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Abstract

Carbon programs often assume that uniform cash transfers are sufficient to change land use,
yet the design of benefits may be the controlling factor. We test payment complementar-
ity—the coordinated use of cash and community benefits—in the International Small Group
and Tree Planting Program across Kenya, Tanzania, Uganda, and India. Using administra-
tive and survey data from 8432 participants, we classify realized mechanisms into cash-only,
alternative-only, and mixed categories, and examine their associations with conservation
adoption and land-use intensity. Mixed arrangements are associated with 73% higher
conservation farming adoption (68.4% vs. 36.6% under cash-only) and greater tree density
(281 vs. 215 and 115 trees/ha for cash-only and alternative-only, respectively). Formal
tests reject simple averaging, consistent with super-additive effects. Adoption of mixed
mechanisms clusters in districts that exceed an organizational participation threshold (ap-
proximately 38.9%), suggesting peer exposure and social learning. Gender-disaggregated
patterns indicate that women receiving alternatives (predominantly in mixed regimes)
manage nearly three times as many trees as their cash-only peers and are the only subgroup
surpassing the USD 2/day poverty threshold. Each alternative arrangement benefits an
average of 167 community members; accounting for spillovers implies an approximate
191-times village-level multiplier. Mixed designs require greater administrative effort but
deliver larger community returns. We report associations, not causal effects, and employ
controls, fixed effects, matching, and stability checks to probe our selection. Policy implica-
tions are immediately clear: outcome-based standards that permit mixed payments, credit
spillovers, and paired flexibility with safeguards (transparent negotiation, verified delivery,
documented consent) can multiply the land-use impact of climate finance. The results are
associative rather than causal and generalize primarily to contexts with similar institutional
prerequisites, including established organizational capacity and program rules permitting
benefit negotiation.

Keywords: payment mechanisms; land-use intensification; carbon markets; conservation
agriculture
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1. Introduction

Carbon markets now channel substantial climate finance to smallholders, yet the
architecture of those payments—not just whether they are made—shapes land-use out-
comes. In the International Small Group and Tree Planting Program (TIST) (https:
/ /program.tist.org/ accessed on 16 October 2025 ), participating farmers in Kenya, Tanza-
nia, Uganda, and India have been allowed to redirect a portion of their carbon revenues
into community assets such as schools, water points, and shared inputs. When farmers
combine individual cash with collective benefits, land-use outcomes change markedly:
adoption of conservation farming nearly doubles and tree density rises sharply. This paper
asks whether payment design itself is a decisive lever for land-use.

Standard protocols (e.g., Verra, Gold Standard) typically institutionalize individual
cash transfers on the premise that recipients maximize welfare through private choice,
a logic reinforced by Payments for Ecosystem Services (PES) and a large body of literature
on cash efficacy and program transaction costs [1-3]. However, two practical features of
agricultural carbon programs raise policy concerns. First, verification lags of 3-5 years
create liquidity constraints for farmers between planting and credit issuance. Second,
administrative costs scale with dispersed smallholders, stretching program capacity. To-
gether, these frictions can blunt adoption and stall land-use change at scale, particularly
in relation to 2030 climate timelines [4-0]. If so, the way benefits are packaged—not only
their magnitude—may be a decisive lever for accelerating conservation and improving
landscape outcomes. In short, payment design can shape land-use outcomes as powerfully
as payment magnitude.

We address a specific design gap. The operational field largely treats individual (cash)
and collective (community) benefits as substitutes, forcing a binary program choice and lim-
iting innovation in how finance is converted into land-use change. We instead conceptualize
payment complementarity: the coordinated use of individual and collective mechanisms
to relax distinct constraints—household liquidity and community coordination—thereby
enabling super-additive effects on adoption and land-use intensity. Despite rich debates on
common-pool governance, accountability, and local capacity [7-10], to our knowledge, no
studies systematically test, in an operational carbon program, whether combining payment
types outperforms either approach alone. Complementarity is therefore a falsifiable design
hypothesis: outcomes under mixed mechanisms should exceed a convex combination of
single-channel effects if the two channels truly target different bottlenecks.

Our empirical setting is a natural policy laboratory. TIST applies uniform rules for
planting, monitoring, and crediting across four countries. Still, since 2008, participating
farmers have negotiated alternative arrangements that convert carbon revenues into local
public goods either instead of or in addition to cash. We compile the administrative and
survey data for 8432 TIST participants and classify realized benefit mechanisms into three
mutually exclusive regimes: cash-only, alternative-only, and mixed (cash + community).
Alternatives encompass community-facing investments (e.g., classrooms, boreholes, shared
tools, seed and fertilizer packages) that are made with documented consent and delivered
through established program channels. This within-program heterogeneity permits credible
comparisons under a common operational architecture.

We ask three questions. RQ1: Do mixed arrangements exhibit complementar-
ity—effects exceeding those of cash-only or alternative-only on adoption and land-use
intensity? If the two payment channels address distinct constraints (household liquidity
and community coordination), we should observe super-additive effects under mixed
regimes that exceed any convex combination of pure mechanisms. RQ2: Under what orga-
nizational conditions do payment innovations emerge and diffuse? We examine whether
institutional density thresholds shape the adoption and spread of mixed arrangements,
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and whether spatial clustering indicates social learning processes. RQ3: Who benefits
and what are the broader multipliers? We investigate gender-differentiated outcomes and
quantify community-level spillovers to assess whether mixed designs generate returns that
extend beyond direct participants. Throughout, we frame the results as associations and
probe selection using observable controls and design-based robustness checks.

Our contributions are fourfold. First, we formalize and operationalize payment com-
plementarity as a benefit-design principle for smallholder carbon programs, distinguishing
super-additive complementarities from simple convex combinations of single-channel pay-
ments and linking the concept to observable outcomes in adoption and land-use intensity.
We implement this through a transparent taxonomy (cash-only, alternative-only, mixed) and
a program-grounded definition of complementarity. Second, leveraging within-program
heterogeneity under a common rule set, we quantify how mixed mechanisms outperform ei-
ther pure approach across core land-use outcomes, including gender-disaggregated results.
Notably, farmers selecting mixed payments are more, not less, financially included, suggest-
ing that their choices reflect strategic alignment of household and community objectives
rather than financial exclusion. Third, we identify organizational and spatial conditions
under which payment innovation emerges and diffuses, documenting threshold effects in
participation and clustering that are consistent with social learning. Fourth, we quantify
an effectiveness—efficiency trade-off: mixed arrangements entail roughly four times higher
administrative effort than cash-only designs, but they also generate large community
multipliers that materially alter cost-effectiveness once spillovers are counted.

