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Biophysical evaluations of climate-smart agriculture (CSA) often overlook the potential

interactions with and implications for biodiversity and ecosystem services, which are

important determinants of food system resilience and sustainability. Drawing on a

case study in the East Usambara Mountains, Tanzania, we compare the impacts of

CSA with other agricultural management practices on invertebrate pest and natural

enemy diversity, and the associated effects on crop damage and crop yield. We found

that the most common CSA practices in the region, terracing and trenching with

live and compost mulches, provided the best outcomes for crop production, pest

suppression and agricultural income. However, greater diversity of pests was observed

when neighboring fields planted improved crop varieties, suggesting that the use of

improved varieties by farmers creates increased vulnerability to pest damage among

neighboring farmers that used local varieties. Also, greater natural enemy diversity was

found when neighboring fields were either intercropped or left fallow highlighting spatial

flows of ecosystem services between fields. Landcover heterogeneity was positively

correlated with pest diversity, whilst landcover richness was positively associated with

higher pest volume, highlighting the importance of landscape characteristics in pest and

natural enemy dynamics. Finally, we found that crop damage was most severe when pest

communities had low species richness, suggesting that a small number of key crop pests

contribute to most yield losses. Our findings illustrate that those varied combinations

of agricultural management practices lead to heterogeneous biodiversity outcomes

and trade-offs, and highlight the importance of local management, neighborhood

effects and landscape characteristics. CSA evaluations must therefore look beyond

productivity as a measure for success, as trade-offs with invertebrate biodiversity, food

production, and environmental sustainability often interact and feedback in complex and

unexpected ways.
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INTRODUCTION

Climate change poses a significant threat to the future of global
food production with implications for agricultural productivity
and food system sustainability (Lobell et al., 2011; Dang and
Dabalen, 2017; Ray et al., 2019). In addition to climate change,
there is widespread global concern about biodiversity loss due
to agricultural expansion and intensification (Newbold, 2018;
Beckmann et al., 2019). Besides its inherent, intrinsic value,
biodiversity underpins vital ecosystem services that support food
production (Dainese et al., 2019), such as the biological control
of crop pests and diseases by natural enemies (Bommarco et al.,
2018). As with food production, biodiversity and biodiversity-
based ecosystem services are fundamentally dependent on
climate and, hence, vulnerable to climate change (Pecl et al., 2017;
Nunez et al., 2019).

Climate smart agriculture (CSA) has been developed as a
climate adaptation framework for multiple aspects of agriculture,
from field-level practices to food supply chains (Venkatramanan
and Shah, 2019). CSA implementation has targeted developing
regions such as the sub-Saharan Africa (SSA) (Neufeldt et al.,
2013), which are most vulnerable to climate change and have
limited capacity to cope, and invest in adaptive institutions
and technologies (Fankhauser and McDermott, 2014; Porter
et al., 2015; van Wijk et al., 2020). The primary goal of CSA
is to achieve triple wins by contributing to three objectives;
increasing productivity, increasing the resilience of food
production, and mitigating greenhouse gas emissions (Lipper
et al., 2018). However, there are gaps in evaluating the success
of CSA approaches as studies have predominantly focussed
on productivity outcomes (Dinesh et al., 2015; Rosenstock
et al., 2019; van Wijk et al., 2020). In a limited number of
cases, investigations of the resilience benefits have also been
linked to productivity gains, where surplus food minimized
the effects of climate impacts and increased the resilience of
farmers (Dinesh et al., 2015; van Wijk et al., 2020). With such
a narrow agricultural productivity and food security focus,
the possible impact of CSA practices on other components
that affect agricultural system resilience and environmental
sustainability, such as biodiversity and ecosystem service
provisioning (Thornton et al., 2018), is a crucial knowledge gap.
Evaluation of these broader components would help develop
a better understanding of the system-level effectiveness
of, and trade-offs associated with the CSA framework.
This is critical to enable the identification of agricultural
strategies that improve food system multifunctionality
necessary for building resilience to climate change
(Thornton et al., 2018; van Wijk et al., 2020).

