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Abstract: Stabilizing farm revenues is a goal of agricultural policies around the world, especially
in vulnerable regions with limited access to crop insurance. One potential pathway to revenue
stability follows the agricultural “insurance hypothesis”, which holds that crop diversification has
stabilizing effects on productivity that mitigate risks from environmental stressors and market shocks,
thereby producing a form of natural insurance against crop loss. While substantial support for the
hypothesis exists, most studies testing the hypothesis have occurred at the farm or landscape levels
and have controlled for a limited range of socioeconomic and environmental factors. This study tests
the insurance hypothesis by examining the effects of crop species production diversity on revenue
stability in low-income regions of southern Mexico. Here, rural farms experience chronic vulnerability
to climatic shocks and market forces. Using parametric and non-parametric approaches, three groups
of models are used to examine the effects of socio-environmental factors and farm structural and
functional characteristics on the crop diversity-revenue stability relationship. Additionally factored
in the relationship are the effects of cropping portfolios: statistical groupings of different crop species
(n = 304) that characterize distinct farming areas (1340 municipalities). Findings support the insurance
hypothesis and underscore the importance of crop diversification in the region. However, findings
also show that irrigation plays an even stronger role than crop diversification in stabilizing farm
revenues. Furthermore, some crop portfolios negatively impact revenue stability, including some
portfolios with high crop diversity. In sum, a better understanding of farm contexts—contributing
factors and cropping portfolios—is key to designing policies that help stabilize farm revenues through
crop diversification.

Keywords: crop diversity; insurance hypothesis; irrigation; Mexico; poverty; productivity; resilience;
revenue stability

1. Introduction

Crop diversification often has stabilizing effects on productivity (yield) that reduce
farming risks associated with climatic extremes and other shocks to production [1-4].
However, considerable uncertainty remains about the spatial extent and timing of these
relationships [5]. Furthermore, the potential effects of contextual factors on these relation-
ships, including environmental factors and farm structural and functional characteristics,
are insufficiently understood. A fuller understanding of diversity-stability relationships in
different contexts is key to designing policies that mitigate the effects of temperature and
precipitation instability on agroecosystem productivity [6]. Ultimately, understanding the
conditions under which crop diversification leads to more stable and resilient agricultural
systems is essential for transitioning to sustainable intensification during periods of climatic
change and economic uncertainty [7-9].

Diversity-stability relationships have long been of interest in ecology, primarily
through studies of biodiversity effects on the ecosystem productivity and stability [10,11].
Studies have often investigated the “insurance hypothesis”, which predicts that species
diversification provides stabilizing effects on biological communities and ecosystem func-
tions [12-14]. Although the experimental and observational approaches used to test the
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hypothesis have produced mixed results [12,15], at the ecosystem level, studies often found
support for the insurance hypothesis [11,16]. Still, even among these studies, evidence of
the positive relationship between diversity and stability can be masked by the effects of
dominant species [17] and remains strongly dependent on contextual factors [1,18].

In the context of agricultural systems, the “insurance effect” refers to the impact of
crop diversity on reducing the variability (or volatility) of productivity over time, thereby
enhancing its temporal stability [19-21]. In this context, the stabilizing effects of crop
diversity serve as a form of natural insurance, a hedge against production risks associated
with environmental shocks or other stressors [22]. The key statistical mechanism behind
the insurance hypothesis is “the portfolio effect”, a term with origins in economics. During
the mid-twentieth century, the economic portfolio theory [23] held that investor risk could
be minimized and returns stabilized by investing in more than one asset.

Applications of portfolio theory in the agricultural sciences position farmers as in-
vestors and the crops they grow as investments. Returns on crop investments come in
the form of: (1) crop production (output), (2) productivity or yield (output per cropped
area), and (3) economic yield (gross revenue per cropped area). For all three, portfolio
theory holds that increasing the diversity of crops reduces the variability or volatility of
output, thereby compensating for losses of yield or, in the case of economic yield, revenue.
In agricultural portfolio theory, the combinations of crops comprise the portfolio, and
these combinations produce the stabilizing (portfolio) effects that ultimately support the
insurance hypothesis [24,25].

