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Abstract

This paper reviews the literature on the economic evaluations of tree improvement for planted forests and
investigates whether or not using improved reforestation stock from tree improvement programs is a good
investment. The main findings from systematic web-based searches show that (1) tree improvement is an
effective tool to improve forest productivity and to realize financial returns; (2) economic gains from wood
production with selection for breeding traits (e.g., high-volume yield or height growth) are the main reasons
forest managers adopt new biotechnologies in tree improvement; (3) cost-benefit analysis is the primary empirical
approach for estimating the economic effects of tree improvement for planted forests; and (4) there is very little
literature on estimating the non-market benefits (e.g., improved watershed protection, amenities, or conservation
of genetic diversity) that treeimprovement brings, using non-market valuation techniques. The recent introduction
of new biotechnologies in tree improvement, such as genomics-assisted tree breeding (GATB), can achieve
genetic gains in selected traits more quickly and effectively than traditional breeding approaches, providing
economic incentives for forest managers to use better quality stock for planted forests. Therefore, we suggest
that future research should (1) consider the additional benefit, extra research and development costs, and time
saved by applying new biotechnologies in tree improvement (e.g., GATB) in the cost-benefit analysis; (2) investigate
the trade-offs between timber volume and wood quality traits and assess the economic effects of new
biotechnologies in tree improvement along different stages of the forestry supply chain; and (3) explicitly account
for the non-market trait values for the targeted breeding traits (e.g., drought/pest resistance) so that tree
improvement programs can contribute to sustainable production systems. Economic analyses along these lines
could help policy makers, forest managers, and forest company owners better understand the trade-offs of
alternative breeding objectives and make economically efficient investment decisions for planted forests.

Keywords: economics, benefit-cost analysis, tree improvement, improved regeneration material, genetic gain

1 Introduction

Planted forests (FAO 2016) play an important role in
sustainable forest management and can help to fulfill
a wide variety of social, economic, and environmental
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objectives (Paquette and Messier 2010). With timber
harvesting in natural forests restricted or banned in
many countries, combined with an increasing demand
for wood products resulting from continued growth in
human populations and incomes, the world’s planted
forests have expanded significantly over the past 20
years, from 124 million ha in 1995 to 291 million ha in
2015, an increase of 135% (FAO 2015). In 2012, planted
forests were estimated to contribute 46.3%, or 770.2
million m?, of the world'’s industrial roundwood produc-
tion, and projections indicate that the world’s planted
forests could increase production to 75% of the global
industrial roundwood demands by 2030 (FAO 2015, Payn
et al. 2015). In addition to increasing the availability of
wood to consumers, planted forests also provide key
ecosystem services, helping to preserve the world’s
remaining primary forests and sequester a significant
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proportion of the carbon caused by human activities
(Paquette and Messier 2010, Sedjo 2001).

As forests become more common, it makes economic
sense to improve the quality of seed and subsequent
seedling stock used in planted forests, which includes
planting improved (superior) trees rather than planting
the same unimproved seed and seedling stock year
after year. Using improved seedling stock also creates
economic incentives for investors to pursue plant domes-
tication and tree improvement activities to capture the
benefits of these improvements and innovations (Sedjo
2003). Tree improvement is the application of genetic
principles to increase the value of trees (Frampton 1996).
Many traditional breeding programs throughout the
world were initiated in the 1950s and involved select-
ing superior (plus) trees, breeding or simply collecting
seed from these selected trees, and testing the progeny
for the desired traits (Zobel and Talbert 1984). Since the
1990s, biotechnologies such as tissue culture, cloning,
marker-assisted selection, and genetic modification/
transgenics programs have been developed and in-
troduced to forestry (Sedjo 2003), and more recently,
genomic selection (Grattapaglia and Resende 2011,
El-Dien et al. 2016, Ratcliffe et al. 2015, 2017). While the
use of biotechnology has the potential to improve trees
by enabling foresters to achieve gains in selected traits —
such as greater volumes or better wood quality — more
quickly and effectively, the key question before any
specific program can be implemented is “What exactly
will the benefits be?” Private woodlot owners and inves-
tors may be more interested in the potential (financial)
profitability of the program, while policy makers will
also consider the societal benefits.

In order to consolidate the knowledge that exists
about the financial and societal benefits generated from
tree improvement programs, we conducted a systematic
review of existing literature on the economic analysis
of employing tree improvement as a management op-
tion for planted forests. Our main questions are as fol-
lows: (1) Are there economic/financial benefits of using
improved reforestation stock from tree breeding and
improvement programs over the use of unimproved
reforestation stock? (2) What are the most common
evaluation methods for assessing the economic returns
of using improved planting stock for planted forests?
(3) What are the knowledge gaps in the existing litera-
ture, and (4) What are the challenges and issues that

may affect the economic evaluation of employing tree
improvement for planted forests?

2 Document Acquisition

To acquire the related literature for review, our search
utilized both keyword-driven and manual approaches,
following Tong et al. (2016). Specifically, we first con-
ducted several systematic web-based searches using
keywords and Boolean operator in the ISI Web of Science
Core Collection database. The Boolean search was built
on the following keywords: “Economic*” (“financial*”
or “benefit*”) AND “tree improvement*” OR “planting
stock*” OR“genetically improved*” OR“forest genomic*”
OR“regeneration*". A manual approach with a snowball
technique was also conducted to carefully go through
the reference lists of selected articles that included ma-
jor research questions of interest for our investigation.
We collected and focused on peer-reviewed literature
in English that was published between 1988 and 2018.
Articles that did not have empirical research on an eco-
nomic analysis of the use of improved reforestation
material from tree improvement were excluded from
the systemic review.

