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This research explored the potential for voluntary carbon markets to benefit
forest biodiversity and climate change by directing funding to tree-planting
projects. This research topic is important because voluntary carbon markets are
rapidly expanding and have the potential to drive great financial resources to
nature-based climate change solutions such as tree-planting projects. In addition,
tree-planting projects are gaining attention internationally and may gain
prominence among nature-based climate solutions.

Tree-planting projects can simultaneously provide climate change mitigation
and biodiversity benefits. There also may be opportunities to maximize both
benefits within a single tree-planting project. However, there has been a lack of
research on this subject. There is particularly a lack of research on potential
optimization by influencing the carbon sequestration rate. Tree-planting project
type and design affect the potential biodiversity and carbon sequestration benefits
of tree-planting projects. Organizations may be able to optimize biodiversity and
carbon sequestration benefits through their project type and design choices.

However, the biodiversity benefits of tree-planting projects are context-
dependent, and there are risks inherent in large-scale tree-planting efforts. Tree-
planting projects not conducted according to best practices can significantly harm
biodiversity and contribute to climate change through carbon emissions. There is
currently a knowledge gap on the types and designs of tree-planting projects
gaining funding through voluntary carbon markets.

For this project, | created an extensive dataset on all the tree-planting
projects that applied to the VCS and CCB Standards (and were included in Verra's
registry as of September 2021). | conducted a two-part study on the dataset. First, |
extensively researched the activities and carbon sequestration benefits of tree-
planting projects certified to the rules of the Verified Carbon Standard (VCS) and the
Climate, Community, and Biodiversity Standards (CCB). To do this, | summed the



reported carbon sequestration values of the projects. | calculated the extent and
prevalence of project types and designs among projects that have been certified to
the rules of the Standards.

Second, | explored the potential for tree-planting projects to optimize both
carbon and biodiversity benefits. To do this, | researched the following questions:
(1) How does planting higher numbers of tree species affect the carbon
sequestration rate of tree-planting projects? (2) How does planting native species
affect the carbon sequestration rate of tree-planting projects? (3) How do the
carbon sequestration rates of various tree-planting project types compare? | used
simple linear regression, one-way ANOVA, the Kruskal-Wallis Rank Sum Test, and
the post hoc Dunn's test to answer these questions for the set of projects that have
been certified to the rules of the VCS.

| did not find a significant relationship between the number of tree species
planted and the carbon sequestration rate. | also did not find a significant
relationship between the use of native species and the rate of carbon
sequestration. However, | found that project type significantly affects the carbon
sequestration rate of a tree-planting project. The carbon sequestration rate of
monoculture commercial forestry (planting one species) was significantly higher
than that of commercial forestry projects planting two or three tree species. In
addition, the carbon sequestration rate of a type of tree-planting project in China
was significantly higher than that of commercial forestry projects planting two or
three species.

The project types and designs favorable for biodiversity were not prominent
among the projects certified to the rules of the VCS. My results indicated that
projects certified to the rules of the VCS, on average, better resemble commercial
plantations of few species than species-rich native forest restorations. In addition, |
found that native forest restorations were not a large component of projects
registered to the CCB Standards, although the CCB Standards are intended to
identify projects benefitting local biodiversity.

My results indicated that the VCS could be conserving or harming biodiversity
by directing funding to tree-planting projects. Since the VCS is the market leader
among voluntary carbon standards, this suggests that voluntary carbon markets
could be conserving or harming biodiversity by directing funding to tree-planting
projects.



POTENTIAL BIODIVERSITY AND CLIMATE BENEFITS OF VOLUNTARY CARBON MARKET TREE-PLANTING PROJECTS5

INTRODUGCTION ....cuiiiiiiitiiteetieteteste st s et ete st e besheebeea e e eesae et e saeestent e te bt sheeaeeneenseseeebeeaeententenbesaesbesaeensesensesaesaeennans 5
IIETHODS ...ttt ettt et e st b bt eh et e besaeeb e e he e st et em e e bt eheeaeentemseseeebesaeeatentenbesaeebeeneentesesbesbesaeennens 8
RESULTS ..ttt sttt ettt ettt h e a et e st b e s aeeh e et e besb e e bt saeeatem e e b e bt eheeaeemeenbeseeebesaeea s e e enbesaeeheentensenbesbesbeeneenee
DISCUSSION.........

LITERATURE CITED



Potential Biodiversity and Climate Benefits of

Voluntary Carbon Market Tree-Planting Projects
Courtney Horn
Introduction

Natural climate solutions such as tree-planting projects are opportunities to
mitigate climate change through carbon sequestration and conserve biodiversity
(Temperton et al., 2019; Cunningham et al., 2014). In addition, there may be
opportunities to optimize carbon sequestration and biodiversity benefits within a
single-tree planting project (Kirby & Potvin, 2007). However, there has been a lack of
research on this subject. There is especially a lack of research on optimization by
influencing the rate of carbon sequestration. In addition, the characteristics of tree-
planting projects influence their carbon sequestration and their effects on local
biodiversity (Chazdon et al., 2016; Kemppinen et al., 2020; Lewis et al., 2019).
Drivers of potential biodiversity benefits include project type, species planted, the
number of species planted, and the use of native versus non-native species
(Albrecht et al., 2003; Brockerhoff et al., 2008; Castro-Diez et al., 2019; Chazdon,
2008; Chazdon et al., 2016; Di Sacco et al., 2021; Hua et al., 2016; Kemppinen et al.,
2020; Kirby & Potvin, 2007; Tropek et al., 2014).

Here | report a two-part study that explores the potential for voluntary carbon
markets to benefit forest biodiversity and climate change mitigation by directing
funding to tree-planting projects. First, | extensively researched the activities and

carbon sequestration benefits of the tree-planting projects that have been certified



against the rules of the Verified Carbon Standard (VCS) and the Climate,
Community, and Biodiversity Standards (CCB). The VCS and the CCB are global
standards intended to drive finance towards activities that mitigate climate change
(Verra, 2022c¢). The VCS sets requirements for verifying greenhouse gas emissions
removals (Verra, 2022c). The CCB identifies projects providing climate change
benefits, conserving biodiversity, and benefiting local communities (Verra, 2016).
Projects certified to the rules of VCS are referred to as VCS registered, and projects
certified to the rules of the CCB are referred to as CCB verified. Despite concerns
over the effects of specific tree-planting projects on biodiversity (Hua et al., 2016;
Lewis et al., 2019; Tropek, 2014), there has been a lack of research on the types and
designs of tree-planting projects gaining funding through voluntary carbon
markets. This information is vital for understanding the biodiversity implications of
expanding voluntary carbon markets since distinguishing between types of
reforestation efforts is critical for conserving forest biodiversity (Chazdon et al.,
2016). Second, | explored the potential for tree-planting projects to optimize both

carbon sequestration and biodiversity benefits.

To do this, | researched the following questions:

(1) How does planting higher numbers of tree species affect the carbon

sequestration rate of tree-planting projects?

(2) How does planting native species affect the carbon sequestration rate of tree-

planting projects?

(3) How do the carbon sequestration rates of various tree-planting project types

compare?



