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Abstract. Information on net primary production in tropical forests is needed for the
development of realistic global carbon budgets, for projecting how these ecosystems will
be affected by climatic and atmospheric changes, and for evaluating eddy covariance measurements of tropical forest carbon flux. However, a review of the database commonly used
to address these issues shows that it has serious flaws. In this paper we synthesize the data
in the primary literature on NPP in old-growth tropical forests to produce a consistent data
set on NPP for these forests. Studies in this biome have addressed only a few NPP components, all aboveground. Given the limited scope of the direct field measurements, we
sought relationships in the existing data that allow estimation of unmeasured aspects of
production from those that are more easily assessed. We found a predictive relationship
between annual litterfall and aboveground biomass increment. For 39 diverse tropical forest
sites, we then developed consistent, documented estimates of the upper and lower bounds
around total NPP to serve as benchmarks for calibrating and validating biogeochemical
models with respect to this biome. We developed these estimates based on existing field
measurements, current understanding of aboveground consumption and biogenic volatile
organic carbon emissions, and our judgment that belowground production is bounded by
the range 0.2–1.2 3 ANPP (aboveground NPP). Across this broad spectrum of tropical
forests (dry to wet, lowland to montane, nutrient-rich to nutrient-poor soils), our estimates
of lower and upper bounds on total NPP range from 1.7 to 11.8 Mg C·ha 21·yr21 (lower
bounds) and from 3.1 to 21.7 Mg C·ha21·yr21 (upper bounds). We also showed that two
relationships that have been used for estimating NPP (the Bray-Gorham relationship based
on leaf litterfall and the Miami model based on temperature or precipitation) are not valid
for the tropical forest biome.
Key words: biomass increment; carbon budgets; forest inventory plots; litterfall; net primary
production; tropical dry, moist, or montane forests.

INTRODUCTION
Tropical forests are disproportionately important in
the world carbon budget, representing an estimated
59% of the global carbon pool in forests (Dixon et al.
1994). Although they are only 22% of potential vegetation by area (Melillo et al. 1993), tropical evergreen
and deciduous forests have been estimated to account
for 32% (Field et al. 1998) to 43% (Melillo et al. 1993)
of the world’s potential terrestrial net primary producManuscript received 24 February 1999; revised 16 March
2000; accepted 6 April 2000; final version received 1 May 2000.
8 Present address: Winrock International, 1611 N. Kent
Street, Suite 600, Arlington, Virginia 22209 USA.

tion (NPP). The net carbon flux between these forests
and the atmosphere has been little studied and is currently controversial. Eddy covariance data (Fan et al.
1990, Grace et al. 1995a, b, Mahli et al. 1998, but see
Keller et al. 1996) and long-term forest inventory records (Phillips et al. 1998) have suggested that mature
tropical moist forests are carbon sinks. Other recent
studies, however, indicate that reductions in NPP in
these forests due to lowered soil moisture (Tian et al.
1998) or increased temperature (Kindermann et al.
1996; D. A. Clark, S. C. Piper, C. D. Keeling, and D.
B. Clark, unpublished manuscript) may make them net
carbon sources during some years.
Accurate characterization of NPP in this biome will
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be fundamental for realistic global and regional carbon
budgets and for projecting how these will be affected
by changing climate and atmospheric composition. Reliable field-derived NPP data from these ecosystems
are needed for validating and calibrating global biogeochemical models. A recent comparison of existing
models (Cramer et al. 1999, Kicklighter et al. 1999)
showed that most models project the highest terrestrial
NPP to occur in tropical evergreen forests. The models
differ, however, in the predicted magnitude and seasonal timing of NPP within this biome, apparently due
to contrasting assumptions related to forest structure
(Bondeau et al. 1999, Ruimy et al. 1999) and the response of NPP to moisture, temperature, solar radiation, nutrients, and human disturbance (Churkina et al.
1999, Schloss et al. 1999). Field data on the relation
of tropical forest NPP to these factors are needed to
resolve these uncertainties. Such data will also be important for assessing the carbon-sequestering potential
of these forests and as benchmarks for carbon offset
agreements involving tropical countries. Finally, quantifying current and potential NPP will aid efforts toward
sustainable management of tropical forests for timber
and other products.
For this paper we evaluated in depth the current state
of knowledge of NPP for old-growth tropical forests.
We show that the characterization of these ecosystems
in current regional and global carbon models may be
considerably in error, as was recently found for estimates of NPP in the grassland biome (Scurlock and
Hall 1998). For this assessment we first identified the
field measurements required to produce an estimate of
total forest NPP (Clark et al. 2001). Then we reviewed
the primary literature on tropical forest NPP and found
that: production studies in this biome have been conducted in relatively few sites; direct measurements
have addressed only a few aspects of NPP, all aboveground; a number of the field methods used in past
studies are problematic and/or insufficiently documented; and numerous tropical NPP estimates have involved errors due to lack of conceptual clarity regarding net production.
Based on this analysis, in this paper we synthesize
the existing knowledge base with respect to NPP for
the diverse forest types of the tropics: dry to wet, lowland to montane, seasonal to aseasonal, and on nutrientrich to nutrient-poor soils. Because of the paucity of
direct field measurements in old-growth tropical forests, we then seek relationships in the existing data that
enable prediction of unmeasured aspects of production
from those that are more easily assessed. We use these
relationships to develop a consistent, documented set
of current estimates of total NPP for 39 tropical forest
sites. These NPP estimates should be useful as benchmarks for calibrating and validating biogeochemical
models with respect to this biome. We conclude the
paper with a research agenda for quantifying NPP in
tropical forests.

