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Abstract

Background
Agricultural and development research interventions are increasingly bundling technological innovations
and services to address multiple challenges across agri-food systems in sub-Saharan Africa. Less is
known about whether bundling technologies and technical innovations with gender-responsive and
transformative components is associated with their performance under agricultural shocks. This study
compares the association between farmer-reported crop loss reduction probability for gender-
transformative socio-technical innovation bundle (GT-STIB) plots and gender-responsive socio-technical
innovation bundle (GR-STIB) plots. The analysis is restricted to 108 shock-exposed plots from 85 farm
households in Embu, Makueni and Nakuru counties.

Results
Farmers reported 90% and 67% crop loss reduction on GT-STIB and GR-STIB plots, respectively. County,
season, crop and shock category-adjusted logistic regression results showed a difference of 18.7
percentage points in the predicted probability of farmers reporting crop loss reduction between GT-STIB
(0.891) and GR-STIB (0.704) plots (95% CI − 1.0 to 38.4; p = .063). When the model was further adjusted
for technological or practice breadth, technical innovation breadth, gender-responsive social breadth and
institutional support, the differences between the predicted probabilities of crop reduction on GT-STIB
and GR-STIB plots declined to 14.9 percentage points (95% CI − 2.5 to 32.3; p = .094). Greater agronomic
practice intensity was also associated with reported crop loss reduction, with every additional
agronomic practice on a six-practice score associated with a 7.2 percentage point (95% CI 1.8 to 12.6; p
= .010) increase in predicted probability or reduced crop losses under agricultural shocks. Soil or water
and diversification practices were associated with increases of 9.1 and 11.2 percentage points in
probability of crop loss avoided under agricultural shocks, respectively. Monetary avoided-loss estimates
were positive in most specifications but imprecise and sensitive to the strongly right-skewed upper tail.

Conclusions
GT-STIBs were associated with a higher probability of farmer-reported crop-loss avoided than GR-STIBs,
but this association does not establish that gender-transformative components caused the difference or
generated higher monetary returns. However, the findings suggest that the social and gender
organisation surrounding agricultural technologies may form part of the productive architecture of
agricultural risk management. Gender-transformative innovations should therefore be tested and
promoted alongside agronomic and technical interventions, but any causal relationship should be based
on repeated observations and objectively measured production and economic losses.

1. Introduction
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Smallholder farming is exposed to weather, biological, market and input shocks that can reduce
production and weaken households’ capacity to maintain their livelihoods. Resilience has therefore
become an important concept in agrifood systems transformations and research, although there is less
agreement on how to measure it. Some approaches define resilience in terms of individuals’,
households’, or systems’ capacities to withstand or recover from shocks, while others define the concept
in terms of the probability of maintaining an acceptable level of welfare over time [1, 2]. Consequently,
there is greater variation in both the definitions of resilience and the methods for measuring it [3]. Much
of the available evidence on the measurement of resilience is based on cross-sectional data under a
limited range of agricultural shocks and settings. A study by Phadera et al. [4], which used repeated
observations from rural Zambia to examine resilience to shocks, shows the value of longitudinal data for
assessing whether interventions alter the probability of maintaining welfare after shock. However, such
data remain largely unavailable, limiting observation of changes in welfare trajectories from interventions
designed to build resilience to agricultural shocks. The current study, therefore, does not estimate
resilience in the broader longitudinal sense but examines whether different social and gender
architectures of STIBs are associated with reductions in reported crop loss among shock-exposed plots.

Combining technologies and services rather than promoting them separately is increasingly common in
agricultural and development research, in recognition that constraints to agricultural production are
complementary and that addressing one constraint may change the returns to addressing another.
Bundling of farm inputs such as improved seeds and fertilizers with mechanisation and financial
services such as credit and insurance has been promoted in sub-Saharan Africa to increase
technological adoption and productivity in the face of climate change [5, 6]. Farmers themselves also
combine agronomic practices, and results are often reported to be positive. In Southern Africa and
Kenya, for example, Mutenje et al. [7] and Nyarindo et al. [8] find substantial differences in yield, costs,
revenue and net income when farmers combine sustainable climate-smart practices and conclude that
bundling is economically viable. Smallholder farmers consequently prefer agricultural inputs and
services that can be bundled for improved farm production [9]. Much of this literature, however, concerns
combinations of technological, agronomic or financial innovations. Evidence on whether the social and
gender composition of a bundle is also associated with its productive performance remains less visible.