Previous research has indicated that increases in tree diversity in tree-planting
projects can increase carbon storage by influencing aboveground biomass
production (Hulvey et al., 2013). However, there is currently a lack of research on
the effect of tree diversity on the rate of carbon sequestration. A positive
relationship between the number of species planted and the carbon sequestration
rate would have significant management and policy implications for tree-planting
projects (Hulvey et al., 2013; Kirby & Potvin, 2007). Planting multiple species rather
than monocultures typically generates better biodiversity outcomes (Bremer &
Farley, 2010; Di Sacco et al., 2021). In addition, systems with greater vegetative
complexity generally support higher levels of biodiversity and store more carbon
(Kirby & Potvin, 2007). Therefore, | expect that planting higher numbers of tree
species increases the potential of tree-planting projects to benefit biodiversity and
may increase the rate of carbon sequestration. If a positive relationship exists
between the number of species planted and the rate of carbon sequestration, tree-
planting projects could simultaneously maximize their climate change mitigation

and biodiversity benefits by planting high numbers of species.

A positive relationship between the use of native species and the rate of carbon
sequestration would also have important implications for tree-planting projects
(Kirby & Potvin, 2007). Using native species for tree-planting projects is generally
better for biodiversity conservation (Bremer & Farley, 2010; Brockerhoff et al., 2008;
McKinley et al., 2011). Using native species also prevents the risk that a species will
become invasive in native ecosystems. Invasive species are one of the leading
causes of biodiversity loss (Mazor et al., 2018), and tree-planting projects often
contain fast-growing pioneer species that can invade nearby habitats (Brockerhoff
et al., 2008). If there is a positive relationship between the use of native species and

the rate of carbon sequestration, planting native species could be a method for



maximizing climate change mitigation and biodiversity benefits in tree-planting

projects.

The various carbon sequestration benefits of tree-planting project types also have
important implications for the management and policy of tree-planting projects
(Chazdon et al., 2016). The type of tree-planting project is essential in determining
the potential biodiversity benefits of the project (Chazdon et al., 2016). Native forest
restoration projects have the highest potential to conserve biodiversity, while
monoculture plantations of non-native species are the most associated with
biodiversity loss (Chazdon, 2008; Di Sacco et al., 2021). If project types generally
better for biodiversity have higher carbon sequestration rates, organizations could
optimize biodiversity and carbon benefits by conducting those project types instead

of others with less potential to benefit biodiversity conservation.

Methods

Data Collection

| collected data on tree-planting projects that have applied to the VCS and CCB
Standards. | used the information provided by project description documents,
which | accessed from the online Verra VCS and CCB Registries. The VCS and CCB
Registries on the Verra website provide information and documents on all projects
that have applied to the VCS and CCB programs (Verra, 2022a; Verra, 2022b). |
collected data on all projects with tree-planting activities described in their
documents or online project entry pages. | researched 44 variables for each project.
The variables provided information on project location, type, design, species,

timeline, average annual and total tCO2e sequestration, project crediting period,



and other project aspects. Due to the length of the project description documents, |
searched keywords to gain information on specific variables. To determine whether
projects were monocultures (only planting one species) or were planting areas of
monocultures, | searched the terms 'monoculture’, 'pure,' and 'mixed.' To
determine whether projects were harvesting trees, | searched 'harvest,' 'cut,' and
'rotation.' To determine whether projects had commercial purposes, | searched
'‘commercial.' | collected data from registry project entry pages or additional project
documents when project documents were not available or were lacking
information. | excluded multiple instances of The International Small Group Tree
Planting Program (TIST) projects within the same country from my data collection
and analyses to avoid double-counting planting activities. The TIST project
descriptions contained repetitive information that made it difficult to discern

between planting instances reliably.
Sums and Descriptive Statistics

| identified and counted all tree-planting projects that have applied to the VCS
Standard and the CCB Standards. | calculated the total area planted or planned to
be planted by the projects (as stated in their project description documents). |
calculated percentages describing the prevalence and extent of various tree-
planting project types among VCS registered and CCB verified projects. Project
types included commercial forestry, commercial forestry with many species (four or
more), agroforestry, native forest restoration, and native mangrove restoration. |
also calculated percentages describing the prevalence and extent of tree-planting
projects with specific relevant design choices (i.e., harvesting trees, conducting
enrichment planting, performing assisted natural regeneration). | calculated the

sum of tCO2e promised to be sequestered by projects that have applied to the VCS
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registry (CCB projects did not provide sufficient information on this). | calculated
this sum using two methods: (1) | summed the total tCO2e values sequestered over
project crediting periods (as reported in their documents), and (2) | multiplied the
average annual tCO2e sequestration values (as written in project documents) by
the length of project crediting periods and summed the values. However, some
projects did not provide information on one or both carbon sequestration
variables, which caused variation in my calculations of the total carbon
sequestration of VCS registered projects. | also calculated descriptive statistics
concerning the number of tree species listed for planting in the documents of VCS

registered and CCB verified projects.

Assessment of Native Status

| collected data on the tree species planted by all tree-planting projects that have
applied to the VCS and CCB programs. To do this, | recorded the tree species listed
for planting within the project description documents. | researched whether species
were native or non-native to the location of the tree-planting projects. | defined
'non-native' species as those occurring outside their historical ranges (Schlaepfer et
al., 2011). I primarily used the Kew Royal Botanical Gardens Plants of the World
Online and the CABI Invasive Species Compendium to determine the native status
of the species (POWO, 2019; CABI, 2022a). Following previous research methods, |
determined the native status at the species level (ignoring subspecies) (Castro-Diez
et al., 2019). | typically determined native status at the region level (especially for
large countries such as the US and China). However, due to time constraints and
insufficient range information, | determined the native status of some species at
the country level. Due to time constraints and inadequate information within

project documents, | could not determine the native status of all 729 species
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planted by VCS registered and CCB verified projects (individual species were
counted multiple times due to different planting locations). For example, many
species were only described to the genus level within project documents. |
determined that certain species were likely native and likely non-native to their
planting locations by using contextual evidence such as the native statuses of other
species planted by the project, the project type, the species name (i.e., Alnus
nepalensis), and the broad geographic region to which the species is native. |
calculated the proportion of native species planted by each project by assigning
both likely-native and native species a score of 1 and both likely non-native and
non-native species a score of 0. | summed the values of all species planted by a

project and divided the sum by the total number of species planted by the project.
Statistical Analyses

| used simple linear regressions to analyze (1) the relationship between the area
planted and the average annual tCO2e sequestration of tree-planting projects and
(2) the relationship between the proportion of native species planted by a project
and the rate of carbon sequestration (tCO2e sequestration per hectare per year). |
removed all revegetation projects from the data for the linear regression analyses. |
did this because revegetation projects plant at lower densities than afforestation
and reforestation projects. | also removed all mangrove restoration projects from
the data for the linear regression analyses because | expected that mangrove
species would sequester carbon at a different rate than terrestrial tree species and
would mainly consist of native species. | used the Durbin-Watson Test for
Autocorrelated Errors (car R package [Fox & Weisberg, 2019]) to check for

autocorrelation in the residuals of my simple linear regression analyses.
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| performed a Kruskal-Wallis rank-sum test to compare tCO2e sequestration per
hectare per year among projects planting different numbers of species (stats R
package [R Development Core Team 4.1.2 2021]). | used the following categories: a
few species (four or fewer), a medium number of species (between five and
nineteen species), and many species (20 or more). | randomly threw out projects
conducted by the same proponents to ensure the independence of observations (|
only kept one project by each proponent within the data for the Kruskal-Wallis test).
| removed all revegetation and mangrove restoration projects from the data for
analysis. | then conducted a one-way ANOVA on the same reduced dataset to test
for differences in tCO2e sequestration per hectare per year among commercial
forestry projects planting different numbers of species (stats R package [R
Development Core Team 4.1.2 2021]). | used the following categories: monoculture
commercial forestry projects (planting one species), commercial forestry projects
(planting two-three species), and commercial forestry projects planting many

species (four or more species).