In total, 15 studies were identified. The studies were
located in seven countries: Canada (5 studies), the United
States (1), Finland (3), Sweden (2), the United Kingdom
(2), New Zealand (1), and Australia (1). Under the cat-
egory of tree species, most studies (14 articles, >90%)
focused on the examination of softwood species, and
only one study focused on hardwood species. Among
all of the studies investigated, the majority (11 articles,
or 78%) focused on the economic analysis of the use
of improved tree stock generated from conventional
seed orchards versus unimproved materials (wild seeds);
four studies (22%) investigated the financial incentives
in comparisons of alternative tree breeding strategies
(e.g., seed orchard, rooted cuttings, or genetic markers
approaches) for planted forests. For economic evaluation
methods, cost-benefit analysis is the primary empirical
approach for estimating the economic effects of tree
improvement for planted forests, which was employed
in all of these studies and tended to focus on assessing
the derived market (financial) benefits.

In the following sections, we introduce informa-
tion needed to conduct a cost-benefit analysis of using
improved stock from tree improvement programs for
planted forests, followed by a literature review of the
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studies that we captured. Finally, we identify the main
findings, knowledge gaps, and challenges and issues
that should be considered in future economic analyses
of applying forest tree improvement for planted forests.

3 Cost-Benefit Analysis of Tree
Improvement Programs

Economic assessments of all forest management options
should help forest managers and policy makers clarify
objectives and choices while considering the trade-offs
(McKenney 2001, Schreiber and Thomas 2017). Thus,
when conducting an economic evaluation of tree im-
provement programs for planted forests, it is important
to first identify the objectives of the tree improvements,
which include the following: (1) identifying the selected
breeding traits (e.g., genetic gain in volume yield, height
growth, wood quality, or other characteristics related to
biotic or abiotic resistance); and (2) clarifying the tree
breeding objective for planted forests (e.g., for wood
production use or non-wood use). Only then can ap-
propriate economic tools for examining the economic
effects of tree improvement programs be identified and
conducted.

Cost-benefit analysis has been identified as the main
analysis method by forest managers to estimate the
benefits and costs of tree improvement programs and
compare them with alternative options for planted for-
ests, particularly with the objective of increasing wood
production for commercial use (Schreiber and Thomas
2017). The impact of tree improvement research is re-
flected as a change in the biological growth function trait
(volume), which is generally presented as genetic gain
in percent of individual progeny or families when com-
pared with an unimproved or average volume (calculated
from the height and diameter at breast height) of the
trees for a given population at a given rotation length.
Gain improvement can be estimated by tree growth
and yield models for stand-level impact projections or
further incorporated into timber harvesting models for
large-scale forest-level impact projections. Thus, it is
the change in the value of the growth function that is
relevant for an economic analysis of the biotechnology
change in forestry (McKenney et al. 1992).

The information needed for conducting a cost-benefit
analysis generally includes costs, stumpage prices, ge-
netic gain of the breeding objective trait, and the general
criterion for profitability. With that information, a worth-

while investment is one where the discounted or present
value of all benefits, less all costs that occur through time,
needs to be greater than zero (McKenney 2000). When
compared with alternative reforestation materials, the
economic efficiency of deploying new biotechnology in
tree improvement for planted forests can be examined
by comparing the maximum land expectation value with
“unimproved”tree stock at the optimal rotation age (e.g.,
using wild seedling material from natural forests) and the
maximum land expectation value with “improved” tree
stock (e.g., using seedlings with better genetic quality
from tree improvement programs) (McKeand et al. 2006,
Ahtikoski et al. 2012). If the increase in land expectation
value exceeds the additional (extra) seedling costs per
hectare for better quality genetic material, there are
economic incentives for tree growers and private inves-
tors to use improved seedlings for planted forests. The
investment decision could also be justified on economic
grounds (Pearse 1990).

4 Literature Review

Among all of the empirical studies that we captured,
cost-benefit analysis was the most common approach
to comparing the economic effects of alternative tree
improvement programs for planted forests for which the
objectives were to increase wood production (volume
gained per unit time). The majority of authors concluded
that using improved tree stock from these tree improve-
ment programs for planted forests was a good invest-
ment when compared with unimproved reforestation
material (see Table 1).

4.1 North America

Petrinovic et al. (2009) used a financial model to esti-
mate the benefits produced by using improved white
spruce (Picea glauca Moench) plantations in Quebec,
Canada, with three different tree breeding methods: (1)
a traditional tree breeding program from a seed orchard
(with 10% potential genetic gain in height relative to
unimproved seedling stock); (2) a method using cuttings
from superior families obtained from controlled crosses
(15% height gain relative to unimproved material); and
(3) aprogram that involved planting multiclonal varieties
produced through somatic embryogenesis and selected
from seed orchards using genetic markers (20% height
gain relative to unimproved material). Factors related to
the quality of reforestation sites (at site index [SI] 8 m
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Table 1. Summary of cost-benefit analyses of tree improvement programs for planted forests