Social arrangements influence access to resources, information, labour and decisions over their use.
This makes gender and inclusion relevant questions in bundling technological and technical innovations
for resilient systems. It is therefore inadequate to represent gender solely by the sex of the farmer or
household head, as this can obscure rather than clarify the underlying distribution of resources and
responsibilities needed to build resilience to shocks [10]. Agricultural innovations affect women and men
through both separate and joint interests within the same farming system, and gender norms can
constrain women’s ability to respond to new opportunities [11]. Research also indicates that gender
norms are part of the enabling environment for agricultural innovation and ought not to be treated as an
external issue to the system [12]. From a policy perspective, Ampaire et al. [13] argue that agricultural
and climate policies may be gender-responsive yet still inadequate to address the structural inequalities
underlying observed gender gaps in agri-food systems. Gender-transformative interventions move
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beyond accommodation of women in policies and programmes to addressing norms, power relations
and other structural constraints they face within existing arrangements [14]. The distinction between
gender-responsive and gender-transformative innovations is therefore not a simple distinction between
women and men farmers, but rather a distinction in the social architecture surrounding agricultural
production.

This, however, should not be misinterpreted as implying that gender-transformative interventions must
improve agricultural performance under shock, because much of the existing literature has focused
more on empowerment, attitudes, access to services and changes in gender relations than on
production losses after agricultural shocks. In Zambia, Cole et al. [15] found that larger improvements in
gender-equitable attitudes and women’s empowerment occurred under the transformative approach
compared with gender-accommodative arrangements. Nyamolo et al. [16] likewise report higher
empowerment among farmers exposed to co-designed innovation bundles in Kenya. However, none of
these studies establishes whether the transformative component itself improves the performance of
agricultural technologies under agricultural shock. The association between gender-transformative
socio-technical innovation bundles (GT-STIBs) and resilience to agricultural shocks may differ from that
of gender-responsive STIBs (GR-STIBs), given that gender-transformative interventions are designed to
address social norms surrounding adoption and decision-making. However, existing studies have not
addressed this; therefore, any comparison of gender-responsive and gender-transformative STIBs must
distinguish how these two gender architectures can perform alongside technological and technical
innovation in a shock-prone production environment.

The closest existing studies also indicate where the present analysis's contribution should be situated.
Mutenje et al. [7] provide substantially stronger evidence on the profitability of climate-smart technology
combinations using two years of data from Malawi, Mozambique and Zambia, and incorporate women’s
bargaining power as a determinant of investment choice. Gender in that study helps explain which
technological bundle farmers choose but is not itself a constituent component of the technological
bundle being evaluated. FAO [17] provides a stronger basis for estimating avoided agricultural losses by
comparing disaster-risk-reduction practices with previously used practices on farms under hazard and
non-hazard conditions. Its design, therefore, offers a counterfactual for the avoided damage that the
present study lacks. The present study does not improve on these studies in causal identification, formal
cost-benefit analysis or measurement of avoided loss. It addresses a different margin by asking whether
the GT-STIB or GR-STIB is associated with farmers' shock buffering.

This study examines that question using plot-level data from farmers in Embu, Makueni and Nakuru
counties in Kenya. GR-STIBs combine technological and technical innovations with gender-responsive
social and/or institutional components. GT-STIBs share the same basic technological and technical
architecture, along with at least one gender-transformative social innovation. Technological, technical,
and social innovations (gender-responsive and gender-transformative components) that constitute a
STIB are identified in section 2.2. The analysis asks whether the probability of farmer-reported crop loss
reduction differs between the two social and gender architectures, and whether any observed difference
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remains after accounting for measured technological, technical, gender-responsive social and
institutional composition. The study also examines whether the architectures differ in the reported
monetary value of avoided loss. A separate analysis examines whether crop-loss reduction is associated
with the agronomic intensity of the bundles. The resulting estimates are interpreted as conditional
associations rather than causal effects because allocation to GR-STIBs and GT-STIBs was not
randomized and the shock-buffering outcomes are farmer-reported. The empirical contribution of the
present study is, consequently, the performance of bundled innovations under shocks, differentiated by
the social and gender architecture of their components.

The remainder of the paper is organized as follows. Section 2 describes the classification of gender-
responsive and gender-transformative socio-technical innovation bundles, study design and analytical
sample, outcome measures and the econometric specification. Section 3 presents descriptive
characteristics of the shock-exposed plots and reports the association between bundle architecture and
both the probability of a reported reduction in crop loss and the value of avoided losses. Section 4
discusses these findings in relation to the existing literature, and Section 5 concludes.

2. Materials and methods

2.1 Study design and analytical sample
Data used are drawn from a study that targeted farmers who participated in the HER + and Ukama
Ustawi socio-technical innovation bundling work in Embu, Makueni and Nakuru counties between 2022
and 2024. The sample comprised 213 participants from the earlier baseline cohort of 376 project
farmers [18]. Where a target participant was unavailable, a replacement was drawn from the original
project roster.

Plot eligibility was determined before the shock analysis. A plot was retained if a household planted at
least one target crop (maize, common bean or vegetables) and applied at least one relevant
technological and one technical innovation linked to the initiatives. These are crops targeted by the
socio-technical innovation-bundling work in the three counties. Data were collected from 417 plots, out
of which 310 met these crop and innovation conditions. Social and gender-transformative components
were measured at the household level and linked to the household’s eligible plots. The analysis then
conditioned on realised production shocks: 108 plots, belonging to 85 households, reported a shock and
were retained for the crop-loss analysis. The conservative monetary outcome was observed for 107 of
the 108 shock-exposed plots.

