5x20m subplots for identification and measurement of all live and dead
trees and palms�2–9.9cm DBH and live lianas�2–9.9cm diameter at 1.3m from the main rooting point. Measurement of coarse woody debris (�10cm
diameter in at least one extremity) was also carried out in the 5x20m subplots. Small light gray rectangles– 2x5m subplots for fine woody debris sampling
(�2–9.9cm diameter in at least one extremity). Squares– 0.5x0.5m quadrats for leaf litter sample. Underneath the first row of litter sampling (5m away from
the plot), composite soil samples were collected at three different depths: 0–10, 10–20 and 20-30cm. Star– 30x30cm trench for sampling of soil bulk density
to calibrate soil carbon stocks.

doi:10.1371/journal.pone.0133139.g001

Table 1. Number of sampled plots (0.25ha) in each study region.

Forest Class Paragominas Santarém

Undisturbed primary forest 13 17

Disturbed primary forest 88 57

Secondary forest 16 33

Total 117 107

doi:10.1371/journal.pone.0133139.t001
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DBH and species specific wood density [29]. Data on species wood density was collated from
The Global Wood Density Database [30], filtering values only from tropical regions of South
America. When wood density data on a given species was not available, genus average was
used and when that was not present, we used a family average. To calculate the biomass of lia-
nas we applied an allometric equation developed in eastern Amazon [31]. Biomass of dead
trees was estimated using Hughes’ equation [32], while Cummings’ equation was applied to
assess the biomass of dead palms [33].

Coarse Woody Debris. Coarse woody debris (CWD), pieces of dead wood�10cm diame-
ter on at least one end, were sampled in 5 subplots (5x20m) distributed along the plots (Fig
1B). We measured total length and diameter at both ends of all pieces of CWD, as well as all
bifurcations�10cm diameter at one extremity. In the case of CWD resembling planks (gener-
ally resulting from logging processing), thickness was also determined by taking two measures
of each side. All pieces had their level of decomposition assessed and were classified into five
different classes, ranging from recently dead to completely soft, rotten, crumbling wood; fol-
lowing Harmon & Sexton [34]. As CWD can often present severe damage due to the fall, we
categorized all pieces into five classes: no damage,<25%, 25–50%, 50–75%,>75% damage.
Planks had their volume estimated through the formula of the cube, while for all other CWD
we used the Smalian’s formula [35]. We discounted the percent damage from the final volume
of each piece. Biomass of CWD was estimated by multiplying the final volume of each piece by
the density of its decomposition class, following Keller’s approach in the same region [36].

Fine Woody Debris. We sampled all fine woody debris (FWD), necromass between
2–9.9cm diameter on at least one end, present in a smaller area of the subplots (2x5m; Fig 1B).
All pieces of fine woody debris were grouped together and their combined fresh weight was
measured in the field, after which a sub-sample (<1kg) was separated and weighed before
being transported to a local laboratory, where it was oven-dried to constant weight. The bio-
mass of FWD was calculated based on the wet-to-dry weight ratio of the sub-samples.

Leaf Litter. Five paired samples of leaf litter were collected per plot using a 0.5x0.5m quad-
rat. Twigs�2cm diameter at one extremity were excluded from the samples, as they constitute
fine woody debris. Each paired sample was taken 50m apart from each other, while samples in
a pair were separated by 5m (Fig 1B). Litter samples were taken to a local laboratory and oven-
dried to constant weight.

Soil. A trench (0.3x0.3m) was opened in the center of all plots to assess soil bulk density.
We used volumetric rings to collect two undisturbed soil cores at three depths (0-10cm, 10-
20cm, 20-30cm) and calculated soil bulk density by dividing the soil mass of each soil core by
the volume of the ring. Composite soil samples were taken at the same three depths at five sam-
pling points separated by 50m intervals along each plot (Fig 1B). Soil samples were air-dried
and sieved (2mmmesh) in a laboratory. Sub-samples of soil (10g) were then removed and fur-
ther sieved (0.149 mesh). An elemental analyzer was used to determine carbon percentage by
dry combustion. Soil carbon stocks were estimated by multiplying the carbon content of each
layer by layer thickness (10cm) and soil bulk density. To obtain the total soil carbon stocks of
each plot we first averaged the stocks of each layer across the five sampling points and then we
summed the average stocks of all the three layers.

Sampling time and costs
Monetary costs of sampling each component of the total forest carbon stocks (i.e. vegetation,
CWD, FWD, litter and soil) were calculated in U$ dollars/hectare and comprised field and lab-
oratory expenses, including both equipment (consumables and chemicals) and labor. As most
equipment has a life-expectancy of more than a single 1-ha plot assessment, we divided
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equipment purchase costs by their expected lifespan (e.g. a DBH tape costs U$45, but lasts for
15 1-ha plot assessments; yielding U$3 dollars/hectare). Costs of heavy-duty laboratory equip-
ment, such as ovens to dry samples to constant weight and elemental analyzers to assess soil
stocks, were not incorporated in any analyses, as we assumed that governmental, academic or
corporate institutions conducting carbon inventories are more likely to establish partnerships
with local laboratories than to fully build and equip a new one. Although accommodation and
transport costs are a significant part of any field assessment of carbon stocks in tropical rainfor-
ests, these were also excluded from analyses, as they will vary considerably according to each
particular location and logistical arrangements (e.g. transport costs can involve car, boat and/
or helicopter rental in addition to fuel). Labor costs were divided into four levels, reflecting
worker skills and salaries paid in our study regions: (i) field assistants, U$16.5/day, (ii) labora-
tory technician (only necessary for soil sampling due to the equipment used), U$35.75/day,
(iii) field leader (e.g. graduate students responsible for recording and organizing sampled data),
U$55/day and (iv) parabotanists (experts able to identify Amazonian plants to species level
both in the field and at a herbarium using Latin nomenclature), U$121/day. Whilst the abso-
lute values will differ, the ratio of these salary levels is likely to be comparable for other tropical
forest regions. Time effort was calculated as the number of minutes spent in the field and in the
laboratory when assessing each part of the stocks in our study. To calculate the costs of measur-
ing only a subset of the live stems, we excluded equipment costs, which represented only 7% of
the overall vegetation sampling costs. Therefore, for comparative analyses between different
subsets of live stems we considered costs to consist only of personnel time, calculated as the
average time to measure and identify a single stem multiplied by the total number of stems in
each subset plus a fixed amount of time (120min) necessary to walk a 1-ha plot verifying if
there are any individuals to be measured within the plot’s limits. Although our own study plots
were only 0.25ha, all costs were calculated for 1-ha plot assessments, as this is the most com-
mon plot size used for carbon assessments in the tropics (e.g. [37,38]). Finally, costs related to
digitizing and analyzing data as well as of writing concluding reports were also excluded from
all analyses: we focused solely on the costs of field and laboratory activities.