Agricultural studies have examined the portfolio effects of crop diversification on
economic yield stability (hereafter, revenue stability). Enhancing revenue stability though
crop diversification is both a longstanding practice among farmers and, increasingly, a
formal policy objective [7,24,26,27]. Today, agricultural insurance programs in many coun-
tries encourage or require farmers to diversify crop production to be eligible to purchase
insurance against crop revenue losses or to receive government subsidies to pay insurance
premiums [28,29]. The conceptual foundations of these requirements implicitly confirm as-
pects of the insurance hypothesis and the risk-scattering effects of portfolio diversification.
As such, it has been suggested that the natural insurance effects of crop diversification on
farm revenue stability could provide a substitute for the reliance on financial insurance [30].
Although research into this possibility is limited, the topic merits further investigation for
its potential to improve farm livelihoods. If confirmed, the natural insurance effects of crop
diversification on revenue stability could provide enormous benefits in low-income regions
where access to crop insurance is limited.

Several research gaps in the crop diversity-revenue stability relationship need to be
addressed before the natural insurance effects can be confirmed and, ultimately, incor-
porated into policy interventions at scale. Most diversity-stability research has occurred
at farm or landscape levels and has covered relatively short time periods [31]. At these
scales the statistical averaging of portfolio effects may not come into full force [11,32-34].
Taking note, recent studies have begun exploring crop diversity effects on productivity
and revenue stability at larger spatial scales (e.g., regional, national, and international) and
over longer time frames (e.g., decadal) [19,33,35]. Results have been mixed, due in part to
the lack of statistical controls on environmental factors and farm structural and functional
characteristics, the effects of which remain insufficiently understood [26]. Though assessing
these factors over larger scales has been challenging due to data limitations, recent studies
have begun to address this gap by using large, publicly available datasets derived from
national agricultural censuses or surveys [24,33,35].

Beyond the statistical averaging of portfolio effects described above, the effects of
specific crop species or portfolio combinations have also been shown to influence diversity-
stability relationships [26]. Studies often include mathematical indices to account for crop
diversity, yet these aggregate measures do not directly account for the variable effects
of: (1) specific crops, (2) cropping portfolios, or (3) crop prices on revenue stability. As
one study shows, the effects of crop portfolio diversity on revenue stability were eclipsed
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by individual crop pricing characteristics [24]. Therefore, modeling these characteristics
together is essential for controlling the effects of potential covariates or confounders on the
crop diversity-revenue stability relationship.

The objective of this study is to assess the effects of crop species diversity on revenue
stability in southern Mexico, a region with some of the highest rates of rural poverty and
agricultural vulnerability in the Western Hemisphere. In response to the research gaps iden-
tified above, this study combines index-based diversity measures with dominant cropping
portfolios in the region to test the insurance hypothesis. Parametric and non-parametric ap-
proaches are used to examine the hypothesis using three groups of models. The first group
examines insurance effects using the parsimonious model structure employed by Renard
and Tilman (2019), which focuses on several key covariates identified in the literature. The
second group expands the model to include additional variables shown to have statistically
significant effects on revenue stability. The third group extends the second model to include
the effects of seven dominant portfolios in the region identified by statistical grouping of
crop combinations (K-means clustering). Model results are compared, and findings are
used to address the three groups of questions and hypotheses:

e  Q1: How does crop species diversity impact revenue stability?

H1. Crop species diversity positively relates to revenue stability, suggesting the presence of an
insurance effect.

e  (Q2: How do environmental factors and farm structural and functional characteristics
influence the relationship?

H2. Temperature and precipitation instability will have strong negative effects on revenue stability,
while irrigation intensity will have strong positive effects.

e (Q3: How does controlling for different cropping portfolios influence the relationship?

H3. Crop portfolios composed mostly of maize will have positive impacts on revenue stability, while
the effects of other portfolios will be statistically insignificant.

