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he measurement of net primary productivity (NPP) in forest ecosys-

tems presents a variety of challenges because of the large and com-
plex dimensions of trees and the difficulties of quantifying several components of
NPP. As summarized by Clark et al. (2001a), these methodological challenges can
be overcome, and more reliable spatial and temporal comparisons can be provided,
only if greater conceptual clarity and more standardized approaches to the problem
are achieved. The objective of this chapter is to contribute to correction of these
limitations in forest NPP measurement. Because Clark et al. (2001a) did an exem-
plary job with this topic, our task is made somewhat easier. We focus our attention
on a variety of practical matters concerning field measurements and calculations
for aboveground NPP in broadleaf deciduous, evergreen coniferous, and tropical
forest biomes. We evaluate the advantages and disadvantages of contrasting ap-
proaches to key measurements and provide recommendations that should aid re-
searchers in designing field campaigns.

In general, field measurement of NPP involves quantifying two distinct sets of
organic matter: (1) that which was added and retained by the plants through the
measurement interval (net biomass increment) and (2) that which was produced,
but lost by the plants during the same interval:

NPP=AB+M+H+L+V,

where AB is net biomass increment, and M, H, L, and V are losses owing to mortal-
ity, herbivory, leaching, and volatilization, respectively. Clark et al. (2001a) thor-
oughly reviewed the likely magnitudes and some approaches for H, L, and V, all of
which can be significant in certain situations, and we refer readers to that paper for
details. Here we focus our attention on approaches to accurate and precise mea-
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surement of AB (live biomass increment) and M (mortality of living tissues, includ-
ing litterfall, pruning, stem rot, and tree death). The reason that loss terms such as
M must be added to AB to calculate NPP can be seen in the case where AB is zero:
if the live biomass is constant over time, and losses of living organic matter are
occurring, then the plants must have replaced this material in the form of new tis-
sue production. These loss terms are therefore equivalent to this new production.
Finally, we consider only ANPP in this chapter, since the approaches for
belowground NPP are detailed in Tierney and Fahey (chap. 8, this volume). The
allocation of carbon (C) to ANPP and BNPP in forests has been the subject of sev-
eral reviews (Nadelhoffer and Raich 1992; Gower et al. 1996), and remains an im-
portant topic for future research because global changes in climate and pollution
loading are intimately tied to this balance.

In estimating ANPP as the sum of AB and M over some time interval, it is im-
portant to maintain consistent and internally complementary definitions of these
components. Because of the large size of trees, AB is usually estimated by apply-
ing allometric biomass equations (developed from carefully harvested trees) to stand
survey data, particularly for production of wood and other perennial tissues. Mixed
approaches to quantifying M are necessary because of the varied nature of the com-
ponents of this term. For example, forest ecosystems contain aboveground tissues
in the vegetation canopy with both short persistence (less than 1 yr) and long per-
sistence (greater than 1 yr). Tissues with short persistence include deciduous
leaves (life span less than 1 yr), flowers, and seeds (from nonserotinous cones).
Aboveground tissues with long life spans may include evergreen leaves (life span
greater than 1 yr), serotinous cones, branches, bark, and stem wood. The produc-
tion of short life span tissues is often best estimated with fine litterfall collections
(as a component of M), while long life span tissues (especially woody tissues) are
best estimated with tree allometric relationships (as a component of AB). This is
because the former tend to reach a “steady-state” biomass relatively early in stand
development. The key point is to avoid double counting or omission of these com-
ponents in ANPP calculations. Similarly, stand survey and allometric estimates of
tree mortality during a measurement interval must be added to AB to obtain an ac-
curate estimate of ANPP, but if tissues of dead trees are collected as woody litterfall,
then these components of M could be doubled counted. Errors of this sort have been
common in the forest NPP literature.