| also performed a Kruskal-Wallis test to compare tCO2e sequestration per hectare
per year among project types. | randomly threw out projects conducted by the
same proponents to ensure the independence of observations. I included projects
best classified as the following categories in the data for my analysis: commercial
forestry, commercial forestry with many species (four or more), afforestation in
China, native forest restoration, and mangrove restoration. | removed agroforestry
projects from the analysis because few agroforestry projects had information on
the rate of carbon sequestration. | also removed projects fulfilling multiple project
type categories (i.e., Chinese projects self-described as afforestation projects that
also appeared to be native forest restorations). | reran the test after splitting

commercial forestry up into two groups: (1) monoculture commercial forestry
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(planting one species) and (2) commercial forestry (planting two-three species). |
conducted a post hoc Dunn’s test of multiple comparisons to analyze differences in
carbon sequestration between the groups (FSA R package [Fisheries Stock Analysis.

R package version 0.9.3]).

Results

Information provided by VCS registered and CCB verified

projects

The amount of information available per project was highly variable. | also found it
challenging to assign project categories using only the information in project
documents. The presentation of information by VCS registered and CCB verified
projects further increased the difficulty of collecting the data and conducting the
analyses. Not all VCS registered tree-planting projects used the same project
description document format. Project description documents were also very long
and dense, making it difficult to find important information. The documents did not
use consistent keywords to describe necessary details, making it difficult to find
information through keyword searches. | also found errors in the information
provided by the project documents. For example, | found that some species
reported to be native in project description documents were not native to the
planting locations. In addition, | sometimes did not agree with the types projects

self-described as within their documents.

Tree planting projects within the VCS program
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| researched the location, extent, and prevalence of tree-planting projects certified
to Verra's VCS and CCB programs. | identified 106 relevant tree-planting projects
that were registered with the VCS program. | determined that the 106 tree-planting
projects were the only projects with tree-planting activities described in their
project description documents or their online Verra project entry pages. These tree-
planting projects comprised about 6% of VCS registered projects and claimed to
span at least 1,102,438 hectares within their project description documents. This
value includes land already planted and planned to be planted by registered
projects. | excluded two projects lacking information from this value. The 1,102,438
hectares corresponded to about 0.3% of the 350 million hectares pledged to be
reforested by 2030 as a part of the Bonn Challenge (Kemppinen et al., 2020). In
addition, this area corresponded to about 0.3% of the approximately 369 million
hectares that previous research predicted could potentially benefit threatened

vertebrates through reforestation (Kemppinen et al., 2020).

Registered tree-planting projects were in 30 countries. However, over one-fourth of
VCS registered tree-planting projects (29 projects or 27% of projects), and over half
of the total hectarage planted by registered tree-planting projects (67%) were in
China. | also identified at least 53 registered REDD+ projects. | collected data on the
number of REDD+ projects to understand the prevalence of forest-based projects

within the VCS program.
Tree planting projects within the CCB program

| identified 74 tree-planting projects validated to the CCB Standards. These projects
spanned at least 1,144,830 hectares (planted and planned hectares). However, this

research focused on CCB verified projects because verification is a higher level of
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acceptance to the Standards than validation. | identified 29 CCB verified tree-
planting projects. | determined that the 29 projects were the only CCB verified
projects with tree-planting activities described in their documents or online Verra
project entry pages. These tree-planting projects comprised 49% of CCB verified
projects and spanned at least 370,455 hectares (planted and planned hectares). |

excluded one project lacking information from this value.

Tree-planting projects in 11 countries were CCB verified. Surprisingly, over half
(51%) of these projects and over three-fourths of the total hectarage planted by
CCB verified projects (84%) were in China. | also identified at least 23 CCB verified
REDD+ projects. These projects comprised at least 39% of CCB verified projects.
Tree-planting and REDD+ projects were a large percentage of CCB verified projects

(at least 88% of verified projects).
VCS registered tree-planting project types

| researched the tree-planting project types certified to the VCS and CCB Standards.
| determined that three project type categories were the most important for the
analysis from the available information: (1) native forest restoration, (2)
agroforestry, and (3) commercial forestry to produce wood products (hereafter
referred to as commercial forestry). | used the definition of 'native forest
restoration' as reinstating native forest ecosystems on degraded land (Di Sacco et
al., 2021). | defined agroforestry as intentionally mixing trees and shrubs into crop
and animal production systems to create benefits (MacFarland, 2017). | defined
commercial forestry as plantation forests typically consisting of one or a few tree
species, grown as even-aged monocultures and intensively harvested and managed

on relatively short rotations (Taki et al., 2011). Some projects had multiple activities
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(i.e., commercial forestry and native forest restoration activities in different parts of
the project site). | considered native forest restorations mutually exclusive with
commercial forestry stands. | did not consider the other categories to be mutually

exclusive.

| identified 19 VCS registered native forest restoration projects (including mangrove
restorations). | excluded projects containing both native forest restoration and
distinctly non-restoration activities from this count because | often could not
determine how significant the restoration activities were to the project. The native
forest restoration projects were 18% of total VCS registered tree-planting projects
and 14% of the total area planted by VCS registered tree-planting projects (Fig. 2).
Within the identified native forest restoration projects, five mangrove restoration
projects corresponded to 5% of the projects and 2% of the area planted. | identified
nine VCS registered projects that conduct some native forest restoration tree-
planting activities and non-restoration tree-planting activities. These projects were
8.5% of the projects and contributed 2% of the area planted. However, | could not
determine whether half of the registered tree-planting projects (52 projects

covering 71% of the area planted) were restoration or non-restoration projects.

| identified 13 agroforestry projects (corresponding to 12% of projects) that
contributed 6.5% of registered hectares and were located primarily in Latin America
and Africa. | also identified five projects conducting some agroforestry activities that
covered a negligible percent of the area planted. For the commercial forestry
category, | found 27 projects whose project document descriptions met the
definition of commercial forestry. These projects were 25.5% of relevant registered
projects and covered 14.5% of the area planted (Fig. 3). | classified nine additional

projects as commercial forestry with many species (four or more species). These
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projects described the planting of at least four species and therefore did not fulfill
the selected definition of commercial forestry. These projects were 8.5% of
registered tree-planting projects and 4.5% of the area planted. These results were
low compared to previous research findings. A recent study found that nearly half
of the area pledged for reforestation was set to become plantations of commercial
trees (Lewis et al., 2019). However, | also found that almost half of VCS registered
projects (46%) had significant commercial purposes other than receiving funding
from voluntary carbon markets. | determined that 10 of the 27 identified
commercial forestry projects were monocultures. These projects corresponded to
9% of registered tree-planting projects and covered 2% of the registered tree-
planting area. However, this count of 10 monoculture projects only included
projects whose descriptions indicated planting of only one tree species. Therefore, |
excluded projects planting multiple species in separate monoculture stands from
this value. Project documents typically did not provide sufficient information to
discern whether projects planting multiple species planted them in monoculture or
mixed species stands. In addition, | identified three registered projects that conduct
some commercial forestry activities and non-commercial forestry planting activities.
These projects all conducted some native forest restoration activities and

corresponded to 0.7% of the registered area.