2. Materials and Methods
2.1. Study Area

The study area for this research is southern Mexico, the country’s poorest region
as defined by multiple indicators or poverty, deprivation, and marginality [36,37]. The
region is largely characterized by rural agricultural lifeways, large indigenous populations,
environmental and climatic heterogeneity, and some of the most vulnerable agricultural
systems in the country [38—40]. The vulnerability of agriculture in the region increased
during the 1990s when the federal government began steadily withdrawing agricultural
subsidies and after implementation of the North American Free Trade Agreement in
1994 [41]. National-level policies have sought to stabilize farm incomes in the region
through multiple rural development programs [42—44], though the effects of these policies
on crop diversification and farm revenue stability remain poorly understood.

2.2. Crop Production Data and Variables Description

This study uses panel data of crop production from 2003 to 2013 in the 1340 mu-
nicipalities of Mexico’s southern states of Guerrero, Oaxaca, Chiapas, Puebla, Veracruz,
Tabasco, Campeche, Quintana Roo, and Yucatan (Figure 1). Species production data were
obtained from Mexico’s Agri-food and Fisheries Service (SIAP) database of the Secretary of
Agriculture and Rural Development [45]. In 2003, SIAP began collecting and publishing
municipality-level data on the production of more than 300 crop species across Mexico’s
2455 municipalities. For this study, the first decade of records (2003-2013) are used to
calculate the total harvested areas (ha), the total production outputs (mass or volumetric),
and the harvest unit prices of 304 crop species per year in each municipality (1 = 1340) of the



Agriculture 2022, 12, 1835

4 0f22

study area. From these data, both dependent and independent variables were calculated as

described below.
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Figure 1. Map of crop revenue stability (relative) in 1340 municipalities of southern Mexico (quan-

tile scale).

2.3. Revenue Stability (Dependent)

For the dependent variable, the yearly crop revenue of each municipality was first
calculated as the summed annual production (output) of each crop, times the output unit
harvest price, divided by the total harvested cropland area. Variations on yearly crop
revenue were calculated following Renard and Tilman (2019). These included the decadal
mean yearly crop revenue (i), the temporal standard deviation of yearly crop revenue (o),
and the temporal stability of crop revenue (i 0~ !). The temporal standard deviation of
revenue was calculated by first detrending the 10-year time series for each municipality to
eliminate the effects of long-term increases. This was carried out by saving the residuals
of each of the 10-year linear regressions and calculating each’s standard deviation. The
resulting detrended temporal standard deviation of revenue represented a measure of
variability often described as “absolute” instability [25] or volatility [2,46]. To measure
temporal revenue stability relative to the mean, mean yearly revenue was divided by the
temporal standard deviation of revenue (i1 ~1). This is often described as a measure
“relative” temporal stability, a formulation that is the inverse of the coefficient of variation,
which gives a measure of relative temporal instability [2,13,47]. Here, the relative temporal
revenue stability was used as the dependent variable in the models (Figure 1). The other

variables were used in later analyses for comparison.
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2.4. Crop Species Diversity (Independent)

Crop species diversity was calculated from the SIAP crop production data. The
harvested area (ha) of each crop species was used to calculate Shannon effective diversity, a
commonly used index that combines richness and evenness diversity components into a
measure of the effective number of crop species per equal area [48,49]:

D =¢", 1)

H=-Y" pi(lnp) @)

where D is effective crop species diversity, H is the Shannon diversity index, p is the
proportion of cultivated area per municipality for crop species i, and 7 is the total number
of crop species per municipality. Mean D for each municipality from 2003-2013 was
calculated, log transformed, and standardized (z-scored).

2.5. Farm Characteristics, Temperature and Precipitation Instability, and Other Control Variables

Several other independent variables were added as control variables on the diversity-
revenue stability relationship. These were chosen based on data availability and previous
literature on national- and regional-level crop diversity-stability relationships [24,33]. The
first series of variables were chosen to match the controls used in Renard and Tilman (2019).