Representative Values and Key Determinants of Forest ANPP

Large projects have been undertaken to summarize and synthesize NPP data to assist
in global model evaluation, such as the Global Primary Production Data Initiative
described in Scurlock et al. (1999) and Olson et al. (2001). For the present chapter
‘we synthesize a representative suite of these data arranged by forest biome types
(table 5.1). There is a tremendous range of aboveground biomass and ANPP for for-
ested biomes. Clark et al. (2001b) have summarized data from 38 tropical forest study
sites. We selected 7 sites to include in table 5.1, among them the L’ Anguédédou site
in the Ivory Coast that had an estimated ANPP of 1430 g C m? year'. We also in-
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Table 5.1. Estimates of forest aboveground biomass and aboveground net

primary productivity

Estimated
Estimated Aboveground
Aboveground Net Primary

Biomass Productivity

(gCm?) ‘ (g C m? year')
Forest Type Minimum Maximum Minimum Maximum Summary Data Sources
Boreal evergreen 572 8656 120 439 Gower et al. 2001
Boreal deciduous 2644 9334 169 635 Gower et al. 2001
Temperate evergreen 540 49126 60 1555 Grier and Logan 1977,

Runyon et al. 1994;
Gower et al. 1996
Temperate deciduous 4085 4845 230 555 Gower et al. 1996;
) Reich et al. 1997,
Elliott et al. 2002

Temperate subalpine 12860 36 190 Arthur and Fahey 1992;

Hansen et al. 2000
Tropical evergreen 2380 32450 140 1505 Gower et al. 1996;

Clark et al. 2001a
Tropical seasonal 15055 22580 Jaramillo et al. 2003
Tropical montane 4696 21850 390 956 Kitayama and Aiba 2002;

Jaramillo et al. 2003
Mangrove 1115 35550 305 1350 Sherman et al. 2003
Overall 540 49126 36 1555 This summary

Note: These estimates should be used as a guide for the expected magnitude of ANPP in different forest eco-
systems.

cluded data from several studies of temperate forest systems that had ANPP rang-
ing from a low of 105 g C m™? year~! (Ryan and Waring 1992) to a high of 1030 g
C m2 year~! (Runyon et al. 1994). Gower et al. (2001) summarized boreal ANPP
from 9 sites ranging across North America and Eurasia. The boreal systems exhib-
ited a moderate range of ANPP from 129 g C-2 year~! (Gower et al. 1997) to 635 g
C m~? year~! (Ruess et al. 1996).

The primary drivers (climatic and biotic) behind the exhibited range in ANPP
vary widely. Predominant drivers include soil moisture as influenced by soil water-
holding capacity and annual precipitation (Knapp and Smith 2001), N availability
(Reich et al. 1997), temperature (Schuur 2003), and light (Runyon et al. 1994). While
ANPP generally increases as the magnitude of these drivers increases, in some cases
complex interactions can lead to negative relationships; for example, Schuur (2003)
noted that NPP declined where mean annual precipitation increased more than ap-
proximately 2200 mm year! because of reduced light. Canopy trees usually com-
prise the great majority of NPP in closed-canopy forests because they utilize most
of the light resource. However, in tropical systems, vine production can be an im-
portant contributor and controller of ANPP. Increased vine production as a result
of increased atmospheric CO, concentrations can cause increased mortality of over-
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story trees, resulting in a net decline of forest ANPP (Fearnside 1995). As the over-
story canopy becomes more open, an increasing proportion of NPP is contributed
by understory vegetation. As noted by Vitt (chap. 6, this volume), in boreal forest
ecosystems, moss and lichen ground cover is a large contributor to ANPP. O’Connell
et al. (2003a) summarized ANPP in black spruce ecosystems with a feather moss
understory and a sphagnum understory where 19.7% and 78.2% of ANPP were
contributed by the bryophyte and understory layers, respectively.

Guiding Principles and Recommendations
for Measuring Forest ANPP

The 3-dimensional structure of forest ecosystems and the perennial age structure
of tree woody tissues pose several challenges to accurately measuring forest ANPP.
Because the field methods for measuring AB and M in forests are typically applied
separately to the production of woody tissues, foliage (and other ephemeral tissues),
and tree mortality, we organize our detailed review of methods and their limita-
tions in these three categories.