Here, we evaluate the effects of local-scale farm management,
including CSA practices, on invertebrate diversity and
agricultural yields, focusing on pest prevalence and suppression
in the East Usambara Mountains of Tanzania. Specifically,
we examine relationships among (i) invertebrate richness,
abundance and volume of crop pests and natural enemies,
(ii) percentage crop damage and, (iii) annual income from
crops (USD ha−1) under varying combinations of CSA and
traditional farm management practices. Landcover diversity

and configuration around the fields (Duarte et al., 2018; Zhang
et al., 2020), and management practices in the neighboring
fields affect the invertebrate diversity, pests, and natural enemies
through spatial flow and interactions (Redlich et al., 2018).
The understanding of the effects of the landscape context and
the associated processes on local agrobiodiversity and related
ecosystem services is mainly based on studies in large-scale and
commercial farming systems in temperate ecosystems (Rusch
et al., 2016; Woodcock et al., 2016; Aguilera et al., 2021). Only a
few studies have examined the ecosystem services in biodiverse
smallholder farming landscapes in SSA (Mkenda et al., 2019).
Hence, we also account for the effects of landscape context
and the influence of management in the neighboring fields on
invertebrate richness, crop damage and income.

Our study provides new insights into the implications of CSA
farmmanagement for biodiversity and ecosystem services at local
and landscape scales in SSA, which can inform future agricultural
transformation strategies in the region and beyond.

METHODS

Study Site and Experimental Design
The study was conducted in the East Usambara Mountains,
Tanzania (Figure 1), where CSA was introduced as part of
the ‘Integrated Approaches for Climate Change Adaptation
Project’ (IACCA), which ran between 2015 and 2019 as part
of the European Union-funded Global Climate Change Alliance
(GCCA+) programme (Ongawa, 2019). The project established
farmer field schools (FFS) and provided training and capacity
building of farmer communities in CSA.

Farming communities in the region predominantly comprise
highly diverse but low-input, mixed cropping, livestock
(primarily zero-grazing dairy cattle and poultry) and agroforestry
smallholder systems. Food crops include maize, beans, yams,
banana, and cassava, while commercial crops include spices
(cardamom, cinnamon, clove, and black pepper), sugarcane,
fruits (jackfruit), and some horticultural produce (tomatoes,
onions, leafy vegetables).

We sampled invertebrate diversity and abundance during
five sampling occasions at approximately 2-month intervals –
September and November 2019, January, March, and May in
2020, in 82 fields across an elevation gradient from 200-400m
(lowlands) to 800-1200m (highlands) above sea level. The fields
were selected from a dataset of 150 areas containing agronomic
details prepared by two local extension officers from the Muheza
District Agriculture Office. The selection of the fields was based
on the availability and willingness of farmers to participate in
this study. We used the agronomic background information to
select fields so that 50% of our sampled fields had at least two
climate-smart management activities (Table 1) practiced for 2
years or more (as defined by the IAACA project). During each
field visit, we recorded information about local management
practices in the focal field (i.e., the field we were sampling) and in
the nearest neighboring field. The information comprised farm
size, the number of crop species in the field, and the presence
or absence of the following practices: improved crop variety,
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FIGURE 1 | Map of the study site and sampling design in Tanzania: East Usambara Mountains in Muheza District of Tanga Region. The traps were placed in the

center and margin of 82 focal fields in the study area, with sampling taking place five times between Sept. 2019 and May 2020.

TABLE 1 | Agronomic background of fields used in the study.

Farm size 0.8 (± 0.1) ha 0.2 to 6 ha

Crop richness 2.4 (±0.14) crop species 1 to 5 crop species

Commonly cultivated crops (n =

number of fields)

Maize (n = 64), Cassava (42), Beans (26), Cloves (17), Banana (14), Cardamom (7)

Times cultivated per year Single season – 37, Two seasons – 45

Field categories – based on clustering of management practices with >1 year of implementation:

Monocrop-Trench (n = 15) Local variety Maize monocrops and Fanya juu trenching

Spice-Intercrop-Cropdiv (19) Local variety intercrops (Maize with Cassava or Bean) and spice plantations (≥ 4-year-old plantations)

Mulch-Trench (11) Compost mulches used along with Fanya juu trenching and terracing, with Napier (Pennisetum purpureum) plantation as live mulches

on Fanya juu terrace and trench systems to stabilize the soil. Fanya juu involves digging of ditches and throwing excavated soil

upslope. Napier grass is generally used as fodder and as “pull” crop to attract crop pests toward it and away from crops. Here, it was

used only to stabilize the upslope soil and for fodder rather for the purposes of pulling crop pests.