Data analysis
The contribution of each individual component to total forest carbon stocks was defined as the
average carbon content of any given component over the total sampled stocks in each study
plot. We used the coefficient of variation (ratio of standard deviation to mean) to assess the
variability in carbon stored in each component between forest plots. Although live and dead
plants were sampled together, they were separated in analyses of relative stock contributions,
as they belong to functionally different carbon pools: live vegetation constitutes the above-
ground carbon pool; while dead trees and palms are part of the dead wood pool, representing
committed emissions from the decomposition of organic material [8]. To check if results of the
relative contribution of each individual component and their coefficient of variation were simi-
lar between the two study regions, we performed a Spearman’s rank correlation test. To evalu-
ate if the carbon stored in large live stems (i.e.�10 cm DBH) is a good predictor of the carbon
stored in all other components of the total stock, we used simple linear regressions.

To compare the relative loss of accuracy (i.e. error) associated with using simplified sam-
pling protocols, we divided our full dataset (i.e. all live stems�10cm DBH identified to species
level) into subsets according to plant size: stems�20cm DBH, stems�30cm DBH, stems
�40cm DBH, and stems�50cm DBH. We also estimated the stocks of all the above subsets
using a single value for wood density specific to eastern Amazonian forests (0.639; [39]), simu-
lating field protocols where stems are not identified (not unusual due to a lack of trained field
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botanists in most tropical forest areas). As many assessments of forest carbon stocks are based
on default national or regional values of aboveground carbon stocks (Tier 2), we also compared
our results to the FAO estimate of aboveground carbon for Brazilian forests [40], and the IPCC
estimate of aboveground stocks for North and South American tropical rainforests [8]. Error
in the estimation of stocks was calculated as the average difference between our best measure
(all stems�10cm DBH identified to species level) and each of the other individual measures.
We present the absolute values of the errors, regardless of their direction (i.e. over or underesti-
mation). Finally, as landowners and conservation practitioners may want to rapidly assess if an
area is worth the investment of a carbon offsetting program (i.e. carbon-rich, and therefore pri-
ority for conservation measures), we used linear regression to assess, across all plots, the ability
of each subset of live stems to predict the carbon stocks present in all large live stems
combined.

Analyses were separated into three hypothetical scenarios of carbon stocks assessments in
human-modified tropical forests: (i) no a priori information about the disturbance and clear-
ance history of the forest (i.e. all our sampled plots pooled together), (ii) primary forests only
(regardless of type or level of disturbance), and (iii) secondary forests only. The first represents
the reality of most carbon assessments in human-modified landscapes, where there is no previ-
ous or reliable knowledge to confidently separate areas of highly disturbed primary forests
from areas of mature secondary forests (a distinction that can be almost impossible without
high-resolution time-series satellite data, or detailed historical land management records). The
second and third scenarios exemplify assessments in areas where the forest class is known (e.g.
carbon inventories executed inside logging concessions or inside restoration areas). All analy-
ses were carried out in R version 2.15.1 [41]. We deposited all the data used in this paper in Fig-
share: http://dx.doi.org/10.6084/m9.figshare.1319500.

Results

Financial costs and time effort
If we had assessed each component of the total forest stocks separately, the overall cost of esti-
mating carbon stocks in 224 0.25ha forest plots would have been c. U$364,000. By combining
the sampling of some components (i.e. sampling large and small stems together, CWD together
with FWD, and soil together with litter) we reduced the monetary costs by 18%, yielding a total
investment of U$298,000. However, this amount does not include costs related to transport,
accommodation, subsistence, health insurance and general field emergencies (which, when all
combined, yielded an additional sum of approximately U$168,000). Since carbon assessments
in the field are generally performed in 1-ha plots, all the following results have been standard-
ized to dollars per hectare.

Soil was by far the most costly component of the forest carbon stocks to be assessed, both in
terms of financial costs and time effort (Fig 2). Most of this high monetary cost is related to lab-
oratory material and equipment (consumables and chemicals) needed to analyze soil carbon,
even though the capital costs of purchasing heavy-duty equipment, such as an elemental ana-
lyzer, were excluded. Carbon assessments of vegetation (including both large and small stems)
were 58% cheaper without species identification than when all stems were identified (Fig 2),
due to the high costs associated with hiring experienced taxonomic experts. Although coarse
woody debris, fine woody debris and litter required similar amount of time investment accord-
ing to our sampling design (Fig 2), the estimation of the carbon content of coarse woody debris
was 47% and 65% more expensive than that of fine woody debris and litter, respectively.