| found 25 projects in China self-described as afforestation within their project
documents. However, | usually could not determine whether these projects were
conducted on land that has historically held forests. These projects comprised 24%
of registered tree-planting projects and 64% of registered hectares. | also typically
could not determine whether these projects were native forest restorations.
However, these projects did not appear to conduct commercial forestry during their

crediting periods.
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Number | Percent of VCS Percent of area planted
of registered tree- by VCS registered tree-
projects | planting projects planting projects

Native Forest 19 18% 14%

Restoration

Partial Native 8 8% 2%

Forest

Restoration

Agroforestry 13 12% 6.50%

Partial 9 5% <1%

Agroforestry

Commercial 27 25.5% 14.5%

Forestry

Commercial 9 8.5% 4.5%

Forestry with

Many Species

Monoculture 10 9% 2%

Commercial

Forestry
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Partial 3 3% <1%
Commercial

Forestry

Chinese 25 24% 64%
Afforestation

Table 1.

Breakdown of project types among VCS registered tree-planting projects. Project
types are listed in the order they are discussed. The commercial forestry category
includes monoculture commercial forestry projects, although monoculture

commercial forestry is also listed separately.
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VCS Registered Native Forest Restoration

Registered

Restoration

m Restoration

m Some Restoration
m Not Restoration

m Uncertain

Applying

0K 200K 400K 600K 800K 1000K
Hectares Planted

VCS Registered Commercial Forestry
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Commercial Forestry

m Uncertain u :\:Ilany Species CF
Applvin m Not CF m CF
PRlyINg m Some CF m Monoculture CF
0K 200K 400K 600K 800K 1000K

Hectares Planted

Figure 1.

Sum of hectares planted by projects registered with and applying to the VCS
program. The colors indicate whether hectares correspond to projects that met the
definition of native forest restoration (top) and the definition of commercial

forestry (bottom).
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CCB registered tree planting project types

| found seven CCB verified native forest restoration projects, including one
mangrove restoration project. These projects were 24% of CCB verified tree-
planting projects and corresponded to 15% of the area planted by CCB verified
tree-planting projects (Fig. 2). | found three additional projects (corresponding to
10% of verified tree-planting projects and 4% of the area planted) that conducted
some restoration and other non-restoration tree planting activities. However, |
could not determine whether 15 projects corresponding to 72.5% of the area

planted were native forest restorations or non-restoration projects.

| found two verified agroforestry projects corresponding to 7% of verified tree-
planting projects and 2% of the area planted by verified tree-planting projects. |
also found one project conducting some agroforestry activities that covered a
negligible percentage of the area planted. | identified three CCB verified projects
that met the selected definition of commercial forestry. These projects were 10% of
verified tree-planting projects and 3% of the area planted. | identified two
additional commercial forestry projects with many species (four or more species).
These projects were 7% of the projects and 9% of the area planted. Among the
commercial forestry projects, | found one verified monoculture project planting

non-native Hevea brasiliensis in Guatemala.

| found 13 projects in China self-described as afforestation within their project
documents. However, | usually could not determine whether these projects were
conducted on land that has historically supported forests. These projects
comprised 45% of verified tree-planting projects and 76.5% of verified hectares. |

could not determine whether these projects were native forest restorations.
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However, | determined that these projects were not conducting commercial

forestry during their crediting periods.

Afforestation

Number | Percent of CCB Percent of area planted by
of verified tree-planting | CCB verified tree planting
projects | projects projects

Native 7 24% 15%

Forest

Restoration

Partial 3 10% 4%

Native

Forest

Restoration

Agroforestry | 13 12% 6.50%

Commercial |3 10% 3%

Forestry

Commercial |2 7% 9%

Forestry with

Many

Species

Chinese 13 45% 76.5%
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Table 2.

Breakdown of project types among CCB verified tree planting projects. Project types

are listed in the order they are discussed.

CCB Verified Native Forest Restoration Status

m Restoration
. m Some Restoration
Verified m Not Restoration
m Uncertain

100K 200K 300K 400K 500K 600K 700K 800K
Hectares

CCB Verified Commercial Forestry Status

m Uncertain mCF
cer m Not CF m Monoculture CF
Verified = Many Species CF
m Some CF

Applying

0K 100K 200K 300K 400K 500K 600K 700K 800K
Hectares

Figure 2.

Sum of hectares planted by projects registered with and applying to the CCB

program. The colors indicate whether hectares correspond to projects that met the
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definition of native forest restoration (top) and the definition of commercial

forestry (bottom).
VCS registered tree-planting project designs

This study intended to gain information on the design choices of VCS registered
projects that affect their ability to support biodiversity and sequester carbon. Most
VCS registered tree-planting projects (with information on the tree species they
used) planted four or fewer species (Median = 4.00, Mean = 7.119; SE = 0.92). 59
projects (58% of registered projects with information on species planted) listed four
or fewer species for planting in their project description documents (Fig. 6). 19
projects (19% of the projects) listed only one species. 11 projects (11% of the

projects) listed many species (20 or more).

| identified 40 projects whose project description documents indicated they plan to
harvest trees during their project crediting periods. These projects were 38% of
registered tree-planting projects and corresponded to 22% of the area planted by
registered tree-planting projects. | could not determine whether 22 projects (21% of
projects corresponding to 16% of the area planted) were harvesting trees during
their crediting periods. | also found very little information in the project description
documents on whether trees would be harvested after project crediting periods. |
found 11 projects (10% of registered tree-planting projects) that mentioned
enrichment planting activities within their description documents. | identified nine

projects (8% of projects) that mentioned assisted natural regeneration.

| also investigated the native statuses and types of tree species planted by VCS
registered tree-planting projects. | analyzed whether the species planted by VCS

registered projects were native to their planting location. | determined the native
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statuses of 533 species (298 natives, 170 non-natives). | determined that 250
species were likely native or non-native to their planting sites (235 likely natives, 15
likely non-natives). | analyzed the proportion of native species planted by each
registered project with sufficient information (I counted likely-native species as
native and likely non-native species as non-native). A proportion value below 0.5
indicated that a project planted mainly non-native species. A proportion value
above 0.5 indicated that a project planted mainly native species. The measures of
central tendency of the distribution of the proportion values among VCS registered
projects were above 0.5 (Median = 0.78; Mean = 0.58; SE = 0.04) (Fig. 4). This result
indicated that most VCS registered projects planted more native than non-native
species. Commercially valuable species were common among VCS registered tree-
planting projects (Fig. 3). Eucalyptus sp. were the most common species in VCS
registered tree planting projects and were over twice as common as the second
most common species Tectona grandis (Fig. 3). Species of the Eucalyptus genus were
also the most common non-native species planted by VCS registered projects. All
the registered projects that reported planting Eucalyptus sp. were outside of the
native range of Eucalyptus sp. The most common Eucalyptus sp. were E. grandis, E.
globulus, E. urograndis, and E. camaldulensis. Most of the non-native species were
planted in Latin America. Colombia had the highest number of planted non-native
species, followed by Paraguay, Uruguay, Guatemala, and Peru. Out of the ten most
common non-native species, Eucalyptus sp., Gmelina arborea, Pinus patula, Pinus
elliottii, and Acacia mangium have been reported as invasive species (CABI, 2022b;
CABI, 2022c; CABI, 2022d; CABI, 2022e; CABI, 2022f; CABI, 2022g; CABI, 2022h; CABI,
2022i; CABI, 2022j). | examined the planting locations of the ten most common non-
native species. | found multiple instances of VCS registered projects planting

species in locations where they are known to be invasive. One project in Ghana
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planted Gmelina arborea, an invasive species in Ghana. Two projects planted Pinus

patula in Paraguay and Uruguay, where it is an invasive species.