Spacing-Intercrop (13) Designated 70–100 cm inter-row spacing between plants along with intercropping of Maize with Cassava or Beans. Traditional

spacing generally had 50–60 cm between crop plants.

CS-Intercrop-Cropdiv (24) Maximum number of CSA activities including improved variety of crops, intercropping, spice cultivation and agroforestry

mulching, spice plantation, row spacing, trenching, intercrop,
agroforestry, and fallow.

Sampling of Management Practices,
Yields, Crop Damage and Invertebrates
Management Practices and Landscape Variables
As the number, type and combination of management practices
varied considerably between fields, we applied the k-means
hierarchical clustering algorithm (Qi et al., 2017; Figure 2) to the
management practices data to characterize them. This resulted in
5 distinct field categories (Figure 2; Table 1):

To account for the influence of landscape context, we
computed two landscape-level variables; edge length (density
of forest edges) and landcover richness (total number of
unique landcovers) within 500m radius of the focal field,

using the Copernicus 100m resolution landcover dataset
(Buchhorn et al., 2020).

Invertebrate Sampling and Crop Damage
At each field center and margin (2m inside the field), we
sampled invertebrates using three techniques - a combination
of two Pitfall traps, a Sticky trap and three Pan Traps. Pitfall
traps were installed with 1m distance between them, sunk
in the ground with the rim at the ground level, and filled
with water with a drop of liquid soap to break the surface
tension. The pan traps comprised a cluster of three pans (UV
bright yellow, blue, and white) placed together half-filled with
water and a drop of liquid soap. The yellow sticky traps were
placed between the pitfall traps, approximately 100 cm above the
ground. The traps operated for 72 h, after which the specimens
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FIGURE 2 | PCA Biplot of Farm clusters, where five categories based on the dominant set of management activities emerged. First two axis indicates clear distinction

between Monocrop-Trench and CS-Intercrop-Cropdiv. Third axis (not visible) distinguishes between the other three categories.

were collected and sorted into morphologically distinct groups
(OTU, operational taxa units) by two field assistants (MSc.
students from the Sokoine University of Agriculture, Tanzania),
and two agricultural extension officers from Muheza District.
The specimens were preserved in storage vials containing 90%
ethanol to further identify orders, families, and genera. The
vials containing the specimens were labeled with unique OTU
codes corresponding to taxonomic id, sampling station, field
number, and month. The OTUs were further classified into
potential pests (predominantly crop herbivores) and potential
natural enemies (insect predators and parasitoids). The total
number of individuals and length and width (in centimeters)
of 2–3 randomly selected individuals were recorded for each
OTU. Further, for each sampling occasion (sampling station,
technique, and month), we measured abundance (total number
of individuals), invertebrate biovolume (volume here onwards,
abundance × length × breadth) as a measure of biomass, and
richness of OTU (number of unique OTUs), which were used
as invertebrate response variables. The invertebrate volume is
based on size i.e., length and breadth, as well as the number of
individuals and is an indicator of body-size distribution in an
invertebrate assemblage.

We also measured crop damage on two randomly selected
plants of each crop species (for intercrop fields) at each sampling
station by recording the approximate percentage of pest-induced
damage observed on leaves, cobs or fruits, and stems. Mean
damage observed in all plants and plant parts was used to derive
a field-level measure of crop damage.

Annual Income and Crop Yields
We collected information about the annual income from the
major crops in each field by asking farmers about the quantity

they harvested for each crop in the field during our study in
2019–20 (details of each crop yields in supporting information,
SI). We converted yields per annum to earnings per hectare per
annum (in Tanzanian shillings) by asking the extension officers
about the average market price a farmer would get after selling
the harvested amount in the local market in Muheza during the
period of study. Tanzanian shillings were converted to US dollars
using the conversion rate of 1 USD = 2,319.05 TZS as of 30th

April 2021. Hereafter, annual yield, or annual income indicates
US dollars per hectare earnings during 2019–20.