Cost-Effective Field Assessments of Carbon Stocks
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Fig 2. Financial costs and time spent sampling different components of the total carbon stocks.
S = Soil 0-30cm, SSI = Small stems (2–9.9cm DBH) identified to species level, LSI = Large stems (�10cm
DBH) identified to species level, SSN = Small stems without species identification, LSN = Large stems
without species identification, CWD = Coarse woody debris, FWD = Fine woody debris, L = Leaf litter. As live
and dead stems were sampled together, it is impossible to disentangle their specific costs in this analysis.

doi:10.1371/journal.pone.0133139.g002
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Contribution and variability of different components
Large live stems (�10cm DBH) stored the greatest amount of carbon in areas without any
prior information regarding the type of forest—i.e. all forest classes pooled together—(43–49%;
Fig 3A) and in areas containing only primary forests (46–58%; Fig 3B). However, in secondary
forests (Fig 3C) soil in the 0-30cm profile had a higher contribution to total stocks (46–51%)
than large live stems (27–30%). Regardless of the hypothetical scenario of carbon assessment in
human-modified tropical forests, the combined contribution of all other components (i.e.
CWD, FWD, litter, small live stems, small dead stems, and large dead stems) represented less
than 25% of the total stocks. The carbon stock of large live stems was highly variable between
sample plots in any given scenario (coefficient of variation�0.40), although the components
of the dead wood carbon pool (CWD and small and large dead stems) consistently presented a
higher coefficient of variation than large live stems. Both the relative contribution and the vari-
ability of individual stock components were highly correlated between study regions when con-
sidering all scenarios separately (relative contribution: rho>0.95; variability: rho>0.80;
Table A in S1 File).

Using large live stems to predict the carbon stored in all other
components
In both regions and across all hypothetical scenarios of carbon assessments in human-modified
tropical forests, the amount of carbon stored in large live stems (�10cm DBH) was a poor pre-
dictor of the carbon stocks of all other components (Figs A–G in S1 File).

Errors and costs of measuring only subsets of large stems
When estimating carbon stocks of large live stems only (Fig 4), there was a reduction in costs
but an increase in error associated with the increase of the DBH cut-off point of each sampled
subset (e.g. the error associated with sampling only stems�40cm DBH is larger than the error
associated with sampling only stems�30cm DBH). Across all scenarios of carbon assessments
in human-modified tropical forests, there is an average reduction in U$257 per hectare when
protocols sample only stems�20cm DBH instead of all stems�10cm DBH, accompanied by
an average error increase of 17 Mg C ha-1; whereas the reduction in costs for simplifying even
further the sampling protocol and measuring and identifying only stems�50cm DBH incurs in
an economy of just an extra U$87 per hectare with an average error increase of 46 Mg C ha-1.

Errors and costs of not identifying large stems
By measuring but not identifying stems�10cm DBH, costs of carbon assessments can be
reduced by 51%, while the average error associated with this simplified protocol is 2.96 Mg C
ha-1, 6.42 Mg C ha-1 and 14.22 Mg C ha-1 respectively for areas without a priori information of
forest class, in areas of primary forests only, and in areas of secondary forests only. These errors
represent 3%, 5%, and 31% of the stocks contained in large stems in the same scenarios (Fig 4).
In both regions, sampling of all large live stems (�10cm DBH) without taxonomic identifica-
tion presented a smaller error than that incurred when measuring and identifying only stems
�20cm DBH (in average 9.18 Mg C ha-1 lower), leading to an extra average cost of only U$44
per sampled hectare.

Errors of using freely available estimates of forest carbon stocks
In general, the FAO default estimate of carbon stocks stored in large live stems performed bet-
ter than the IPCC one (Fig 4). For example, in areas without a priori information of forest

Cost-Effective Field Assessments of Carbon Stocks

PLOS ONE | DOI:10.1371/journal.pone.0133139 August 26, 2015 9 / 19



Fig 3. Average contribution and variation of different components of the total forest carbon stocks.Results are separated into three hypothetical
scenarios of carbon stock assessments in human-modified tropical forests: A) No a priori information of forest class; B) Primary forests only—includes
undisturbed and disturbed primary forests; and C) Secondary forests only. LS = Large live stems (�10cm DBH), SS = Small live stems (2–9.9cm DBH),
S = Soil 0-30cm, CWD = Coarse woody debris, FWD = Fine woody debris, L = Leaf litter, DLS = Large dead stems, DSS = Small dead stems.

doi:10.1371/journal.pone.0133139.g003
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Fig 4. The costs and errors of simplifying carbon sampling protocols.Relationship between the average error of different estimates of carbon stored in
large live stems and the costs of sampling a 1-ha plot. Results are separated into three hypothetical scenarios of carbon stock assessments in human-
modified tropical forests: A) No a priori information of forest class; B) Primary forests only—includes undisturbed and disturbed primary forests; and C)
Secondary forests only. Filled symbols indicate estimates of carbon stocks present in all stems�10cm DBH, whereas open symbols represent carbon
estimates of subsets of large live stems. The dotted lines indicate the average error of both the IPCC and FAO estimates.

doi:10.1371/journal.pone.0133139.g004
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class, the FAO estimate had an average error of only 21.16 Mg C ha-1 in Paragominas and 5.02
Mg C ha-1 in Santarém; while the IPCC estimate had an average error of 50.16 Mg C ha-1 and
34.02 Mg C ha-1, respectively. Across the two study regions, both estimates presented lower
associated errors in primary forests than in secondary forests. Overall, better estimates of forest
stocks can be obtained by either measuring and identifying all stems�20cm DBH or by only
measuring stems�10cm DBH, rather than by using either the FAO or the IPCC default values
(Fig 4).

Predicting if a forest is carbon-rich
Across both regions and irrespective of the forest class assessed, measurement of stems�30cm
DBH without species identification could predict with confidence (R2 �0.7) if a forest is car-
bon-rich (Fig 5). By only surveying stems�30cm DBH, rapid carbon assessments of areas to
be set aside for conservation could reduce costs by 80% when compared to measuring and
identifying all stems�10cm DBH. More conservative rapid assessments could focus on mea-
suring stems�20cm DBH to predict if a forest is carbon-rich (R2 >0.85 under all three hypo-
thetical scenarios of carbon inventories in human-modified tropical forests), and still have
costs 74% lower than surveying and identifying to species level all stems�10cm DBH.