The temporal instability of temperature and precipitation were calculated from the
monthly growing season climate records of Mexico’s National Water Commission (https://
smn.conagua.gob.mx/es/climatologia/temperaturas-y-lluvias/resumenes-mensuales-de-
temperaturas-y-lluvias, accessed on 19 September 2022). Calculations followed the above
procedure for calculating temporal revenue stability. First, each 10-year mean annual time
series was detrended. The means were then divided by the standard deviations of the resid-
uals. The negative values of these quotients formed measures of the temporal instability
of temperature and precipitation, respectively [33]. These values were then standardized
(z-scored).

Mexico’s Marginality Index was used as an independent variable to control for dif-
ferences in municipality-level marginality (poverty). The index is a widely used indicator
of poverty and deprivation that comprises 10 socioeconomic indicators, including income
and education levels, access to sanitation and electricity, and other needs-based compo-
nents [43,50,51]. The standardized (z-scored) marginality score for each municipality in
Mexico is published every five years by the National Population Council [52]. For this
study the standardized scores for 2005 and 2010 were averaged and used as measures of
the relative poverty levels of each municipality during the study period.

Variables describing farm structural and functional characteristics were derived from
Mexico’s most recent national agricultural census (2007), which was assumed to be broadly
representative of the study period [53]. The results of Mexico’s national agricultural census
provide the most comprehensive accounting of farm-level agricultural activity across the
country. Published by Mexico’s National Institute of Geography and Statistics, the census
database provides farm-level data on over 5.6 million farms cultivating over 25.6 million
hectares of cropland in the nine states of the study area alone (https://www.inegi.org.mx/
programas/cagf/2007/, accessed on 10 September 2021).

From these data, the percent of the cultivated area in each municipality to receive:
(1) irrigation and (2) chemical fertilizers were included as variables of irrigation and
chemical fertilizer intensity. Previously, these served as key control variables in Renard
and Tilman (2019), and each had statistically significant and positive effects on crop yield
and revenue stability. In addition, a farm size variable was included following previous
studies [54] and was calculated as the mean farm area of each municipality [55,56].

Finally, a list of nine other potential variables derived from the census data were con-
sidered. For these, a lasso screening procedure was used identify relevant variables using
the Bayesian information criterion as validation [57]. Of these, three variables were found
to be relevant. These described the percent of farms in each municipality that: (1) employed
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mechanized labor, (2) considered climatic factors to be a primary challenge to production,
and (3) engaged in some form of subsistence production. With the above variables as
inputs, Mahalanobis distance measures were used to detect 14 outlier municipalities in the
study region (x = 0.05), which were omitted from further analysis. As in the case of earlier
variables, all independent variables were transformed and standardized (z-scored) to facili-
tate analysis and to meet parametric assumptions of OLS. Those requiring transformation
before standardization were: (1) crop species diversity (log), (2) irrigation intensity (Box
Cox), (3) percent subsistence (logit), (4) percent climate challenges (logit), and (5) mean
farm area (log).

2.6. Crop Portfolios (Typologies)

A final independent variable describing the dominant crop portfolios in the region
was derived following the general procedure described in Weigel et al. (2018). Using
the SIAP production data for the study period the mean percent of cultivated area per
municipality for each crop species was calculated. The 10 crop species with the highest
values were identified as dominant crops. Using these 10 as input variables, multivariate
Mahalanobis distance measures identified 8 additional municipalities as outliers, which
were omitted from further analysis. A k-means clustering algorithm was then used to
identify groups of crop combinations among the 10 primary crops. The cubic clustering
criterion (CCC) was used to determine the optimal number of cropping groups (clusters).
The CCC is a goodness-of-fit statistic that provides a variance-stabilized r-square value for
each cluster, where positive values indicate possible clustering and values greater than 2 or
3 represent good to excellent clustering [58]. Using the CCC statistic as the indicator, the
elbow method was used to identify seven groups of crop combinations, where CCC = 57.13
and where the number of clusters was minimized to reflect model parsimony (Figure Al).
Each municipality was represented by one of the portfolio clusters, and each portfolio was
classified by the dominant crop (i.e., >50% share of the portfolio) or crop combinations.
Crop portfolios served as an independent categorical variable (Table A1), comprising seven
portfolio types distributed across the study area (Figure A2).