2.2 Classification of socio-technical innovation bundles
STIBs were defined from four innovation domains. Technological innovations comprised material
technologies and production practices, including improved seed varieties, mechanisation, conservation
agriculture, and other climate-smart agronomic practices. Technical innovations comprised
demonstrations, field days, agronomic and crop protection training, soil and water management training
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(including minimum or no tillage, moisture management practices, and mulch or residue retention), post-
harvest training, mechanisation guidance, extension advice, and digital advisory services. Social
innovations captured collective and relational arrangements around farming and household decision-
making. Gender-responsive social innovations included membership in farmer groups, peer learning,
collective access to inputs, collective marketing, savings mechanisms, leadership or governance support
and other non-transformative social arrangements. Gender-transformative innovations were gender
training, gender-transformative nutrition, household dialogue or couple planning, and support for
inclusion in farming decisions. Subsidy was treated separately as an institutional innovation.

A plot was classified as a STIB when technological and technical innovations were combined with at
least one social or institutional enabling innovation [18]. GR-STIBs contained technological and technical
innovations together with gender-responsive social and/or institutional innovations and no recorded
gender-transformative component. GT-STIBs shared the same basic technological and technical
architecture, with at least one gender-transformative component; they could also include gender-
responsive social and institutional innovations. Among the 108 shock-exposed plots, 39 were classified
as GR-STIBs and 69 as GT-STIBs.

2.3 Outcome measures
The main non-monetary outcome indicated whether the farmer reported that the practices or innovations
used on the plot reduced crop losses during the realised shock relative to usual practice under similar
conditions. This operational definition of resilience corresponds to the absorptive resilience dimension
targeted by the project. It represents respondent-attributed buffering of crop output conditional on shock
exposure rather than an observed output. The monetary outcome measured conservatively reported
avoided loss per hectare. It was the sum of the reported value of harvest preserved, avoided replanting
or re-establishment costs, and avoided extra remedial expenditure. Avoided labour costs were excluded
from this measure and examined only in sensitivity analyses. An explicit ‘no’ to an avoided cost
component was assigned a value of zero; where the farmer reported an avoided cost but did not provide
an amount, the value was left missing. The monetary regressions used the inverse hyperbolic sine (IHS)
transformation because the distribution of the screened values in Kenyan shillings per ha contained
zeros and was strongly right-skewed. A quasi-Poisson log-link specification on the raw non-negative
outcome was used for sensitivity checks.

2.4 Econometric specification
Binary crop loss reduction model

The empirical analysis relates the gender architecture of the STIB to farmer-reported shock buffering at
plot level. Let p index plots and h households. The main explanatory variable, , equals one (1) for a
GT-STIB and zero (0) for a GR-STIB. The principal binary outcome, , equals 1 when the farmer
reported that the practices or innovations used on plot p reduced crop losses during the realised shock,
and 0 otherwise. For the binary outcome, the conditional probability of reported crop loss reduction was
estimated using a logistic response model:

Gph

Yph
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1

where  is the logistic cumulative distribution function,  contains county indicators, reference
season, a maize-versus-non-maize indicator, and shock category. The shock category distinguishes
weather or rainfall shocks (drought or long dry spell, excess rainfall or flooding, and late onset of rain),
pest or disease shocks, and input or other shocks (input shortage or late input access, and other
specified shocks). The coefficient  captures the conditional difference between GT-STIB and GR-STIB
plots on the log-odds scale. Because log-odds coefficients are not directly interpretable as probability
differences, results are reported as average marginal effects (AME).

For the binary GT-STIB indicator, the reported AME is the sample-average discrete change in predicted
probability when the archetype is changed from GR-STIB to GT-STIB, holding the observed covariates at
their sample values:

2

Equation (1) compares the two STIB archetypes conditional on observable production context. A second
specification additionally controls for observed differences in the non-transformative composition of the
bundles:

3

where  contains technological or practice breadth, technical innovation breadth, gender-responsive
social breadth, and an indicator for institutional subsidy or in-kind support. This specification is a
composition-adjusted comparison between the two observed bundle archetypes and should not be
interpreted as a causal effect or as a formal mediation model. Respondent sex was added to Eq. (3) in a
further sensitivity specification. Robust standard errors were clustered at the household level to allow
arbitrary correlation in the regression errors across plots reported by the same household.