Discussion
Our results indicate that significant cost savings can be achieved in field assessments of forest
carbon stocks with minimal loss of accuracy. In particular, the cost of carbon stock assessments
in human-modified tropical forests can be greatly reduced if only large live stems (�10cm
DBH) are sampled (Fig 2). This component stores great amounts of carbon and is also highly
variable between human-modified forest sites (Fig 3), indicating a high sensitivity to anthropo-
genic disturbance. However, sampling of large live stems tells us little about all the other com-
ponents of the forest carbon stocks (R2

adjusted <0.52 for all regressions; Figs A–G in S1 File). To
further reduce costs, sampling protocols can opt to exclude stem identification and use instead
regional estimates of wood density in allometric equations used to estimate stocks, with only
minimal loss of accuracy (Fig 4), particularly in primary forests. Finally, rapid carbon assess-
ments aiming only to identify carbon-rich forests (rather than to estimate actual stock levels),
can save 74% of monetary costs by focusing only on measuring stems�20cm DBH without
taxonomic identification (Fig 5). We discuss these results by addressing four questions relevant
to the establishment of carbon-conservation projects in human-modified tropical forests: (i)
Does a priori information about disturbance and clearance history of an area affect guidance
on cost-effective carbon sampling protocols? (ii) How reliable are the IPCC and the FAO
default carbon values in estimating stocks of human-modified tropical forests?; (iii) Which
components of the total forest carbon stocks should be measured to maximize the cost-effec-
tiveness of field assessments?; and (iv) How can sampling of large live stems be more cost-
effective?

How important is a priori information about disturbance and clearance
history?
Overall, our results about the importance and the variability of each stock component, as well
as results on ways of simplifying sampling protocols, were consistent both between and within
regions, regardless if relative to areas with or without any a priori information of forest distur-
bance and clearance. This indicates that our general recommendations hold irrespective of
whether information is available on the mix of forest types in a given landscape of interest.
This is particularly encouraging given that the discrimination between highly disturbed
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Fig 5. Predicting if a forest is carbon-rich or carbon-poor. Relationship between the coefficient of determination (R2) of different subsets of large live
stems and the costs of sampling a 1-ha plot. Results are separated into three hypothetical scenarios of carbon stock assessments in human-modified tropical
forests: A) No a priori information of forest class; B) Primary forests only—includes undisturbed and disturbed primary forests; and C) Secondary forests only.
The coefficient of determination was obtained through linear models applied to calculate the power of each subset of stems to predict the carbon stocks
present in our best measure of large stems stocks (all stems�10cm DBH identified to species level).

doi:10.1371/journal.pone.0133139.g005
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primary forests and old secondary forests can be difficult, or even impossible, in situations
where there is a lack of detailed satellite data or when forest disturbance or clearance happened
prior to imagery baseline. Even when comprehensive satellite imagery is available, both auto-
mated and visual analyses of images can be time and resource consuming, requiring trained
personnel. Such staff requirements may be difficult to meet in many tropical forest countries
[9,10].

It is important to note, however, that field surveys of signs of past human disturbance, such
as logging debris or charred stems (Figs H–I in S1 File), can be extremely valuable in providing
a better understanding of what external stressors could affect a targeted conservation area,
helping conservation practitioners to delineate measures to both minimize the threats posed by
future human impacts and to rehabilitate already degraded areas. Field surveys of past human
disturbance need not incur extra costs, as they can be conducted together with carbon invento-
ries by simply observing evidence of fire or logging in a systematic way while measuring stocks
(Figs H–I in S1 File) [26,42].

How reliable are the IPCC and FAO carbon estimates in human-
modified tropical forests?
If freely available regional and national estimates of aboveground carbon stocks, such as those
from the IPCC [8] and FAO [40], were able to provide accurate estimates of carbon stocks in
human-modified tropical forests, carbon-conservation programs could be made much cheaper
by not conducting field assessments at all. However, our results show that both the IPCC and
FAO estimates of carbon stocks performed poorly, leading to errors as high as 113 Mg C ha-1

in areas of secondary forest. Such discrepancies are not surprising, given that these estimates
were developed based on data from undisturbed primary forests. Our results therefore clearly
demonstrate the importance of carrying out field assessments of carbon stocks in human-mod-
ified tropical forests, rather than relying on existing look-up tables. This is particularly impor-
tant when considering that much of the carbon inventories performed to date have focused on
undisturbed forests only (e.g. [38,43,44]), despite the fact that the area occupied by disturbed
primary and secondary forests already account for over 500 million hectares of the remaining
forest cover in the tropics [45].

Which carbon stock components should be measured to maximize the
cost-effectiveness of field assessments?
For carbon assessments in human-modified tropical forests located on non-peaty soils, our
results indicate that sampling should focus only on large live stems (�10cm DBH). From all
the sampled components of the total forest carbon stocks, large stems stored the greatest
amount of carbon and were particularly sensitive to human-induced disturbance (Table 2). By
focusing sampling protocols only on large live stems, field assessments in 1-ha plots could be
made 85% cheaper and 84% quicker, thus substantially increasing the possibility of carrying
out field assessments over larger areas. Additionally, the fact that large live stems form the
most important component of the total forest carbon stocks also means that new and promis-
ing tools for carbon estimation that focus on large stem biomass to calculate forest stocks, such
as airborne LiDAR, can be valuable when assessing carbon stocks over very large areas (e.g.
municipality-wide). However, although the use of airborne LiDAR is cheaper than establishing
and sampling plots distributed over millions of hectares [46], it is unlikely to be suitable for
small carbon-conservation projects, due to the high monetary costs associated with sampling a
small area [47].
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Despite soil carbon being the most expensive and time-consuming component to sample,
and one that varied very little across our 224 sampled plots, caution is needed in assuming that
soil should not be measured as part of carbon stock assessments elsewhere (Table 2). First, we
did not assess the deeper carbon pool, although we might expect the deeper soil to be more
resistant to change than the first 30cm [48]. Second, responses may be different in places with
distinct disturbance regimes: for example, logging intensities in Southeast Asian dipterocarp
forests are much more severe than those in the Amazon [49], and we currently have little infor-
mation on how soil carbon may change following logging in these forests. In particular, the
assessment of soil carbon is strongly recommended in peatland forests, where it is known to be
extremely sensitive to human disturbance [50,51] and to store up to three times more carbon
than the aboveground pool [52]. Therefore, project developers and funders should be aware
that carbon assessments in peatlands and intensively logged forests could require a higher ini-
tial investment to ensure an accurate, reliable and robust assessment of their carbon stocks.
Finally, our results provide very little support for the sampling of small stems (<10cm DBH),
coarse woody debris, fine woody debris and litter when establishing carbon-conservation proj-
ects—the combined contribution of all these components to total forest stocks was less than
25% (Table 2).