2.7. Explanatory Models

Three groups of models were used to examine relationships between crop species
diversity and revenue stability in municipalities of the study region. Each group included
two types of regression models, which allowed comparison and served as validity and
robustness checks on the other. These models included: (a) ordinary least squares (OLS,
parametric) and (b) quantile (median, non-parametric) regressions.

The first group (Models 1a & 1b) was designed to test the findings of Renard and
Tilman (2019) and included only the variables derived from that study, but with data
from southern Mexico. These variables included crop species diversity (Shannon Effective
Diversity used in both studies), irrigation intensity, chemical fertilizer intensity, temperature
instability, and precipitation instability. In the current study a test for spatial autocorrelation
(SAC) on the residuals of the dependent variable in Model 1 indicated the presence of SAC
(Moran’s I = 0.42; z-score = 7.21; p-value = 0.002). To control for SAC, the interaction term of
the Xand Y coordinates of the centroid of each municipality was included in the model [59],
which successfully controlled for SAC (Moran’s I = —0.01, z-score = —0.11; p-value = 0.829).

A second group of models (Models 2a & 2b) extended Model 1 by including the
variables described in Section 2.5. Including these allowed further investigation into other
potentially significant factors that confounded or adjusted the effects of covariates on the
crop diversity-revenue stability relationship.
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A third group of models (Models 3a & 3b) extended Model 2 to include the crop
portfolios variable. Including crop portfolios as explanatory variables served to control
for the effects of dominant crops or crop combinations on the relationship. Because of
the spatial clustering of crop portfolios, including this variable controlled for the spatial
autocorrelation detected in Models 1 and 2 (without the XY interaction term); therefore, the
interaction term was omitted from Model 3.

Assumptions of the OLS models were met. Variance inflation factors (VIF) were exam-
ined to confirm the absence of collinearity among explanatory variables (all VIF < 2.08).
Additionally, the 95 percent confidence intervals of OLS and quantile (median) regres-
sion models were compared to verify they overlapped. In this way, the similarities be-
tween the confidence intervals of the two model types served as an additional robust-
ness check; the OLS results tested the stability of the quantile regression results [60],
while the quantile regression results (i.e., the interval overlaps) confirmed the absence of
heteroscedasticity [61,62].

2.8. Price Volatility, Mean Revenue Yield, and Absolute and Relative Revenue Instabilities

To further explore the effects of cropping patterns on revenue stability, the price
volatility, mean revenue yield, and absolute and relative revenue instabilities of each crop
group were calculated and compared. Price volatility was measured as the standard
deviation of logarithmic harvest price (Ps) following previous studies [63,64]. Mean
revenue yield and the standard deviation of revenue yield for each crop group were
calculated as described above (i.e., for total revenue stability) for all crops groups. For each
crop group, the standard deviation of revenue was considered a measure of “absolute”
revenue yield instability. In turn, dividing the mean revenue yield by the absolute revenue
instability produced the “relative” revenue stability of each crop group [2,25]. All analyses
were performed in JMP Pro 15.1 (SAS Institute, Cary, NC, USA) and Arc GIS Pro (ESRI).

3. Results
3.1. Crop Diversity Effects on Revenue Stability (H1) (Model 1)

The results of Model 1a (OLS) show crop species diversity is a strong positive predictor
of revenue stability in the study area (3 = 0.26, p < 0.001) (Figure 2 and Table A2). Among
all variables, only irrigation intensity had a larger standardized positive effect (3 = 0.32,
p < 0.001). Chemical fertilizer intensity also had a positive effect, but the effect size was
only about 28 percent as large as the crop diversity effect (3 = 0.09, p < 0.001). Temperature
and precipitation instability had significant negative effects on revenue stability, though
the effects of precipitation instability (3 = —0.31, p < 0.001) were significantly larger than
temperature instability (3 = —0.05, p < 0.043). Model 1b (quantile [median] regression)
produced similar results, with all predictor values falling within 3 = +0.03 of values in
Model 1a.