Statistical Analyses
Management-Invertebrate Models
To investigate the effect of management, neighboring field, and
landscape context on invertebrates, we usedmixed-effects models
with richness as a Generalized Poisson distribution (GLMM) and
log-transformed values of abundance and volume as a General
Normal distribution (GLM). We grouped the invertebrates into
potential pests and natural enemies (hereafter, pests, and natural
enemies), andmodeled the groups and their richness, abundance,
and volume separately.

Management-Crop Damage and Annual Yield Models
We further explored management effects on crop damage
and yield by modeling crop damage and annual yields as
a function of management, neighboring field and landscape
context using GLMs.

Invertebrate-Crop Damage and Yield Models
We also tested the relationship between invertebrates and yields
by using GLMs to model crop damage and annual yield as
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TABLE 2 | Response and explanatory variables included in the mixed-effects models with the month as a random effect.

Response variables Explanatory variables (Fixed effect) Objectives

Invertebrate diversity – abundance,

volume and richness of pest and natural

enemies (6 models)

Field clusters, Management in neighboring

field, altitude, and landscape context

Effect of field management categories on

invertebrate diversity and prevalence

Crop damage and annual yield

(2 models)

Field clusters, Management in neighboring

field, altitude, and landscape context

Relationship between management, crop

damage and crop yields

Crop damage and annual yield

(4 models: 2 models for each group - pest

and natural enemy)

Management clusters and Invertebrate

diversity – abundance, volume, and

richness of pests and natural enemies,

modeled separately.

Effects of Invertebrate diversity –

abundance, volume and richness of PS

and NE on crop damage and crop yields

Each response variable represents a separate model.

FIGURE 3 | Effect of sampling month on invertebrate richness (A) abundance (B) and volume (C). November showed significantly reduced abundance and volume,

which also correlated with flash floods in the study area.

response variables and richness, abundance and volume of pest
and natural enemies as predictors.

To account for the effect of seasonality and repeated
observations, we included sampling month as a random effect
(Table 2). Models were specified using all possible combinations
of the explanatory variables and subjected to backward model
selection based on the lowest values of Akaike’s information
criterion (AIC). Estimates and unconditional 95% confidence
intervals (CI) were derived from the best fit models (1AIC <

2). The effect was considered significant when the 95% CI did not
overlap zero. We also standardized all the continuous variables,
tested for multicollinearity (with an aim to remove variables
responsible for VIF>3) and checked for residual distribution
against fitted values to verify model assumptions. All calculations
and analyses were undertaken using the statistical software R
version 3.4.2 (R Core Team, 2017).

RESULTS

Invertebrate Assemblage Sampling and
Effect of Sampling Month
From September 2019 to May 2020, during the five sampling
periods, we collected a total of 93,428 invertebrate individuals

with a mean body size of 0.13 mm2 (SD = 0.4 mm2),
ranging from 0.0002 to 27 mm2. They were identified to 282
distinct morphospecies (OTUs) belonging to 33 orders, 122
families, and 164 genera (list of species and abundances in
Supplementary Tables 1, 2).

The month of sampling had a significant effect explaining
the majority of variance in abundance, richness and volume of
pests and natural enemies (20–24% random effect; Figure 3). The
abundance and volume of invertebrates dropped significantly in
November 2019, coinciding with flash floods in the study area
that destroyed fields and crops. Following the drop in November,
abundance and volume recovered and increased significantly in
January before gradually declining until the end of sampling
in May.

Management Practices and Invertebrate
Diversity
Farm management clusters showed a significant difference
in richness, abundance and volume of pests and natural
enemies (Figures 4a–f). Compared to the Monocrop-Trench
farms, Mulch-Trench, Spacing-Intercrop and Spice-Intercrop-
Cropdiv farms had lower pest diversities (Figures 4a,b). CS-
Intercrop fields had a higher pest volume (Figure 4c) but
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FIGURE 4 | The coefficient plot of richness (a,d), abundance (b,e) and volume (c,f) of pests (a–c) and natural enemies (d–f) (3 × 2 models) in response to farm

clusters based on management practices, neighbouring field characteristics, and landscape context. The independent variables selected in the best fit model (1AIC <

2) are shown. Each panel represents a different model. The positions of the circles represent β-coefficients, horizontal lines on the circles show SE, and colors signify

the direction of the effect.

showed no significant difference in pest abundance and richness
(Figures 4a,b) compared to monocrop-trench fields. Mulching
was associated with lower natural enemy volume (Figure 4f) but
did not significantly affect the richness and abundance of natural
enemies (Figures 4d,e). Spice-Intercrop fields, however, had a
lower richness of natural enemies (Figure 4d), in addition to
lower pest richness (Figure 4a), suggesting that Spice-Intercrop
fields are associated with reduced overall biodiversity.