Country Tree species Genetic gain of selected ~ Results Is tree improvementa  Literature
trait vs. unimproved good investment?
Quebec, White spruce 10-20% in height growth  Up to CAD$712/ha net present value for using a genetic Yes Petrinovic et
Canada marker approach (at a 7% discount rate) al. (2009)
New White spruce timber volume gain of Up to 12.5 benefit-cost ratio (BCR) at a harvest age of 40 Yes Wu et al.
Brunswick, 6.25-26.55 m¥/ha (at a 4% discount rate) (2015)
Canada
Ontario, Black spruce 8-16% in volume Tree improvement program can be break-even (i.e., No, due to the low McKenney et
Canada growth for seed orchard ~ BCR=1) at a stumpage price of CAD$10/m? for seed stumpage prices al. (1989)
approach and 10-20% orchard approach and CAD$17/ m® for rooted cutting (CADS$4.5/m?) at the
for clonal/rooted cutting  approach (at a 4% discount rate with 2000 ha annual time
approach planting)
Ontario, Black spruce 8-16% in volume growth ~ Seed orchard program can break-even at a stumpage price ~ Yes McKenney et
Canada and Jack pine of CAD$17/m?® for black spruce and CAD$10/m?for jack al. (1992)
pine (at a 4% discount rate with 1000 ha annual planting).
Investing in a jack pine improvement program would
generate more revenue per dollar than black spruce
Alberta, White spruce 1-4% increase in volume ~ CADS$7.4 million increased net present benefit under Yes, if an allowable cut ~ Schreiber
Canada and Lodgepole  growth per decade the scenario of 2% increase in volume gain per decade effect is considered and Thomas
pine and 15% increase of area planted per decade (at an 8% (2017)
discount rate)
Southern Loblolly pine 7-21% in height growth US$99-415/acre (US$245-1025/ha) of additional net present  Yes McKeand et
United site value for using improved seedling materials that could al. (2006)
States increase the site index from 70-85 feet (at a 5% discount
rate)
Finland Scots pine 8.7-14.7% in height Using mature 1% generation seeds could generate 44% Yes Ahtikoski et
growth and 38% more financial benefits per hectare than the al. (2018)
use of unimproved seeds for tree growers and a sawmill,
respectively, in South-Central Finland (at a 3% discount
rate)
Finland Scots pine 15% in volume growth Up to €2,849/ha net present site value (at a 2% discount Yes Ahtikoski et
rate) al. (2012)
Northern, Scots pine 3-10% in volume growth  The net cost of seed orchard seeds was less than the cost Yes Ahtikoski and
Finland of natural stand seeds with 7% yield growth and 15% better Pulkkinen
seed quality with a higher survival rate (at a 3% discount (2003)
rate)
Northern, Scots pine 4-10% in volume growth  Using improved planting stock on the most productive site Yes Simonsen
Sweden could generate additional benefits (up to €1,956/ha) relative (2013)
to unimproved material via the natural regeneration method
(at a 1% discount rate)
Northern, Scots pineand  7.5-26% in volume Planting improved seedlings has a higher benefit-cost ratio Yes Simonsen et
Sweden Norway spruce  growth depending on (24.6) than the benefit-cost ratio of cloned seedlings (2.0) al. (2010)
breeding methods due to lower investment costs (at a 2.45% discount rate)
United Ash, Sycamore  10.7-65.8% in volume £38/ha of additional net present benefit with simple mass Yes, but only for the Palmer et al.
Kingdom maple, Wild growth, depending on selection approach and £100/ha with seed orchard method.  simple mass selection ~ (1998)
cherry, and tree breeding methods. No additional net present benefits with the use of clonal and seed orchard
Sweet chestnut techniques, due to the relatively low timber price and the methods
higher extra early costs of planting stock
United Sitka spruce 31% extra better quality ~ Planting vegetation propagation stock could not be justified No, due to the high Lee and Watt
Kingdom logs under the market conditions at the time (£150/ha extra extra cost of rooted (2012)
planting stock cost, £5/m® log premium, and at 3-5% cutting method
discount rate)
New Zealand Radiata pine 25% in volume yield and  NZ$7,400-11,400/ha increased net present value for using Yes Kimberley
5.6% in height growth highly improved tree materials and up to NZ$8.5 billion (2015)
increased total economic benefits in New Zealand (at a 7%
discount rate)
Australia Radiata pine 20-25% in volume AUD$927 million increased net present value using Yes Wu et al.
growth improved seedling materials in the 1990s (2007)
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and 12 m at age 25) and silvicultural regimes (with and
without thinning) were also considered in the model
to examine their influences on the net present value of
benefits. While the study was examined from a private
woodlot owner’s perspective and did not specifically
consider the costs associated with generating improved
planting material, as these costs were assumed to be
borne by the government in Quebec, the authors found
that planting improved trees can have significant finan-
cial benefits to the forest industry as well as for private
woodlot owners. In addition, forest site quality had a
substantial influence on the benefits, and the optimal
economic rotation age could be reduced by up to 9 years
forimproved white spruce selected by genetic markers.

From a private woodlot owner’s perspective, McKeand
et al. (2006) evaluated the benefits of improved loblolly
pine (Pinus taeda L.) seedlings from a range of genetic
gain levels and site productivity levels using a growth
and yield model. The authors found that an increase in
Sl values (at base age 25 years) associated with genetic
gainsin height of 1.52t04.57 m (5 to 15 ft), which is equal
to a height gain of 7% to 21% relative to unimproved
material, from different site productivity levels would
result in increases in the net present site value ranging
from US$124 to $741 ha' (US$50 acre™ to over US$300
acre™), depending on planting density (1794 and 1077
trees ha' or 726 and 436 trees acre™') and management
regimes (with versus without thinning). Additionally, the
optimal economic rotation age for planting improved
loblolly pine was reduced with an increase in site quality
and through domestication (pers.comm., S. McKeand to
B.R. Thomas, November 2017). The results of the study
suggested that private landowners should plant the
best genetic material (seedlings with the greatest gain
value) on the most productive sites and under the most
intensive forest management regimes to realize the
largest financial benefits.

Wu et al. (2015) conducted a cost-benefit analysis to
examine the investment desirability of an established
white spruce clonal seed orchard in New Brunswick,
Canada, versus one that used wild stand (unselected)
seeds. The authors used actual costs incurred in the
establishment of the seed orchard and projected rev-
enue increases from the realized genetic gain in volume
growth. A growth and yield model projected volume
gain for two rotation ages (40 and 50 years) and two
silviculture management scenarios (with versus without
commercial thinning). Compared to wild-stand seeds,

using improved seedling stock would result in a timber
volume gains of 6.25to 26.55 m? ha'. The estimated
results indicated that the white spruce seed orchard in
New Brunswick was a very good investment for all sce-
narios when the discount rate was less than 6%, and that
the estimated benefit-cost ratio could reach up to 12.5
when commercial thinning was applied and trees were
harvested at 40 years of age, assuming a 4% discount rate.

