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a b s t r a c t

Worldwide, over 400 million hectares of tropical forests are set aside for timber production. Several cer-
tification schemes exist to ensure more sustainable exploitation and large areas of production forests are
currently certified. Under such schemes, logging companies are required to evaluate whether species are
not overexploited and, if necessary, adapt their logging activities. However, the data needed to project
exploitation intensities – growth, mortality and regeneration rates of trees – are scarce or non-
existent. Tree-ring analysis provides lifetime species-specific growth data that can be used to allow or
improve the projections of timber availability during following logging cycles. In this study, we inte-
grated growth data from tree rings with logging inventory data to forecast timber yields in the next har-
vest round for four timber species in Cameroon. We compared projections using tree-ring data with
projections using fixed growth rates, as set by law and customarily applied in Cameroon. Additionally,
we assessed the effect of increasing logging cycles and of using filed-based species-specific logging inten-
sities on the next cycle’s yield projections. Under current logging practices, timber volumes available at
next logging cycles are projected to be 21–36% of the volumes obtained at first harvest. Simulations using
fixed rates often resulted in lower yields with lower volume ingrowth from trees that were below min-
imum cutting diameters in the first harvest. Lengthening the logging cycle increased yield predictions
during the next harvests, but yields were still not sustained over time. This problem can be resolved
by using species-specific logging intensities, which led to projected yields of up to 73% of the initial har-
vested volume. The growth data provided by tree-ring analysis allows conducting such species-specific
projections and thus helps to provide the knowledge base necessary for sustainable forest management.
Yet, the low overall yields are a concern to forest conservation, as loss of economic value may lead to con-
version of forests to other land uses.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Tropical forests harbour a rich biodiversity and hold almost half
of the world’s terrestrial biomass (Pan et al., 2011). Simultane-
ously, these forests are an important source of timber and large
tracts of tropical forest – 403 million hectares – are being logged
or have been assigned for logging in the near future (Blaser et al.,
2011). In many tropical countries, forestry legislation aim to
ensure logging operations do not affect long-term economic, soci-
etal and ecological functions of forests (Estève, 2001), and often
require the development of management plans prior to exploita-

tion (Nasi et al., 2006). Several international certification schemes
(e.g., FSC, PEFC, OLB, etc.) have also been set up to evaluate the sus-
tainability of logging, guarantee socio-economic benefits and safe-
guard the future of forest areas. Currently, the area of logging con-
cessions with some form of certification accounts for only 8% of the
world’s forests, with only a small worldwide increase in area
between 2005 and 2010 (Blaser et al., 2011). The area of certified
forests in Africa has, however, more than tripled in the same per-
iod, from 1.48 to 4.63 million hectares (Blaser et al., 2011).

Under certification schemes, logging is usually performed in
polycyclic logging systems, in which the largest individuals in a
forest parcel are selectively logged and the parcel is allowed to
regrow for several years, i.e., for the length of the logging cycle.
Logging cycle length may be either fixed by national legislation
(typically 20–40 years) or adjusted per forest type (Nasi et al.,
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2006). Additionally, only one part of all potentially exploitable
trees can be logged (i.e., there is a maximum logging intensity)
and a species-specific minimum diameter threshold to log trees
(Minimum Cutting Diameter, MCD) is also usually set (Nasi et al.,
2006). Logging companies are required to evaluate whether the
combination of logging cycle length, intensity, and MCD results
in the sustainable exploitation of a species.

In many countries in the Congo Basin in Central Africa, sustain-
ability of exploitation is assessed using stock recovery rate calcula-
tions (Picard et al., 2009). These calculations use the vital rates (i.e.,
growth and mortality) and current population structure of a spe-
cies to forecast the number of trees available for harvest after
one logging cycle, compared to the number harvested at the first
logging round (Durrieu de Madron et al., 1998). To attain sustain-
able stocks, recovery rates should equal 100%. If needed, the MCD
of a species is increased, as cycle length and maximum logging
intensity are often fixed by law (e.g., in Cameroon at 30 years
and 80%, respectively). Alternatively, assessments of sustainability
of exploitation can also be performed on logged volumes instead of
on the number of trees. Such timber-yield projections provide an
indication whether exploited volumes can be sustained in the next
harvest round (Brienen and Zuidema, 2006) and thus provide a
more complete picture of timber exploitation. Despite their rele-
vance, such calculations exist only for a limited set of tropical tree
species worldwide (Putz et al., 2012) and they are nearly absent for
African species (De Ridder et al., 2013). This shortage of studies is
worrisome, given the importance of sustainable management for
conserving forested areas and maintaining biodiversity of tropical
forests (Edwards et al., 2011; Putz et al., 2012).