FIELD ASSESSMENT

OF

FOREST NPP

Net primary production is the difference between
total photosynthesis (Gross Primary Production) and
total plant respiration in an ecosystem. In the field,
however, NPP cannot be assessed in terms of this difference. An alternative definition of NPP is the total
organic matter produced over a given interval. Although this production cannot be directly measured because of transformations such as consumption and decomposition during the measurement interval, it can
be estimated based on a suite of diverse measurements
and underlying assumptions. It is conceptually useful,
therefore, to define the quantity NPP* as the field-measurement-based, operational estimate of actual NPP
(Clark et al. 2001). NPP* comprises all materials that
together represent: (1) the amount of new organic matter that is retained by live plants at the end of the
interval, and (2) the amount of organic matter that was
both produced and lost by the plants during the same
interval. In forests, these materials are: aboveground
biomass increment, fine litterfall, aboveground losses
to consumers, emissions of biogenic volatile organic
compounds (BVOCs), aboveground losses of leached
organic compounds, net increments in biomass of
coarse and fine roots, dead coarse and fine roots, root
losses to consumers, root exudates, carbohydrates exported by plants to their mycorrhizal or nodule symbionts, and any net increases in stores of nonstructural
carbohydrates. Clark et al. (2001) discuss each of these
components of forest NPP* and the methods for their
measurement in the field.
In addition to the difficulties in any forest for measuring many of these components, tropical forests present some particular challenges (also see Clark et al.
2001). Because ‘‘fine litterfall’’ in these ecosystems
can include very large items, special methods are required for litter collection in order to avoid strong underestimation (cf. Villela and Proctor 1999). Precollection decomposition, leaching, and herbivory can all
be intense in the tropics, particularly in the wetter forests. Estimating aboveground biomass increment is
made particularly difficult by the diversity of tree species, wood densities, tree architectures, and life forms
(lianas, hemiepiphytes, palms) in any tropical forest.
Root production can occur year-round. Fine roots can
be distributed far down the soil profile (e.g., to 18 m
in a tropical moist forest, Nepstad et al. 1994) and can
show great spatial variability. Given these factors (see
Plate 1), and the logistical difficulties commonly encountered in the tropics, it is not surprising that tropical
forest NPP remains poorly understood.
THE EXISTING DATA RELATED
TO T ROPICAL F OREST NPP
To synthesize research findings to date, we intensively reviewed the primary literature. We evaluated
the NPP data from .70 tropical forest sites, including
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PLATE 1. Several of the special challenges for estimating NPP in tropical forests are seen at this gap-edge site in an oldgrowth lowland rain forest in La Selva (Costa Rica). Due to protuberances on the bole at breast height, ladders are required
to measure many trees. The tree at the center is being measured by two people on 3-m ladders. The diameter tape must be
placed under vines, epiphytes, or arthropod structures on the bole (e.g., nests, termite trails), because fine litter can include
very large items such as 2-m palm leaves. Growth forms of lianas and other non-tree woody life forms necessitate specially
designed traps for estimating biomass. Only some of the copious woody litterfall (;1 m deep in this gap) should be included
in NNP* components. Photograph by David B. Clark.

those cited in several past reviews (e.g., Bray and Gorham 1964, Lugo 1974, Murphy 1975, De Angelis et
al. 1981, Brown and Lugo 1982, Raich et al. 1991,
Vogt et al. 1996, Esser et al. 1997). We also included
some data from recent, unpublished studies. In each
case, we evaluated the data and methods presented in
the primary sources in light of current understanding
of the total set of components of forest NPP* and the
appropriate methods for measuring them in the field
(cf. Clark et al. 2001).
We established the following criteria for sites and
studies to include in our analysis. Study sites were
restricted to forest stands (no woodlands or savanna)
at latitudes 23.58 N–23.58 S. We also exclusively focused on sites that could be considered old growth in
structural/functional terms (sensu Clark 1996). We included sites that were described in the NPP literature
with terms such as ‘‘primary,’’ or ‘‘virgin,’’ as well as
sites that we were personally familiar with and judged
to be at the old-growth end of the structure continuum
(e.g., with a high basal area, wide range of tree diameters, large lianas, and a small-gap disturbance cycle
[Clark 1996]). We eliminated forests aged #100 yr. We
also eliminated a few specialized forest types (mangroves, and dune forest). We further restricted the sites

to those for which there was an estimate of aboveground biomass and of at least one component of NPP*,
measured over at least a full year, and with the biomass
and NPP* components measured contemporaneously.
These criteria were met for 39 sites (Tables 1 and 2).
The annotated data set from this review is available
online.9

Aboveground biomass
In most studies, aboveground biomass was estimated
by measuring the diameter of all woody stems above
some minimum size (usually 3–10 cm in diameter) and
calculating each stem’s biomass based on allometric
relations from trees harvested nearby or in previous
studies elsewhere. The area of the measured study
plot(s) was quite small. In 32 of the 39 studies, the
total plot area assessed was #1 ha (median 5 0.25 ha).
In a few studies (9 of 39) aboveground biomass estimates for a site were based on locally harvested plots;
in six of these cases the plots were extremely small
(0.04–0.16 ha). Given these small areas, it is likely that
the aboveground biomass estimates from many of these
studies (Table 1) are overestimates due to plot biases
9

URL: ^http://daac.ornl.gov/NPP/htmldocs/nceas des.html&
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TABLE 1. Reported (in bold) and estimated (in parentheses) components of above- and belowground NPP* for 39 old-growth
tropical forest sites with data for both aboveground biomass and at least one NPP* component.
Components of aboveground NPP*
Aboveground
biomass

Aboveground
biomass
increment

Fine
litterfall

Ivory Coast: L’Anguédédou Forest
Thailand: Khaochong
Colombia: Magdalena terrace
Ivory Coast: Banco
Malaysia: Pasoh
Ivory Coast: Yapo (Plateau)

151.5
167.0
89.9
256.5
215.5
216.5

3.8
3.0
(2.6)
(2.6)
2.7
(2.3)

(9.3)
(5.9)
6.0
5.9
5.3
4.8

(1.1)
(0.7)
(0.7)
(0.7)
(0.6)
(0.6)

(0.2)
(0.3)
(0.3)
(0.3)
(0.2)
(0.2)

(14.3)
(9.9)
(9.6)
(9.5)
(8.8)
(7.9)

USA: Hawaii (Puu Kolekole)
Brazil: Fazenda Gaviao (BDFF)†
Colombia: Magdalena slope
Brazil: Fazenda Dimona (BDFF)†
Puerto Rico: palm floodplain forest
French Guiana: Piste de Saint-Elie
Brazil: Paragominas

68.5
151.0
162.9
178.0
114.5
294.8
62.5

2.6
2.5
(2.2)
2.2
(2.2)
(2.1)
1.3

4.4
(4.3)
4.4
4.2
4.3
3.8
4.6

(0.5)
(0.5)
(0.5)
(0.5)
(0.5)
(0.5)
(0.6)