Landscape fragmentation, indicated by edge-length, was
associated with lower pest richness (Figure 4a), suggesting no
evidence of spill-over of potential pests from non-crop forest
habitats. In contrast, landcover diversity, measured by landcover
richness, showed a positive effect on pest volume (Figure 4c),
suggesting that landscapes with greater heterogeneity support a
broader range of pest body sizes. The landscape context variables
did not significantly affect natural enemies.

Characteristics of neighboring fields also influenced pest and
natural enemy prevalence. Local variety monocrop focal fields,
with neighbors practicing intercropping and wider crop row
spacing, had fewer pests (Figure 4b) and more natural enemies
(Figure 4e). In contrast, local variety focal fields had higher pest
richness when the neighboring field had improved crop varieties
(Figure 4a). Neighboring fallowed fields also led to a positive
association with natural enemies in the focal field, albeit only
marginally significant (p = 0.06). Also, at higher altitudes, there
were a lower pest and natural enemy abundance (Figures 4b,e)
and reduced natural enemy richness (Figure 4d).

In summary, farms with mulching, wider spacing between
crop plants, and spice plantations had fewer pests, while
management in the neighboring fields, mainly intercrop and
fallow, had positive outcomes for natural enemies in the
focal fields.
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FIGURE 5 | The coefficient plot of crop damage (proportion of crop affected by pests) and crop yield earnings (Annual USD per hectare) in response to farm clusters

based on management practices, neighboring field characteristics, and landscape context. The independent variables selected in the best fit model are shown. Each

panel represent a different model. The positions of the circles represent β- coefficients, horizontal lines on the circles show SE, and colors signify the direction

of the effect.

Management Practices, Crop Damage and
Yields
Despite lower pest richness, crop damage in Spacing-Intercrop
and Spice-Intercrop fields was significantly greater than CS-
Intercrop and Monocrop-Trench fields (Figure 5), suggesting
damage was caused by a small number of key crop pests. Crop
damage was also positively associated with the number of times
the field was cultivated and with neighboring intercrops. Edge
length was negatively associated with crop damage, but this was
only marginally significant (p= 0.07).

Annual yields were higher in mulching, spacing, and spice
fields compared to Monocrop-trench and CS-intercrop fields.
Also, fields at high altitudes had significantly higher earnings
than lowland fields. Interestingly, local variety focal fields that
had neighbors using improved variety crops showed lower
yield earnings.

Invertebrate Diversity, Crop Damage and
Yields
The models (presented in Figure 6), suggest that pest abundance
had a significant positive effect on crop damage (0.12 ± 0.52)
and a negative association with annual yields (−5.9 ± 2.7).
Furthermore, pest abundance effects on crop damage were
influenced by pest richness (-0.03 ± 0.01). At low pest richness
(richness <4 OTUs), pest abundance had the strongest positive
effect on crop damage and a severe negative relationship with
annual yields, indicating that a small number of key pests caused
the most damage. On the other hand, neither richness nor
abundance of natural enemies showed any significant association
with crop damage. Still, they had a significant positive effect on
annual yields, which increased with natural enemy abundance

(5.2 ± 2.06) and richness (4.3 ± 1.5). However, at very high
natural enemy richness (n > 8), natural enemy abundance was
negatively associated with annual yields.

DISCUSSION

Our study is the first to evaluate the ecological implications of
CSA practices deployed in different combinations at field-scale.
It helped identify potential synergies and trade-offs among the
targeted objectives of CSA practices, annual agricultural yields
and income, and outcomes for pest and natural enemy diversities
and associated ecosystem service of biocontrol (Table 3). We
showed that fields with mulches and Fanya juu trenches had
the greatest synergy with the targeted objectives in terms of
higher annual agricultural income and lower pest pressures.
Surprisingly, the fields with maximum CSA practices did not
have significantly different yields or invertebrate diversities,
indicating that certain practices (mulches and Fanya Juu
trenching) had a significant effect, but lots of practices combined
ceased to produce any effect. This may simply be due to
different practices having contrasting effects on biodiversity
and yields – some positive and others negative, resulting in
a no-net effect. Interventions such as greater spacing between
crops and spice plantations had lower invertebrate diversities
(pests as well as natural enemies), but higher annual returns.
This indicates a possible trade-off between biodiversity and
agricultural production. Further work in this area is needed
to consider trade-offs in agricultural production over time,
examining short term losses in the context of long-term goals.