McKenney et al. (1989) used a cost-benefit analy-
sis to compare two tree improvement methods (i.e.,
the traditional seed orchard approach and the clonal
forestry/rooted cuttings approach) for black spruce
(Picea mariana (Mill.) B.S.P.) tree improvement in Ontario,
Canada. The genetic gains in volume for the traditional
seed orchard approach were assumed to be 8% and 16%
over wild seeds and 10% and 20% volume gains over
wild seeds for the clonal/rooted cutting approach. To
assess the potential economic impact of tree improve-
ment, the authors specifically separated the research and
development costs from the operational costs of tree
improvement activities. The difference in net present
value between improved and unimproved plantations
at optimal rotation ages was therefore compared with
the research cost to determine the total net worth of
tree improvement. The authors found that the clonal/
rooted cutting approach was economically unattractive,
due to the high cost of cutting production relative to
the conventional seed orchard approach, despite the
higher genetic gain that could be achieved. Under more
favorable though less likely conditions (i.e., lower costs
and/or greater gain), the authors found that the project
could be beneficial for plantations of 200 ha or larger.
Ultimately, the authors suggested that, in addition to
obtaining increasingly better clones, tree improvement
research should also be aimed at lowering the produc-
tion cost of the rooted cuttings to allow clonal forestry
to become economically attractive.

McKenney et al. (1992) further compared the eco-
nomic attractiveness of black spruce and jack pine (Pinus
banksiana Lamb.) seed orchard programs in Ontario,
Canada, using a cost-benefit analysis. Genetic gains of
8% and 16% in merchantable volume relative to unim-
proved material were used for both black spruce and
jack pine. The estimated results showed that both jack
pine and black spruce improvement programs could
be supported on economic grounds with just an 8%
increase in volume gain, as long as stumpage prices
exceeded CADS8 to 12 m™ on the best quality site and
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assuming a 4% discount rate. Sensitivity analysis results
also revealed that the total net present value of the jack
pine seed orchard approach consistently outperformed
the total value of the black spruce seed orchard ap-
proach for all scenarios. Thus, if government budgets are
limited, investing in jack pine improvement programs
would generate more revenue per hectare than black
spruce in Ontario.

4.2 Europe

There have also been economic analyses of tree im-
provement programs in Europe. A recent study reviewed
by Jansson et al. (2017) found that tree improvement
programs in Scandinavia and Finland have resulted in
increases in volume growth in the range of 10% to 25%
relative to unimproved material for Scots pine (Pinus
sylvestris L.) and Norway spruce (Picea abies L. (Karst)).
The estimated net present value associated with planting
improved trees in the region yielded better returns on
investment due to shorter rotation periods than those
for unimproved forests. Ahtikoski et al. (2012) examined
the financial performance associated with the use of
improved Scots pine seedlings in Finland and found that
the use of improved seedling material with a 15% genetic
gain in volume growth relative to unimproved material
from a 1.5 generation orchard was financially attractive
for private woodlot owners in most parts of Finland.
The net present value (- land expectation value) was
calculated to be worth up to €2,849 ha' (US$3,386 ha™)
at a 2% discount rate, and the optimal rotation period
would be reduced by 15 years with a 15% genetic gain
in volume. Ahtikoski and Pulkkinen (2003) compared the
financial attractiveness of using improved seeds from
Scots pine seed orchards with seeds from natural stands
in northern Finland from a tree grower’s perspective.
Considering an increase of 7% in timber volume and
an increase of 15% in seed quality, with higher survival
rates relative to natural stand seeds, the authors found
that the net cost of orchard seed was less than the total
cost of natural stand seed, assuming a 3% discount rate.
Moreover, in another study conducted by Ahtikoski
et al. (2018), who compared three types of improved
Scots pine seedlots to unimproved seedlots on three
different sites in Finland, the authors found that using
improved Scots pine seed material (including mature
15t generation, juvenile 1.5"" generation, and mature
1.5 generation) not only created financial benefits for
tree growers but also provided financial incentives for

a sawmill in Finland, with higher sawing yield than that
of unimproved trees.

In Sweden, the profitability of using improved plant-
ing stock to increase forest growth has also been inves-
tigated by Simonsen et al. (2010). The authors examined
several silvicultural measures to increase the forest
growth of Scots pine and Norway spruce for a forest
company in northern Sweden and found that the use of
improved planting stock generated from seed orchards
is highly profitable, due to low investment costs and
considerable increase of forest growth relative to other
silvicultural measures, such as fertilization, treatment
against insects, and improved seed quality. Under the
scenario of planting improved stock with a 15% volume
gain for Scots pine and a 7.5% volume gain for Norway
spruce over wild seeds on average productivity sites, the
estimated benefit-cost ratios for planting improved Scots
pine and Norway spruce were 24.6 and 19.4, respectively,
at a 2.45 discount rate. In addition, when the use of
improved stock from different tree breeding methods
was further compared, the authors found that planting
improved seedlings generated from traditional seed
orchards could have a much higher benefit-cost ratio
relative to the use of cloned seedlings (i.e., 24.6 versus
2.0). Simonsen (2013) further compared the profitability
of regenerating Scots pine in northern Sweden with two
alternative regeneration methods (natural regeneration
versus planting) and found that using improved plant-
ing material from seed orchards could greatly shift the
preference towards the planting method. Specifically,
under the scenario of using improved planting stock
with a 10% volume gain over unimproved material,
planting improved material could generate an additional
US$ 2211 ha' (€1956 ha') on the most productive site
(S 28 m at age 100) at a 1% discount rate, when com-
pared with the natural regeneration method. Moreover,
the authors found that planting improved stock could
enable landowners to break-even on lower productive
sites, compared with the natural regeneration approach.