To compare to research on the Grain-for-Green Program (GFGP) in China, |
analyzed the projects in China self-described as afforestation projects. | found that
most Chinese afforestation projects planted four or fewer species (Median = 4.00, M
= 4.24; SE = 0.38). The distribution of the proportion of native species planted per
project indicated that most Chinese afforestation projects planted more native than
non-native species (Median = 1.00; Mean = 0.88; SE = 0.05) (Fig. 4). | found that
Cunninghamia lanceolata, Pinus massoniana, Cupressus sp., Populus sp., Betula sp.,
Picea sp., Pinus tabuliformis, Pinus yunnanensis, Picea crassifolia, and Sabina
przewalskii were the most common species amongst the Chinese afforestation

projects (listed from most common to least common).
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Figure 3.

The ten most common species among projects accepted to the VCS carbon market.
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The proportion of native and likely-native species planted by VCS registered

projects.
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The ten most common non-native species among VCS registered projects.
CCB verified tree-planting project designs

Most CCB verified tree-planting projects (with information on the tree species they
used) planted four or fewer species (Median = 4.00; M = 5.50; SE = 0.96) (Fig. 6). 54%
of these projects planted four or fewer species. Only one project described planting
many species (20 or more) within its project description document (Fig. 6). | also

identified four projects whose project description documents indicated that they
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would harvest trees during their project crediting periods. These projects were 14%
of verified tree-planting projects and corresponded to 11% of the area planted by
verified tree-planting projects. However, in the project description documents, |
found very little information on whether trees would be harvested after project
crediting periods. | could not determine whether 10 projects (34% of registered
tree-planting projects corresponding to 28% of the area planted) were harvesting
trees during their crediting periods. | found two projects (7% of registered tree-
planting projects) that mentioned enrichment planting activities within their
description documents. | also identified two projects (7% of projects) that

mentioned assisted natural regeneration activities.

| identified 132 species planted by verified projects. | determined the native status
of 80 species (59 natives, 21 non-natives). | determined that 52 species were likely
native or non-native to their planting sites (49 likely natives, 3 likely non-natives). |
analyzed the proportion of native species planted by each verified project with
sufficient information. The distribution of the proportion of native species per
project indicated that most projects planted more native than non-native species
(Median = 1.00; M = 0.699; SE = 0.086) (Fig. 7). However, two CCB verified projects
that achieved distinctions for biodiversity planted no native species (Fig. 7).
Eucalyptus sp. were the most common species among CCB verified tree-planting
projects (Fig. 8). Cupressus sp., Populus sp., Betula sp., Pinus tabuliformis, Ulmus sp.,
Sabina przewalskii, Picea sp., Picea crassifolia, and Gmelina arborea were the next

most common species (listed from most common to least common).
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The proportion of native and likely-native species planted by CCB Verified projects.
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Figure 8.

The 10 most common species among CCB verified projects.

Climate and biodiversity benefits of tree planting projects
within the VCS and CCB programs
| could not find information on carbon sequestration of CCB verified projects that

have not also applied to the VCS. | found that the group of tree-planting projects

that have gained VCS registration promised to sequester between 745,285,982 and
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788,452,142 tCO2e over their crediting periods (the range of values resulted from
different calculation methods described in the methods section). Many projects did
not have available information, so this is likely an underestimation. This range of
values was equivalent to 1.26 - 1.33% of the global GHG emissions in 2019 (United
Nations Environment Programme, 2020). China's projects generated most of the
climate benefits (Fig. 9). | found that VCS registered projects in China typically
planted large areas and achieved high average annual tCO2e sequestration values

relative to other VCS registered projects (Fig. 9).

| conducted a simple linear regression to assess the relationship between the area
planted and the annual carbon sequestration of VCS registered tree-planting
projects (excluding mangrove and revegetation projects) (Fig. 10). | conducted
preliminary analyses to ensure the assumptions of linearity and homoscedasticity
were fulfilled. | conducted a Durbin-Watson test to ensure that the analysis fulfilled
the assumption of independence of observations. The linear regression indicated
that the area planted by VCS registered tree-planting projects was significantly
related to average annual tCO2e sequestration (log(average annual tCO2e
sequestered)) = 1.14 + 0.42 x log(area) (linear regression: r>= 0.83; F = 420.6; df =
1,79; p < 0.001) (Fig. 10).

CCB verified projects provided more information on biodiversity effects than VCS
registered projects. Although CCB verified projects are required to provide data on
their effects on biodiversity, | found that CCB verified projects did not provide
consistent and comparable information. As a result, | could not analyze the

biodiversity effects of VCS registered or CCB verified projects.
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Sum per country of GHG emissions removals (tCO2e) over the crediting periods of

VCS registered projects.
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The relationship between hectares planted and the average annual carbon

sequestration of VCS Registered tree-planting projects.

Alignment of biodiversity and climate change mitigation

goals in VCS and CCB tree planting projects

| used simple linear regression to analyze whether the proportion of native species
planted affects the carbon sequestration rate of VCS registered projects (excluding
mangrove and revegetation projects) (Fig. 11). | conducted preliminary analyses to
ensure the assumptions of linearity and homoscedasticity were fulfilled. In addition,

| used the Durbin-Watson test to ensure that the observations were independent.
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Although the data did not meet the assumption of linearity, | decided to report on
my lack of finding. The fitted regression model was: log(tCO2e per hectare per year)
=2.415 + 0.002 * (proportion of native species). The proportion of native species
planted had no detectable effect on the log of the rate of carbon sequestration
(tCO2e per hectare per year) (r> =-0.013; F < 0.001; df = 1,78; p = 0.993; Fig. 11). The
results were similar when | included mangrove restoration projects in the analysis.
The fitted regression model was: log(tCO2e per hectare per year) =2.411 +0.217 *
(proportion of native species). The proportion of native species planted still had no
detectable effect on the rate of CO2e sequestration (r* =-0.012; F = 0.027; df = 1,83;
p =0.871).