The directions and magnitudes of these relationships are broadly consistent with the
findings of Renard and Tilman (2019) (Table A2). One exception, however, is that the current
study found irrigation intensity had slightly larger positive effects on revenue stability than
crop species diversity, while the former study found the reverse (see Section 4).
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Figure 2. Results of Model 1 showing standardized effects of crop diversity (shaded dark gray)
and other predictors (shaded light gray) on crop revenue stability (relative) in southern Mexico
for (a) standard ordinary least squares (OLS) and (b) quantile (median) regressions. All variables
were transformed and standardized (z-scored) to meet OLS model assumptions and to facilitate
comparison of results (for transformation details, see end of Section 2.5). * p < 0.05, *** p < 0.001.

3.2. Adjusted Effects of Crop Diversity on Revenue Stability (H2) (Model 2)

The relationships between the above predictor variables and revenue stability largely
held after adjusting for additional control variables (Figure 3 and Table A3). In Model 2,
irrigation and crop diversity remained the strongest positive predictors of revenue stability,
though in Model 2a, the positive effects of chemical fertilizer intensity diminished slightly
and were smaller than for mechanized labor, which was newly introduced. In Model 2b
(median regression), the positive effect of chemical fertilizer intensity also decreased and
was statistically insignificant (p = 0.194).

The other control variables introduced in Model 2 had negative effects on revenue
stability. Among these, farm size produced small but statistically significant negative
effects (—0.07) in both Models 2a and 2b, as did climate challenges (Model 2a = —0.11;
Model 2b = —0.06), poverty rates (Model 2a = —0.09; Model 2b = —0.13) and subsistence
production (Model 2a = —0.20; Model 2b = —0.23). In Model 2a, the rate of subsistence
production produced a large negative effect on revenue stability, almost as large as pre-
cipitation instability (—0.21 and —0.20, respectively). In Model 2b, subsistence production
produced a slightly larger negative effect than precipitation instability (—0.23 and —0.19,
respectively).



Agriculture 2022, 12, 1835

9of22

Std Beta

0.3

0.2

0.1

0.0

-0.2

*okk

*kk

OLS (mean) b Quantile (median)

dededk

Q. c P s N NS s S e N P e
FFFF L EEEE S F P E &S
2 R 3 <& @ & 5 N O <V AN <& @ N I9) & &8
& & P R\ 5 @ < L& & &8 S &S 5 @ Q ©

NG \ <@ & O 9 $ @ € X AR ) a

() Q}(\ \\6\ a 0 %Q oQ ($) @é\ AN ’5'\' . ’?)& Ny

@7 F o @ > & @ 8 [N 3 %

& o N & & 9 &L R

<@ Q‘ @ Q‘\e

Figure 3. Results of Model 2 showing standardized effects of crop diversity (shaded dark) and other
predictors (shaded gray) on crop revenue stability (relative) in southern Mexico for (a) standard
ordinary least squares (OLS) and (b) quantile (median) regressions. All variables were transformed
and standardized (z-scored) to meet model assumptions and to facilitate comparison of results (for
transformation details, see end of Section 2.5). * p < 0.05, ** p < 0.01, *** p < 0.001, NS = not statistically

significant.

3.3. Adjusting for Crop Portfolio Effects (H3) (Model 3)

In Model 3, the introduction of the crop portfolios variable did not significantly change
the size or direction of variable effects from Model 2, except for: (1) a small increase in the
relative effects sizes of crop diversity and irrigation, and (2) chemical fertilizer intensity
and climate challenges were no longer statistically significant (Figure 4 and Table A4).