Inthe UK, Palmer et al. (1998) assessed the financial
benefits of planting four broadleaved tree species
(i.e., ash [Fraxinus excelsior L.], sycamore maple [Acer
pseudoplatanus L.], wild cherry [Prunus avium L.], and
sweet chestnut [Castanea sativa Mill.]) using three
different tree improvement methods: (1) simple mass
selection (with up to 10.7% timber yield gain relative to
unimproved material); (2) untested clonal seed orchards
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(up to 32.6% in timber yield gain relative to unimproved
material); and (3) mass vegetative propagation (i.e.,
clonal) techniques (up to 65.8% timber yield gain relative
to unimproved material). The estimated results showed
that conventional selection methods (e.g., collecting seed
from simple, mass-selected parent trees and the seed
orchard method) were found to be more cost-effective
than the use of clonal techniques, due to the relatively
low timber price at the time. Therefore, the increased
revenue from the improved stock was found to be
insufficient to compensate for the higher extra early costs
of planting stock produced by the clonal propagation
breeding technique, despite the higher genetic gains that
could be achieved. Another study conducted by Lee and
Watt (2012) compared the financial returns of planting
improved Sitka spruce (Picea sitchensis [Bong.] Carr.) stock
derived from seed orchards with more expensive rooted
cuttings through the vegetative propagation methodin
the U.K. The authors assumed that the predicted growth
rates of seed orchard and vegetative propagation stock
were the same; however, improved wood quality traits
(such as stem straightness and branching quality) were
observed from the vegetative propagation planting
stock. The improvements in quality traits were further
translated through the increased proportion of quality
logs (i.e., extra 31% green logs relative to unimproved
stock) and log premium. While this study specifically
considered wood quality traits in the economic analysis,
the authors found that planting vegetatively propagated
stock could not be justified on economic grounds due to
the high extra cost of planting stock (£150 ha™) relative
to orchard seed seedlings.

4.3 Oceania

Wu et al. (2007) reviewed the genetic improvement of
radiata pine (Pinus radiata D. Don) in Australia and found
that, compared to unimproved material, the genetic gain
in volume of radiata pine at 15 years of age increased up
to 33% from a first-generation seed orchard, while an
average 20% to 25% volume gain at theage of 10to 15
years was generally observed from most first-generation
gain trials. The investment in radiata pine breeding in
the 1990s had generated a net present value of US$
670 million (AUD$927 million) through the increased
volume productivity and genetic seedling quality of
the plantations produced. The authors concluded that
tree improvement programs had generated significant
economic benefits for the Australian forest industries.

More recently, Kimberley et al. (2015) analyzed a series
of large plot trials in New Zealand and quantified the
realized genetic gain in radiata pine tree improvement.
The authors found differences in volume yield and height
growth between unimproved and highly improved seed-
lots of 25% and 5.6%, respectively. The realized genetic
gains were then incorporated into a national growth and
yield modelling system to project the log volume gain
at the harvest age. The authors used these estimated
results to calculate the economic value of logs harvested
at 30 years and found that the moderately improved and
highly improved varieties resulted in economic gains
of US$2,030 ha™ to US$3,654ha” and US$5,007 ha™ to
USS$7,715 ha™ (NZ$3,000 to NZ$5,400 ha™ and NZ$7,400
toNZ$11,400 ha), respectively. Extrapolating this gain
in the harvest log value per hectare to the 1.57 million
ha of plantation area in New Zealand and assuming a
7% discount rate, the total net present value of tree
improvement programs in New Zealand was estimated
to increase by US$2.4 to 5.8 billion (NZ$3.5 to 8.5 bil-
lion), depending on the specific improved planting
materials. This study demonstrated convincingly that
tree improvement programs have created substantial
economic benefits for New Zealand.

Most cost-benefit analysis studies that we reviewed
indicated that tree improvement was an effective tool
that can be used by forest managers to improve forest
productivity. Using better genetic quality seedlings
for planted forests was a good investment for private
woodlot owners and the forest industry when compared
to unimproved seedling materials. Economies of scale
will also be realized from harvesting larger trees at the
optimal economic rotation age, as well as more timber
volume per hectare. However, studies have also found
that the additional (extra) costs associated with the tree
breeding methods used to produce the reforestation ma-
terial must not be too high; otherwise, the genetic gains
required to achieve profitability would be unrealistic.

5 Discussion and Future Prospects

In summary, the existing literature on the economic
effects of using tree improvement as a management
option for planted forests tends to (1) focus on wood
production use and estimate the market benefits of
improving selected (market) traits such as volume yield
or height growth in the cost-benefit analysis; (2) ignore
non-market benefits (e.g., improved carbon sequestra-
tion, watershed protection, amenities, or conservation
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of genetic diversity) provided by tree improvement
compared to unimproved reforestation material, as
tree breeders generally do not account for the non-
market trait values of the selected traits; and (3) lack
consideration of the trade-offs between wood quality
and timber volume quantity resulting from alternative
breeding traits/strategies and previous studies generally
were examined from a tree grower’s perspective. In this
section, we identify several challenges and issues that
ought to be considered in future economic analyses of
applying forest tree improvement to planted forests.

5.1 Long Breeding Cycle

In contrast to breeding programs for many agricultural
crops, a traditional tree breeding program is consider-
ably longer. The long rotation period of some conifer
species (e.g., 60 to 110 years for lodgepole pine [Pinus
contorta Douglas] and white spruce in western Canada)
and the long breeding, progeny testing phase and seed
orchard establishment that is required for commercial
deployment reduce the present value of the expected
benefits and increase the riskiness of the investment.
Burgeoning new biotechnologies in tree improvement
(e.g., genomic selection) can increase selection accuracy
and improve the genetic gain of interest traits, but more
importantly, genomic selection offers a new approach to
mitigating the long investment horizon by substantially
reducing the entire tree breeding cycle (e.g., by up to 20
years for white spruce in the boreal region of Canada)
by shortening the progeny testing phase in particular
(Porth etal. 2015, Porth etal. 2016). A recent report from
Isik (2014) suggested that genomic selection in loblolly
pine improvement in the southern U.S. could significantly
reduce the breeding cycle time by half and increase ge-
netic gains twofold per year. The potential time savings
from integrating genomic selection into tree improve-
ment programs also significantly reduces the ancillary
resources required in each generation of tree breeding
(e.g., personnel, site development, seedling production
and planting, site maintenance, data collection and
analyses). This benefit would provide strong economic
incentives for investors to adopt new biotechnologies
into tree improvement for planted forests.