Monetary avoided loss model

Let  denote conservative farmer-reported avoided loss in KES per hectare.  is non-negative,
contains zero values, and is strongly right-skewed. The principal monetary specification therefore uses
the IHS transformation:

Pr (Yph = 1 ∣ Gph,Xph) = Λ (α + βGph + X′phγ)

Λ (⋅) Xph

β

AMEGT = ∑
ph

{Λ (α + β + X′phγ) − Λ (α + X′phγ)}
1

N

Pr (Yph = 1 ∣ Gph,Xph,Zph) = Λ (α + βGph + X′phγ + Z′phδ)

Zph

Mph Mph

M *
ph = asinh (Mph) = ln [Mph +√M 2

ph + 1]
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4

The transformed outcome was estimated by linear regression using the same contextual covariates as
the binary model:

5

with a composition-adjusted specification obtained by adding  to Eq. (5). The coefficient  is
reported in inverse-hyperbolic-sine units and is not mechanically interpreted as a percentage effect.
Household-clustered robust standard errors were used.

Two sensitivity checks were used for the monetary outcome. First, Eq. (5) was re-estimated after
screening observations flagged by the pre-specified plausibility checks. Second, a quasi-Poisson
pseudo-maximum-likelihood specification with a log link was estimated on the raw non-negative KES/ha
outcome:

6

The quasi-Poisson model is used as a conditional-mean robustness check and does not require the
monetary outcome to be count data. With robust clustered inference, the coefficient on GT-STIB is
interpreted after exponentiation as a conditional mean ratio.

Agronomic practice-intensity models

To examine whether reported shock buffering varied with the agronomic content of the bundles, 
was defined as the number of six practices used on the plot: minimum or no tillage, moisture
management, intercropping, crop rotation, mulching, and integrated pest management. The association
with reported crop loss reduction was estimated as:

7

The marginal effect of  is reported as the average change in predicted probability associated with
one additional agronomic practice. To distinguish broad agronomic domains, the count was
decomposed into soil and water practices ( ), diversification practices (intercropping and crop
rotation) ( ), and integrated pest management ( ), which were entered jointly:

8

M *
ph = αm + θGph + X′phγm + εph

Zph θ

E (Mph ∣ Gph,Xph,Zph) = exp (αq + θqGph + X′phγq + Z′phδq)

Aph

Pr (Yph = 1 ∣ Aph,Xph) = Λ (αa + ρAph + X′phγa)

Aph

SWph

Dph IPMph

Pr (Yph = 1 ∣ SWph,Dph, IPMph,Xph) = Λ (αd + ρ1SWph + ρ2Dph + ρ3IPMph + X′phγd)
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All models are estimated on the shock-exposed analytical sample. Accordingly, the coefficients describe
conditional associations among plots that experienced a realised shock. They do not identify the causal
effect of assignment to GT-STIBs, of individual bundle components, or of shock exposure itself.

3. Results

3.1 Descriptive characteristics
Table 1 presents summary statistics for variables constructed from surveys of farmers and used in the
analysis. Of the 108 shock-exposed plots, 69 (64%) were GT-STIBs, and 39 (36%) were GR-STIBs. Among
GT-STIB plots, 39% were in Makueni compared with 18% among GR-STIB plots, whereas 49% of GR-STIB
plots were in Embu compared with 30% of GT-STIB plots. About 36% of GT-STIB plots experienced pest
or disease shocks compared to 13% of GR-STIB plots. GR-STIB plots were more exposed to weather or
rainfall shocks than GT-STIB plots. Female respondents represented 71% of GT-STIB plots and 77% of
GR-STIB plots.

The GT-STIB group also had higher mean technological or practice breadth (10.35 versus 9.62
components), technical innovation breadth (5.77 versus 5.13), gender-responsive social breadth (3.42
versus 1.90), and agronomic practice intensity (4.61 versus 4.08). Institutional subsidy or in-kind support
was less common among GT-STIB plots (41%) but more common among GR-STIB plots (64%). Crop loss
reduction was reported on 62 of 69 GT-STIB plots (90%) and 26 of 39 GR-STIB plots (67%). However, this
pattern was not universal, as shown by seven GT-STIB plots and 13 GR-STIB plots that reported no
reduction in crop loss (Table 1).
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Table 1
Descriptive statistics of shock-exposed plots by STIB archetype

Variable All plots GR-STIB GT-STIB

Number of plots 108 39 69

Female respondents, n (%) 79 (73.1) 30 (76.9) 49 (71.0)

Panel A. County, n (%)      

Embu 40 (37.0) 19 (48.7) 21 (30.4)

Makueni 34 (31.5) 7 (17.9) 27 (39.1)

Nakuru 34 (31.5) 13 (33.3) 21 (30.4)

Panel B. Shock category, n (%)      

Weather or rainfall 60 (55.6) 26 (66.7) 34 (49.3)

Pest or disease 30 (27.8) 5 (12.8) 25 (36.2)

Input or other 18 (16.7) 8 (20.5) 10 (14.5)

Panel C. Bundle composition      

Technological/practice count, mean (SD) 10.08 (1.61) 9.62 (1.74) 10.35 (1.48)

Technical innovation count, mean (SD) 5.54 (0.88) 5.13 (1.22) 5.77 (0.49)