(0.2)
(0.3)
(0.3)
(0.3)
(0.2)
(0.3)
(0.2)

(7.6)
(7.6)
(7.5)
(7.2)
(7.2)
(6.7)
(6.7)

Brazil: Egler Reserve
Brazil: Fazenda Cabo Frio (BDFF)†
Papua New Guinea: Mt. Kerigomma
Venezuela: San Eusebio
Jamaica-Blue Mtn. Mor Ridge
Venezuela: San Carlos (Oxisol)

203.0
157.5
147.5
174.0
114.5
132.0

(2.0)
2.1
(2.0)
(2.0)
(1.9)
2.2

3.7
(3.4)
3.6
3.5
3.3
2.9

(0.4)
(0.4)
(0.4)
(0.4)
(0.4)
(0.3)

(0.2)
(0.3)
(0.2)
(0.2)
(0.2)
(0.3)

(6.4)
(6.2)
(6.1)
(6.1)
(5.8)
(5.8)

Puerto Rico: Colorado Forest Perm. plots
Jamaica: Blue Mt. Gap Forest
Brazil: Fazenda Porto Alegre (BDFF)†
USA: Hawaii (Laupahoehoe)
Venezuela: San Carlos tall caatinga
USA: Hawaii (Kohala)
Jamaica: Blue Mt. Mull Ridge

84.8
119.0
200.5
133.0
118.7
72.5
156.0

(2.0)
(1.9)
1.9
2.1
(1.7)
1.4
(1.7)

3.4
3.2
(3.0)
2.7
2.8
3.2
2.8

(0.1)
(0.4)
(0.4)
(0.3)
(0.3)
(0.4)
(0.3)

(0.2)
(0.2)
(0.3)
(0.2)
(0.3)
(0.2)
(0.2)

(5.6)
(5.6)
(5.6)
(5.3)
(5.2)
(5.1)
(5.0)

Jamaica: Blue Mt. Wet Slope Forest
Puerto Rico: Guanica
USA: Hawaii (Kokee)
Mexico: Chamela lower plot
India: Bannadpare
India: Agumbe

115.0
22.5
103.0
40.0
227.0
210.0

(1.7)
(1.6)
1.9
1.5
(1.4)
(1.4)

2.8
2.4
2.1
2.1
2.0
2.1

(0.3)
(0.3)
(0.2)
(0.3)
(0.2)
(0.3)

(0.2)
(0.2)
(0.2)
(0.2)
(0.3)
(0.2)

(5.0)
(4.5)
(4.4)
(4.0)
(4.0)
(3.9)

India: Kagneri
Mexico: Chamela middle plot
India: S. Bhadra
Mexico: Chamela upper plot
Puerto Rico: Pico del Este
USA: Hawaii, Site 6 (3400 yr, 1660 m)
USA: Hawaii, Site 5 (3400 yr, 700 m)

230.0
40.0
324.5
40.0
23.8
40.5
61.5

(1.3)
1.2
(1.2)
1.0
(1.1)
0.5
0.3

2.0
1.6
1.7
1.7
1.6
1.1
0.9

(0.2)
(0.4)
(0.2)
(0.4)
(0.1)
(0.1)
(0.1)

(0.3)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)

(3.9)
(3.3)
(3.3)
(3.2)
(2.9)
(1.8)
(1.4)

Site

Volatile
Estimated
Losses to
organic aboveground
consumers compounds
NPP

Notes: See Estimating missing NPP* components for tropical forests. All units are megagrams of carbon per hectare per
year except for aboveground biomass (Mg C/ha) in the first column (conversions from biomass data were based on the
assumption that dry biomass is 50% carbon). Sites are ranked from high to low with respect to total estimated NPP. Site
data and sources are given in Table 2.
† BDFF 5 Biological Dynamics of Forest Fragments Project.

and the influence of large trees (cf. Brown and Lugo
1992, Brown et al. 1995).

Aboveground biomass increment
This NPP* component was assessed at 33 of the 39
sites in a variety of ways, many of which we considered
unacceptable for this analysis because of evident methodological problems (see Clark et al. 2001) or lack of
methods documentation. We found 17 studies where
aboveground increment was based on measurement of
all trees in a plot at two censuses, with biomass estimated from empirical allometric relationships, and

where the biomass increment appeared to have been
‘‘accounted’’ correctly (cf. Clark et al. 2001). The
range of these values was 0.3 (a Hawaiian forest on
3400-yr-old lava at 700 m elevation [Raich et al. 1997])
to 3.8 Mg C·ha21·yr21 (a lowland moist forest in Ivory
Coast [Müller and Nielsen 1965]).
The total plot area measured in most of these studies,
however, was on the order of those used in the aboveground biomass studies. When based on such small
plots, biomass increment data are likely to be unrepresentative due to the same problems of plot bias and
the influence of big trees that affect tropical forest bio-
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Estimated
belowground NPP
High
Low
(0.2 3 ANPP) (1.2 3 ANPP)

Estimated total NPP
Low

High

(2.9)
(2.0)
(1.9)
(1.9)
(1.8)
(1.6)

(17.2)
(11.8)
(11.5)
(11.4)
(10.6)
(9.5)

(17.2)
(11.8)
(11.5)
(11.4)
(10.6)
(9.5)

(31.5)
(21.7)
(21.2)
(20.9)
(19.4)
(17.4)

(1.5)
(1.5)
(1.5)
(1.4)
(1.4)
(1.3)
(1.3)

(9.2)
(9.2)
(9.0)
(8.7)
(8.6)
(8.0)
(8.0)

(9.2)
(9.2)
(9.0)
(8.7)
(8.6)
(8.0)
(8.0)

(16.8)
(16.8)
(16.5)
(15.9)
(15.8)
(14.7)
(14.7)

(1.3)
(1.2)
(1.2)
(1.2)
(1.2)
(1.2)

(7.7)
(7.4)
(7.4)
(7.3)
(6.9)
(6.9)

(7.7)
(7.4)
(7.4)
(7.3)
(6.9)
(6.9)

(14.1)
(13.6)
(13.5)
(13.3)
(12.7)
(12.7)

(1.1)
(1.1)
(1.1)
(1.1)
(1.0)
(1.0)
(1.0)

(6.7)
(6.7)
(6.7)
(6.4)
(6.3)
(6.1)
(6.0)