How can sampling of large live stems be more cost-effective?
The salaries of experienced parabotanists represent 63% of the cost of sampling carbon stocks
in vegetation and, as a consequence, any carbon assessment carried out without species-level
identification will have much lower financial costs. Hence, on the strict perspective of carbon
conservation, species identification would not be recommended. Nevertheless, stem identifica-
tion will be important if a carbon-conservation project is also looking to maximize biodiversity
co-benefits [5]. In addition species identification is advisable if one-off carbon assessments are
to turn into longer-term monitoring of stocks: monitoring systems that chose to ignore species

Table 2. Recommended sampling approaches to assess carbon stocks in human-modified tropical forests. Recommendations are based on the
results of this study, following the IPCC three- tiers system for forest carbon assessments.

Carbon pool Components Recommendation

Aboveground All living vegetation Tier 3 (large live stems) and 1 or 2 (other components). The aboveground carbon pool stores the
largest amount of carbon (excluding deep soils), is extremely sensitive to human disturbance and
relatively easy to sample. Most of the carbon stored in this pool is in large stems (�10cm DBH) and
therefore we recommend these to be assessed on the field (Tier 3), while other components of the
aboveground pool (e.g. stems <10cm DBH) should be assessed using estimates provided in the
literature (Tier 1 or 2).

Dead Wood Dead vegetation and coarse
woody debris

Tier 1 or 2. The dead wood carbon pool contributes to less than 10% of the total carbon stocks. In
addition, it has no value in terms of carbon sequestration or even long-term carbon storage, as it
comprises decomposing material and therefore represents committed emissions.

Litter Leaf litter and fine woody
debris

Tier 1 or 2. Besides making little contribution to total forest carbon stocks, the litter carbon pool poses
logistical difficulties as it requires use of laboratory facilities to oven dry and weight its components.

Soil Soil carbon stocks and fine
roots (<2mm)

Tier 3 (peatlands), 1 or 2 (non-peaty soils). Despite making a large contribution to forest carbon stocks,
soil carbon is extremely expensive and time-consuming to sample. This pool also requires the use of
well-equipped facilities to conduct laboratory analysis, which are often difficult to find in tropical
forested regions. Furthermore, in non-peaty soils, soil carbon does not appear to present much
variability, indicating that it is relatively insensitive to human-induced disturbance.

Belowground All living coarse roots Tier 1 or 2. As the belowground carbon pool involves destructive sampling, thus incurring severe
damage or even death to the trees, it cannot be included as part of a recommended field protocol.
Besides, projects aiming to conserve forest carbon stocks will necessarily preserve live stems and,
as a consequence, the live belowground pool will be preserved as well. Therefore, root/shoot
equations available in the literature (e.g.[60–62]) can be used to estimate the amount of carbon
stored in coarse roots.

doi:10.1371/journal.pone.0133139.t002
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identification might fail to notice compositional changes, which in turn may lead to an erosion
of the ecological integrity and resilience of the forest, often resulting in associated losses of car-
bon stocks [53]. For instance, following selective logging and understory fire events, primary
forests are known to experience a significant increase in the abundance of pioneer trees, which
store substantially less carbon than old-growth species [54–57]. An alternative to the identifica-
tion of all large stems is to incorporate in sampling protocols the identification of a few distinc-
tive pioneer tree species that are familiar to field technicians, but for which identification
would not incur in extra time being spent on the field (e.g. Cecropia spp in the neotropics).
Assessment of pioneers has the added advantage of indicating the presence of new distur-
bances, as pioneer species are characteristic of changing systems [58,59].

Conclusion
The use of cost-effective guidelines in forest carbon assessments can potentially increase the
appeal of carbon-conservation programs to new investors, who are much needed. The use of
protocols that focus on assessing only the most relevant carbon pools (i.e. the ones that contrib-
ute the most to total stocks and are also highly vulnerable to environmental changes and
human-induced disturbance) can greatly reduce both the complexity and costs of estimating
forest carbon stocks, while sacrificing relatively little accuracy. Furthermore, the development
of cost-effective guidelines for carbon assessments in human-modified tropical forests could
considerably increase their chances of conservation. This is important as although human-
modified forests do not have the same conservation value as undisturbed primary forests, they
are the dominant feature of many regions of the humid tropics and, in many places, constitute
the last remaining forests. Forest conservation continues to provide a huge opportunity for
both climate mitigation and the conservation of biodiversity and ecosystem services. The adop-
tion of cheaper and simple, yet robust, sampling protocols provide assurances for investors and
project managers that it is possible to accurately assess carbon stocks in degraded and regener-
ating forests—thus helping to ensure that this opportunity is not missed.