GR social count, mean (SD) 2.87 (1.49) 1.90 (0.97) 3.42 (1.45)

Institutional subsidy/in-kind support, n (%) 53 (49.1) 25 (64.1) 28 (40.6)

GT social count, mean (SD) 1.24 (1.21) 0.00 (0.00) 1.94 (0.95)

Six-practice agronomic intensity, mean (SD) 4.42 (1.32) 4.08 (1.26) 4.61 (1.32)

Panel D. Outcomes      

Reported crop-loss reduction, n (%) 88 (81.5) 26 (66.7) 62 (89.9)

Conservative avoided loss, median [IQR],
KES/ha

21,004 18,121 21,473

  [9,514 − 
43,985]

[3,212 − 
47,148]

[10,523 − 
43,491]

Notes: Values are n (%) for categorical variables and mean (SD) for continuous counts unless otherwise
indicated. GR = gender-responsive; GT = gender-transformative; STIB = socio-technical innovation
bundle; IQR = interquartile range. The conservative avoided-loss measure is available for 107 plots
overall (39 GR-STIB and 68 GT-STIB).

3.2 GR-STIB versus GT-STIB and reported crop-loss
reduction
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Results in Table 2 are obtained from logistic regression model that adjusted for county, season, main
crop and shock category. The average marginal difference was 0.187, equivalent to 18.7 percentage
points (95% CI -1.0 to 38.4 percentage points; p = .063). The predicted probability of reported crop loss
reduction was 0.704 for GR-STIB plots and 0.891 for GT-STIB plots (Fig. 1). The confidence interval
included zero, indicating that both estimates were statistically imprecise at the conventional 5% level.

Table 2
Association between STIB archetype and reported crop-loss reduction

GT-STIB (ref. GR-STIB), AME Model 1 Model 2 Model 3

0.187* 0.149* 0.149*

  (0.101) (0.089) (0.089)

Adjusted probability: GR-STIB 0.704    

Adjusted probability: GT-STIB 0.891    

Contextual controls Yes Yes Yes

Technological, technical, GR-social and institutional
composition

No Yes Yes

Respondent sex No No Yes

Plots 108 108 108

Household clusters 85 85 85

Notes: Entries for GT-STIB are average marginal effects from logistic regression; delta-method standard
errors are in parentheses. Model 1 adjusts for county, reference season, maize versus non-maize main
crop, and shock category. Model 2 additionally adjusts for technological/practice breadth, technical-
innovation breadth, GR-social breadth and institutional subsidy/in-kind support. Model 3 additionally
adjusts for respondent sex. Standard errors are clustered by household. * p < .10, ** p < .05, *** p < .01.

When the breadth of use of technological or climate-smart practice, technical, gender-responsive social,
and institutional innovations were added to logistic regression were added to the model, the estimated
difference declined to 14.9 percentage points (95% CI -2.5 to 32.3; p = .094). Adding respondent sex
changed the estimate little (14.9 percentage points; 95% CI -2.5 to 32.3; p = .092). Thus, adjustment for
observed bundle composition attenuated the estimated difference, whereas adjustment for respondent
sex had little additional influence.

3.3 Monetary value of reported avoided loss
Reported avoided loss was strongly positively skewed as shown in Table 3. The median was KES
18,121/ha for GR-STIB plots and KES 21,473/ha for GT-STIB plots, with overlapping interquartile ranges
(Table 1). The corresponding arithmetic means were KES 45,326/ha and KES 247,619/ha, respectively,
reflecting a small number of large values in the GT-STIB distribution. In the IHS model with contextual
controls, the GT-STIB coefficient was 1.675 (95% CI -0.266 to 3.615; p = .090). The coefficient declined to
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1.046 after adjustment for bundle composition (95% CI -0.945 to 3.038; p = .299). In a sensitivity analysis
excluding plots flagged for unusually high unit prices or plot areas below 0.05 acre, the GT-STIB
coefficient remained positive but imprecisely estimated (1.507; 95% CI − 0.431 to 3.445; p = .126). The
quasi-Poisson conditional mean ratio was 1.22 (95% CI 0.17 to 8.87; p = .845). The monetary estimates
were therefore positive in most specifications but imprecisely estimated and sensitive to the treatment
of the upper tail.

Table 3
Association between STIB archetype and conservative reported avoided loss

GT-STIB (ref. GR-
STIB)

Model 1 Model 2 Model 3 Model 4

1.675* 1.046 1.507 1.219

  (0.976) (1.001) (0.974) [0.168–
8.866]

Outcome IHS conservative
KES/ha

IHS conservative
KES/ha

IHS screened
KES/ha

Raw
KES/ha

Contextual controls Yes Yes Yes Yes

Full non-GT bundle
composition

No Yes Yes Yes

Plots 107 107 103 107

Household clusters 85 85 83 85

Notes: Models 1–3 report regression coefficients for the inverse-hyperbolic-sine (IHS) transformed
avoided loss outcome; robust standard errors are in parentheses. Model 3 uses the screened monetary
outcome. Model 4 is a quasi-Poisson log-link sensitivity model and reports the conditional mean ratio
with its 95% confidence interval in brackets. Contextual controls are county, reference season, maize
versus non-maize main crop, and shock category. Full non-GT composition includes
technological/practice breadth, technical-innovation breadth, GR-social breadth and institutional
subsidy/in-kind support. Standard errors are clustered by household. * p < .10, ** p < .05, *** p < .01.