For standards bodies and program designers, our findings suggest actionable design
principles. Outcome-oriented rules that (i) permit mixed payments within safeguards,
(ii) measure and credit spillovers alongside individual outcomes, and (iii) invest in or-
ganizational capacity where density is sufficient may substantially increase the land-use
impact of climate finance, though causal validation through experimental implementation
is needed. Safeguards include transparent negotiation, documented consent, third-party
verification of delivery, and straightforward accountability templates to limit elite capture
while enabling local experimentation. Reframing household and community aims as com-
plementary policy targets—not competing ones—aligns program operations with how
constraints are actually experienced in smallholder settings.

The remainder of this paper is organized as follows. Section 2 situates our argument
in the payments, collective action, and institutional innovation literature. Section 3 de-
velops our theoretical framework and hypotheses. Section 4 describes the TIST setting,
data, and empirical strategy, beginning with program context to establish the identifi-
cation opportunity before detailing variables and specifications. Section 5 reports the
main and heterogeneous effects. Section 6 examines mechanisms, thresholds, and scaling
constraints. Section 7 concludes with design guidance for land-use policy and carbon
market architecture.

2. Literature Review

This section situates our study within four strands of work and clarifies the gap we fill.
We first trace the evolution from price-centric instruments and PES toward implementation-
sensitive design, where how payments are structured matters alongside how much is paid.
We then review evidence on individual cash transfers—effective on several margins yet
rarely compared against alternative mechanisms—and on collective approaches that can
solve coordination problems but often depress participation or risk capture when used
alone. Building on these, we highlight that the literature largely treats mechanisms as
substitutes (cash versus in-kind; individual versus community), leaving untested whether
combining channels can deliver super-additive outcomes. We also summarize institu-
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tional preconditions for innovation and diffusion—organizational density, leadership,
and trust—and note the gendered constraints that shape responses to payment design.
Against this backdrop, our study aims to formalize and test payment complementarity
using a three-regime taxonomy (cash-only, alternative-only, mixed) within a standardized
program, provide operational tests for super-additivity, quantify institutional thresholds
and spatial clustering, and document gender-differentiated gains and community multipli-
ers with direct policy implications.

2.1. From Price Instruments to Implementation-Sensitive Design

Market-based instruments and PES programs built on property rights and price signals
have structured much of the environmental policy canon [11]. In carbon markets this logic
is operationalized through verified emission reductions (VERs) and standardized, recipient-
level cash transfers. Yet agricultural implementation reveals persistent frictions: high
transaction and verification costs for dispersed smallholders (30-40% of revenues; [2]) and
the need for continued support beyond initial adoption [12]. Recent theory and evidence
therefore move beyond “how much is paid” to “how payments are structured,” showing
that payment timing and mechanism details can change behavioral responses even at
similar budget levels [13,14]. This evolution motivates our focus on payment design as a
lever for land-use outcomes.

2.2. Individual Payments: Strengths and Unresolved Limitations

Individual cash transfers are justified by revealed-preference efficiency and low pater-
nalism, and they often generate measurable welfare and production gains [1,3,15]. However,
three limits remain salient. First, most studies compare cash to no payment, rather than to
alternative or combined mechanisms, leaving the relative effectiveness unknown. Second,
frequency/schedule effects indicate that mechanisms matter beyond price levels. Third,
markets value verified co-benefits (e.g., social or biodiversity), as reflected in credit pre-
mia [16], suggesting that purely individual transfers do not always deliver the outcomes
buyers seek. Gender evidence further cautions that women’s responses to cash may be
constrained by norms and access to assets [17-20].

We address these limits by comparing three active regimes (cash-only, alternative-only,
mixed) among participants within a single standardized program, holding core opera-
tional features constant. This isolates mechanism effects and allows gender-disaggregated
assessment (RQs in Section 4; results in Section 5).

2.3. Collective Approaches: Promise and Pitfalls

Collective or community-delivered benefits can solve coordination and monitoring
problems [7], align with local institutions [21], and scale public-goods investments [22].
Yet replacing individual incentives entirely can depress participation [23] and invite elite
capture [24]. Crucially, purely collective arrangements may not relax binding, household
liquidity constraints that govern day-to-day land-use choices.

Rather than choosing between individual or collective designs, we test whether com-
bining them can dominate both under real operational constraints (RQ1).

2.4. Toward a Synthesis: Payment Complementarity

Binary framings (cash vs. in-kind; individual vs. collective) dominate the
literature [25-27], leaving unexplored how mechanisms interact when deployed together.
Drawing on incentive-combination insights from incentive combination (e.g., super-
additivity in multi-channel incentives; [28]), we define payment complementarity as
the coordinated use of individual (liquidity) and collective (coordination/accountability)
channels to relax distinct constraints. The testable implication is that mixed mechanisms
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should outperform a convex combination of single-channel effects on adoption and land-
use intensity. We offer (i) an operational taxonomy (cash-only, alternative-only, mixed),
(ii) program-grounded definitions of complementarity, and (iii) formal tests for super-
additivity (Sections 4 and 5).

2.5. Institutional Preconditions for Innovation and Diffusion

Polycentric governance predicts that local experimentation yields better-fit institutions
when enabling conditions are present [29]. Evidence from carbon pilots and agricultural
programs suggests that learning-by-doing is effective, but minimum institutional require-
ments for more complex designs remain under-specified [30]. Organizational density,
leadership, and trust likely shape whether hybrid arrangements can be negotiated, deliv-
ered, and monitored [31-33]. Gendered institutions also matter: women'’s groups facilitate
credible commitment and broaden benefit access [34,35].

We quantify institutional correlates of payment innovation, showing spatial clustering
and a participation threshold associated with uptake of mixed mechanisms (RQ2; Section 5),
and we examine gender-differentiated outcomes (RQ3).

Table 1 summarizes how our study fills specific gaps across five literature streams.
This paper advances the literature on environmental payment design in four ways that
directly address the foregoing gaps:

Table 1. Positioning of this study relative to the literature.

Literature Stream

What Is Known

Gap

Our Contribution

PES/ cash transfers

Cash often raises
welfare/productivity; simple
administration [1,3]

Limited comparisons across
mechanisms; frequency and
design effects underexplored

Three-regime comparison within
one program; isolate mechanism
effects (RQ1)

Collective benefits

Can solve
coordination/monitoring; align
with local institutions [7,21]

Purely collective designs depress
participation; risk of
capture [23,24]

Test whether combining
channels dominates both pure
regimes (RQ1)

Mechanism interaction

Theory treats mechanisms as
substitutes [25,26]

No operational tests of
super-additivity

Define/test payment
complementarity; implement
super-additivity tests

Institutional diffusion

Polycentric adaptation and
learning [29]

Minimum conditions for
innovation unclear

Identify organizational
threshold and spatial clustering

(RQ2)

Gender and equity

Gendered constraints shape
responses [19,20]

Design rarely tailored to
gendered institutions

Show stronger outcomes for
women under mixed/alternative
benefits; community multiplier

(RQB)

1.  We formalize payment complementarity as a design principle and operationalize it
within a standardized program architecture, mapping channels to constraints (liquid-
ity vs. coordination) and deriving testable predictions (RQ1).