(6.7)
(6.7)
(6.7)
(6.4)
(6.3)
(6.1)
(6.0)

(12.4)
(12.4)
(12.2)
(11.7)
(11.5)
(11.2)
(11.0)

(1.0)
(0.9)
(0.9)
(0.8)
(0.8)
(0.8)

(6.0)
(5.3)
(5.3)
(4.8)
(4.8)
(4.7)

(6.0)
(5.3)
(5.3)
(4.8)
(4.8)
(4.7)

(11.0)
(9.8)
(9.7)
(8.8)
(8.7)
(8.6)

(0.8)
(0.7)
(0.7)
(0.6)
(0.6)
(0.4)
(0.3)

(4.7)
(4.0)
(3.9)
(3.9)
(3.5)
(2.2)
(1.7)

(4.7)
(4.0)
(3.9)
(3.9)
(3.5)
(2.2)
(1.7)

(8.6)
(7.3)
(7.2)
(7.1)
(6.3)
(4.0)
(3.1)

mass studies (see Clark et al. 2001). It is probable that
this bias is usually toward higher biomass increment
due to an overrepresentation of big trees.

Fine litterfall
By far the most frequently measured NPP* component in tropical forests has been fine litterfall. As
found by Proctor (1983, 1984), however, incomplete
documentation and variation in the types of material
collected make data interpretation problematic. In 21%
of the 34 studies in our sample with litterfall data, the
investigators do not state what was collected as ‘‘litterfall.’’ When the woody component was defined (15
studies), five different criteria had been used: pieces
#10, #3.5, #1, and #0.5 cm in diameter, and all-sized
wood. These intersite methods differences are likely to
have affected the relative values for litterfall.
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Another issue is the high spatial variance in litterfall
in any tropical forest. For example, in a lowland Costa
Rican forest, variance analysis of the data from two
sets of 10 0.25-m2 littertraps indicated that nearly 50
traps would be needed per 0.5-ha plot to measure litterfall within 6 20% (D. A. Clark, unpublished data).
We found only three studies that reported confidence
limits around the litterfall data. It is to be expected,
however, that most published litterfall numbers for
tropical forests are highly uncertain because of low
numbers of traps.
For this compilation, we selected the litterfall data
that were based on collections from at least six littertraps sampled at least monthly through a full year. In
the case of the one study where wood was quantified
by size class, we excluded the mass of pieces $1 cm
in diameter from the reported litterfall value. In 12
studies, mass was given for woody litterfall with no
size specified (‘‘branches,’’ ‘‘wood,’’ or ‘‘woody material’’), and in three studies only a broader size class
was reported (#3.5 and 10 cm diameter); for these 15
cases the woody component averaged 19% of the reported litterfall (range: 4–33%). From a broad survey
of litterfall data (W. Post, E. Matthews, E. Holland, and
J. Sultzman, unpublished data) the mean value for the
‘‘small wood’’ component when it was specified separately (N 5 63) was 21% of the mean of fine litterfall
values from 126 tropical forest studies. Based on this
comparison, we tentatively conclude that most of the
woody material was appropriate in the 15 studies, and
we therefore used the reported values for total litterfall.
In most studies, however, no breakdown was given of
litterfall components and we could not judge the quality
of the data. The patterns we find in these data should
be interpreted in this light.
The range of values for measured annual litterfall
from these old-growth tropical forests was 0.9–6.0
Mg C·ha21·yr 21. The data are from sites that cover a
broad range of rainfall, temperature, and elevation (Fig.
1). Given the edaphic variation among these forests
(highly infertile spodosols to relatively fertile andosols) and the varied litterfall definitions, it is not surprising that litterfall values show a broad spread at any
point along these environmental axes. Nevertheless,
these data suggest that, for a wide spectrum of tropical
forests, fine litterfall peaks at intermediate levels of
precipitation and does not change systematically with
temperature or elevation.
Two important caveats, however, affect interpretation of these patterns. One is that these data are uncorrected for precollection decomposition and thus may
be underestimates, particularly for the litterfall measured in lowland wet forests (see Clark et al. 2001). A
second caveat is that none of these studies reported
using special collection methods for the large items,
such as large palm leaves. Villela and Proctor (1999)
showed for forests in Amazonian Brazil that fine litterfall can be underestimated by .2 Mg C·ha21·yr21
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TABLE 2. Site data and references for the sites in Table 1.

Site
Brazil: Egler Reserve

Brazil: Fazenda Cabo Frio
(BDFF)
Brazil: Fazenda Dimona
(BDFF)
Brazil: Fazenda Gaviao
(BDFF)
Brazil: Fazenda Porto Alegre
(BDFF)
Brazil: Paragominas
Colombia: Magdalena terrace
Colombia: Magdalena slope
French Guiana: Piste de SaintElie
India: Agumbe
India: Bannadpare
India: Kagneri
India: S. Bhadra
Ivory Coast: L’Anguédédou
Forest
Ivory Coast: Yapo (Plateau)
Ivory Coast: Banco
Jamaica: Blue Mt., Mor Ridge
Jamaica: Blue Mt., Mull
Ridge
Jamaica: Blue Mt., Gap Forest
Jamaica: Blue Mt., Wet Slope
Forest
Malaysia: Pasoh
Mexico: Chamela, lower plot
Mexico: Chamela, middle plot
Mexico: Chamela, upper plot
Papua New Guinea: Mt. Kerigomma
Puerto Rico: Colorado Forest,
permanent plots
Puerto Rico: Guanica
Puerto Rico: palm forest
Puerto Rico: Pico del Este
Thailand: Khaochong
USA: Hawaii (Kohala)
USA: Hawaii (Kokee)
USA: Hawaii (Laupahoehoe)

Mean
annual
temperature
(8C)

Mean
annual
precipitation
(mm)

References

Latitude

Longitude

Elevation
(m)

Klinge and Rodrigues
(1968a,b, 1973), Klinge
(1973, 1976, 1978), Klinge
et al. (1975)
Chambers (1998)

···

···

···

27.2

1171

2.508 S

608 W

···

26.7

2300

Sizer (1992), Chambers (1998)

2.508 S

608 W

···

26.7

2300

Chambers (1998)

2.508 S

608 W

···

26.7

2300

Chambers (1998)