Wood Production

The determination of wood production or woody biomass increment typically in-
volves repeated measurement of tree diameters and the application of allometric
equations to estimate changes in biomass from these diameter measurements. We
focus our attention in this section on the accurate and precise measurement of tree
diameters in fixed-area permanent plots. While variable radius and other “plotless”
methods have been used, they are problematical for tree ingrowth, defined as the
growth of small trees into the minimum size class used in the forest survey. Neither
this size class nor the time interval of remeasurement can be strictly specified, being
dependent on the structure and growth rate of the particular forest. Ingrowth will
become a significant proportion of the estimated AB only when the measurement
interval is relatively long (e.g., more than 5 yr). In cases of slower-growing forests,
repeated measures are not made annually; rather, the measurements may be made
at the start and end of some longer time span and divided by the number of years to
determine average annual diameter increment. It is best to make repeated tree di-
ameter measurements during the dormant season, so that the entire annual growth
increment can be captured. Consistent measurement season becomes most critical
when the measurement interval is short, although it can influence estimates for in-
tervals of up to 10 years by as much as 5%. Tree diameters usually are measured at
breast height (1.37 m [4.5 feet] above the soil surface), a common forestry defini-
tion (Avery and Burkhart 1983) that avoids swollen tree bases in most, but not all,
tree species. For example, special approaches are needed for buttressed trees;
Sherman et al. (2003) measured tree diameters above the highest prop root in a tidal
mangrove ecosystem to maintain a biologically consistent measurement location
on the bases of the tapered stems. On sloping ground it is best to use the uphill side
of the tree as the point to determine breast height.
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Tree diameters can be measured with a tape that is placed around the circumfer-
ence of the tree stem. The absolute value of precision for diameter measures is an
inverse function of diameter, although as a proportion, precision appears to be rela-
tively constant (fig. 5.1). For example, over a range in DBH from 17 to 125 cm,
2 standard deviations of 7 measurements varied between 0.3% and 1.7% of the mean.
The average of 2 standard deviations was 0.8%, indicating that a precision of 1%
should be expected for most measurements. Bark sloughing between measurements
will result in an underestimate of tree diameter increment or even in a negative
growth increment. It may be best to remove any obviously loose bark at breast height
before the first diameter measurement is made. Heavy epiphyte growth on stems
can also cause errors in diameter measurement; as with loose bark, it may be best
to remove these plants before the first measurement and before subsequent mea-
surements. Closely growing trees may eventually grow into each other, causing
difficulties in determining individual diameters. One may either measure the com-
bined diameters and partition them according to relative size, or measure the por-
tion of circumference that is exposed. Regardless, it is important to have some sense
of relative growth of the trees before they merge. Diameter tapes are easy to use,
but care should be taken to make repeated measurements at the same height on the
tree stem and at same orientation relative to the axis of the stem. Diameter mea-
surements should be oriented to be perpendicular to the long axis of the stem. This
can be ensured by painting or otherwise marking the tree stem at breast height. For
many studies, it is necessary to permanently tag trees for repeated census. In this
case, the tree tag can be held with an aluminum nail, with plenty of room to grow
at breast height, to mark the location of future tree measurements. It is best to avoid
using steel or galvanized nails that can corrode over time and cause serious safety
issues decades later, when the tree may be cut for future studies or in forest har-
vesting operations. Galvanized nails can also cause bark necrosis in some species,
particularly angiosperms. In plots on very steep ground or in cases where trees are
very large, have significant butt swell, or are not growing vertically, it is helpful to
have several points marked to assure that diameter measurements are repeatable.

An important issue in the repeated measurement of tree diameters in permanent
plots is whether and how to use previous measurements while making current
measurements. Often diameter increments will be small relative to the precision of
diameter measurements. Checking current diameter measurements against previ-
ous values for the same tree will help to reveal obvious inaccurate values (e.g.,
shrinkage or unrealistic high growth). Cases of unlikely shrinkage would be indi-
cated if the DBH “shrinks” by more than 1%. Cases of unlikely growth would be
indicated if the DBH increases more than the expected growth plus 1%. We recom-
mend the following procedure both to reduce measurement error and to avoid pos-
sible bias owing to greater circumspection of apparently low rather than apparently
high measurements (i.e., it is discomfiting to observe trees shrinking but less so to
observe trees growing slightly fast): (1) when first remeasuring a tree, the person
with the DBH tape makes the measurement without knowledge of the previous value;
(2) the data recorder checks the new value against previous measurements and asks
for a remeasurement if there is an obvious discrepancy; (3) if the discrepancy per-
sists, further work may be necessary to resolve the problem.
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Figure 5.1. Precision of DBH measurements for 24 trees ranging in DBH from 17 to 125
cm. Seven independent sets of measurements were taken. Top panel: absolute difference from
the mean expressed as 2 standard deviations as a function of mean diameter. Bottom panel:
relative difference expressed as 2 standard deviations as a function of mean diameter.