2. Exploiting within-program heterogeneity in TIST across Kenya, Tanzania, Uganda,
and India, we classify realized arrangements for 8432 participants into cash-only,
alternative-only, and mixed regimes. Common rules for planting, monitoring,
and crediting allow comparisons that focus on mechanisms rather than program
idiosyncrasies.

3.  Mixed mechanisms are associated with higher conservation adoption and tree den-
sity than either pure regime; formal tests indicate super-additivity (RQ1). Uptake
of mixed designs clusters in districts above an organizational participation thresh-
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old (RQ2). Gender-disaggregated analysis shows larger gains for women under
mixed/alternative benefits and documents large community multipliers (RQ3).

4. We quantify an effectiveness—efficiency trade-off: mixed designs require greater ad-
ministrative effort but generate spillovers that materially change cost-effectiveness
when credited. We translate these findings into outcome-oriented, safeguard-enabled
standards (transparent negotiation, verified delivery, documented consent).

2.6. Conceptual Framework

Figure 1 synthesizes our theoretical approach. We distinguish three payment
architectures—cash-only, alternative-only, and mixed—each targeting different constraints
in smallholder land-use decisions. Cash transfers address household liquidity constraints
during the 3-5 year establishment period for agroforestry, enabling upfront investment
in seedlings, labor, and inputs. Alternative benefits (community infrastructure, shared re-
sources) address coordination and accountability constraints by creating visible, shared stakes
that reduce defection from conservation norms. Mixed arrangements combine both channels,
hypothesized to yield super-additive effects when both constraints bind simultaneously.

The framework incorporates three sets of moderating factors that condition the ef-
fectiveness of each payment type. First, household-level characteristics (liquidity access,
gender, asset holdings) determine the severity of private constraints. Second, community-
level factors (organizational density, leadership, social cohesion) govern the feasibility of
collective arrangements. Third, institutional context (verification capacity, transaction costs,
trust) shapes which payment innovations can be sustained. Our empirical strategy tests
whether mixed arrangements dominate pure mechanisms (H1), whether effectiveness pat-
terns align with dual-constraint logic (H2), and whether organizational thresholds enable
innovation and diffusion (H3).

Payment Channels Constraints Addressed Outcomes
Cash-only Liquidity
(Individual) Relief Conservation

>
Baseline

Adoption

i

Super-additide effects (H1)

Alternative-only Coordination Land-use
(Community) Accountability ——— Intensity
— (Trees/ha)
Mined . BOTH
.y [———> Complementary —
Cash + C
(Cas i) Mechanisms

Moderating Factors:
¢ Household liquidity access (L;) — H2

¢ Gender & socioeconomic constraints (G;) — H2

+ Organizational density (O) — H3

¢ Social learning & spillovers (S.) —H3
Figure 1. Conceptual framework: Payment channels, constraint mechanisms, and hypothesized
outcomes. Mixed arrangements combining individual cash with community benefits are predicted
to yield super-additive effects (H1) on both conservation adoption and land-use intensity by jointly
relaxing household liquidity and community coordination constraints. Effects are moderated by
household characteristics, organizational capacity, and institutional context (H2, H3). Thick green
arrows indicate super-additive pathways tested in Sections 4 and 5.
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3. Theory and Hypotheses

Agricultural carbon programs are shifting from prescriptive, single-channel transfers
toward arrangements that participants can co-design. To interpret these innovations, we
link three foundational perspectives: (i) household liquidity and intertemporal investment
under binding cash-flow constraints (explaining why payment timing/mechanism matters
beyond price) [36]; (ii) collective action and accountability in common-pool settings (ex-
plaining why community infrastructure can sustain behavior) [7]; and (iii) multi-incentive
interaction, where combined instruments can yield super-additive responses when they
relax distinct frictions [28]. We use these lenses to formulate three hypotheses that map
directly to our research questions.

3.1. H1: Payment Complementarity Increases Adoption and Land-Use Intensity (RQ1)

Prevailing program logic treats individual and collective benefits as substitutes along
a single design frontier. In contrast, cash transfers and community benefits target different
constraints: the former relax household liquidity over a 3-5 year establishment horizon
for agroforestry; the latter build accountability and shared capacity that lower defection
from pro-conservation norms [7,36]. When deployed together, they form a complementary
bundle that can dominate either component alone.

Hypothesis 1. Effectiveness and super-additivity
Let Y € {adoption, trees/ha}, and let indicators D¢, D 4, D)y denote cash-only, alternative-
only, and mixed (cash + community) regimes. Then,

E[Y|Dy = 1] > max{E[Y|Dc = 1], E[Y|D4 = 1]} (1)
and, more stringently,

E[Y|Dy = 1] — E[Y|Dg = 1] 2)
> w(E[Y|Dc = 1] —E[Y|Dy =1]) + (1 - w)(E[Y|Ds = 1] ~E[Y|Dy =1])  (3)

forany w € [0, 1], where Dy is the baseline regime within the program. Operationally, in a saturated
model Y; = « + BcDci + BaDai + BmDuyi + Xiy + €;, H1 implies Bpg > max{Bc, fa} and
rejects the convex-combination null By < wPc + (1 — w)P 4 via linear restriction tests.

3.2. H2: Complementarity Operates Through Dual Constraint Resolution, with Heterogeneous
Gains (RQ3)

Complementarity is not merely an average performance claim; it is a mechanism
claim about jointly relaxing liquidity and coordination failures. Cash-only designs leave
coordination externalities unaddressed; alternative-only designs can underperform when
households lack the buffer to finance adoption costs. Mixed designs should therefore
perform best where both constraints bind, with sharper effects among groups facing
tighter private constraints (e.g., women or asset-poor households), for whom community
infrastructure alone is insufficient.

Hypothesis 2. Mechanisms and heterogeneity—directional
Let L; measure household liquidity access (e.g., financial inclusion, asset index) and G; denote
salient socioeconomic or gender markers. Then,



Sustainability 2025, 17, 10521

8 of 21

1. Dual-constraint mechanism: The mixed-regime premium relative to alternative-only is larger
for low-liquidity households, since mixed designs provide the cash buffer that alternative-

only lacks:
]
E(E[Y|DM:1]—E[Y\DA:1]) <0. 4)
1
Meanwhile, the premium relative to cash-only is approximately invariant to liquidity, since
both provide cash:
d
i(E[HDM =1] - E[Y|Dc =1]) = 0. )
1

2. Heterogeneous gains: The mixed-regime effect is strictly larger for groups with tighter constraints:
Bm+¢-Gi>Bc+¢c -G and By+¢-Gi>Ba+¢a-G, (6)

where ¢ > max{¢c, P4}, predicting stronger gains for women, smaller farms, or lower-
income households under mixed designs.