Supporting Information
S1 File. Table and figures containing supporting analyses and information. Table A in S1
File. Correlation between the results of the relative contribution and the coefficient of variation
of components of the forest carbon stocks in Paragominas and Santarém. Fig A in S1 File. Rela-
tionship between the carbon stocks stored in large (�10cm DBH) and small (2–10cm DBH)
live stems. Fig B in S1 File. Relationship between the carbon stocks stored in large live and dead
stems (�10cm DBH). Fig C in S1 File. Relationship between the carbon stocks stored in large
live stems (�10cm DBH) and small dead stems (2-10cm DBH). Fig D in S1 File. Relationship
between the carbon stocks stored in large live stems (�10cm DBH) and coarse woody debris.
Fig E in S1 File. Relationship between the carbon stocks stored in large live stems (�10cm
DBH) and fine woody debris. Fig F in S1 File. Relationship between the carbon stocks stored in
large live stems (�10cm DBH) and leaf litter. Fig G in S1 File. Relationship between the carbon
stocks stored in large live stems (�10cm DBH) and in the first 30cm of soil. Fig H in S1 File.
Evidence of understory fires found during field carbon assessments. Fig I in S1 File. Evidence
of selective logging found during field carbon assessments.
(DOCX)

Cost-Effective Field Assessments of Carbon Stocks

PLOS ONE | DOI:10.1371/journal.pone.0133139 August 26, 2015 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133139.s001


Acknowledgments
We are deeply grateful to our numerous field and laboratory assistants, particularly to our
parabotanists Nelson Rosa and Manoel Cordeiro. We also thank the farmers and workers
unions of Santarém, Belterra and Paragominas and all collaborating private landowners for
their support. This paper is number #42 in the Rede Amazônia Sustentável publication series
(http://www.redeamazoniasustentavel.org).

Author Contributions
Conceived and designed the experiments: EB TAG JF LEOCA CEC ICGV JB. Performed the
experiments: EB MD. Analyzed the data: EB JB. Contributed reagents/materials/analysis tools:
EB TAG JF PBC CEC ICGV JB. Wrote the paper: EB TAG JF LEOCA CECMD RCOJ ICGV
JB.

References
1. Ciais P, Sabine C, Bala G, Bopp L, Brovkin V, Canadell J, et al. Carbon and Other Biogeochemical

Cycles. In: Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, et al., editors. Climate
Change 2013: The Physical Science Basis Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA; 2013.

2. Van der Werf GR, Morton D, DeFries RS, Olivier JGJ, Kasibhatla PS, Jackson RB, et al. CO2 emis-
sions from forest loss. Nat Geosci. 2009; 2(November):737–8.

3. Stern N. The economics of climate change: the Stern review. Cabinet Office Hm Treasury, editor.
Review Literature And Arts Of The Americas. Cambridge University Press; 2007. 692 p.

4. Strassburg BBN, Kelly A, Balmford A, Davies RG, Gibbs HK, Lovett A, et al. Global congruence of car-
bon storage and biodiversity in terrestrial ecosystems. Conserv Lett. 2010 Apr; 3(2):98–105.

5. Gardner TA, Burgess ND, Aguilar-Amuchastegui N, Barlow J, Berenguer E, Clements T, et al. A frame-
work for integrating biodiversity concerns into national REDD+ programmes. Biol Conserv. Elsevier
Ltd; 2012 Oct; 154:61–71.

6. Parrotta JA, Wildburger C, Mansourian S. Understanding Relationships between Biodiversity, Carbon,
Forests and People: The Key to Achieving REDD + Objectives. A Global Assessment Report. Vienna,
Austria: International Union of Forest Research Organizations (IUFRO); 2012.

7. UNFCCC. Report of the Conference of the Parties on its sixteenth session, held in Cancun from 29
November to 10 December 2010. 2011.

8. IPCC. IPCC guidelines for national greenhouse gas inventories. Eggleston HS, Buendia L, Miwa K,
Ngara T, Tanabe K, editors. IGES, Japan. Tokyo, Japan; 2006.

9. Herold M. An assessment of national forest monitoring capabilities in tropical non-Annex I countries:
Recommendations for capacity building. Report for The Prince’s Rainforests Project and The . . .. Oslo,
Norway; 2009.

10. Romijn E, Herold M, Kooistra L, Murdiyarso D, Verchot L. Assessing capacities of non-Annex I coun-
tries for national forest monitoring in the context of REDD+. Environ Sci Policy. Elsevier Ltd; 2012 May;
19–20:33–48.

11. Barlow J, Parry L, Gardner TA, Ferreira J, Aragão LEOC, Carmenta R, et al. The critical importance of
considering fire in REDD+ programs. Biol Conserv. Elsevier Ltd; 2012 Oct; 154:1–8.

12. Mertz O, Müller D, Sikor T, Hett C, Heinimann A, Castella J-C, et al. The forgotten D: challenges of
addressing forest degradation in complex mosaic landscapes under REDD+. Geogr Tidsskr J Geogr.
2012 May; 112(1):63–76.

13. Asner GP, Mascaro J. Mapping tropical forest carbon: Calibrating plot estimates to a simple LiDARmet-
ric. Remote Sens Environ. Elsevier Inc.; 2014 Jan; 140:614–24.

14. Venter O, Koh LP. Reducing emissions from deforestation and forest degradation (REDD+): game
changer or just another quick fix? Ann N Y Acad Sci. 2012 Feb; 1249:137–50. doi: 10.1111/j.1749-
6632.2011.06306.x PMID: 22168380

15. Daniels MJ. Estimating red deer Cervus elaphus populations: an analysis of variation and cost-effec-
tiveness of counting methods. MammRev. 2006 Jul; 36(3):235–47.

16. Franco A, Palmeirim J, Sutherland W. A method for comparing effectiveness of research techniques in
conservation and applied ecology. Biol Conserv. 2007 Jan; 134(1):96–105.

Cost-Effective Field Assessments of Carbon Stocks

PLOS ONE | DOI:10.1371/journal.pone.0133139 August 26, 2015 17 / 19

http://www.redeamazoniasustentavel.org
http://dx.doi.org/10.1111/j.1749-6632.2011.06306.x
http://dx.doi.org/10.1111/j.1749-6632.2011.06306.x
http://www.ncbi.nlm.nih.gov/pubmed/22168380


17. Gardner TA, Barlow J, Araujo IS, Avila-Pires TC, Bonaldo AB, Costa JE, et al. The cost-effectiveness
of biodiversity surveys in tropical forests. Ecol Lett. 2008 Feb; 11(2):139–50. PMID: 18031554

18. Mandelik Y, Roll U, Fleischer A. Cost-efficiency of biodiversity indicators for Mediterranean ecosystems
and the effects of socio-economic factors. J Appl Ecol. 2010 Dec 27; 47(6):1179–88.