2.508 S

608 W

···

26.7

2300

Trumbore et al. (1995), J.
Chambers and D. Nepstad
(personal communication)
Folster and de las Salas
(1976), Folster et al. (1976)
Folster and de las Salas
(1976), Folster et al. (1976)
Lescure et al. (1983), Puig
and DeLobelle (1988)
Rai and Proctor (1986a,b)
Rai and Proctor (1986a,b)
Rai and Proctor (1986a,b)
Rai and Proctor (1986a,b)
Muller and Nielsen (1965)

2.988 S

47.528 W

···

···

1750

6.508 N

73.88 W

···

27.5

3150

6.508 N

73.88 W

···

27.5

3150

5.258 N

55.758 W

···

26.0

3450

E
E
E
E
W

575
200
500
800
50

22.2
27.0
28.6
···
26.9

7670
5310
6100
6520
1900

5.708 N

4.108 W

70

···

1739

5.388 N

4.038 W

100

26.2

2095

13.508
12.088
12.828
13.258
5.338

N
N
N
N
N

75.108
75.708
75.608
75.258
4.178

Bernhard (1970), BernhardReversat et al. (1972,
1978), Huttel (1975)
Bernhard (1970), BernhardReversat et al. (1972,
1978), Huttel (1975)
Tanner (1977, 1980a,b, 1985)
Tanner (1977, 1980a,b, 1985)

188 N
188 N

778 W
778 W

1615
1600

15.8
15.5

2230
2230

Tanner (1977, 1980a,b, 1985)
Tanner (1977, 1980a,b, 1985)

188 N
188 N

778 W
778 W

1590
1570

15.5
15.3

2230
2230

···
70–150

25.0
24.9

1807
707

Kira (1978)
Martinez-Yrizar et al. (1992),
Martinez-Yrizar et al.
(1996)
Martinez-Yrizar et al. (1992),
Martinez-Yrizar et al.
(1996)
Martinez-Yrizar et al. (1992),
Martinez-Yrizar et al.
(1996)
Edwards (1977), Edwards
and Grubb (1977)
Weaver and Murphy (1990)
Lugo and Murphy (1986),
Murphy and Lugo (1986)
Frangi and Lugo (1985)
Weaver et al. (1986)
Kira et al. (1967)
Crews et al. (1995), D. A.
Herbert and J. H. Fownes
(personal communication)
Crews et al. (1995), D. A.
Herbert and J. H. Fownes
(personal communication)
Crews et al. (1995), D. A.
Herbert and J. H. Fownes
(personal communication)

;2.988 N ;102.38 E
105.058 W
19.508 N

19.508 N

105.058 W

70–150

24.9

707

19.508 N

105.058 W

70–150

24.9

707

13.0

3985

725

···

3725

175

25.1

860

668 W
18.428 N
···
···
7.588 N ;1008 E
20.058 N
155.98 W

750
1000
···
1122

19.7
;19
27.2
16.0

3725
;5000
2696
2500

22.058 N

159.58 W

1134

16.0

2500

19.958 N

155.38 W

1170

16.0

2500

6.008 S
···
18.008 N

145.188 E 2400–2500
···
66.928 W
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TABLE 2. Continued.

Site
USA: Hawaii (Puu Kolekole)
USA: Hawaii, Site 5 (3400 yr,
700 m)
USA: Hawaii, Site 6 (3400 yr,
1660 m)
Venezuela: San Carlos, Site 4
Venezuela: San Carlos, tall
caatinga
Venezuela: San Eusebio

Mean
annual
temperature
(8C)

Mean
annual
precipitation
(mm)

Latitude

Longitude

Eleva
tion
(m)

Crews et al. (1995), D. A.
Herbert and J. H. Fownes
(personal communication)
Raich et al. (1997)

21.158 N

156.88 W

1210

16.0

2500

19.758 N

155.258 W

700

19.3

5800

Raich et al. (1997)

19.758 N

155.258 W

1660

13.0

2600

1.908 N

67.058 W

119

26.0

3550

1.938 N

67.058 W

100

26.2

3500

8.628 N

71.358 E 2000–2500

12.6–15

1500

References

Jordan and Escalante (1980),
Uhl and Jordan (1984),
Jordan (1989)
Herrera and Jordan (1981),
Klinge and Herrera (1983)
Fassbender and Grimm
(1981), Grimm and Fassbender (1981)

when only the small standard litterfall traps are used.
The variation of ‘‘true litterfall’’ across the environmental gradients of tropical forests may thus differ considerably, both in absolute and relative terms, from that
seen in Fig. 1.

Other components of NPP*
From our sample of 39 tropical forest sites, there
were almost no data on the other aboveground NPP*
components. Leaf herbivory was quantified at five sites.
No measurements of BVOCs, organic leachates, or
losses to other aboveground consumers (seed/fruit
predators, sap-suckers/nectar-feeders) were reported.
None of the 39 studies had adequate data for belowground NPP* components. Coarse root increment and
mortality were not estimated by direct measurements
anywhere, and coarse root biomass was measured at a
very few sites and only by excavating a few trees or
digging a few monoliths. Fine roots were measured in
a few sites, but with inadequate methods for estimating
either net increment or losses (cf. Santantonio and
Grace 1987, Fahey et al. 1999, Clark et al. 2001).
For seven tropical forests we found concurrent data
for soil respiration and litterfall. These can be used to
calculate total belowground carbon allocation, the sum
of root respiration and belowground NPP (BNPP), using the C Balance Method of Raich and Nadelhoffer
(1989). The resulting estimates (in megagrams per
hectare per year) are: 5.7, 6.3, 8.7, 6.8 (four Hawaiian
Meterosideros forests at 1134–1210 m elevation [D.
A. Herbert and J. H. Fownes, personal communication]); 8.8, 9.1 (data given in Raich and Nadelhoffer
[1989] for Brazilian terra firme forest [Egler Reserve],
and Malaysian dipterocarp forest [Pasoh], respectively), and 17.0 Mg C·ha21·yr21 (Brazilian terra firme forest [Paragominas] [Trumbore et al. 1995]). As discussed by Clark et al. (2001), a number of unmeasured
processes (changes in soil organic carbon [SOC] pools,

leaching of carbon out of the soil profile, other significant aboveground C inputs besides fine litterfall, or
net biomass changes in either fine or coarse roots),
could cause the C balance calculation to under- or overestimate true belowground allocation. For example,
tropical forests may be responding to global warming
with net losses from SOC pools (cf. Trumbore et al.
1996). Secondly, without independent on-site measurements of root respiration, belowground NPP cannot
be estimated with the C balance method, because this
method produces a joint estimate of root respiration
plus BNPP. We found no studies in tropical forest where
respiration of fine and coarse roots was quantified on
a stand-level basis (cf. methods used in a pine plantation by Ryan et al. [1996]).

