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Abstract

Sustainable forest management is an important issue worldwide. Forests supply the world’s
population with timber and non-timber forest products, including renewable products such as
fruits, nuts, and maple syrup that can be harvested at more frequent intervals than the trees
themselves. In this paper, we review, synthesize, and discuss the literature on forest economics
and management; review our research that develops a nested dynamic bioeconomic model of the
management of forests that generate interdependent products; and present a framework for
stochastic dynamic bioeconomic modeling of optimal forest management under uncertainty. Our
research and framework have important implications for the sustainable management of forests
worldwide.
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1. Introduction

The sustainable management of forests is a critical, timely, and important issue worldwide. Forests
supply the world’s population with timber as well as renewable non-timber forest products such
as fruits, nuts, and maple syrup that can be harvested at more frequent intervals than the trees
themselves. Unfortunately, the extent of the world’s forests continues to decline as human
populations continue to grow and the demand for food and land increases (FAO, 2005; Matthews,
2012; FAO, 2015).

Owing to intertwined feedback links between biological and economic systems, bioeconomic
modeling is challenging, and there is a considerable need for studies that couple economic models
of decision-making with biophysical models to provide policy-relevant implications (Kling et al.,
2017). In this paper, we review, synthesize, and discuss the literature on forest economics and
management; review our research in Wu et al. (2024) that develops a nested dynamic bioeconomic
model of the management of forests that generate interdependent products; and present a
framework for stochastic dynamic bioeconomic modeling of optimal forest management under
uncertainty. Our research and framework have important implications for the sustainable
management of forests worldwide.

2. Forest Economics and Management

Forest management is a dynamic problem because trees take time to grow. The seminal model of
the optimal rotation time for a forest was developed by Faustmann (1849) and elaborated upon by
Samuelson (1976). Since then, the Faustmann model has been extended in many ways (Newman,
1988), including to even-aged forest management (Jackson, 1980; Chang, 1983), uneven-aged
forest management (Chang, 1981; Hall, 1983), externalities (Berck, 1981; Bowes, 1983; Calish et
al., 1978; Hartman, 1976; Nguyen, 1979; Strang, 1983), taxation (Chang, 1982; Klemperer, 1979;
Pearse, 1967; Rideout, 1982; Ollikainen, 1991), evolving stumpage price (Bare and Waggener,
1980; Gregersen, 1975; McConnell et al., 1983; Hardie et al., 1984; Newman et al., 1985), a one-
time change of unchanged factors (Nautiyal and Williams, 1990), uncertainty (Chang, 1998), the
intertemporal allocation of consumption (Deegen et al., 2011), rotation and thinning (Arimizu,
1958), optimal density (Amidon and Akin, 1968), net present discounted value of future payoff
(Kilkki and Vaisanen, 1969), forest production control (Hool, 1965), production control with
Markov process (Hool, 1966), and thinning decisions (Amidon and Akin, 1968). The previous
literature has also examined more complicated thinning decisions or combined thinning and
rotation decisions (Amidon and Akin, 1968; Brodie et al., 1978; Brodie and Kao, 1979; Chen et
al, 1980; Ritters et al., 1982).

In most of the forest economics literature, growth simulation models or yield models
characterize the objective as the timber yield for tree species of interest in dynamic programming.
Growth simulation models and yield models both describe the productivity of a tree standing as a
function of multiple variables such as age, temperature, soil, rainfall, slope, and rooting depth
(Tyler, Macmillan, and Dutch, 1996). If the objective of the forest owners is instead profit
maximization (Buongiorno, and Gilless, 2003; Kant and Alavalapati, 2014), then the market price
of the timber also becomes a significant factor in the payoff function.

Sophisticated studies on forestry management utilizing dynamic optimization typically focus
on developed countries (Ritters, 1982; Haight, 1985; Yousefpour and Hanewinkel, 2009). Pine
and fir are two major types of tree species that researchers are interested in, due to their popularity
in the western world and well developed productivity simulation models, and since these tree
species are expensive to manage, requiring intensive thinning machinery and labor. Dynamic



models have also been developed to study other topics relevant to forest resources, including apple
tree pollination (Wilcox et al., 2024), organic farming (Meneses et al., 2024), agricultural
groundwater management (Sears et al., 2019, 2024a, 2024b, 2024c), and agricultural disease
control (Carroll et al., 2019, 20244, 2024b; Sambucci et al., 2024; Yeh et al.,2024). Fewer studies
have been carried out in developing countries and poor areas, where the need for sustainable forest
management is particularly acute, and where different political structures, forestry contexts,
objectives, and previous sivilcultural practices demonstrate various research opportunities for
forest management.