We found that fields with trenches and mulching, primarily
adopted to increase soil quality and moisture conservation in the
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FIGURE 6 | Interactive effects of pest (left panels) and natural enemy (right panels) richness and abundance on percentage crop damage (top panels) and annual

income from crop yield in USD (bottom panels). Colors represent the different levels of Species Richness – low (red), medium (green), and high (blue). Abundance was

log-transformed in the model. The plots indicate back-transformed values for ease of interpretation.

TABLE 3 | Trade-off and synergies among the targeted objectives, biodiversity and annual income returned in the study area.

CSA practice Targeted objective Biodiversity impacts Effects on annual agricultural income

Fanya juu trenches with

live and compost

mulches

Reduced runoff and soil erosion and fodder.

Napier grasses as live mulches can also be

used as “pull” crops in push-pull technology.

However, farmers in the study area did not

know about push-pull technology.

+ Higher pest suppression

- Lower body-size diversity of invertebrates

∼ No significant effect on non-pest or natural

enemy diversity

+ Higher yields and income

Improved variety crops Adaptability to climate shocks, increased soil

biodiversity by decreased use of pesticides

∼ No significant effect on biodiversity

- Increased pest richness and abundance in

the neighboring field

∼ No significant change in crop damage,

annual yields, and income

- Lower yields and income in the

neighboring field

Interrow spacing

between crops

Higher grain yield and increase in above

ground dry biomass

- Reduced pest species richness

+ Higher crop damage

+ Higher yields and income despite higher

crop damage

Agroforestry with spice

plantations

Greater income and reduced vulnerability and

dependence on food crops, Increased

carbon sequestration

- Reduced pest and natural enemy species

richness, therefore greater trade-off with

biodiversity

+ Higher crop damage

+ Higher yields and income despite higher crop

damage due to spices being higher value crops

fields, generally also had improved pest suppression. This was
indicated by lower abundance and volume of pests, and higher
crop yields and annual agricultural earnings. These fields also
had a lower volume of natural enemies, but no impact on natural
enemy richness or abundance. The role of mulches in reducing
pest densities and diversities have been observed in a number

of other studies (Altieri et al., 1985; Hooks et al., 1998; Brown
and Tworkoski, 2004; Massaccesi et al., 2020) and is generally
attributed to the greater density and diversity of ground-dwelling
predators (Carabidae, Staphylinidae, and Arachnids) in the fields
with live or compost mulching (Altieri et al., 1985; Schmidt
et al., 2004). Past studies have also indicated the positive effects
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of mulching on predator populations and diversity (Schmidt
et al., 2004). Natural enemy abundance and richness in the
mulched fields in our study was not significantly different from
other field management clusters. However, we observed that
natural enemy volumes were significantly lower as most natural
enemy individuals caught in the mulching fields were of smaller
body sizes (mainly Parasitoids). This may be due to lower
habitat diversity in and around the mulching fields, compared
to the other fields which had agroforestry, spice plantations
and intercropping and supported functionally diverse natural
enemy communities comprising greater body-size distribution
and diversity.

We did not find any other study evaluating the effect of
Fanya juu trenches on invertebrates and our study is potentially
the first to suggest that Fanya juu trenches and associated live
mulching with grass strips offer significant benefits in terms of
pest suppression in addition to the targeted objective of reduced
run-off and soil erosion. Live mulches are generally associated
with reduced pest infestations and crop damage (Altieri et al.,
1985; Johnson and Gurr, 2016; Rehman et al., 2019), as also
observed in our study. Our observations are comparable to the
effects of push-pull technology where Napier grass has often been
used as a “pull” crop, which attracts pests away from the crop
and thereby reduces crop damage (Khan et al., 2011). Although
it was not planted with the targeted objective of reducing crop
pests, planting and live mulching with Napier grass demonstrates
that there may be considerable synergies between CSA and
conservation and pest management agricultural practices like
push-pull. Thus, our study shows that the fields with mulching
and trenching had the best outcomes in terms of pest suppression
and productivity, and no significant reduction in non-pest or
natural enemy diversity.