Relative contributions of NPP* components
In Table 3 we summarize these data on NPP* in oldgrowth tropical forests. Among aboveground components of NPP*, fine litterfall clearly dominates, even
though these values may be substantial underestimates
(see Aboveground biomass increment and Fine litterfall). Aboveground biomass increment is also important but is usually much smaller; for the 13 sites where
both variables were measured, aboveground biomass
increment averaged only 58% the value of litterfall
(range 28–94%). For belowground components, the
only available estimates are for total belowground C
allocation, based on the C balance method. These estimates, which are confounded by including root respiration, by the steady-state assumptions for SOC and
roots, and by the unknown effects of other unmeasured
processes, nevertheless suggest that some BNPP components in tropical forest are sizable and must be evaluated.
ESTIMATING MISSING NPP* COMPONENTS FOR
TROPICAL FORESTS
Given the limited data available on NPP* components for this biome, we examined our quality-con-
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A second significant relationship is between aboveground biomass increment and aboveground biomass
(Fig. 3). As perhaps might have been expected, the data
suggest the existence of an asymptote for aboveground
biomass increment at higher biomass (i.e., in those forest types where old-growth stands have high biomass).
The data also suggest that, in old-growth tropical forests, aboveground biomass increment is ;1–2% of
aboveground biomass. We did not, however, find reliable biomass increment data for sites with biomass
.215 Mg/ha. Thus, it remains unknown how aboveground biomass increment behaves at the high end of
tropical forest biomass (Table 1).
ESTIMATED TROPICAL FOREST NPP

Previous approaches

FIG. 1. The relation between annual litterfall in tropical
forests and (a) annual precipitation, (b) annual mean temperature, and (c) elevation.

trolled database for relationships that could be used to
estimate an unmeasured component from a measured
one. We found two such relationships.
Using the 13 mature forest sites with acceptable data
for both litterfall and aboveground biomass increment,
we found a significant logarithmic relationship between
these two components of NPP* (Fig. 2). This relationship provides a way to estimate aboveground biomass
increment, a much more challenging quantity to measure than litterfall. The relatively high r2 of this relationship (0.69) also increases confidence in the allometric methods used for estimating the 13 sites’ aboveground biomass increment and indicates consistency in
the litterfall data.

Prior estimates of total NPP for tropical forests have
been based on direct measurement of only one or a
very few NPP* components (Appendix). One frequently applied method (e.g., studies cited in Murphy 1975)
has been to estimate annual aboveground NPP as three
times annual leaf litterfall and total NPP as 3.3 times
annual leaf litterfall. These relationships are based on
the tropical forest data in Bray and Gorham’s (1964)
review of the relationship of leaf litterfall to estimated
NPP. In fact, the tropical studies in that review were
for only two sites (Bartholomew et al. 1953, Nye 1961),
both were secondary forest, and in neither were any
belowground components of NPP* measured. (BNPP
was estimated as 0.2 ANPP.) For the 13 sites in our
database with measurements of both aboveground biomass increment and litterfall, we have estimated ANPP
(Table 1) as the sum [aboveground biomass increment
1 litterfall 1 estimated losses to consumers 1 estimated BVOC emissions] (see Updated estimates of
tropical forest NPP). When we used the Bray and Gorham formula to estimate ANPP as 3 3 leaf litterfall
(which we estimated as 0.75 3 total litterfall), the
‘‘Bray and Gorham’’ ANPP estimate was higher than
our estimate in all 13 cases (mean 5 26% higher; 31–
55% higher for six sites), even though our ANPP estimate was based on additional NPP* components. Given the scanty basis for the Bray and Gorham index,
this approach should not be used for tropical forests.
Other studies (e.g., Raich et al. 1991) have estimated
total NPP for tropical forests by assuming that coarse
root increment is proportional to aboveground increment and that fine root production is equal to fine litterfall. The existing data on biomass and production of
both coarse and fine roots are few and flawed for tropical forests, as discussed earlier. Recent reviews of root
biomass (Cairns et al. 1997, Jackson et al. 1997) have
reported root-to-shoot ratios in mature tropical forests
that range from 0.14 to 0.34, with coarse roots making
up 30–97% of the total estimated root biomass. Further,
several components of belowground NPP* (coarse root
mortality, root losses to consumers, root exudates, car-
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TABLE 3. Estimated ranges (likely upper and lower bounds) of the components of NPP* for old-growth tropical forests,
and the basis for these estimates.

NPP* component

Estimated range
(Mg C·ha21·yr21)

Fine litterfall (aboveground)

0.9–6.0

Aboveground losses to consumers

0.1–0.7

Tree biomass increment
Other aboveground biomass increment (understory, vines, palms)
Biogenic volatile organic compounds
(isoprenoids, terpenes, etc.)†
Aboveground organic leachates
Coarse root increment
Fine root increment
Fine root mortality
Root losses to belowground consumers
Root exudates, 1 CHO export to
symbionts (mycorrhizae, nodules)

Basis

0.3–3.8
0.03–0.4
0.15–0.31 (0.93)
???
???
???
???
[,,,5.7–17.0]‡
???
[,,,5.7–17.0]‡
???
[,,,5.7–17.0]‡

Measured values, Table 1 (likely to be underestimates; not corrected for precollection decomposition)
Leaf herbivory estimated as [0.136 3 (0.75 3
Litterfall)]; then increased by 20% to account
for precollection seed and fruit consumption
and feeding by sapsucking insects and nectarfeeders
Measured values, Table 1
Estimated as 10% of the tree biomass increment,
based on relative biomass of these groups
Isoprenes 1 monoterpenes 1 other reactive
VOCs; model estimates, with high uncertainty
(No usable data)
(No usable data)
(No usable data)
(No usable direct measurements)
(No usable direct measurements)
(No usable direct measurements)

† The range of estimates of Guenther et al. (1995) for total BVOCs in different tropical forest types (in parentheses, 3 3
the high value is the [minimum] uncertainty they cite for these estimates).
‡ The range of available tropical forest values for Raich and Nadelhoffer’s (1989) ‘‘Total Belowground Allocation,’’ which
also includes root respiration.

bohydrates exported to root symbionts) have never
been measured in any tropical forest. It is thus not yet
possible to validate estimates of belowground production based on aboveground measurements in these systems.