| used a Kruskal-Wallis rank sum test to analyze whether the number of species
planted affects the carbon sequestration rate of tree-planting projects (Fig. 12; Fig.
13). Although the Durbin-Watson test indicated that the analysis data fulfilled the
assumption of independence of observations, | randomly threw out projects
conducted by the same organization so that only one project per organization
remained in the analysis. | did not find any significant differences in the log of the
rate of tCO2e sequestration (log(tCO2e per hectare per year)) between projects
planting few species (four or fewer), medium numbers of species (between five and
nineteen), and many species (20 or more) (Kruskal-Wallis test: H=2.949; df = 2; p =
0.316; Fig. 13). There was still no significance when | included mangrove restoration

projects in the analysis (Kruskal-Wallis test: H = 1.394; df = 2; p = 0.498).

| also used a one-way ANOVA analysis to test the effect of the number of species
planted on the rate of carbon sequestration of commercial forestry projects.
Although the Durbin-Watson test indicated that the analysis data fulfilled the

assumption of independence of observations, | randomly threw out projects
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conducted by the same organization so that only one project per organization
remained in the analysis. My ANOVA analysis compared the log of the rate of
carbon sequestration (tCO2e per hectare per year) among monoculture commercial
forestry projects (planting one species), commercial forestry projects (planting two-
three species), and commercial forestry projects planting many species (four or
more species). | found that the log of the rate of tCO2e sequestration did not differ
significantly between these groups of commercial forestry projects (ANOVA; F(2,25)
=2.063; p = 0.148). However, | found that monoculture commercial forestry
projects had the highest mean rate of carbon sequestration of commercial forestry

types (Mean = 29.31; SE = 7.9).

The carbon sequestration rates of VCS registered projects were highly variable,
ranging from 0.001 to 85.725 tCO2e per hectare per year (Fig. 14). l included two
outliers with abnormally low carbon sequestration rates within this range of values.
When | removed these two outliers, the range was 1.525 to 66.508 tCO2e per
hectare per year. To determine whether project type was a driver of this variation, |
used a Kruskal-Wallis rank sum test to analyze whether project type affects the log
of the carbon sequestration rate. | randomly threw out projects conducted by the
same organization to ensure the independence of observations. | included the
following project types within my analysis: commercial forestry (planting one -
three species), commercial forestry with many species (four or more species),
afforestation in China, native forest restoration, and mangrove restoration. | did not
find any significant differences in the log of tCO2e sequestration per hectare per
year between the project type categories (Kruskal-Wallis test: H=4.47, df = 4; p =
0.346; Fig. 15). The result also did not support my expectation that mangrove
restoration projects would have higher carbon sequestration rates than other tree

planting project types. However, the Kruskal-Wallis test found significant
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differences when | split the commercial forestry group into two groups: (1)
monoculture commercial forestry (one species), and (2) commercial forestry (two-
three species) (Kruskal-Wallis test: H = 13.275; df = 5; p = 0.021; Fig. 16). The post
hoc Dunn'’s test found that the log of the rate of carbon sequestration of
monoculture commercial forestry (planting one species) was significantly greater
than that of commercial forestry (planting two-three species) (Z =-2.967; p = 0.045).
The Dunn’s test also found a marginally significant difference between Chinese
afforestation and commercial forestry (planting two-three species). Chinese
afforestation projects had a higher median carbon sequestration rate than

commercial forestry projects (Z = 2.698; p = 0.052).
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The relationship between a 'nativeness' index indicating the proportion of native

and likely native species planted by a project and the log of average annual tCO2e

sequestration per hectare.
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The relationship between the number of species planted by a project and the log of

average annual tCO2e sequestration per hectare per year.
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Figure 13.

Comparison of the rate of carbon sequestration between projects planting few
species (four or fewer), medium species (between five and nineteen species), and
many species (20 or more species) (horizontal lines in boxes, median values; hinges,
first and third quartiles; upper whisker, extends to the largest value no further than
1.5 * IQR from the hinge; lower whisker, extends to the smallest value at most 1.5 *

IQR of the hinge).
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Distribution of VCS registered project carbon sequestration rates.
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Comparison of the log of the rate of carbon sequestration between types of VCS
registered tree-planting projects (horizontal lines in boxes, median values; hinges,
first and third quartiles; upper whisker, extends to the largest value no further than
1.5 * IQR from the hinge; lower whisker, extends to the smallest value at most 1.5 *
IQR of the hinge). The groups are presented left to right in the following order:
Chinese Afforestation (CA), Commercial Forestry (CF), Commercial Forestry with
Many Species (four or more species) (CFms), Mangrove Restoration (MR), and

Native Forest Restoration (Re).
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Figure 16.

Comparison of the log of the rate of carbon sequestration between types of VCS
registered tree-planting projects (horizontal lines in boxes, median values; hinges,
first and third quartiles; upper whisker, extends to the largest value no further than
1.5 * IQR from the hinge; lower whisker, extends to the smallest value at most 1.5 *
IQR of the hinge). The groups are presented left to right in the following order:
Chinese Afforestation (CA), Commercial Forestry (2 - 3 species) (CF), Monoculture

Commercial Forestry (1 species) (Cfmon), Commercial Forestry with Many Species
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(four or more species) (CFms), Mangrove Restoration (MR), and Native Forest

Restoration (Re).

Discussion

Potential optimization of biodiversity and climate mitigation

benefits of tree-planting projects

| found no relationship between the proportion of native species planted and the
carbon sequestration rate (linear regression: p = 0.993). My result may suggest that
native tree species do not sequester carbon at a higher rate than non-native
species (in tree planting project settings). Another explanation for my statistically
insignificant result may be differences in the prevalence of fast-growing species
between projects planting more native species and projects planting more non-
native species. Research has stated that fast growth is a trait associated with the
use of non-native tree species (Castro-Diez et al., 2019). Therefore, there may be a
positive correlation between non-native and fast-growing species use among VCS
registered tree-planting projects. Fast-growing species can sequester carbon more
rapidly (although this depends on wood density), and young fast-growing trees
generally have high rates of carbon sequestration (California Department of
Forestry and Fire Protection, 2022; Grafton et al., 2021). Therefore, a correlation
between planting non-native species and planting fast-growing species may have
obscured a relationship between the proportion of native species planted and the
rate of carbon sequestration. In addition, limitations in my research likely
diminished my ability to detect an effect. For example, VCS registered projects did

not provide information on the area they planted per species. Although | calculated
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a proportion of native species planted based on the number of native species listed
for planting in project documents, | could not account for differences in the actual

planted areas of the species.

My results indicated that the tree species richness of tree-planting projects does
not affect the carbon sequestration rate (Kruskal-Wallis test: p = 0.387). My results
also suggested that tree species richness does not affect the carbon sequestration
rate of commercial forestry projects (ANOVA: p = 0.148). Therefore, my analyses
provided evidence against the hypothesis that tree species richness positively
affects the rate of carbon sequestration of tree-planting projects. Similarly, Kirby &
Potvin (2007) did not find evidence for a relationship between tree-species diversity
and carbon stocks (aboveground and within the 0-10 cm and 30-40 cm layers of the
soil). In contrast, Ma et al. (2020) found that agroforestry systems with multiple
species had higher carbon sequestration rates and higher carbon stocks than
agroforestry systems with one tree species. One possible explanation for my result
is that there is no relationship between tree species richness and the carbon
sequestration rate of VCS registered tree-planting projects. However, limitations in
my research may have affected my ability to identify a relationship between tree
species richness and the rate of carbon sequestration. For example, | identified the
number of species planted per project by counting the number of species
mentioned in sections of project description documents describing tree planting
activities. Likely, some projects are not planting all the species listed in their
documents. In addition, when project documents listed a few species as the main
species for planting (although this occurred rarely), | only counted those species in
order to best characterize the planting conducted by the project. Although this
prevented my research from overestimating the planting diversity of projects

planting large areas of few commercially valuable or fast-growing species and small
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areas of other species, | likely underestimated the planting diversity of some
projects. In addition, the documents of some projects listed large numbers of
species as options for participating landowners. | could not determine how many
species these projects planted. Despite my finding of no relationship between tree
species richness and the rate of carbon sequestration, there may be a positive
relationship between tree species richness and long-term carbon storage (Hulvey et

al., 2013).