Empirically, we implement this via moderated regressions that test whether §,; in-
creases as L; falls (relative to alternative-only) and whether interactions Dy x G; are
positive and larger than D¢ x G; or D4 x G;.

3.3. H3: Institutional Thresholds Enable Innovation; Mixed Designs Generate Spillovers (RQ2)

Negotiating, delivering, and monitoring hybrid arrangements requires organizational
capacity that simple cash transfers do not. Polycentric governance implies that local
experimentation scales when enabling institutions clear a minimum density threshold [29].
Once mixed designs emerge, they plausibly create spillovers: infrastructure benefits reach
non-participants, and demonstration effects shift local norms.

Hypothesis 3. Institutional prerequisites and spillovers
Let O, be organizational density in community c and S. the share of mixed arrangements. Then,
1. Threshold for innovation: Pr(Dyy = 1) exhibits a change-point at O, = T with
dPr(Dp =1)/00, = 0 for O. < Tand > 0 for O. > T (piecewise or spline change-point).
This aligns with observed clustering and predicts diffusion where organizational density is

sufficiently high.
2. Spillovers to non-participants: For households j with Dy = 0, outcomes Y; increase in Se:
OE[Y}|Dyj = 0]
—_— . 7
3s. >0 )

This reflects infrastructure reach and social learning. We expect larger spillovers in places
where mixed designs are sustained (i.e., Oc > T).

H1 provides the core effectiveness test for RQ1 and embeds the explicit super-
additivity restrictions used in Section 4 and tested in Section 5. H2 speaks to RQ3 by
specifying how mixed payments work (dual-constraint resolution) and for whom (gender
and liquidity heterogeneity), implemented via moderated effects and subgroup contrasts.
H3 answers RQ2 by positing an institutional change-point for innovation and measurable
spillovers to non-participants, motivating spatial clustering tests and local exposure mod-
els. Together, these hypotheses translate established theory into operational, falsifiable
predictions that our within-program comparisons can evaluate. Table 2 synthesizes the
conceptual framework, showing how payment regimes address specific constraints and
map to predicted outcomes.
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Table 2. Conceptual framework: mechanisms, moderators, and testable predictions.

Payment Regime Constraints Addressed Predicted Outcomes

Moderate adoption;

Cash-only limited durability

Liquidity (household)

Coordination/accountability Limited effectiveness under

Alternative-only

(community) tight liquidity
Highest adoption and
Mixed (cash + community) Liquidity and coordination trees/ha; super-additivity
(H1)

Moderators and scope: liquidity L;, gender/SES G; (H2); organizational density O. (H3)

4. Data and Methodology
4.1. Program Setting and Identification Opportunity

TIST provides a standardized operational architecture across Kenya, Tanzania, Uganda,
and India: farmers self-organize into small groups, receive uniform training, and undergo
annual GPS-verified monitoring of trees. Crucially, variation in payment mechanisms arises
from farmer negotiation within this common rule set, initially via bank transfers/cash
points, later (post-2007) via mobile money, and, beginning in 2008, through alternative
arrangements that convert carbon revenues into local public goods (e.g., classrooms, bore-
holes, shared inputs) either instead of or in addition to cash. This organic heterogeneity
within a uniform operational environment creates a “natural policy laboratory” for testing
whether individual and collective benefits behave as substitutes (standard view) or as
complements (our theory).

4.2. Data Sources and Sample Construction

We combine administrative program records with a primary survey conducted from
January 2022 to September 2023 as part of the SDG Impact assessment. Enumerators
implemented structured, face-to-face interviews in local languages. Within 215 districts
containing TIST participants, villages were sampled proportionally to enrollment; enu-
merators targeted full coverage of participants, with supplemental random draws of
non-participants to provide village-level context. From 11,529 interviews, we focus on the
8432 enrolled farmers eligible for carbon payments. Administrative records for 576 farmers
provide details on alternative arrangements (benefit type; number of community members
reached), enabling analysis of both household outcomes and community spillovers. The
results generalize primarily to TIST’s Kenyan operations given sample shares (Table 3).

Table 3. Descriptive statistics of key variables (enrolled sample N = 8432).

Variable Mean Std. Dew. Min Max
Outcomes

Conservation adoption (0/1) 0.385 0.487 0 1
Trees per hectare 198.3 403.9 0 4999
Payment mechanisms

Cash-only (0/1) 0.526 0.499 0 1
Alternative-only (0/1) 0.012 0.111 0 1
Mixed (0/1) 0.058 0.233 0 1
Awaiting payment (0/1) 0.404 0.491 0 1
Farmer characteristics

Daily income (USD) 2.74 2.65 0.00 99.99
Farm size (ha) 2.88 3.05 0.01 50.00
Financial inclusion (0/1) 0.628 0.483 0 1
Female (0/1) 0.359 0.480 0 1
Age (years) 54.0 13.2 18 100
Years in TIST 5.2 3.1 0 20
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Table 3. Cont.

Variable Mean Std. Dev. Min Max
Group member (0/1) 0.935 0.247 0 1
Leadership position (0/1) 0.074 0.262 0 1
Geography
Kenya (share) 0.740 0.439 0 1
Tanzania (share) 0.106 0.308 0 1
India (share) 0.103 0.304 0 1
Uganda (share) 0.019 0.137 0 1
Districts with alternatives 73 of 215

4.3. Measures and Variable Construction

Payment status is coded from two survey items (cash receipt; other benefits received
“instead of” or “in addition to” cash), yielding four mutually exclusive groups: cash-
only (52.6%), alternative-only (1.2%), mixed—cash + community (5.8%), and awaiting
first payment due to verification lags (40.4%). Unless stated, cash-only is the baseline.
The alternative-receiving groups (alternative-only and mixed) collectively enable tests
of complementarity.

The primary outcomes are as follows: (i) conservation adoption (binary), defined
as practicing >3 of minimum tillage, rotation, cover crops, composting, mulching, and
agroforestry; (ii) trees per hectare (continuous), computed as monitored trees divided by
self-reported farm size. We winsorize trees/ha at the 99th percentile and, in robustness,
fit Poisson/negative binomial models to raw counts. We also construct an administrative
effort index from program procedures: cash-only receives a baseline score of 1 (standard
bank transfer or mobile money); an alternative-only score of 3 (requiring benefit negotiation,
procurement, and delivery verification); and a mixed score of 4 (combining cash transfer
with alternative benefit coordination). The index reflects procedural steps rather than
time expenditure. Cash-only includes (1) payment processing. Alternative-only includes
(1) community negotiation, (2) procurement/contracting, and (3) delivery verification.
Mixed includes all four steps, though cash and alternative components can be partially
parallelized in administration. We interpret this as relative implementation complexity.
The index is normalized to [0, 1] for regression analysis by dividing by the maximum score.