Updated estimates of tropical forest NPP
In spite of the limitations in the underlying database,
there are pressing needs for estimates of total NPP for
tropical forests. We developed such estimates for 39
tropical forests (Table 1), based on the most reliable
NPP* measurements we found in the literature. These

FIG. 2. The relation between measured annual litterfall
and annual aboveground biomass increment for 13 tropical
forest sites.

forests cover a broad range of elevation, temperature,
and precipitation (Table 2).
We estimated unmeasured components of ANPP* for
these sites (indicated in Table 1) by the following rules.
When data existed either for litterfall or for aboveground biomass increment, we used the relationship
shown in Fig. 2 (or its converse) to estimate the missing
parameter. For five sites, leaf production losses to herbivory had been estimated on site (0.1–0.4
Mg C·ha21·yr21) based on tracking area loss from
marked leaves; for the remaining sites, we estimated
these losses as [0.10 3 litterfall], on the assumption
that litterfall averages ;75% leaves, and that there is

FIG. 3. The relation between annual aboveground biomass increment and aboveground biomass for 18 tropical forest sites.
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FIG. 4. The relationships between our low and high estimates of NPP for the 39 study sites and (a) annual precipitation (P), (b) mean annual temperature (T), and (c) the ratio
T/P 3 100.

a 12% herbivory loss from this material. We then estimated total losses to aboveground consumers as 1.2
3 leaf herbivory, to account for the additional losses
through fruit and seed consumption, phloem-feeding
by sap-sucking insects, and nectar-feeding by vertebrates and insects. We based our estimates of BVOC
emissions on the estimates of Guenther et al. (1995:
0.31, 0.15, and 0.21 Mg C·ha21·yr21 for tropical rain
forests, tropical montane forests, and tropical seasonal
forests, respectively); we classified our sites as follows:

Ecological Applications
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‘‘tropical montane forests,’’ elevation .500 m; ‘‘tropical rain forests,’’ elevation #500 m, annual rainfall
.2000 mm; ‘‘tropical seasonal forests,’’ elevation
#500 m, annual rainfall #2000 mm.
Given that direct measures of belowground NPP*
components are lacking for tropical forests, we judged
there was no direct empirical basis for setting bounds
on BNPP. We therefore estimated a ‘‘confidence interval’’ of possible values. Our lower limit estimate for
BNPP is calculated as [0.2 3 estimated ANPP], based
on our judgment that it is unlikely that the several
components of belowground production (see Estimated
tropical forest NPP: Previous approaches) sum to ,
20% of ANPP. We set our upper bound for BNPP to
[1.2 3 estimated ANPP]. Total NPP has frequently
been estimated by assuming that BNPP equals ANPP
(e.g., Esser et al. 1997); we therefore used a somewhat
higher ceiling. We then combined these BNPP estimates with our estimate of ANPP to generate upper
and lower bounds for total NPP for these sites.
The diverse forests in the data set show a very wide
range of estimated NPP. The ‘‘High’’ estimates range
between 3.1 and 31.5 Mg C·ha21·yr21 (Table 1). The
site with the highest estimated NPP (L’Anguédédou
Forest, Ivory Coast), however, is a clear outlier; its
estimated total NPP is 45% higher than the next highest
value in our dataset. This site lacked a direct measurement for litterfall. Because the aboveground increment data underlying our predictive relationship
(0.3–2.7 Mg C·ha21·yr 21; Fig. 2) fell far short of this
site’s record value (3.8 Mg C·ha21·yr 21), the very high
extrapolated litterfall value for this site (9.3
Mg C·ha21·yr21) is suspect, as are the resulting estimates for total NPP. With this site excluded, our range
of upper bounds for NPP is 3.1–21.7 Mg C·ha21·yr21.
The lower bound estimates (with the outlier site excluded) similarly indicate a broad range of total NPP
across these diverse types of tropical old-growth forest:
1.7–11.8 Mg C·ha21·yr21.
Relationships between estimated NPP and precipitation (Fig. 4a) and temperature (Fig. 4b) are similar
to those found for litterfall by itself (Fig. 1a, b). This
is not surprising, given that many of the NPP* components were estimated from litterfall. Similarly, the
relationship between our NPP estimates for these forests and the index [T/P 3 100], an indicator of potential
water availability (Fig. 4c), resembles that found for
tropical litterfall values and [T/P 3 100] by Brown and
Lugo in their 1982 review of tropical forest production
data. A caution for interpreting Fig. 4, however, is that
our estimated upper and lower bounds for total NPP
are based on arbitrary relationships (BNPP 5 0.2
ANPP and 1.2 ANPP, respectively) that are held constant over the broad environmental gradients spanned
by these tropical forests. If the relation between ANPP
and BNPP changes along these gradients, the resulting
relationships between NPP and environmental factors
could differ substantially from those depicted in Fig. 4.
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In spite of these uncertainties, these NPP data and
estimates suggest that the frequently used Miami model
(cf. Dai and Fung 1993), which predicts NPP as a simple increasing function of temperature or precipitation,
is inappropriate for the tropical forest biome. Secondly,
these analyses highlight the pitfalls inherent in lumping
tropical forests into one or very few categories and
assigning them the same value for NPP when carrying
out global simulations.
A crude independent check can be made of our upper
bounds for tropical forest NPP using a simple model
(Landsberg et al. 1996) based on forest radiation utilization efficiency (e), the ratio of grams of dry mass
of production to absorbed photosynthetically active radiation (APAR, in megajoules). Although empirical estimates of this ratio are few for forests, the values summarized in Landsberg et al.’s 1996 review are in the
range 1–2 g/MJ, with mature stands closer to the lower
bound (a much lower value was estimated for one Amazonian forest [Saldarriaga and Luxmoore 1991], but
this estimate was based on NPP* measurements that
did not account for most belowground and multiple
aboveground components). As a first approximation,
we estimate e for old-growth tropical forests to be 1.2
g/MJ. Saldarriaga and Luxmoore (1991) calculated
mean APAR in the older stands in an upper Amazonian
site to average 2.73 GJ·m22·yr21 over a 15-yr period.
If we take this as an approximation of APAR in tropical
evergreen forest, we can use it in the radiation utilization efficiency model to estimate a rough upper
bound for NPP for tropical forests overall. This estimated upper bound is 16.4 Mg C·ha21·yr21 (based on
the assumption that dry biomass is 50% carbon). After
exclusion of the one outlier site, our highest ‘‘high’’
estimate for total NPP (Table 1) is 21.7 Mg C·ha21·yr21.
This rough check, although admittedly based on very
limited data, suggests that our ‘‘high’’ NPP estimates
are unreasonable for some sites, but quite plausible for
other sites in this biome.
CONCLUSIONS