My analysis indicated that project type affects the rate of carbon sequestration of
tree-planting projects (Kruskal-Wallis test: H = 13.275; df = 5; p = 0.021). | expected
that native forest restorations would sequester carbon at a higher rate than
commercial forestry projects because the regular harvesting and clearing of
commercial forestry plantations releases carbon in the form of CO2 back into the
atmosphere frequently (Lewis et al., 2019), and the loss of carbon from harvesting
is included in the quantification of VCS project emissions (Verra, 2022c.). Further,
research has reported that natural forests are 40 times better at storing carbon
than commercial timber and commercial non-timber plantations (Lewis et al.,
2019). Contrary to my hypothesis, the data indicated that monoculture commercial
forestry sequesters carbon at the highest rate of the project types | analyzed.
Monoculture commercial forestry had the highest mean rate of carbon
sequestration of the project types. Monoculture commercial forestry is also the
tree-planting type most associated with adverse effects on biodiversity (Di Sacco et
al., 2021). Therefore, my finding that monoculture commercial forestry had the
highest carbon sequestration rate does not support my hypothesis that
organizations can optimize climate change mitigation and biodiversity benefits
through the choice of tree-planting project type. However, the carbon

sequestration rate of monoculture commercial forestry only differed significantly
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from the carbon sequestration rate of commercial forestry. In contrast to this
finding, Pretzch & Schitze (2016) found that mixed species stands can have higher
stand productivity than monoculture stands in plantation forestry. In addition, one
explanation for why monoculture commercial forestry had the highest carbon
sequestration could be different project goals. Some or all the monoculture
commercial forestry projects in this study likely prioritize rapid carbon
sequestration to the detriment of other benefits. However, | expect that
monoculture commercial forestry does not sequester more carbon long-term than
other project types. The results of previous research have suggested that planting
only one species negatively affects long-term carbon accumulation (Shimamoto et

al., 2014).

My analysis also indicated that self-described afforestation projects in China
sequester carbon at a higher rate than commercial forestry projects. | refer to these
projects as 'self-described afforestation projects' because | could not determine
whether these projects were in previously forested locations. My results indicated
that the Chinese afforestation projects were mainly planting few species, which is
like the commercial forestry projects. A possible explanation for the difference in
the rate of carbon sequestration despite the similarity in tree planting composition
could be that the frequent harvesting of commercial forestry reduces carbon
sequestration by releasing CO2 into the atmosphere. | expect the Chinese
afforestation projects to be better for biodiversity conservation than commercial
forestry projects. Therefore, my finding that the Chinese self-described
afforestation projects sequester carbon at a higher rate than commercial forestry
projects tentatively provides evidence for the hypothesis that organizations can
optimize climate change mitigation and biodiversity benefits within a single tree-

planting project through their choice of project type.
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Potential Forest Biodiversity Benefits of Voluntary Carbon

Markets

The expansion of voluntary carbon markets may benefit the conservation of forest
biodiversity. Voluntary carbon markets can direct funding to tree-planting projects.
Carbon offsets (a type of carbon credit) are produced and sold within the voluntary
carbon offset market (Lovell, 2010). Voluntary offset standards such as the VCS
enable tree-planting projects to obtain carbon credits for their carbon
sequestration activities and sell them to organizations (Verra, 2022d). The demand
for carbon credits could increase by a factor of 15 by 2030 and by a factor of 100 by
2050 (Blaufelder et al., 2020). The market for carbon credits could be worth over
$50 billion by 2030 (Blaufelder et al., 2020). Since the VCS is the market leader
among voluntary offset standards and is the world's most widely used voluntary
GHG program, this research on the VCS provides information on the ability of
voluntary carbon markets to benefit forest biodiversity through reforestation.
Therefore, this research provides insight into the forest biodiversity implications of

the expansion of voluntary carbon markets.

My results indicate that tree-planting projects are a small component of the VCS
registered projects (6%). Further, | found that VCS registered tree-planting projects
account for a minimal amount (< 1%) of the Bonn Challenge goal of restoring 350
million ha (Verdone & Seidl, 2017). These results may indicate that tree-planting
projects are not a significant component of voluntary carbon markets. These results
suggest that the potential effect of expanding voluntary carbon markets on forest
biodiversity through tree-planting projects is smaller than expected based on the

expansion speed.
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| found that native forest restorations were not a large percentage of VCS
registered tree planting projects (18%). This finding is unfavorable for forest
biodiversity because native forest restorations are the best tree-planting type for
forest biodiversity conservation (Chazdon, 2008). Similarly, one study reported that
only 13% of planted forests were established for environmental protection or
restoration purposes (Bremer & Farley, 2010). My results also indicated that most
VCS registered projects plant four or fewer species, which is an unfavorable finding
for forest biodiversity. Planting multiple species rather than monocultures usually
produces better biodiversity outcomes (Bremer & Farley, 2010). Planting diverse
species is also essential for successfully restoring native forests (Chazdon, 2008).
Therefore, | expect that planting higher numbers of species increases the potential
of tree-planting projects to conserve biodiversity. In addition, the planting of small
numbers of species might increase biotic homogenization (Chazdon, 2008), which is
considered a negative outcome (Daru et al., 2021). Despite the low number of
species planted by most projects, my finding that monocultures were a low
percentage of registered tree-planting projects (9%) is good news. Monoculture
plantations can significantly harm biodiversity (Hua et al., 2016). My result is much
lower than previous research findings that 45% of all forest restoration
commitments involve planting vast monocultures (Lewis et al., 2019). However, this
result should be interpreted with caution because | likely underestimated the
extent of monocultures. | only counted projects that listed only one species in their
documents as monocultures. Likely, some projects that listed multiple species for
planting in their documents are planting them in separate monoculture stands. This

is a limitation of information provided by VCS registered projects.

My finding that most VCS registered projects plant more native than non-native

species is also a positive finding for forest biodiversity. Using native species for
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tree-planting projects is generally better for biodiversity conservation because
native species provide more valuable habitats for local biodiversity (Brockerhoff et
al., 2008; Bremer & Farley, 2010). Although the impacts of most non-native species
are poorly understood, non-native species can contribute to landscape
homogenization, reduce biodiversity, and damage ecosystems (Castro-Diez et al.,
2019; Jeschke et al., 2014). Further, there is a risk that planted non-native species
will become invasive. Planted forests often contain fast-growing pioneer species
that can invade nearby habitats (Brockerhoff et al., 2008). However, this result must
be interpreted with caution because | likely underestimated the prevalence of non-
native species. | determined that 235 species were likely native and 15 were likely
non-native. The significant difference in these values may indicate that | was biased
towards concluding species were likely native rather than likely non-native. In
addition, due to time constraints and inadequate species range information, |
determined the native status of some species at the country level rather than the
regional level. Likely, some of these species were native to the country but not the
specific location of the planting project. Small distances between the native range
and the planting location can significantly influence the potential biodiversity
effects of a species. For example, the Queensland maple (Flindersia brayleyana) is
native to the Northern Queensland region of Australia but can harm forest

biodiversity in subtropical areas of Australia (Kanowski et al., 2003).