In Wu et al. (2024), we innovate on the previous literature by developing a novel nested
dynamic bioeconomic model of the management of forests that generate interdependent products
that differ in their growth cycles; and by analyzing bamboo forest management in particular. We
apply our model to detailed daily panel data on bamboo shoot and bamboo stem harvests, in order
to assess the optimality of bamboo farmers’ forest management strategies and to understand the
beliefs and perceptions that underlie and rationalize their management strategies. Both bamboo
shoots and bamboo stems are valuable products. The harvesting of bamboo stems entails cutting
down the bamboo plant, while the harvesting of bamboo shoots -- which grow annually from the
bamboo plant -- does not. To solve for the optimal bamboo forest management strategy, our novel
nested dynamic bioeconomic model nests an inner finite-horizon within-year daily dynamic
programming problem that captures daily bamboo shoot growth within a season, inside an outer
finite-horizon between-year annual dynamic programming problem that captures annual bamboo
stem growth from year to year. Our nested dynamic bioeconomic model has important
implications for the sustainable management of forests worldwide, particularly when the forests
produce products that can be harvested at more frequent intervals than the trees themselves.

3. Modeling Framework

We present a framework for stochastic dynamic bioeconomic modeling of optimal forest
management under uncertainty consisting of several key components.

A first key component of a bioeconomic model of forest management are biological production
functions for the forest resources being managed, which may include the trees or plants
themselves, as well as any products (such as fruits, nuts, etc.) that grow on the trees or plants. The
choice of the functional form and/or parameter values for the biological production functions is
best informed by relevant scientific information from biology, plant sciences, and forest science,
and should be as specific as possible to the respective forest resource and species being managed.
In our research on bamboo forest management in Wu et al. (2024), for example, we model each of
the products from a bamboo forest using a separate Chapman-Richards model (Richards, 1959),
which is a flexible growth model for plants suggested by biological studies (Liuand Li, 2003) that
has been used for bamboo (Yen, 2016), and we calibrate the parameters using data and information
from previous studies of bamboo growth in the scientific, biological, and plant science literature.

A second key component are the choice variables a faced by the forest manager. Typically
the choice variables likely include the harvesting decisions for the various forest resources being
managed. In our research on bamboo forest management in Wu et al. (2024), for example, our
action variables are the harvest decisions for each of the bamboo forest products we model.

A third key component is to characterize the sources of uncertainty. In our research on bamboo
forest management in Wu et al. (2024), for example, we allow precipitation, prices, and the
possibility of bamboo shoots death to all be stochastic. For both precipitation and prices, we use
the empirical distribution of precipitation and prices in the data. For the possibility of bamboo



shoots death, we calibrate the probability of death using data and information from previous
studies of bamboo growth in the scientific, biological, and plant science literature.

A fourth key component are the state variables s. These state variables should include state
variables affected by the choice variables, such as vairables measuring the state and/or quantity of
the forest resources being managed, and may also include variables related to the sources of
uncertainty. Inour research on bamboo forest management in Wu et al. (2024), our state variables
included the number of each of the bamboo products we modeled, precipitation, and prices.

A fifth key component is to specify the per-period payoff (or per-period net benefits) (a, s)
to the forest manager as a function of the action and state variables. In the case of forest businesses,
the per-period payoff is typically the per-period profit. In our research on bamboo forest
management in Wu et al. (2024), the per-period payoff was daily profit, as calculated by the total
revenue of all the forest products being harvested that day, minus the total cost of harvesting all
the forest products being harvested that day.

Combining the above five key components, one can construct the value function, which is the
present discounted value (PDV) of the entire stream of per-period payoffs when the forest resource
harvest decisions are chosen optimally, via the following Bellman equation (Bellman, 1954):

v(s) = max n(a,s) + BE[v(s")|s, al. (1)

If the solution to the dynamic programming problem (1) yields an optimal strategy that differs
from forest managers’ actual decisions, then, to the extent that some of the differences between
actual behavior and optimal strategy reflect possible sub-optimal behavior on the part of forest
managers, the model may suggest ways to improve forest management and policy. Our research
and framework have important implications for the sustainable management of forests worldwide.
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