However, despite the exponential — and continuing
- decrease in the cost of genotyping (a component of
implementing genomic selection) over the past 10 years,
cost remains a major hurdle in employing new biotech-
nology tools in tree improvement for planted forests

(Isik 2014, Poland and Rife 2012). Because there are no
published studies that compare the financial returns of
genomic-assisted tree breeding to traditional breeding
programs for planted forests (Porth et al. 2015), there is
a need to investigate the benefits of adopting genomic-
assisted tree breeding when breeding cycle time as well
as research and development costs are included in the
cost-benefit analysis framework.

5.2 Wood Quality

The inverse correlation between wood quality (e.g.,
wood density) and quantity (e.g., growth rate in timber
volume) traits continues to be a challenge for forest tree
breeders (Jayawickrama 2001, Park et al. 2012). Improved
trees with fast growth rates usually reach sawlog size at
younger ages and therefore are harvested at shortened
optimal rotation ages. However, younger plantation
trees tend to have a larger proportion of juvenile wood
to mature wood, with a lower wood density and higher
microfibril angle than in older more mature trees, both
of which negatively affect the strength and stiffness of
dimensional lumber. For example, Kretschmann and
Bendtsen (1992) found that dimensional lumber cut
from the juvenile wood core has only 50% to 70% of
the strength and stiffness of lumber cut from mature
wood, depending on the species and grade, which can
significantly increase the manufacturing cost of dimen-
sional lumber.

McKeand et al. (2006) examined the benefits of plant-
ing the best loblolly pine in the southern U.S. and found
that landowners might not receive the assumed stated
stumpage prices for loblolly pine harvested at the short-
ened rotation ages (e.g., 17 instead of 20 years). This is
because younger (15 to 20 year-old) plantation-grown
loblolly pine trees have over 70% juvenile wood in their
bole, which has much lower strength properties and a
higher moisture content, resulting in lower stumpage
prices compared with mature (25 to 30 year-old) trees.
Thus, the authors (McKeand et al. 2006) suggested that
a price penalty for harvesting younger trees could be
considered in the economic analysis by developing
stumpage price structures for planted forests that rec-
ognize the strength, moisture content, and wood quality
properties of trees with different amounts of juvenile
versus mature wood. Projected revenues can then be
appropriately adjusted in the economic analysis that
explicitly considers the quality traits, and optimal rota-
tion ages can be modified if price penalties (premia) are
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imposed for trees with a high (low) percentage of juvenile
wood (e.g., Petrinovic et al. 2009, Lee and Watt 2012).

Ahtikoski et al. (2012) and Jansson et al. (2017) com-
mented that the inverse correlation between wood
quality and growth rate from planted forests can be
addressed in economic analyses by estimating the rela-
tive economic weights of different selected breeding
traits in the profit function, which can be used as an
index to measure the net economic gains derived from
different selected breeding traits. According to Ivkovi¢
et al. (20064, 2006b) and Wu et al. (2007), there are six
key steps to developing the optimal economic weights
for breeding traits. However, this approach requires
accurate information on growth rates and quality at-
tributes, which is still difficult to obtain, according to
Ivkovi¢ et al. (2010) and Jansson et al. (2017). A simpler
approach to quantifying the trade-offs that producers
or end-users make between wood quantity and quality
is the use of choice experiments or conjoint analysis,
which is an experimental approach commonly used in
the economics literature. For example, previous studies
showed that negative genetic correlations are present
between traits of interest; e.g., wood quality changes
and log dimensions diminish because of faster growth
rates (Evans 2009). Thus, the point at which the loss in
wood quality exceeds the benefit from faster growth is
an important economic question and may differ by spe-
cies, stakeholder, and end user (see Vossler et al. (2012)
and Holmes et al. (2014) for more specific econometric
models, survey design issues, and sampling processes
of the choice experiment method).

Economic analysis of tree improvement for planted
forests, with respect to the wood quality issue, can also
investigate the wood quality gains needed to justify
a tree improvement program, if volume gains are not
sufficient, through the use of sensitivity analysis under a
cost-benefit analysis framework (McKenney et al. 1992).
For example, if a given stumpage rate is not sufficient to
justify tree improvement, then the difference between
that stumpage rate and the break-even stumpage rate
indicates the value of wood quality gain required to
proceed with the project. This type of analysis could be
complemented by expert surveys of geneticists/breed-
ers and sawmill operators to gauge the likelihood of
achieving the required gains as well as the costs involved
(McKenney et al. 1992).

As tree improvement programs are shifting to target
wood quality (and biotic resistance) traits instead of only

growth rates, it is important to consider the economic
impact across the entire supply chain and the potentially
different distributional effects. For example, the way
in which different breeding objective traits affect the
profitability and production efficiency of sawmills will
likely be different from how they affect the end user or
the grower. Some sawmills may be willing to pay a price
premium for logs of a particular age or with a minimum
threshold density, and how these market signals are
transmitted from processor to grower will affect planting
and harvesting decisions (Ivkovic et al. 2006a). Moreover,
of the 15 studies that we captured, only 1 study, con-
ducted by Ahtikoski et al. (2018), investigated whether
using improved reforestation material would create
simultaneous benefits for tree growers and a sawmill in
Finland. The remaining 14 studies were all investigated
from a forest manager’s perspective to examine the
profitability of using improved stock for planted forests.
Thus, a more comprehensive economic analysis of the
entire supply chain that considers price pass-through,
information feedback, and the effect of market power
would help forest managers and the forestry industry
better understand the trade-offs between the timber
growth rate and wood properties and ensure better
informed investment decisions regarding planted forests.