The moderators for H2/H3 include liquidity access (financial inclusion, asset index),
gender (female), and organizational density at the community/district level (share of
households in formal groups; TIST leadership presence). The controls X; include daily
income (log USD), farm size (ha), age, years in TIST, group membership, leadership role,
and country/district indicators. Sampling weights (if any) are applied in descriptive
statistics; the regression results are unweighted with district fixed effects, and weighted
as robustness.

4.4. Empirical Strategy

Our analyses align with the research questions and hypotheses presented in Section 3:
(RQ1/H1) effectiveness and super-additivity; (RQ3/H2) mechanisms and heterogeneity;
and (RQ2/H3) institutional thresholds and spillovers.

We first model payment choice via multinomial logit to profile who selects cash-only,
alternative-only, or mixed regimes relative to the awaiting/cash baseline:

exp(Z]my)
Yrefc,amo; exp(Zimp)’

Pr(Dy = 1) = ke {C A M), ®)

where Z; includes X; and country dummies. This clarifies whether alternatives target
exclusion or reflect strategic choice by better-resourced /organized farmers.
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4.4.1. RQ1/H1: Effectiveness and Super-Additivity Tests
We estimate saturated outcome models with district fixed effects:
Y; = a+ BcDei + BaDai + BmDyi + Xiy + 64 + ¢, )

with Y; € {Conservation adoption, Trees/ha}.

For adoption we report linear probability and logit marginal effects; for trees/ha, OLS
on winsorized levels, and for robustness, Poisson/negative binomial on counts. Super-
additivity implies that

Bm > max{fc,fa} and Pm>wpc+(1-w)pa Vw € [0,1], (10)

tested via linear restrictions (grid over w) and an omnibus Hy : B < max{B¢, B} using
pairwise Wald tests with Holm—-Bonferroni correction.

4.4.2. RQ3/H2: Mechanism and Heterogeneity (Dual Constraints)

We probe liquidity /coordination channels via moderated effects:

Yi=a+ Y. (BDii+6kDxi X Li) + ¢pDpii X G; + Xy + 64 + €4, (11)
ke{C,A,M}

where L; measures liquidity access and G; marks gender/SES. H2 predicts 0y < 0 relative
to alternative-only (mixed compensates low-liquidity households) and ¢ > 0 (larger mixed
gains among women or more constrained groups).

4.4.3. RQ2/H3: Institutional Thresholds and Spillovers

Let O, denote organizational density in community /district c. We estimate a change-
point (segmented) model for innovation:

Pr(Dyi = 1) = A(ijo + 110c + 112(Oc — 7)1 + Xl + 64), (12)

where (x — 7)4 = max{0, x — 7}, and 7 is estimated by grid search with bootstrap Cls. We
then test spillovers to non-recipients using exposure S. (share of mixed in c):

1/j:oc+pSC+X]{'y—0—(5d—0—uj, j: Dmj =0, (13)

with p > 0 predicted by H3 (infrastructure reach; social learning). Spatial dependence
is a key concern given the geographic clustering of alternative payments documented in
Section 5. We address this through three approaches: (i) computation of Moran’s I statistic
to quantify spatial autocorrelation in payment mechanisms and outcomes; (ii) standard
errors clustered at the village level, which accounts for within-village correlation; and
(iii) as a robustness check, Conley [37] spatial HAC standard errors with distance cutoffs of
50 km and 100 km to allow for cross-village spatial correlation. The results are substantively
unchanged across specifications, suggesting that district fixed effects and village clustering
adequately capture spatial dependence in our setting.

4.5. Addressing Selection and Identification

Payment choice is endogenous. We triangulate using three complementary strategies:
(i) Fixed effects and rich controls

Equation (9) includes district FE and extensive X; to absorb location-specific con-
founders and farmer heterogeneity.
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(ii) Design-adjacent matching/weighting

We estimate pairwise propensity scores for (A vs. C) and (M vs. C) using logit on X;
and district FE, implement nearest-neighbor matching with caliper 0.1 SD, and re-estimate
effects on matched samples. As a doubly robust alternative, we report inverse-probability
weighted regression adjustment (IPWRA).

(iif) Sensitivity to unobservables

Following [38], we compute coefficient-stability bounds for 84 and S relative to the
cash baseline under plausible Rpax, providing transparent intervals consistent with selec-
tion on unobservables. Where relevant, we complement with Altonji-Elder-Taber ratios.

All statistical analyses were conducted using R version 4.3.1 [39]. The key pack-
ages included the following: 1fe for fixed-effects regressions with clustered standard
errors; MatchIt for propensity score matching; WeightIt for inverse probability weighting;
spdep for spatial autocorrelation tests (Moran’s I) and spatial weight matrices; Imtest and
sandwich for robust inference; and ggplot2 and sf for visualization and mapping. Conley
spatial standard errors were computed using custom functions based on [37]. Standard
errors were clustered at the village (or group) level throughout; inference was adjusted for
multiple hypotheses using Benjamini-Hochberg FDR using the p.adjust function.

4.6. Data Quality, Missingness, and Ethics

We document item non-response rates and apply listwise deletion for missing treat-
ment or outcome data; the results are robust to inverse probability weighting for miss-
ingness. Trees are audited annually via GPS-verified counts; farm size is self-reported
(trimmed at 99th percentile; alternative results with median-ratio adjustment). The study
protocol followed informed-consent procedures; the analysis uses de-identified records.

Our cross-sectional design estimates associations, not causal dynamics, and payment
selection may reflect unobservables (motivation, norms). Administrative-effort measures
are indices rather than time-use quantifications. Nonetheless, the within-program variation
under a common operational architecture, coupled with fixed effects, matching/weighting,
and sensitivity bounds, provides credible evidence on whether and where mixed mecha-
nisms outperform pure designs, and on the institutional conditions under which payment
complementarity is most likely to translate into landscape change.

5. Results
5.1. Overview and Linkage to Empirical Models

We organize the results based on the research questions and hypotheses outlined in
Section 3 and estimated using the specifications in Section 4. First, we report the main
effects and super-additivity tests (RQ1/H1) from the saturated model in Equation (9).
Second, we examine mechanisms and heterogeneity (RQ3/H2) using moderated versions
of Equation (9). Third, we quantify institutional thresholds and spillovers (RQ2/H3) with
the change-point/logit model in Equation (12) and exposure regressions for non-recipients.
Throughout, we present descriptive contrasts as a prelude to the regression estimates and
retain the visual evidence to aid interpretation.