An alternative to using diameter tapes is to install dendrometer bands on the tree
at breast height. These are metal bands that expand as the tree grows. This expan-
sion in circumference can be measured with a digital micrometer, adhesive labels
installed with vernier scales, or dial gauges (Heinrich and Banks 2005). The cir-
cumference increment can be easily converted to diameter increment. Dendrometer
bands provide greater measurement precision than using a diameter tape, but the costs
can be high. Dendrometer bands are advantageous when diameter increments are
extremely small (for trees growing on extremely cold, infertile, or dry sites), when
remeasurements of tree diameter are taken more frequently than once a year, or in
forests without distinct growing seasons. They have the disadvantage of expansion
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and contraction with changes in temperature as well as of detecting moisture- related
changes that are not part of the growth signal.

In some studies, a reconstruction of historical tree diameter increment may fa-
cilitate the analysis of wood biomass productivity. To accomplish this, the annual
growth rings are measured from extracted wood cores. Annual rings are distinguish-
able in most temperate and boreal tree species; however, many tropical species do
not produce tree rings that represent annual growth cycles (Clark et al. 2001a).
Therefore, this method is not useful in most tropical ecosystems. The reconstruc-
tion of past tree diameter increments facilitates analysis of several years of wood
increment during one sampling campaign, rather than having to wait for many years
of wood growth after the initial plot establishment. To reconstruct the wood incre-
ment, the current tree diameter needs to be measured with a diameter tape. Then a
wood core should be extracted from the tree, using an increment borer. One needs
to account for the bark as well. As discussed below, most allometric biomass equa-
tions are developed for outside bark diameter. Hence, bark thickness should be
measured when the core is extracted. Since tree stems are rarely perfectly round in
cross section, it is best to extract two wood cores from the tree at a 90° angle to one
another. Given the pattern of compression and reaction wood, orienting these cores
up and across slope is a good strategy. Because of the often high variation of indi-
vidual tree growth, at least 50 trees typically need to be measured in each plot sampled.
Subsampling in plots with larger numbers of trees is possible with a stratification by
size and species. After cores are extracted, they should be mounted in plastic or wood,
sanded or trimmed with a sharp blade to clearly expose the annual growth rings, and,
if possible, kept moist and cold. Any wood shrinkage due to drying will result in an
underestimate of diameter increment of approximately 10%. Alternatively, one can
estimate radial shrinkage and make an adjustment to the increments measured. The
increments can be measured with an optical dendrometer, dissecting microscope,
precision ruler, or scanned and analyzed with a bed scanner and software. After mea-
surement, the 2 growth increments for each year (one from each core) are added to
generate the wood diameter increment. Due to internal decay or subsampling, some
trees will not be cored. The diameter increment of these trees and the error introduced
by this substitution can be estimated using Monte Carlo methods.

The approaches for converting diameter increment measurements into woody
biomass production are detailed later in this chapter.

Production of Ephemeral Tissues

Foliage usually comprises a high proportion of the ephemeral tissues produced by
trees, although in “mast” years fruits and seeds may be significant in some species
(Barnes et al. 1998). Foliage productivity often is easier to estimate than wood pro-
ductivity, although in cases of young forests with increasing leaf biomass, the same -
challenges may exist as for wood. The same basic foliage method can be used
whether the tree foliage phenology is broadleaf or needleleaf, or the leaf life span
is less or greater than 1 yr. Assuming AB for foliage is zero, the equivalent of foli-
age production in forest stands can be measured (as a component of M) with a leaf
littertrap. Trees that have a deciduous leaf habit will excise all foliage by the end of
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the growing season, whereas trees with an evergreen leaf habit contain more than
1 yr of foliage. Evergreen foliage can live for many years; in extreme cases, over
20 yrs of foliage may be retained in the forest canopy (Schoettle and Fahey 1994).
In mature evergreen forests the collection of foliage over 1 yr is approximately
equivalent to the new foliage produced in the canopy. This approximation is most
meaningful over the long term, and at an annual interval is not necessarily related
to the actual foliage production for that year.