AND

RECOMMENDATIONS

The available data on net primary production in tropical forests are extremely limited, and even our best
estimates for this biome can only be thought of as rough
approximations within wide bounds. Nevertheless, this
study has provided a basis for evaluating the quality
and utility of the NPP* data and primary production
estimates that have been reported in the literature for
tropical forests. It also has underlined the strong variation in NPP to be expected across the diverse forest
types that occur in the tropics—from rain forests to
highly seasonal dry forests, and from the hot lowlands
to the much cooler montane areas. Although in a sense
our analysis is very discouraging for those seeking validation tools for global and regional modeling, it is
important to recognize the limitations of the current
data and the areas that urgently need better research.
The most important knowledge gap concerns the be-
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lowground components of NPP* in these ecosystems.
It is also clear that many of the previous NPP studies
in this biome have involved methodological problems
and poor documentation. It is critical that future studies
be designed and reported so as to avoid these pitfalls.
A third issue that needs to be addressed is that of sampling bias and the lack of replication in either time or
space. Given the small and generally subjectively located plots that are the basis for most of the existing
data, the existing understanding of NPP processes in
tropical forests may be highly skewed toward the highest biomass patches (flat sites with large trees, no gaps)
and thus unrepresentative of larger tropical forest landscapes.
There is a great need for well-designed field studies
of NPP in sites spanning the broad climatic and edaphic
gradients covered by tropical forests. Of particular importance at this stage will be more studies of oldgrowth stands of these diverse forest types. While successional and human-impacted tropical forests are
clearly ecologically and economically important, NPP
processes in them are highly variable due to successional processes and the varied degrees and qualities
of human impacts on them. It thus seems more productive to first concentrate on broadening our base of
understanding of the more predictable processes in oldgrowth stands, which are the basis of many global modeling efforts and which also will be the more interpretable guides to how tropical forest ecosystems are
responding to global climatic and atmospheric change.
Before confidence can be placed in scaled-up estimates of NPP for the tropical sector of the world’s
terrestrial ecosystems, improved data on NPP are needed from all tropical forest types. Estimating tropical
forest NPP with ground-based techniques, as laid out
in this paper, has by no means been made obsolete by
the new eddy covariance methods for assessing wholeforest carbon exchange with the atmosphere (e.g.,
Grace et al. 1995a, b). Rather, the validation of these
new methods will partially depend on obtaining independent field data on the components of NPP* (see
discussion in Clark et al., 2001). Resolving whether or
not tropical forests are currently carbon sinks or sources, where within these systems current carbon accumulation or loss is actually taking place, and how these
processes relate to changing climate and atmospheric
composition, will all require high-quality ground-based
measurements. Given the urgent needs for such information, a major expansion of research into NPP processes in the world’s tropical forests should be mounted
as soon as possible.
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Núñez, R. M. Vásquez, S. G. Laurance, L. V. Ferreira, M.
Stern, S. Brown, and J. Grace. 1998. Changes in the carbon
balance of tropical forests: evidence from long-term plots.
Science 282:439–442.
Proctor, J. 1983. Tropical forest litterfall. I. Problems of data
comparison. Pages 267–273 in S. L. Sutton, T. C. Whitmore,
and A. C. Chadwick, editors. Tropical rain forest: ecology and
management. Blackwell Scientific, Oxford, UK.
Proctor, J. 1984. Tropical forest litterfall II: the data set. Pages
83–113 in A. C. Chadwick and S. L. Sutton, editors. Tropical rain forest: the Leeds symposium. Leeds Philosophical
and Literary Society, Leeds, UK.
Puig, H., and J.-P. Delobelle. 1988. Production de litière,
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1998. Effect of interannual climate variability on carbon
storage in Amazonian ecosystems. Nature 396:664–667.
Trumbore, S. E., O. A. Chadwick, and R. Amundson. 1996.
Rapid exchange between soil carbon and atmospheric carbon dioxide driven by temperature change. Science 272:
393–396.
Trumbore, S. E., E. A. Davidson, P. Barbosa de Camargo, D.
C. Nepstad, and L. A. Martinelli. 1995. Belowground cycling of carbon in forests and pastures of Eastern Amazonia. Global Biogeochemical Cycles 9:515–528.
Uhl, C., and C. F. Jordan. 1984. Succession and nutrient
dynamics following forest cutting and burning in Amazonia. Ecology 65:1476–1490.
Villela, D. M., and J. Proctor. 1999. Litterfall mass, chemistry, and nutrient retranslocation in a monodominant forest
on Maraca Island, Roraima, Brazil. Biotropica 31:198–211.
Vogt, K. A., D. J. Vogt, P. A. Palmiotto, P. Boon, J. O’Hara,
and H. Asbjornsen. 1996. Review of root dynamics in forest ecosystems grouped by climate, climatic forest type and
species. Plant and Soil 187:159–219.
Weaver, P. L., E. Medina, D. Pool, K. Dugger, J. GonzalesLiboy, and E. Cuevas. 1986. Ecological observations in
the dwarf cloud forest of the Luquillo Mountains in Puerto
Rico. Biotropica 18:79–85.
Weaver, P. L., and P. G. Murphy. 1990. Forest structure and
productivity in Puerto Rico’s Luquillo Mountains. Biotropica 22:69–82.
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APPENDIX
A compilation of the published estimates of net primary productivity in tropical forests, with documentation of the methods
used to derive these estimates, is available in ESA’s Electronic Data Archive: Ecological Archives A011-006.