5.2. Main Effects and Super-Additivity

Figure 2 summarizes unadjusted differences across regimes. Farmers receiving cash-only
report 36.6% conservation adoption; alternative-only, 41.0%; and mixed (cash + community),
68.4%. Tree management exhibits analogous patterns: cash-only maintains 366 trees/farmer
versus 282 under alternative-only and 936 under mixed. Intensification is evident in
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trees/ha: 215 (cash-only), 115 (alternative-only), and 281 (mixed). These contrasts motivate
formal tests under Equation (9).

Payment Progression: From Enroliment to Maximum Impact

Conservation rates and tree management improve with payment type
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Figure 2. Conservation adoption and tree maintenance by payment regime (unadjusted). Mixed
(cash + community) arrangements dominate either pure mechanism on both margins.

Table 4 reports coefficients from Equation (9). Relative to the cash-only baseline,
mixed payments are associated with a 0.274 (s.e. 0.047) increase in conservation adoption
when controlling for income, financial inclusion, farm size, and district fixed effects; for
intensification, mixed payments are associated with 0.534 (s.e. 0.058) higher log(trees/ha).
Alternative-only shows no gain in adoption and a reduction in log(trees/ha). These results
corroborate the descriptive pattern with covariate adjustment and location controls.

Table 4. Effect of payment mechanisms on conservation and land-use intensity (Equation (9)).

(¥})] () 3) 4)
Conservation Conservation Trees/ha (log) Trees/ha (log)
Alternative only 0.044 0.039 —0.328 *** —0.246 **
(0.098) (0.095) (0.122) (0.119)
Mixed payment 0.318 *** 0.274 *** 0.326 *** 0.534 ***
(0.045) (0.047) (0.061) (0.058)
Controls No Yes No Yes
District FE No Yes No Yes
Obs. 5028 4987 8432 8432
R? 0.038 0.142 0.016 0.247

Clustered SEs at village level. *** p < 0.01, ** p < 0.05.

We test whether mixed exceeds both pure regimes and any convex combination thereof
(H1). Table 5 summarizes linear-restriction F-tests implied by Equation (9). Mixed signif-
icantly exceeds cash, alternatives, and the convex-combination benchmark, supporting
complementarity rather than substitution.
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Table 5. Super-additivity: mixed versus pure regimes and convex combinations (Equation (9)).

Restriction Difference F P Interpretation

Value
Mixed > Cash 0.341 216.34 <0.001 Mixed dominates cash
Mixed > Alternative 0.265 2453 <0.001 Mixed dominates alternative

Mixed > wCash + (1 —w)Alt 0.324 3525 <0.001 Super-additivity (all w € [0,1])

Clustered SEs at village level; Holm-Bonferroni for multiple tests.

5.3. Mechanisms and Heterogeneous Effects

Why does alternative-only underperform? Consistent with H2, alternative-only re-
cipients have substantially lower daily income (USD 1.95) than cash-only (USD 2.74)
and mixed (USD 3.56) recipients, suggesting unresolved liquidity constraints that may
limit the ability to capitalize on community infrastructure. Mixed arrangements address
both liquidity (cash) and coordination/accountability (community), enabling adoption
and intensification.

Moderated versions of Equation (9) show larger mixed-regime gains where liquidity
is tighter (financial inclusion = 0) and among women, consistent with dual-constraint
resolution. Figure 3 illustrates the magnitude: women with alternatives (predominantly in
mixed regimes) earn USD 4.22/day and manage 872 trees/farmer versus USD 1.91 and
304 under cash-only regimes. These patterns align with H2’s prediction that mixed designs
disproportionately benefit groups facing tighter private constraints.

as Gender Emp 'ment: Income Impact i as Gender Tree Performance

Women achieve highest economic outcomes with alternative payments Women with alternative payments manage nearly 3x more trees

1250

1000

$4.22
h=546

282

Average Number of Trees

$1.91
2781

Average Income (USD/day)

Female Male

Payment Type [l Atemative Cash Only Payment Type [l Atemative Cash Only

@) (b)

Figure 3. Gender-differentiated outcomes (descriptive). Mixed /alternative benefits are associated
with substantially higher income and tree management for women. (a) Daily income by gender and
payment regime. (b) Trees maintained by gender and payment regime. *** indicates statistically
significant difference at p < 0.001.

From a practical standpoint, mixed payment mechanisms present a trade-off between
effectiveness and administrative complexity. Per-recipient outcomes are substantially
higher for mixed payments (68.4% adoption vs. 36.6% for cash-only; 281 vs. 215 trees/ha),
but implementation requires greater coordination capacity for benefit negotiation, procure-
ment, and verification. Each alternative arrangement reaches an average of 167 community
members beyond the direct recipient, suggesting that programs crediting community-level
outcomes may find mixed mechanisms cost-effective despite higher implementation ef-
fort. However, definitive cost-benefit analysis requires comprehensive program cost data
that incorporate both administrative expenses and benefit transfer values, which were
not available for this study. Programs should pilot mixed mechanisms in settings with
sufficient organizational capacity (above the ~38.9% threshold identified in Section 5) while
collecting detailed cost data to inform scaling decisions.
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5.4. Institutional Thresholds, Clustering, and Spillovers

Payment innovations are geographically concentrated. Across 215 districts, only
73 feature any alternative payments; Moran’s I = 0.187 (p = 0.003) indicates spatial
clustering. Estimating Equation (12) yields an organizational-density change-point around
T =~ 0.389: below this threshold, the probability of mixed adoption is flat; above it, uptake
rises with organizational density, consistent with H3.

In villages where mixed arrangements exceed 20% of farmers, non-recipients exhibit
higher conservation adoption (42.8% vs. 31.6% in cash-dominated villages; A = 11.2,
p < 0.001). Exposure regressions for non-recipients (Y; on village share of mixed) yield
positive and significant p, indicating spillovers via infrastructure reach and social learning.
Aggregating direct beneficiaries (mean 167 persons per alternative arrangement) with
spillovers implies a large community multiplier (Figure 4).

The Multiplier Effect: From 592 Farmers to 112,776 Beneficiaries
120,000

90,000

© 60,000 112,776

total

98,964 S

people
benefit from
infrastructure

30,000

592 ]ﬁ%b?ei!;?
farmers receive ey
alternative payments households
0
Farmers with Direct Influenced Total Village
Alternatives Beneficiaries Households Impact

Figure 4. Community multiplication: from 592 alternative recipients to 112,776 total beneficiaries
through infrastructure reach and spillover adoption.