3.4 Agronomic practice intensity and reported crop loss
reduction
Reported crop loss reduction also varied with agronomic practice intensity as shown in Table 4. Each
additional practice in the six-practice score was associated with a 7.2 percentage point increase in the
adjusted probability of reported loss reduction (95% CI 1.8 to 12.6; p = .010). In the joint domain model,
the corresponding marginal effects were 9.1 percentage points for each additional soil or water practice
(95% CI 1.2 to 16.9; p = .023) and 11.2 percentage points for each additional diversification practice (95%
CI 0.8 to 21.6; p = .035). The marginal effect for integrated pest management was − 9.4 percentage
points (95% CI -25.9 to 7.1; p = .263). A Wald test did not reject equality of the three domain coefficients
on the logit scale (p = .203).
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Table 4
Agronomic practice intensity and reported crop-loss reduction

Average marginal
effect

Six-practice
intensity

Soil/water
count

Diversification count IPM

0.072*** 0.091** 0.112** -0.094

  (0.028) (0.040) (0.053) (0.084)

Contextual controls Yes Yes Yes Yes

Joint agronomic-
domain model

No Yes Yes Yes

Plots 108 108 108 108

Household clusters 85 85 85 85

Notes: Average marginal effects are reported with delta-method standard errors in parentheses. The six-
practice intensity model is estimated separately. Soil/water, diversification and IPM estimates are from
the joint domain model. All models adjust for county, reference season, maize versus non-maize main
crop, and shock category, with standard errors clustered at the household level. * p < .10, ** p < .05, *** p
< .01.

4. Discussion
The results indicate that the gender architecture of STIBs may matter for how smallholder farmers
experience agricultural shocks. Results after adjusting for county, season, crop and shock type indicated
that GT-STIB an average difference of 18.7 percentage points in crop loss reduction due to shocks
between GT-STIB plots (0.891) crop loss reduction and GR-STIB plots (0.704). The estimate is
economically sizeable, although it is imprecisely estimated and its 95% confidence interval includes
zero. Further adjustment after accounting for technological or practice breadth, technical innovation
breadth, gender-responsive social innovations and institutional support attenuated the observed
difference to 14.9 percentage points and changed little when respondent sex was added. Although this
finding is not evidence that adding a gender-transformative component causes greater resilience, it
shows that the observed difference between the two bundle architectures is not fully accounted for by
the measured technological, technical, gender-responsive social and institutional content of the bundles.

This result extends a growing literature on innovation bundling in agriculture. Recent studies in Kenya
find positive associations between STIB adoption and crop productivity, empowerment, and food
security [16, 19–23]. However, the present results differ from findings presented in these studies in one
important respect. They do not compare bundled interventions with non-bundled technologies or
programme participants with non-participants. Instead, they compare two forms of bundling among
farmers already exposed to technological and technical innovations. This narrows the empirical question
to whether the social and gender architecture accompanying agricultural innovations is associated with
their performance under realised shocks. Such a distinction is important because complementarity
within bundles may arise from both between technologies and between technologies and the
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institutions, knowledge and household arrangements needed to use them. This argument is well founded
in the literature. In Mozambique and Tanzania, for example, Boucher et al. [24] found that combining
drought-tolerant seed with index insurance protected farmers more fully against varying degrees of
drought than either instrument could alone.

The attenuation of the GT-STIB estimate after adjustment for bundle composition deserves particular
attention. GT-STIB plots had greater technological, technical, gender-responsive social and agronomic
breadth than GR-STIB plots. By contrast, institutional subsidy of seeds, fertilizers, and mechanisation
services was more common among GR-STIB plots than GT-STIB plots. A simple comparison of the two
archetypes could therefore attribute to the gender-transformative layer what is, in part, a consequence of
receiving a more extensive package of socio-technical bundling interventions. The composition-adjusted
model reduces this concern but does not eliminate it. The remaining difference may reflect the
transformative components, unmeasured differences in programme exposure, farmer selection,
household capacity or other attributes correlated with both bundle composition and shock management.
This is consistent with agricultural economics evidence showing that access to resources, information,
ownership and decision-making authority influence which combinations of climate-smart practices
farmers use. Teklewold [25], using plot-level panel data from four African countries, finds that ownership,
management and control over agricultural returns are associated with portfolio adoption, while
Hailemariam et al. [26] show that gender gaps in climate-smart technology adoption are partly related to
information, farm characteristics, resources and social norms. Thus, household decision-making
arrangements can plausibly affect choices without implying that any observed difference is attributable
solely to gender transformation.