19. Kuemmerle T, Perzanowski K, Akçakaya HR, Beaudry F, Van Deelen TR, Parnikoza I, et al. Cost-effec-
tiveness of strategies to establish a European bison metapopulation in the Carpathians. J Appl Ecol.
2011 Apr 26; 48(2):317–29.

20. Asner GP, Broadbent EN, Oliveira PJC, Keller M, Knapp DE, Silva JNM. Condition and fate of logged
forests in the Brazilian Amazon. Proc Natl Acad Sci U S A. 2006 Aug 22; 103(34):12947–50. PMID:
16901980

21. Hansen MC, Potapov P V., Moore R, Hancher M, Turubanova SA, Tyukavina A, et al. High-resolution
global maps of 21st-century forest cover change. Science (80-). 2013 Nov 14; 342(6160):850–3.

22. Achard F, Eva HD, Stibig H-J, Mayaux P, Gallego J, Richards T, et al. Determination of deforestation
rates of the world’s humid tropical forests. Science (80-). 2002 Aug 9; 297(5583):999–1002.

23. Broadbent E, Asner G, Keller M, Knapp D, Oliveira P, Silva J. Forest fragmentation and edge effects
from deforestation and selective logging in the Brazilian Amazon. Biol Conserv. 2008 Jul; 141
(7):1745–57.

24. Asner GP, Rudel TK, Aide TM, Defries R, Emerson R. A contemporary assessment of change in humid
tropical forests. Conserv Biol. 2009 Dec; 23(6):1386–95. doi: 10.1111/j.1523-1739.2009.01333.x
PMID: 20078639

25. Melo FPL, Arroyo-Rodríguez V, Fahrig L, Martínez-Ramos M, Tabarelli M. On the hope for biodiversity-
friendly tropical landscapes. Trends Ecol Evol. 2013 Jan; 28(8):462–8. doi: 10.1016/j.tree.2013.01.001
PMID: 23375444

26. Berenguer E, Ferreira J, Gardner TA, Aragão LEOC, De Camargo PB, Cerri CE, et al. A large-scale
field assessment of carbon stocks in human-modified tropical forests. Glob Chang Biol. 2014 May 28;
20(12):3713–26. doi: 10.1111/gcb.12627 PMID: 24865818

27. Putz FE, Zuidema P a., Synnott T, Peña-Claros M, Pinard M a., Sheil D, et al. Sustaining conservation
values in selectively logged tropical forests: the attained and the attainable. Conserv Lett. 2012 Aug 16;
5(4):296–303.

28. Gardner TA, Ferreira J, Barlow J, Lees AC, Parry L, Vieira ICG, et al. A social and ecological assess-
ment of tropical land uses at multiple scales: the Sustainable Amazon Network. Philos Trans R Soc
Lond B Biol Sci. 2013 Jan; 368(1619):20120166. doi: 10.1098/rstb.2012.0166 PMID: 23610172

29. Chave J, Andalo C, Brown S, Cairns MA, Chambers JQ, Eamus D, et al. Tree allometry and improved
estimation of carbon stocks and balance in tropical forests. Oecologia. 2005 Aug; 145(1):87–99. PMID:
15971085

30. Zanne A, Lopez-Gonzalez G, Coomes D, Ilic J, Jansen S, Lewis S, et al. Global wood density database.
Dryad Identifier http//hdl . . .. 2009;

31. Gerwing J, Farias D. Integrating liana abundance and forest stature into an estimate of total above-
ground biomass for an eastern Amazonian forest. J Trop Ecol. 2000; 16(3):327–35.

32. Hughes R, Kauffman J, Jaramillo V. Biomass, carbon, and nutrient dynamics of secondary forests in a
humid tropical region of Mexico. Ecology. 1999; 80(6):1892–907.

33. Cummings DL, Boone Kauffman J, Perry D a., Flint Hughes R. Aboveground biomass and structure of
rainforests in the southwestern Brazilian Amazon. For Ecol Manage. 2002 Jun; 163(1–3):293–307.

34. Harmon ME, Sexton J. Guidelines for measurements of woody detritus in forest ecosystems. 1996.

35. Chao K, Phillips O, Baker TR, Peacock J, Lopez-Gonzalez G, Martínez RV, et al. After trees die: quanti-
ties and determinants of necromass across Amazonia. Biogeosciences. 2009; 6:1615–26.

36. Keller M, Palace M, Asner GP, Pereira R, Silva JNM. Coarse woody debris in undisturbed and logged
forests in the eastern Brazilian Amazon. Glob Chang Biol. 2004 May; 10(5):784–95.

37. Lewis SL, Lopez-Gonzalez G, Sonké B, Affum-Baffoe K, Baker TR, Ojo LO, et al. Increasing carbon
storage in intact African tropical forests. Nature. 2009 Feb 19; 457(7232):1003–6. doi: 10.1038/
nature07771 PMID: 19225523

38. Girardin C a. J, Farfan-RiosW, Garcia K, Feeley KJ, Jørgensen PM, Murakami AA, et al. Spatial pat-
terns of above-ground structure, biomass and composition in a network of six Andean elevation tran-
sects. Plant Ecol Divers. 2013 Sep 17; 7(1–2):161–71.

39. Chave J, Muller-Landau HC, Baker TR, Easdale TA, Steege H, Webb CO. Regional and phylogenetic
variation of wood density across 2456 neotropical tree species. Ecol Appl. Eco Soc America; 2006; 16
(6):2356–67.