5.3 Non-Market Trait Values

Tree breeding and improvement programs traditionally
focus on the genetic improvement of key production
traits (e.g., height, diameter, and volume) that have clear
economic values driven by short-term market forces, also
called market trait values (Olesen et al. 2000). For example,
the market trait values of using disease-resistant seedling
material for planted forests can be evaluated through the
increased timber volume gain multiplied by stumpage
prices. However, to have long-term biologically, ecologi-
cally, and sociologically sound breeding goals for the
efficient use of resources and sustainable production
systems, researchers proposed that the non-market
trait values should also be considered in breeding and
improvement programs (Olesen et al. 1999, 2000).
Using animal breeding as an example, Olesen et al.
(2000) suggested that implementing both market and
non-market trait values in the aggregated genotype
(i.e., total trait values) could contribute to sustainable
livestock production systems. The authors proposed
that changes in the quality and quantity of animal traits
have value, as they either change the benefits associ-
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ated with human activities or change the costs related
to these activities, which have an impact on human
welfare through established markets or through non-
market activities (e.g., ethical values of improved animal
welfare through less suffering from diseases or stress and
a higher quality of life). The market value of the breeding
traits could be reflected by the change in market prices,
while the non-market value of the breeding traits could
be reflected by improving the values of natural capital
and ecosystem services by changes in traits (Olesen et
al. 2000).

Compared to animal breeding, using improved seed-
ling materials from tree improvement could provide
stronger positive externalities (e.g., carbon sequestration,
watershed protection, or amenities) relative to unim-
proved materials; however, these non-market benefits
were generally not targeted by tree breeders in the
past, as they are not contingent on changes to the key
production (market) traits achieved via tree improve-
ment programs. In the tree breeding context, planting
disease-resistant trees might also increase the aesthetic
and recreational values, increase carbon sequestration
and reduce degradation of the atmosphere over un-
improved planting stock. Such values should be repre-
sented by the non-market trait values in tree breeding
and improvement programs. Thus, the traits’ values in
the aggregate genotype can be split into non-market

trait values and market trait values (Olesen et al. 2000).
The genetic gain in objective traits will also include a
non-market genetic gain (e.g., carbon sequestration)
and a market genetic gain (volume). Without consider-
ing the non-market trait values, the true trait values of
tree improvement could be underestimated.

While non-market valuation techniques have been
used to evaluate ecological goods and services provided
by planted forests (see Table 2 for examples), to our
knowledge, no existing literature has investigated the
non-market trait values in forest tree improvement pro-
grams using these non-market valuation tools. Further
adopting the idea of non-market trait values from animal
breeding to tree improvement would provide a holistic
perspective from which to evaluate the extra benefits
that tree breeding brings to non-market benefits and to
give the natural capital stock that produces ecosystem
services adequate weight in the decision-making process
(Costanza et al. 1997).

5.4 Climate Change

Another role envisioned for tree breeding programs and
planted forests worldwide is mitigating anthropogenic
global warming. For example, in Canada, global warming
is expected to have a profound impact on Canadian for-
ests, including planted forests, as tree growth responds
directly to changes in CO, concentration, temperature,

Table 2. Valuation methods for non-market benefits associated with planted forests.

Valuation method Value captured Non-market benefits ~ Benefits of approach Limitations of approach Relevant
valued literature
Travel cost Direct and Recreational use of ~ Based on observed Non-use value cannot be captured; Turner et al.
indirect use planted forests behavior limited to direct use values and (2011)
recreational benefits; difficulties
arise when trips are made to multiple
destinations.
Hedonic pricing Direct and Value of wood Based on market data Very data-intensive; difficulties arise Alzamora and
indirect use quality/attributes when the market structure shift due to  Apiolaza (2010)

non-marginal environmental change.

Contingent valuation  Use and non-use ~ Value of an Able to capture use and Bias in survey design and sampling Yao and Kaval
afforestation or non-use values process due to the hypothetical nature ~ (2010)
conservation of the market; resource-intensive
program method.

Choice experiment ~ Use and non-use  Trade-offs among Able to capture use and Similar to contingent valuation above,  Yao (2012)

wood attributes

non-use values. Able to
measure the trade-offs

plus difficulties in choosing attributes
and attribute levels.

among attributes and the
marginal value of attributes
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and nutrient and water availability. According to Natural
Resources Canada (2016), more frequent and longer
lasting droughts are likely to induce changes in dis-
turbance regimes, such as significantly increasing the
annual burned forest area. The increasing atmospheric
pollutants of particulates, nitrogen compounds, and
ozone will also likely increase the intensity of insect
outbreaks and disease problems (Evans 2009). For in-
stance, warmer winters have already contributed to the
major infestation of the mountain pine beetle in the
province of British Columbia, Canada; the pine beetle
has also spread over the Rocky Mountains into Alberta
(Natural Resources Canada 2016). With the realization
and acceptance that the climate is changing and that
these changes will affect the forestry sector, applying
tree improvement for planted forests could reduce the
negative impacts of climate change through carbon
sequestration and adaptation.