There is nonetheless a plausible economic interpretation for why gender-transformative components
could complement technical and technological innovations. Household dialogue, gender training and
greater inclusion in farming decisions may change who contributes information, how labour and inputs
are allocated, and whether production decisions are coordinated across household members. These
mechanisms concern the use of productive resources rather than empowerment as an end in itself.
Anderson et al. [27] identify resource access and changes in agricultural decision-making as possible
pathways through which women’s empowerment could generate economic benefits, although they also
conclude that direct estimates of such economic returns remain limited. In the Kenyan STIB programme,
Nyamolo et al. [16] reported higher empowerment among farmers in co-designed STIBs. It supports the
possibility that social relations affect the ability to access and use agricultural innovations, but they do
not establish the pathway observed here from gender-transformative content to shock buffering. The
lack of change in the GT-STIB estimate after controlling for respondent sex is also insufficient to
conclude that men and women benefit equally. This is because the male subsample in the present
analysis is small, and respondent sex does not align with the gender relations captured by the bundle.

The agronomic results provide a more direct link between bundle content and agricultural risk
management. There was 7.2 percentage point increase in the probability of reported crop-loss reduction
for every additional agronomic practice applied by the farmer. However, this remains an association
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between crop loss reduction and the intensity of adoption of agronomic practices. Joint association of
agronomic practices showed that every additional soil or water practice was associated with a 9.1
percentage-point higher probability of crop loss reduction. Each additional diversification practice was
associated with an 11.2 percentage-point increase in the probability of reducing crop losses. These
estimates are consistent with the risk-reduction role attributed to diversified and resource-conserving
production systems. Using Kenyan panel data, Bozzola and Smale [28] find that greater crop richness
and evenness reduce farmers' exposure to downside crop-income risk, especially among more
vulnerable households. Evidence from Malawi and Tanzania similarly shows that rainfall shocks induce
farmers to diversify their crop portfolios, although the extent of this diversification depends in part on
household assets [29]. More recent Ethiopian panel evidence finds that intercropping is associated with
weaker drought-related losses in production, income and food-security outcomes, whereas crop rotation
provides more selective protection [30]. The present results are therefore compatible with diversification
and soil or water management providing complementary forms of buffering, but do not suggest that
diversification is superior to soil and water management in reducing crop losses due to climate shocks.

The monetary results provide weaker evidence than the binary crop loss outcome. The KES 18,121 and
KES 21,473 per-hectare median conservative avoided loss between the GR-STIB and GT-STIB plots
differed relatively little. On the other hand, the arithmetic mean of GT-STIB plots differed substantially
from the arithmetic mean of GR-STIB because of strongly positively skewed GT-STIB observations. The
positive GT-STIB coefficient in the IHS specification decreased after adjusting for bundle composition
and estimates from the screened and quasi-Poisson specifications remained imprecise.

These results do not justify a claim that GT-STIBs generated a higher monetary return. Rather, they show
how quickly inferences about economic magnitude can become sensitive to valuation and to extreme
observations when losses are reconstructed from farmers' reports. This distinguishes the present
analysis from formal cost-benefit studies. Mutenje et al. [7], using two years of data from Malawi,
Mozambique and Zambia, found several combinations of conservation agriculture, improved varieties
and crop diversification to be economically viable. They also showed that women’s bargaining power
influenced investment choices, thereby shaping both farmers' technology bundle choices and their ex-
post profitability. The novelty of the current study lies in the conditional agricultural performance
following a shock and in the association between gender transformation, as part of the technology
bundle, and that performance.

Another farm-level study by FAO [17] compared disaster-risk-reduction practices with previously used
practices under observed hazard conditions and found benefits from both additional production and
avoided damage. This provides stronger avoided-loss counterfactual comparator evidence than the
current study because it directly measures disaster-related avoided damage and loss under observed
hazard conditions, such as drought, floods, storms, frost, pests and diseases. Although this design
provides a substantially stronger basis for estimating avoided losses or economic returns under climate
shocks and technological/agronomic factors across multiple countries, the present study addresses a
different question: whether adding gender-transformative social innovations to those practices is
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associated with greater reported buffering during realized agricultural shocks. Thus, the contribution of
the present study is not to provide a new method for valuing avoided agricultural loss, but to provide
evidence that introducing gender-responsive or gender-transformative innovations into the bundle may
alter the capacity to buffer shocks. Taken together, the strengths of FAO [17] and Mutenje et al. [7]
relegates the novelty of the present study to the gender architecture of shock buffering rather than in the
valuation of avoided loss itself.