Among the other field clusters in this study, CS-Intercrop
fields, where the maximum number of CSA technologies were
deployed, were not significantly different from the monocrop
traditional fields in terms of pest or natural enemy richness and
abundance, crop damage or yields. Pest volumes, however, were
the highest in CS-Intercrop fields. This may be because CSA
fields containing improved crop varieties exhibited enhanced
plant growth and higher foliar biomass, which attracted a larger
functional or body-size diversity of insect herbivores (Real-
Santillán et al., 2019). Furthermore, wider crop row spacing,
and spice intercrops had lower richness of pest communities,
higher crop damage, but greater yields than all other fields.
This suggests that despite higher crop damage in food crops
(maize and beans), the annual yields in Spice-Intercrop fields
were not affected as spice plantations (clove and cardamom)
and intercrops (cassava and bananas) mediated the net effect of
pest damage.

Our study also showed that farm characteristics such as farm
size, number of times it is cultivated, management practices
in the neighboring fields and landscape context influenced
the pests and natural enemies in the focal field as observed
in other studies which are mainly from commercial farming
landscapes (Rodriguez-Saona and Thaler, 2005; Madeira et al.,
2016; Schulz-Kesting et al., 2021). Hence, this is one of the
few studies from biodiverse smallholder farming landscapes in

SSA that demonstrates such process are important in a wide
range of farming systems. Particularly, farm size was associated
with a reduction in abundance and volume of natural enemies.
Increasing farm sizes is associated with fragmentation of natural
landcover and landscape homogenisation, which may lead to
a reduction in biocontrol as natural enemy communities with
lower densities and a smaller range of body sizes are known
to be less effective in pest control (Letourneau and Goldstein,
2001; Staton et al., 2021). Furthermore, neighbors practicing
intercropping was associated with reduced pest abundance and
an increase in natural enemy richness in local variety maize
monocrops, mainly dominated by Coccinellids. Pest abundance
was strongly related with an increase in crop damage and
reduction in yields, while natural enemy richness was associated
with a reduction in crop damage. This highlights the importance
of local heterogeneity created by the difference in management
practices between fields, which leads to spatial ecological
interactions and flow of ecosystem services between neighboring
fields where the characteristics of one field influences pest
pressure and biocontrol in the other field (Landis et al., 2000;
Sarthou et al., 2014).

Landscape heterogeneity, as indicated by forest edge length,
had positive association with pest richness and negative
relationship with crop damage. The effect of landscape
configuration is typically context-dependent and has often been
overlooked in the landscape-pest and biocontrol literature (Karp
et al., 2018). An increase in landscape heterogeneity may lead to
an increase in pest diversity resulting in aggravated pest pressures
and crop damage (Martin et al., 2013; Zhang et al., 2020). In
contrast, an increase in pest richness, diversity and evenness can
also reduce pest-driven crop damage as some studies indicate
(Crowder et al., 2010; Lundgren and Fausti, 2015). Diverse and
more evenly distributed pest communities have higher inter-
species competition, which reduces the dominance and impact of
single and most impactful pest species. In our study, fields with
species poor pest communities (2–3 species) and with greater
mean abundances (mean 132 ± 74 individuals) were dominated
by Diptera, Orthoptera and Lepidoptera groups, and had 4%
higher crop damage and 28% lower annual earnings than fields
with species-rich pest communities. This supports the possibility
that lower pest richness with greater density and dominance
of few and more specialized crop herbivores like locusts, fall
armyworm, stalk borers and African cotton bollworm may lead
to greater crop damage and yield losses. Our findings thereby
suggest that diversity decreases herbivory potentially diluting the
impact of dominant pests on crop production (Civitello et al.,
2015). Therefore, scaling up of CSA must take in to account
broader landscape-scale perspective and focus on maintaining
heterogeneity in agricultural landscapes through mosaics of
monocrop and intercrop fields intermixed with natural and semi-
natural landscapes.