My data indicated that Chinese self-described afforestation projects were the most
prominent VCS registered tree-planting project type in terms of area (64% of the
area planted by registered projects). Most of these projects planted four or fewer
species, and most planted more native than non-native species. These projects had
similar characteristics to Grain-for-Green Program (GFGP) projects. For example,

GFGP projects are overwhelmingly monocultures and compositionally simple
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forests (consisting of two-five tree species) (Hua et al., 2016). Some or most of the
Chinese afforestation projects in the analysis are likely a part of the GFGP, although
| could not determine this. The prominence of this project type has uncertain
implications for forest biodiversity. However, research on GFGP projects provides
insight into the biodiversity effects of the Chinese afforestation projects | identified.
Research in Sichuan found that none of the GFGP reforestation types restored
biodiversity to the approximate levels of native forests (Hua et al., 2016). The study
further found that GFGP projects caused substantial reductions in bee diversity
(Hua et al., 2016). GFGP projects planting mixed forests caused modest gains in bird
biodiversity, while GFGP projects planting monocultures caused losses in bird
biodiversity (Hua et al., 2016). The researchers concluded that the restoration of
native forests would likely provide more significant biodiversity gains than
compositionally simple forests (planting two-five species), such as those planted by

most of the Chinese afforestation projects in this study (Hua et al., 2016).

My analysis also indicated that many VCS registered tree-planting projects (46%)
had significant commercial purposes. The biodiversity implications of this finding
are uncertain, although | expect that projects with significant commercial purposes
produce lower biodiversity benefits in general. Similarly, one study found that
almost half of the area pledged for forest restoration under the Bonn Challenge
was set to become plantations of commercial trees (Lewis et al., 2019). My data
further indicated that species of the Eucalyptus genus are the most common
species planted by VCS registered tree-planting projects. Eucalyptus sp. and Gmelina
arborea, the third most common species in my analysis, are economically valuable
fast-growing, short-rotation species (FAO, 2000). Tectona grandis, the second most
common species, and Swietenia macrophylla, the tenth most common species, are

grown on long rotations for valuable hardwood (FAO, 2000). | likely underestimated
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the total hectarage of these commercially valuable species because | could not
determine the number of hectares projects planted with these species. Likely,
projects that planted the commercially valuable species and other species planted
more of the economically valuable species. My findings on the planting activities of
VCS registered tree-planting projects indicate that, on average, these projects better
resemble commercial plantations of few species than species-rich native forest
restorations. | could not determine whether the VCS conserves or harms
biodiversity by enabling tree-planting projects to receive funding. Since the VCS is
the market leader among voluntary carbon standards, this suggests that voluntary
carbon markets could be conserving or harming biodiversity by directing funding to

tree-planting projects.
Potential Forest Biodiversity Benefits of the CCB Standards

My finding that most CCB verified projects were tree-planting or REDD+ projects
suggests that the CCB mainly supports tree-dominated projects. This is a positive
finding for forest biodiversity. However, my finding on the small number of projects
verified to the CCB suggests that the CCB Standards currently have limited reach.
Native forest restoration was a more prominent component of CCB tree-planting
projects (24% of projects and 15% of the planted area) than VCS projects, although
the difference was not substantial. In addition, most CCB verified tree-planting
projects plant four or fewer species. These results on the prevalence of native
forest restoration and the number of species planted were unexpected because the
CCB is intended to identify projects conserving biodiversity. However, my finding
that most CCB projects plant more native than non-native species (more so than
VCS projects) is a positive finding for the potential of the CCB to benefit forest

biodiversity. Chinese afforestation projects were also the primary project type
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(76.5% of the area planted). In addition, species of the Eucalyptus genus were the
most common among CCB verified projects. | concluded that the biodiversity
benefits of the CCB are likely smaller than expected, given the biodiversity goals of

the CCB and the rapid growth of voluntary carbon markets.
Accuracy of VCS Registered and CCB Verified Projects

| found that the information provided by VCS registered and CCB verified projects
was often unclear, cluttered, and occasionally inaccurate. I also found that CCB
verified projects provide inconsistent and incomparable information on their
biodiversity effects. The incomparable information makes it challenging to compare
the potential biodiversity benefits of various projects. The incomparable

information likely reduces the ability of the Standards to benefit biodiversity.
Future Directions

| cannot state the net effect of expanding voluntary carbon markets on forest
biodiversity. The effects of tree-planting projects on forest biodiversity are context-
dependent (Brockerhoff et al., 2008). | did not analyze REDD+ projects, and
protecting existing forests is crucial for conserving forest species (Kemppinen et al.,
2020). However, this research provides valuable progress in decoding the current
effects of voluntary carbon markets on forest biodiversity. The rapid expansion of
voluntary carbon markets and the vast amount of money they can funnel to natural
climate solutions demonstrates the importance of this research topic. In addition,
this research is essential due to the general public's perceptions of tree-planting
projects. The general public in developed countries increasingly associates trees
with benefits (Kronenberg & Mieszkowicz, 2011). Likely, the biodiversity benefits of

some voluntary carbon market tree-planting projects do not meet the general
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public's expectations. Misconceptions about the biodiversity benefits of tree-
planting projects could cause funds that should be directed to conservation to fund
projects that likely will not benefit biodiversity. To further improve our
understanding of the biodiversity implications of expanding voluntary carbon
markets, research must analyze the prevalence of REDD+ project markets receiving
carbon credits to sell. Studies must also research the local effects of tree-planting
and REDD+ projects on a wide variety of taxa and their proximity to areas with high

concentrations of threatened vertebrates.

Future studies should analyze the effects of project types and designs best for
biodiversity conservation on short-term and long-term carbon storage. | generally
had small samples of various project types because it was difficult to ascertain the
project type from the information provided in project documents. My small sample
sizes of project types might have obscured the effect of the project type on the rate
of carbon sequestration. In addition, the number of species planted, the use of
native versus non-native species, and the project type likely affect long-term carbon
sequestration. For example, native forest restoration projects generally use slow-
growing, long-lived tree species, which often provide better long-term carbon
sequestration benefits (Chazdon, 2008). This research likely would not have
detected effects on long-term carbon sequestration. The average annual tCO2e
sequestration values | used for this research were calculated by dividing the total
tCO2e sequestration of a project during a crediting period by the length of the
crediting period. Projects have various crediting periods, which can be as low as 20
years. Shorter crediting periods would prevent the detection of long-term carbon
sequestration benefits. Finally, studies should examine whether tree-planting

projects funded by voluntary carbon markets report realistic carbon sequestration



rates. This research is vital to the efficacy of voluntary carbon markets in driving

climate change mitigation.
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