Several qualifications are important in interpreting the results. First, the analysis is conditional on the
108 plots that experienced a reported shock. It therefore addresses buffering among shock-exposed
plots and cannot establish whether either archetype reduces the probability of experiencing a shock or
performs better in non-shock seasons. Second, both the exposure information and the principal
buffering outcome come from farmer reports. Farmers who participated more intensively in socio-
technical innovation bundling activities may be more inclined to attribute favourable outcomes to those
activities. Objective measures of shock intensity would have addressed this disjuncture but are
unavailable. Third, the comparison is observational. County and shock composition differed between GR-
STIB and GT-STIB plots, and GT-STIBs contained more technological, technical and gender-responsive
social components. Statistical adjustment reduces observed compositional differences but cannot
address unobserved selection into the two architectures. These limitations are particularly relevant
because gender-responsive innovation processes can themselves influence who participates, who
receives information and who is able to sustain the use of innovation [31].

The observed data also provide a useful counterexample to an overly deterministic interpretation. Seven
GT-STIB plots did not report reduced losses, whereas 26 GR-STIB plots did. Gender-transformative
content was therefore neither necessary nor sufficient for reported shock buffering. The appropriate
interpretation is a difference in the conditional probability of reporting reduced losses, not a division
between effective GT-STIBs and ineffective GR-STIBs. This distinction also cautions against treating
gender transformation as a substitute for agronomy, access to resources or technical support. Rather,
the results are consistent with the proposition that these components operate jointly. This echoes recent
work on women farmers in India, which finds that climate-smart technologies can fail to deliver lasting
benefits when the underlying social and institutional constraints go unaddressed [32]. Research on
gender-transformative agricultural programmes makes a related point: adopting transformative
language or tools does not, on its own, guarantee structural change [33].

The main contribution of the analysis is therefore not evidence that gender transformation independently
raises agricultural resilience. Existing studies have already shown that bundled agricultural technologies
can improve productivity, food security and resilience, and that gender relations influence access to and
use of agricultural innovations [7, 22–24]. The additional result here is that, within a set of programme-
exposed STIBs, bundles containing gender-transformative social components were associated with a
higher probability of reported crop loss buffering than bundles containing gender-responsive but no
transformative components. That association remains sizeable, though imprecise, after adjustment for
observable differences in the other bundle domains. For programme design, this suggests that the social
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organisation surrounding climate-smart technologies should be treated as part of the productive system
rather than as an ancillary equity component. Establishing its incremental economic return, however, will
require designs that prospectively compare otherwise similar bundles with and without gender-
transformative components, preferably across repeated shock and non-shock seasons and with
independently measured production losses.

5. Conclusion
The study examined the association between gender-transformative components of STIBs and plot-level
buffer against agricultural shocks. The results showed that GT-STIB was associated with a higher
probability of plot-level reduction in crop losses under shocks than GR-STIB. Although the estimate was
statistically imprecise, the difference in the probability of gender-transformative components in reducing
crop losses compared with GR-STIB’s probability remained sizeable even after adjusting for observed
technological and social innovations, gender-responsive social and institutional components, as well as
county, season, crop, and shock type. Greater agronomic practice intensity was also associated with a
higher probability of reported crop-loss reduction, particularly through soil and water management and
diversification practices. Avoided losses estimates were statistically inconclusive due to the strongly
positively skewed distribution and the sensitivity of estimated differences between the two gender
archetypes of STIBs to adjustments for bundle composition and extreme observations.

These findings, therefore, do not establish that gender-transformative components of STIBs
independently buffered crop losses or generated higher monetary returns during shocks. Instead, the
present study finds that among farmers already using technological and technical innovations, the social
and gender configuration surrounding those innovations is associated with differences in reported
performance under realised shocks. Some GT-STIB plots reported no loss reduction, as many GR-STIB
plots also did. This suggests that gender-transformative content was neither necessary nor sufficient to
buffer, and it cannot substitute for agronomic practices, which were associated with a higher probability
of reported reductions in crop losses, particularly through soil and water management and
diversification practices. However, the relevant conclusion drawn from the present study is that
interventions should recognise the social organisation through which technologies are introduced and
used. They should recognise that social innovations form part of the productive architecture of
agricultural risk management and therefore gender should not be treated only as an equity consideration
alongside agricultural technology. This is because the social and gender architecture surrounding
technologies may be associated with how those technologies perform during shocks.

The study findings suggest that policies and interventions should move from treating transformative
innovations as a separate social objective added after agricultural investments have been designed.
Instead, they should treat gender-transformative innovations as part of the productive architecture, to be
tested and promoted alongside agronomic and technical interventions. The study also highlights the
value of measuring how different bundle configurations perform under shocks. This would allow
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governments and development programmes to distinguish interventions that are widely adopted from
those that help farmers buffer shocks.
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Figure 1

Adjusted probability of reported crop-loss reduction by STIB archetype.

Predicted probabilities are from the primary logistic model adjusted for county, reference season, maize
versus non-maize main crop, and shock category. Error bars show 95% confidence intervals.
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