The basis for calculating timber yields is ultimately the ecolog-
ical information on the vital rates for each exploited species (e.g.,
growth rates, regeneration and survival), which is commonly
obtained from monitoring trees in Permanent Sample Plots (PSPs).
Plot data has limitations when used to estimate species-specific
growth rates and tree ages, especially for commercial tree species
(Picard et al., 2010). Commercial species usually occur in low den-
sities per hectare (Poorter et al., 1996; Hall et al., 2003) and, com-
bined with the relative small size (typically one hectare) and short
monitoring period of most PSPs (typically a few years to a few dec-
ades), this implies that vital-rate data is collected for only a very
small number of trees of these commercial species. Thus, for many
commercial species, accurate and long-term data on survival, ages
and growth rates are lacking or of poor quality.

Tree-ring analysis offers a reliable and relatively fast tool to
assess tree ages (at logging) and to measure growth rates covering
the entire life-span of trees. These data have been used to improve
calculations of future timber yields (Brienen and Zuidema, 2006;
Schöngart, 2008) and assess the sustainability of timber exploita-
tion for several species in South America (Brienen and Zuidema,
2006; Schöngart, 2008; Rozendaal et al., 2010). Despite the long-
known potential for tree-ring analysis in Africa (Mariaux, 1967),
such calculations exist for only one African species (i.e., Terminalia
superba; De Ridder et al., 2013). Given the strong increase in
demand for timber from Africa and the increase in certified African
forests (Blaser et al., 2011), it is important that such calculations
are performed for more species.

Tree-ring derived growth data has the additional advantage that
it documents the persistent growth differences between individu-
als: it shows which individuals are the consistently fast-growing,
and which the slow growers. These growth differences among indi-
viduals within a species lead to large variation in tree ages at har-
vestable sizes, and fast-growing trees contribute disproportionally
to future timber yields (Brienen and Zuidema, 2007; Rozendaal
et al., 2010). Including persistent growth-differences in timber
yield predictions provides more realistic estimates of future yields
compared to calculations using fixed growth rates (Brienen and

Zuidema, 2007), thus improving the assessment of logging sustain-
ability. Finally, tree ring data can also be used to determine the size
range of future crop trees, which may attain harvestable sizes in
one logging round trees and thus need to be protected or tended.

In this study, we use tree-ring data for four Cameroonian tree
species to project future timber yields. For each of these species
we use the observed size distribution in a logging concession and
combine this with growth data to predict future yields under five
distinct logging scenarios. The scenarios are based on the current
Cameroonian national logging legislation, but vary in the growth
data being used (legally fixed or tree-ring based), the length of
the cutting cycles (the current 30-year cycle used in Cameroon or
cycles of 40 and 60 years), and in the logging intensities (maximum
allowed intensity or an intensity that is based on in situ timber
availability). We address the following questions:

– Under current logging regulations, what proportion of timber
extracted at first harvest will be available in the next standard
harvest round for four timber species in Cameroon and do these
proportions change when using legally fixed or tree-ring based
growth rates?

– How do these proportions change for the different species when
increasing logging-cycle lengths to 40 and 60 years?

– What is the effect of changing the logging intensities on future
timber yields?

We collected lifetime growth data for four timber species in
Cameroon using tree-ring analysis and used a bootstrapping
approach to simulate future timber yields. We then compared dif-
ferent logging scenarios: from a base model following the param-
eters set by Cameroonian legislation (MINEF, 2001) to
alternatives based on tree-ring growth data, varying logging cycle
lengths and applying field-based logging intensities. Additionally,
we determined the diameter ranges of future crop trees and
assessed the number of years trees have grown between reaching
MCD and being logged, an indication of how long wood volume has
‘accumulated’ after trees passed MCD.

2. Materials and methods

2.1. Study area

Samples were collected inside the adjacent 2011 and 2012 cut-
ting blocks of the FSC-certified (Forest Stewardship Council) log-
ging concession 11.001, of Transformation REEF Cameroon (TRC,
2008). This concession lies in the Southwest Region of Cameroon,
adjacent to Korup National Park (Fig. 1), at approximately 5�230N,
9�100E. Although a large area in the North-west of the concession
was previously exploited in the 1980s, our sampling area consisted
of primary forest without signs of major disturbances or previous
exploitation. The vegetation consists of semi-deciduous Guineo-
Congolian lowland rainforest (�200 m a.s.l.; cf. White, 1983) dom-
inated by Leguminosae–Caesalpinioideae, with a canopy height of
ca. 40 m (and emergent trees up to 53 m). Regional climate is equa-
torial, with a unimodal rainfall distribution and a dry season from
December to February (monthly rainfall <100 mm). Total annual
precipitation averages �4000 mm (Nchanji and Plumptre, 2001)
and mean annual temperature averages 26.7 �C (range: 25.7–
29 �C). See the climatic diagram (Mamfé weather station; cf.
Walter and Lieth, 1960) in Fig. 1.

2.2. Study species, sample collection and ring measurements

In the period of June 2010 to May 2012 we collected samples of
four timber species known to produce annual growth rings
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