5.5. Administrative Effort and Effectiveness—Efficiency Trade-Off

Mixed arrangements entail higher implementation complexity. Using the program-
based effort index (cash-only = 1, alternative-only = 3, mixed = 4), we document an
effectiveness—efficiency trade-off: higher administrative effort accompanies the regimes asso-
ciated with the largest land-use gains. This supports outcome-oriented standards that permit
mixed payments with safeguards and realistic budgeting for delivery and verification.

6. Discussion

Our estimates indicate that mixing individual cash with community benefits is as-
sociated with substantively and statistically higher levels of conservation adoption and
land-use intensity than either mechanism on its own. Unadjusted contrasts show adoption
of conservation farming at 68.4% for mixed recipients compared to 36.6% for cash-only and
41.0% for alternative-only recipients. The average number of trees per hectare is 281 under
mixed, compared to 215 for cash-only and 115 for alternative-only. When we move from
descriptive differences to the saturated models in Equation (9), the coefficient on mixed
in the log(trees/ha) specification is 0.534 (s.e. 0.058), which corresponds to approximately
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70% higher tree density relative to observationally similar cash-only farmers within the
same districts. In parallel, the linear probability model implies a 27.4 percent higher
probability of conservation adoption for mixed recipients after adjusting for household
and location covariates. These results, taken together with the rejection of the convex-
combination null across w € [0, 1], are consistent with the super-additivity prediction in
H1, namely that two instruments acting on distinct frictions yield outcomes that exceed
either instrument alone

The mechanism evidence is consistent with the theory of dual constraint resolution ad-
vanced in H2. Our findings suggest that cash transfers may alleviate short-run liquidity and
risk constraints that loom large during the three—five year establishment period common
in agroforestry systems, while community-delivered infrastructure and services foster the
social accountability and coordination required to sustain behavior change. The pattern that
alternative-only underperforms on land-use intensity, despite providing public goods, is in-
formative rather than anomalous. Alternative-only recipients have substantially lower daily
income than either cash-only or mixed recipients in our data, suggesting that the private
liquidity constraint remains binding when cash is fully replaced by community benefits.
In other words, the collective mechanism is necessary to generate persistent, visible stakes
and shared capacity, but it is insufficient when households cannot finance the transition
costs; the mixed bundle addresses both sides of this problem, which explains its superior
performance on adoption and trees per hectare without invoking unobserved preferences.

The heterogeneous gains among women reinforce the same mechanism. Women
receiving alternatives—predominantly through mixed arrangements—record higher daily
incomes and maintain far more trees than women paid cash only, a difference of practi-
cal rather than merely statistical significance. These patterns are consistent with binding
private constraints that are more difficult for women to overcome, including limited con-
trol over household finances, weaker access to inputs and extension services, and higher
exposure to idiosyncratic shocks. By preserving a private cash stream while simultane-
ously installing publicly visible assets negotiated in groups, mixed arrangements operate
along two channels that are each individually incomplete for many women. The result
is not that community benefits “target women” by design, but that the complementarity
of private liquidity and collective provision enlarges the feasible set for groups facing
tighter constraints.

Institutional preconditions limit where complementarity emerges and scales. The change-
point analysis in Equation (12) indicates that the probability of adopting mixed arrange-
ments is flat at low levels of organizational density and rises only after a threshold around
0.389 is reached. The observed spatial clustering (Moran’s I = 0.187, p = 0.003) is therefore
not an artefact of agro-ecology alone, but reflects the presence of capacity to negotiate,
deliver, and verify community assets under a carbon standard. Above the threshold, we
also observe spillovers to non-recipients: exposure to mixed arrangements within a village
is associated with higher adoption even among farmers who did not themselves receive
alternatives, an effect consistent with both infrastructure reach and social learning. Together
these findings speak directly to H3: innovation in payment architecture is contingent on
institutional density, and once present, it propagates land-use change beyond the set of
direct recipients.

Two implications follow for how effectiveness might be assessed. First, if spillovers can
be verified and attributed to specific arrangements, cost-effectiveness calculations could in-
corporate per-beneficiary and per-hectare metrics rather than per-direct-recipient measures
alone when arrangements measurably create spillovers and community reach. The back-
of-the-envelope multiplication from 592 alternative recipients to roughly 112,776 people
affected is not an accounting trick but a change in the unit of analysis once infrastructure
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and demonstration effects are integral to the intervention logic. Second, higher administra-
tive effort in mixed regimes—coordination, verification of asset delivery, documentation of
consent—should be interpreted as an input that enables scale through social multipliers,
not as deadweight cost. In settings where organizational density is below the threshold,
those inputs may be wasteful; where the threshold is exceeded, they are a prerequisite for
translating private incentives into landscape-level change.

Finally, the “alternative-only paradox” is better framed as a sequencing problem than
a failure of collective provision. Where households face acute liquidity shortages, replacing
cash entirely with public goods leaves the private constraint unresolved and can depress
intensification even if the public asset is well chosen. This interpretation reconciles our
results with the broader collective-action literature: public goods are effective once private
feasibility is restored. In practice, programs should expect different payment architectures
to be appropriate at different institutional and income levels, with mixed options emerging
as the dominant design only when both household and community constraints can be
addressed simultaneously.

Our findings on mixed cash-community mechanisms align with, yet are distinct
from, three adjacent branches of the literature. First, relative to price-based effects in
cash-transfer and PES experiments, our estimates capture associations within a program’s
realized options rather than causal responses to randomized prices alone. As such, our
super-additivity tests complement those studies by asking whether combining a liquidity
instrument (cash) with collective or in-kind benefits shifts outcomes beyond what a convex
combination of single-channel effects would predict.

Second, in contrast to collective-benefit-only designs that sometimes underperform
due to liquidity constraints or coordination frictions, our mixed architecture appears to
relax household-level cash constraints while preserving local public-goods provision and
knowledge spillovers, which together can rationalize the observed super-additive association.

Third, mechanism-interaction and co-benefit valuation studies suggest that buyers
(and communities) may reward packages that jointly deliver private and verifiable social
outcomes. Our evidence is consistent with that perspective: mixed designs are associated
with higher adoption and tree density, and we detect diffusion consistent with participa-
tion thresholds.

External validity hinges on local institutions, gendered access to resources, and social
learning pathways. Our gender-disaggregated patterns suggest that when alternatives
are embedded in mixed regimes, women’s productivity gains are comparatively larger,
potentially reflecting complementarities between liquidity relief and reduced exposure
to binding input or mobility constraints. Program replication should therefore attend to
(i) the share of cash vs. community benefits, (ii) safeguards and verification for spillovers,
and (iii) the local participation density required for social learning. We outline a phased
rollout approach in the Conclusions to accumulate credible evidence on optimal mixes
across contexts.