40. FAO. Global Forest Resources Assessment 2010. Rome, Italy; 2010.

Cost-Effective Field Assessments of Carbon Stocks

PLOS ONE | DOI:10.1371/journal.pone.0133139 August 26, 2015 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/18031554
http://www.ncbi.nlm.nih.gov/pubmed/16901980
http://dx.doi.org/10.1111/j.1523-1739.2009.01333.x
http://www.ncbi.nlm.nih.gov/pubmed/20078639
http://dx.doi.org/10.1016/j.tree.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23375444
http://dx.doi.org/10.1111/gcb.12627
http://www.ncbi.nlm.nih.gov/pubmed/24865818
http://dx.doi.org/10.1098/rstb.2012.0166
http://www.ncbi.nlm.nih.gov/pubmed/23610172
http://www.ncbi.nlm.nih.gov/pubmed/15971085
http://dx.doi.org/10.1038/nature07771
http://dx.doi.org/10.1038/nature07771
http://www.ncbi.nlm.nih.gov/pubmed/19225523


41. R Core Development Team. R: A language and environment for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing; 2012.

42. Barlow J, Silveira JM, Cochrane MA. Fire Scars on Amazonian Trees: Exploring the Cryptic Fire History
of the Ilha de Maracá. Biotropica. 2010 Jul 12; 42(4):405–9.

43. Malhi Y, Aragão LEOC, Metcalfe DB, Paiva R, Quesada C a., Almeida S, et al. Comprehensive assess-
ment of carbon productivity, allocation and storage in three Amazonian forests. Glob Chang Biol. 2009
May; 15(5):1255–74.

44. Lewis SL, Sonké B, Sunderland T, Begne SK, Lopez-gonzalez G, Van Der Heijden GMF, et al. Above-
ground biomass and structure of 260 African tropical forests. Philos Trans R Soc B. 2013;
368:20120295.

45. ITTO. ITTO guidelines for the restoration, management and rehabilitation of degraded and secondary
tropical forests. Policy Dev Ser. 2002;13.

46. Asner GP, Mascaro J, Anderson C, Knapp DE, Martin RE, Kennedy-Bowdoin T, et al. High-fidelity
national carbon mapping for resource management and REDD+. Carbon Balance Manag. Carbon Bal-
ance and Management; 2013; 8(1):7. doi: 10.1186/1750-0680-8-7 PMID: 23866822

47. Asner GP, Knapp DE, Martin RE, Tupayachi R, Anderson CB, Mascaro J, et al. Targeted carbon con-
servation at national scales with high-resolution monitoring. Proc Natl Acad Sci. 2014 Nov 10;E5016–
22. doi: 10.1073/pnas.1419550111 PMID: 25385593

48. Guo L, Gifford R. Soil carbon stocks and land use change: a meta analysis. Glob Chang Biol. 2002;
8:345–60.

49. Sist P, Nolan T, Bertault J-G, Dykstra D. Harvesting intensity versus sustainability in Indonesia. For
Ecol Manage. 1998 Aug; 108(3):251–60.

50. Moore S, Evans CD, Page SE, Garnett MH, Jones TG, Freeman C, et al. Deep instability of deforested
tropical peatlands revealed by fluvial organic carbon fluxes. Nature. Nature Publishing Group; 2013 Jan
31; 493(7434):660–3.

51. Page SE, Siegert F, Rieley J, BoehmH. The amount of carbon released from peat and forest fires in
Indonesia during 1997. Nature. 2002; 1999(1):61–5.

52. Page SE, Rieley JO, Banks CJ. Global and regional importance of the tropical peatland carbon pool.
Glob Chang Biol. 2011 Feb 4; 17(2):798–818.

53. Nascimento H, LauranceW. Biomass dynamics in Amazonian forest fragments. Ecol Appl. 2004; 14
(4):S127–38.

54. Cochrane M, Schulze M. Forest fires in the Brazilian Amazon. Conserv Biol. 1998; 12(5):948–50.

55. Park A, Justiniano MJ, Fredericksen TS. Natural regeneration and environmental relationships of tree
species in logging gaps in a Bolivian tropical forest. For Ecol Manage. 2005 Oct; 217(2–3):147–57.

56. D’Oliveira MVN, Ribas LA. Forest regeneration in artificial gaps twelve years after canopy opening in
Acre State Western Amazon. For Ecol Manage. Elsevier B.V.; 2011 Jun; 261(11):1722–31.

57. Imai N, Seino T, Aiba S, Takyu M, Titin J, Kitayama K. Effects of selective logging on tree species diver-
sity and composition of Bornean tropical rain forests at different spatial scales. Plant Ecol. 2012 Aug 1;
213(9):1413–24.

58. LauranceWF, Nascimento HEM, Laurance SG, Andrade AC, Fearnside PM, Ribeiro JEL, et al. Rain
forest fragmentation and the proliferation of successional trees. Ecology. 2006 Feb; 87(2):469–82.
PMID: 16637371

59. Santos BA, Peres CA, Oliveira MA, Grillo A, Alves-Costa CP, Tabarelli M. Drastic erosion in functional
attributes of tree assemblages in Atlantic forest fragments of northeastern Brazil. Biol Conserv. 2008
Jan; 141(1):249–60.

60. Cairns M, Brown S, Helmer E, Baumgardner G. Root biomass allocation in the world’s upland forests.
Oecologia. 1997; 111:1–11.

61. Mokany K, Raison RJ, Prokushkin AS. Critical analysis of root: shoot ratios in terrestrial biomes. Glob
Chang Biol. 2006 Jan; 12(1):84–96.

62. Lima AJN, Suwa R, Pires GHMR, Kajimoto T, dos Santos J, da Silva RP, et al. Allometric models for
estimating above- and below-ground biomass in Amazonian forests at São Gabriel da Cachoeira in the
upper Rio Negro, Brazil. For Ecol Manage. 2012 Aug; 277:163–72.

Cost-Effective Field Assessments of Carbon Stocks

PLOS ONE | DOI:10.1371/journal.pone.0133139 August 26, 2015 19 / 19

http://dx.doi.org/10.1186/1750-0680-8-7
http://www.ncbi.nlm.nih.gov/pubmed/23866822
http://dx.doi.org/10.1073/pnas.1419550111
http://www.ncbi.nlm.nih.gov/pubmed/25385593
http://www.ncbi.nlm.nih.gov/pubmed/16637371