Numerous approaches have been used for forest litter collection, and the most
appropriate approach will depend upon a variety of site-specific factors. In particular,
the size and nature of the collection device, the number and spatial arrangement of
collectors, and the frequency of collection must be chosen carefully to avoid bias
and error. Collectors with a fine-mesh bottom allow drainage of rainwater while
retaining most of the smallest litter fragments. Spatial variation in litterfall depends
mostly on the canopy structure; for example, higher variation typically occurs for
forests of excurrent canopy form (e.g., conifers) than for decurrent form. A sample
size of 4 to 6 traps of 0.25 m? or larger is usually sufficient to measure litterfall
with precision better than + 5%. The frequency of litter collection must be chosen
to minimize losses owing to leaching and litter decomposition; hence, the optimum
interval depends upon environmental and biotic conditions affecting these processes
as well as the timing of leaf abscission. For example, in the lowland tropics, col-
lecting at 2-wk intervals year-round is often deemed necessary (Clark et al. 2001a),
whereas in cold, temperate deciduous forest, collection can be focused on the au-
tumn leaf fall period, with a few additional collections in other seasons.

An alternative to using litter traps for foliage production estimates is to utilize
the tree diameter data described above in conjunction with allometric relationships.
For deciduous trees, the annual tree foliage production is roughly equal to the esti-
mated foliage biomass from the allometric equation. For evergreen trees, the an-
nual tree foliage production is equal to the estimated foliage biomass from the
allometric equation divided by the median leaf longevity in years. If significant
amounts of organic matter are resorbed from foliage prior to abscission (Fahey
et al. 2005), then this allometric approach will yield systematically higher estimates
of foliage production than the litterfall method; the latter may be closer to the ac-
tual foliage production, assuming that resorbed organic matter is subsequently uti-
lized in leaf growth. Although the allometric method may not be as reliable as the
collection of excised leaf litter, it does provide an estimate of foliage production
when other data may not be available. For forests in the early stages of recovery
from disturbance, allometric equations can also be used to estimate AB of foliage.

Tree Mortality

As mentioned under “Woody Production,” depending on the method used to esti-
mate AB, neglecting tree mortality will lead to underestimation of woody produc-
tion. Tree mortality is a crucial component of ANPP calculations that often is not
included (Gower et al. 2001). The magnitude of this error will depend mostly upon
the time interval between plot censuses. For example, biomass mortality in mature
forests typically is in the range of 1%—-2% per year; hence, if annual increments from
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tree cores are used to estimate AB, the error from mortality will be small, whereas if
repeated measures of diameters of tagged trees at decadal intervals are used, the error
will be substantial. Also, in the latter case, the growth of any trees that died during
the measurement interval should be added to the mortality estimates described below.
Tree mortality estimates can be determined from the same tree census and diameter
data collection mentioned in the “Woody Production” section above. Mortality is best
determined on trees that have been marked or mapped, as it is extremely difficult to
determine the exact year of tree death. It is easy to overlook new mortality unless
each tagged or marked tree is individually checked. If mortality data are to be used to
determine forest carbon balance, it is helpful to know the proportion of mortality that
remains standing versus falling to the ground. Tree mortality is highly variable in time
and space. To provide adequate estimates, one needs to sample a suitably sized area
over a number of years. Assuming that the death of at least 10-20 trees would form
an adequate sample (if all trees were similar in size, this would provide an estimate
within 5% to 10% if one tree was added or deleted), a minimum of 5 ha-years (the
product of area and time) would be required in many forests.