7. Conclusions

This paper advances the literature on environmental payment design by formalizing
and empirically testing the notion of payment complementarity in a large, operational
program. Three conclusions stand out. First, mixed arrangements are associated with higher
conservation adoption and substantially higher trees per hectare than either cash-only or
alternative-only mechanisms, and they pass formal tests that rule out simple averaging of
component effects. Second, the association between mixed designs and superior outcomes
is consistent with a dual-constraint mechanism: cash may ease private liquidity and
risk during the transition period, while community assets may supply coordination and
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accountability that private transfers alone do not provide; these channels appear to function
as complements for many households, particularly women. Third, complementarity is not
universally available: adoption of mixed designs concentrates above an organizational-
density threshold and generates measurable spillovers to non-recipients once present,
implying that institutions govern both feasibility and diffusion.

7.1. Policy Recommendations for Carbon Program Design

Our findings suggest three concrete design principles for programs seeking to convert
climate finance into durable land-use change:

Recommendation 1: Adopt outcome-based flexibility with procedural safeguards. Carbon
standards should permit farmers to negotiate mixed payment arrangements—combining
individual cash with community benefits—where institutional capacity permits, rather
than mandating uniform cash transfers. However, this flexibility must be paired with
safeguards: documented individual consent for benefit conversion, third-party verification
of infrastructure delivery, transparent negotiation processes recorded at the group level,
and straightforward accountability templates. Programs implementing mixed mechanisms
should establish clear protocols for how community benefits are proposed, approved,
procured, and verified, ensuring that individual participants retain agency while enabling
collective solutions.

Recommendation 2: Credit community-level outcomes in carbon accounting. Current stan-
dards credit only individual landowner outcomes, making mixed mechanisms appear
inefficient when evaluated on a per-recipient basis. If standards were adapted to recognize
and verify community infrastructure benefits and documented spillover adoption—using
monitoring approaches analogous to how grouped projects currently aggregate partici-
pants—mixed mechanisms would show substantially higher cost-effectiveness per dollar of
climate finance deployed. This requires developing protocols for (i) measuring community
reach (number of people benefiting from shared infrastructure), (ii) documenting spillover
adoption among non-recipients, and (iii) attributing these outcomes to specific payment ar-
rangements. Pilot crediting of community co-benefits, already emerging in some standards,
should be systematized and scaled.

Recommendation 3: Target mixed mechanisms to settings above institutional thresholds.
Mixed payment innovations cluster in districts exceeding approximately 38.9% organi-
zational participation density in our setting, indicating that institutional prerequisites
condition feasibility. Programs should assess local organizational capacity—including
presence of established farmer groups, trusted leadership, and prior experience with collec-
tive resource management—before piloting mixed mechanisms. In low-capacity settings,
cash-only designs with concurrent capacity-building may be more appropriate as initial
interventions, with mixed mechanisms introduced once organizational density reaches
sufficient levels. Phased rollouts with built-in learning, where a subset of communities re-
ceives encouragement to adopt mixed arrangements while others continue with cash-only,
would allow programs to identify locally optimal cash—-community shares while generating
causal evidence.

7.2. Limitations and Boundary Conditions

Four limitations condition the interpretation and generalizability of our findings.

First, identification is associative, not causal. Our cross-sectional design compares farmers
participating in different payment mechanisms under a common program architecture.
While we employ district fixed effects, rich controls, propensity score matching, and sen-
sitivity analyses to address selection on observables, we cannot rule out selection on
unobservables. Farmers choosing mixed payments have higher baseline incomes and
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larger farms, and although regression adjustment suggests that the persistence of effects is
conditional on covariates, unobserved characteristics—such as motivation, social capital,
or forward-looking orientation—may drive both payment choice and land-use outcomes.
Experimental or quasi-experimental designs that randomize payment types, or encourage-
ment designs that shift the availability of mixed options while holding farmer characteristics
constant, are needed to establish causality definitively.

Second, external validity depends on institutional context. Our findings emerge from
a program with specific design features: long-term relationships between farmers and
implementing organizations, GPS-verified monitoring, group-based structures, and es-
tablished trust. Whether complementarity operates similarly in programs with different
verification regimes, shorter time horizons, or weaker organizational foundations remains
an empirical question. The organizational density threshold (~38.9%) we identify is spe-
cific to TIST’s operational context; other programs may face higher or lower thresholds
depending on local institutional capacity and the complexity of collective arrangements.
Cross-program replication studies are essential to map the boundary conditions under
which mixed mechanisms deliver super-additive effects.

Third, measurement constraints limit precision. Administrative effort indices capture
procedural complexity rather than actual staff time or monetary costs. Farm sizes are
self-reported and may contain measurement errors, particularly at the upper tail where we
observe the largest mixed-payment effects. Trees per hectare is a flow outcome (current
stock), rather than a dynamic measure, that tracks establishment, survival, and growth
over time. Community reach is measured for a subset of arrangements (576 of 8432 farm-
ers), and spillover effects are estimated using exposure to program presence rather than
experimental variation. These measurement limitations introduce noise that may attenuate
estimated effects, though they are unlikely to generate spurious positive associations.

Fourth, scope conditions apply. Our sample is concentrated in Kenya (74%), with smaller
representation from Tanzania, Uganda, and India. Gender-disaggregated results reflect the
specific constraints women face in these settings—norms around mobility, input access,
and household financial control—which may differ in other contexts. The types of com-
munity benefits negotiated in our sample (schools, water points, shared inputs) represent
the range of feasible options given local infrastructure gaps and procurement channels;
different settings may generate different benefit portfolios with distinct effectiveness pro-
files. These results generalize most directly to carbon programs in smallholder settings
with similar organizational structures, institutional capacity, and infrastructure needs.

7.3. Future Research Priorities

Three research directions would strengthen the evidence base for payment design.
First, randomized or quasi-experimental studies that vary payment types while hold-
ing farmer characteristics constant are needed to establish causal effects and optimal
cash—community shares. Second, longitudinal tracking of tree survival, growth trajectories,
and sustained adoption over 5-10-year horizons would clarify whether complementarity
translates into durable landscape change or reflects short-term responses to program pres-
ence. Third, comparative extension to European contexts and indicators would be beneficial.
Although outside the scope of the present dataset (East Africa and South Asia), a structured
comparison using EU-relevant sustainability indicators and institutional settings would
test external validity and clarify conditions under which complementarity travels across
regions. Engagement with the recommended European literature can guide indicator
selection, program architecture contrasts, and policy relevance. Together, these directions
would link internal and external validity: establishing causal mechanisms, quantifying
dynamic benefits and full costs, and assessing transferability across institutional environ-
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ments—including EU settings and generational renewal priorities—thereby advancing both
science and policy design.
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