Use of improved crop varieties is widely promoted as a
climate adaptation (Thierfelder et al., 2016). Our study showed
that use of improved crop varieties for drought resistance and
shorter growing season in a neighboring field was associated
with increased pest richness and reduced yields in the focal
fields with local varieties, mainly of maize. This could mean
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that a shift to improved varieties among one group of farmers
may lead to increased vulnerability of another group, thereby
highlighting a form of maladaptation. Further studies are needed
to explore the spatial flows and interactions of ecosystem services
and disservices due to the adoption of new technologies.

We also found a strong effect of crop seasonality as
months coinciding with maize plantation (January) and harvest
(September), which are themselves timed with respect to
expected rains, had the highest levels of pest and natural
enemy diversity, abundance, and volume. The effect of sampling
season has also been observed across the globe and shows
that it is important to take in to account the temporal
variability when evaluating ecological responses to agricultural
interventions (Habel et al., 2018; Fanelli, 2020; Scheiner and
Martin, 2020). Further, one of the sampling occasions, November
2019, coincided with flash floods in the study area during which
the invertebrate communities significantly declined in richness,
abundance, and volumes. This sudden decline was more likely
due to the destructive effect of flash floods on invertebrate
habitats as observed in other studies (Hickey and Salas, 1995;
Moi et al., 2020). It also reveals the fragility of any farming
system, whether they are CSA or not, in the face of increasing
climate extremes.

Adoption of CSA may be necessary in the future to reduce
agriculture’s vulnerability to climate change and ensure food
security for an estimated 9 billion people by 2050 (Taylor, 2018).
CSA, presently, is focused primarily on technical fixes to increase
agricultural productivity and adaptation (Dinesh et al., 2015).
However, food production under climate change will also depend
largely on sustainably increasing farmer’s resilience to climate
risks by developing adaptation strategies and managing trade-
offs (risks and conflicts) between land use change, biodiversity,
and food production (Chandra et al., 2018; Taylor, 2018). Our
study highlights the need for agriculture industry to evaluate
interactions, synergies, and trade-offs between the different
outcomes relating agriculture change from a multi-dimensional
perspective. Understanding of risks and challenges farmers face,
adaptation strategies they use, and which strategies provide
the best outcome in terms of productivity, food security net
agricultural income, and environmental stability will be crucial
for building more resilient and sustainable food systems of future
(MacFall et al., 2015; Aggarwal et al., 2018).

The present study is an evaluation of management practices
at local scales. Even though we sampled for multiple months in a
year there may be variations and multi-year effects we could not
account for. The CSA practices in the study areas were introduced
only 3 years before the present study was implemented. Although
the three-year time frame may be enough to effect the changes
in some invertebrate communities - pests especially, there may
still be time lags in responses of indirectly affected trophic groups
(e.g., natural enemy communities) causing delayed biodiversity
changes (Essl et al., 2015). Overlooking time lags may result in
an underestimate of biodiversity impacts and associated trade-
offs with food production. Hence, longer-term studies are needed
to fully understand the ecological implications and biodiversity
impacts of agricultural interventions. Our study, nevertheless,
points toward possible trends.

CONCLUSION

Our study identifies mulching and Fanya juu trenches as CSA
practices with potential for maximizing synergies among food
production, biodiversity conservation and pest suppression via
biocontrol. Furthermore, it also shows that that increasing
inter-row spacing of Maize to 70–100 cm and integrating food
crops like maize and beans with cash crops, such as spice
plantations, improves grain yield and annual income. Broadly,
our study highlights the importance of local management and
landscape characteristics in maintaining biodiversity. Our study
has also uncovered the real risk of negative impacts of CSA
intervention and maladaptation on farmer livelihoods. In this
study, increased pest richness and abundance, lower yields
and income were evident in local-variety fields neighboring
those where improved varieties are used, suggesting the use of
improved varieties by farmers is creating increased vulnerability
among neighboring farmers. The need for further research
on assessing biodiversity impacts, and for holistic and long-
term evaluation and monitoring of CSA across field and
landscape scales is therefore very clear. CSA evaluations must
look beyond productivity alone because the trade-offs and
synergies among biodiversity, agricultural production and food
security, livelihoods and health often interact and feedback
on each other. Finally, more local-scale case and long-
term studies and syntheses are needed to understand the
combined and interactive effects of agriculture intervention and
global change processes across different geographies and food
production models.
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