Understory Production

While understory plants do not comprise a large fraction of forest biomass, some-
times they can form a significant share of the ANPP. For herbaceous, shrub, and
moss growth forms, the reader is referred to chapters 3, 4, and 6 in this volume,
respectively. For understory trees the methods must be adapted from those for larger
trees. Typically a nested subplot can be employed to manage the higher stem den-
sity in smaller size classes. Because tagging trees is difficult below about 10 cm
DBH and the diameter growth rates of suppressed stems often are very small, esti-
mation of AB from resurveys, as described for larger trees, is impractical. More-
over, because these trees normally constitute less than 5% of forest ANPP, the
precision of estimates does not need to be as high as for the larger trees. A combi-
nation of allometric estimates of understory tree biomass, including carefully mea-
sured ring widths on the harvested trees, and periodic remeasurement of densities
by size class in nested subplots, normally will provide a sufficient basis for esti-
mating understory tree ANPP.

Allometric Equations for AB

General

Diameter increments, obtained either from repeated surveys of individual trees or
from wood increment cores, are scaled to woody biomass increments, using allom-
etric equations. These equations are used to relate the easily measured dimension
of tree diameter (and sometimes height) to the biomass of various tissues. The dif-
ference in biomass between the 2 measurements is divided by the measurement
intervals (years) to obtain the annual AB.

When possible, site-specific allometric equations should be used because site
abiotic and biotic conditions may generate unique tree characteristics that are not
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captured in general allometric equations from the literature (e.g., Swank and
Schreuder 1974; Schreuder and Swank 1974). Nonetheless, many studies involv-
ing ANPP will not have the resources or time to develop site-specific allometric
equations; in this case, equations developed at sites with similar growth forms can
be used, although the degree of similarity is difficult to determine. A survey of the
literature may generate useful species-specific or growth-form-specific equations.
One informative approach in such cases would be to present the range of estimates
obtained from a series of different equations. Currently, the usual approach for stud-
ies of lowland tropical forest is to apply the generalized equations of Brown (1997)
across all but the most divergent tree growth forms (e.g., ferns, palms). Two exten-
sive summaries of tree allometric coefficients have been compiled that are good
first sources for allometric coefficients in boreal and temperate forests. Ter-
Mikaelian and Korzukhin (1997) list biomass equations for 65 North American tree
species. In addition, they have compiled multiple equations for most species, not-
ing the state or province where the data were collected and the diameter range of
the original data, thereby encouraging the user to be cautious regarding the validity
of the results when predicting tree biomass. Jenkins et al. (2003) performed a simi-
lar review of data in the literature, then produced summaries and used the coeffi-
cients to develop general equations rather than to maintain site-specific allometric
equations. In this case, their primary objective was to develop national-scale bio-
mass estimators for United States tree species.

The allometric estimates of AB are typically developed by harvest of represen-
tative trees (see “Recommended Approaches,” below). A source of error that is re-
lated to, but distinct from, mortality is wood rot and pruning of dead branches in
living trees. If the former component is changing significantly in the forest under
study, then even site-specific allometric equations that include truly representative
trees (as opposed to only healthy ones) will provide biased ANPP estimates. More-
over, because loss of woody material (especially branches) during the sampling
interval must be added into the AB, ignoring branchfall will result in an underesti-
mate of ANPP (Clark et al. 2001a). Unfortunately, branchfall is highly episodic and
spatially vdriable (Fahey et al. 2005), so that long-term measurements (10+ years)
must be obtained on relatively large branch-removal plots (e.g., 25 m?) to obtain
accurate corrections. Also, to avoid double counting, branches from standing dead
trees must be excluded from these collections.

Approaches for Developing Allometric Equations

Because site-specific allometric equations are so important, we provide a summary
of the method (for additional details, see Whittaker et al. 1974; Martin et al. 1998;
or Hanson and Wullschleger 2003). We encourage readers to survey the literature
and to refine the methods specific to the wood, bark, branch, and foliar character-
istics for the species under study. Typically, at least 10 trees of each species are
selected, using a stratified random sampling design (Avery and Burkhart 1983) to
ensure that the entire diameter range of trees of each species is sampled. As noted
earlier, these trees should be representative of the forest, but because of limitations
on sample size and the desirability of obtaining strong regression relationships, some





