Planted forests can be used to sequester carbon and
have the potential to relieve pressure on natural forest
harvesting. With fast-growing trees selected by tree
improvement programs, there is a greater potential for
carbon sequestration by using the improved tree stock.
Thus, investigating the economic effects of tree improve-
ment as a management option for planted forests that
addresses climate change is also an important part of
the economicimpact analysis process. In a case study in
Argentina, Sedjo (1999) used a present-value approach
to evaluate the costs and benefits of using improved
seedling material for plantation forestry and found that
the plantation investment can only be justified when the
value of carbon sequestration is considered along with
timber values. Therefore, results that do not consider
the value of carbon sequestration may be misleading
and lead to inefficient policy decisions. Yaron (2001)
conducted a case study in tropical Africa and estimated
the total economic value of alternative land uses in the
Mount Cameroon region.! By comparing the total eco-
nomic values of oil palm and rubber plantations, sustain-
able forest use, and subsistence-oriented agriculture,
Yaron (2001) found that sustainable forestry produces
the highest economic return, when the value of carbon
stored by the forest is explicitly considered. However,
when private investors make plantation investment

1 Alternative land uses include: (1) direct use value, such as the value of crop
production, plantation agriculture, and timber use; (2) indirect use value, such as
carbon stored per hectare valued at internationally accepted rates; and (3)
non-use value, such as value of knowing the existence of endangered species.

decisions, the economic benefits of carbon sequestra-
tion are typically not considered, which may lead to
socially inefficient scenarios. Thus, it is imperative that
governments establish a proper carbon pricing policy
or payment system to incentivize sustainable develop-
ment and greenhouse gas reduction.

Another potential economic benefit provided by tree
improvement programs is the use of improved seed-
lings for agroforestry, which is a farming method that
combines crops, livestock, and trees to take advantage
of complementarities. Agroforestry is considered an
effective and low-cost method of sequestering atmo-
spheric carbon into vegetation and soil pools. A recent
study by Baah-Acheamfour et al. (2014) supports the
potential of an agroforestry approach to increase soil
carbon sequestration in central Alberta, Canada.

Planting improved pest- and disease-resistant tree
species selected through tree improvement programs
can also be part of climate change adaptation strategies
and reduce potential losses caused by climate change-
induced pests and disease disturbances. A recent world-
wide survey on insect and disease resistance suggested
that certain targeted resistance programs have had a
substantial effect on improving the health of planted
forests, especially for major commercial species (Yanchuk
and Allard 2009). The main concern with the traditional
breeding approach is that it is resource demanding and
time consuming, and it may be less effective under a
rapid climate change scenario (Yanchuk and Allard 2009).
Marker-assisted selection has also been proposed as an
effective approach to reduce the cost and timeline of
the breeding process (Xu and Crouch 2008, El-Kassaby
etal. 2012). Studies have demonstrated that when high
mortality has occurred due to biotic or abiotic factors,
genomic tools such as marker-assisted selection are
preferable for estimating the future breeding potential
(El-Kassaby et al. 2012). Future work should focus on
quantifying the economic impacts of tree improvement
programs that apply the new biotechnology (e.g., ge-
nomic technology) to address climate change challenges.

5.5 Uncertainty of Future Markets

The world is changing rapidly. What will the future look
like and how does this affect forest tree improvement
today? According to White et al. (2014), the forestry sec-
tor faces three future challenges: (1) changing economic
conditions, such as new markets, new products and new
patterns of forest ownership; (2) changing environmental
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conditions, such as climate change, the rise of invasive
species, and competition for land with agriculture to
feed a growing population; and (3) new technologies.
However, addressing these future uncertainties in an
informed and objective manner is exceedingly difficult.
The use of sensitivity analyses and stochastic model-
ling approaches are often used to obviate the need to
make seemingly ad hoc decisions regarding specific
parameters, but can sometimes lead to imprecise re-
sults. Nevertheless, it is important to recognize these
challenges and develop a systematic approach that
considers the entire system in order to encourage dia-
logue between tree breeders, natural/social scientists,
and economists (Porth et al. 2015).

6 Conclusions and
Recommendations

This paper conducted a systematic review and informa-
tion gap analysis about the economic evaluations of tree
improvement for planted forests. The main finding is that
most of the studies we examined were conducted with
the objective of wood production for commercial use
and investigated from a forest manager’s perspective.
Studies have found that using improved reforestation
stock for planted forests can realize financial benefits for
tree growers and forest companies when compared with
the use of unimproved material. Economic incentives for
wood production are the main reason for forest manag-
ers to deploy new biotechnology in tree improvement
for planted forests, although the paradigm is shifting to
recognize the need for resilient, healthy forests rather
than a simple focus on increasing the volume of wood
produced. Cost-benefit analysis is the main economic
application tool for examining the economic effects
of tree improvement programs for planted forests. A
sensitivity analysis and break-even approach should
be conducted for program justification and to account
for future uncertainties. Systematic literature searches
have also found that the non-market trait values (e.g.,
carbon sequestration, watershed protection, or conser-
vation values of genetic diversity) in tree improvement
are gaining attention; however, these non-market trait
values were usually not investigated in the past, as they
do not depend on changes to the market traits targeted
by tree breeders.

Compared to traditional breeding approaches, new
biotechnology in tree breeding, such as genomics-assist-

ed tree breeding, not only can effectively increase timber
volume and improve wood quality traits but can also
significantly reduce breeding cycles, leading to a shorter
rotation period, and therefore reduce uncertainty. Thus,
future economic evaluations of alternative tree improve-
ment methods for planted forests should examine the
benefits of time savings along with the consideration
of research and overhead costs that may occur in the
cost-benefit analysis framework. Moreover, future re-
search should investigate the trade-offs between timber
volume and wood quality traits; examine the economic
effects of tree improvement from the different stages
of production systems, i.e., from tree growers to wood
processors; and assess how new biotechnology in tree
improvement might affect downstream wood product
markets (e.g., prices and international trade). In addi-
tion, the non-market values of breeding objective traits
should be explicitly accounted for and estimated, using
non-market valuation techniques, to ensure that the
total economic values, including both market (financial)
and non-market (social) values, of the tree improvement
programs are captured. Economic analyses along these
lines will help tree growers, private investors, and saw-
mill operators consider the trade-offs associated with
alternative breeding objectives more comprehensively,
thereby achieving more economically efficient invest-
ment decisions for planted forests.
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