Three crop portfolios produced small effects on revenue stability that were not sta-
tistically significant (Portfolios 3, 5, and 6), while another three produced strong and
statistically significant effects. Among portfolios with statistically significant effects, Portfo-
lios 1 and 5 produced negative effects (Model 3a = —0.14 and —0.10; Model 3b = —0.15 and
—0.11, respectively), while Portfolio 2 produced strong positive effects (Model 3a = 0.36,
Model 3b = 0.38). The effects of Portfolio 2 were larger than all other variables, about
50 percent larger than irrigation intensity, which produced the second largest positive
effects. Finally, introducing crop portfolios increased the total explanatory power of the
models (r-square) from 0.41 in Model 2a to 0.51 in Model 3a. Similar to Models 2 and 3, the
whole and partial variable effects in the parametric and non-parametric regression models
(3a and 3b, respectively) were largely consistent.
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Figure 4. Results of Model 3 showing standardized effects of crop diversity (shaded dark) and other
predictors (shaded gray) on crop revenue stability (relative) in southern Mexico for (a) standard
ordinary least squares (OLS) and (b) quantile (median) regressions. All continuous variables were
transformed and standardized (z-scored) to meet model assumptions and to facilitate comparison of
results (for transformation details, see end of Section 2.5). The categorical predictor, crop portfolios,
included seven levels. Analysis used effect coding with Portfolio 7 as the reference level. ** p < 0.01,
*** p < 0.001, NS = not statistically significant.

3.4. Crop Portfolios Composition

The seven crop portfolios identified through clustering illustrated distinct combi-
nations of dominant crops in southern Mexico (Figure 5). Portfolios 1 and 5 negatively
predicted revenue stability. These portfolios were mostly composed of maize cultivation,
with 87 percent share of cropland in Portfolio 1 and 62 percent in Portfolio 5. These
precents were far greater than the national average of about 49 percent of all croplands
dedicated to maize production [61]. In contrast, Portfolio 2 was the strongest positive
predictor of revenue stability but had the smallest share of cultivated lands occupied with
maize (14 percent). Instead, croplands in municipalities characterized by Portfolio 2 were
composed mostly of sugar cane cultivation (65 percent).

In Portfolios 3 and 6, croplands were composed largely of coffee (55 percent) and
grasses (63 percent) cultivation, respectively. Portfolios 3 and 6 also had relatively low
shares of croplands dedicated to maize production (35 and 21 percent, respectively). The
crop species diversity of Portfolios 3 and 6 were close to the regional average of D = 2.6.
In contrast, Portfolio 4 had by far the highest mean crop species diversity (D ~ 4.2), with
a relatively low percent of lands dedicated to maize (27 percent) and the highest percent
dedicated to non-dominant, ‘other’ crop species (38 percent). While Portfolio 4 produced
positive effects on revenue stability, these were not statistically significant.

In sum, crop species diversity (D) and the diversity of crop portfolio compositions
did not covary significantly. This is reflected in the low variance inflation factors among
variables in Model 3 (Table A4). Furthermore, as explanatory variables for revenue stability,
crop species diversity was generally a better predictor than were individual crop portfolios,
with the exception of the effects of Portfolio 2.
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Figure 5. Crop composition and species diversity in the municipalities in each of the seven crop
portfolios. Portfolio composition is shown as the mean shares of cropland areas occupied by the
10 dominant crops in the study region (i.e., crops occupying the largest shares of total cropland area).
Cropland area shares of the remaining 294 crops are represented as ‘other crops’ (dark gray bars).
Mean crop species diversity (Shannon effective diversity) in municipalities in each portfolio is shown
with vertical blue lines surrounded by each’s 95 percent means confidence intervals (light gray bars).
The grand mean crop species diversity is shown with the gray dashed line (D = 2.6).

3.5. Crop Groups and Price Volatility, Absolute Revenue Instability, and Relative Revenue Stability

Among all crop groups, revenue stability was highest for sugar cultivation (Figure 6).
Sugar cultivation also experienced the lowest price volatility among all crop groups. Al-
though the mean revenue yield of sugar was not as high as for fruits, vegetables, roots and
tubers, and ornamental crops; relative to its absolute revenue volatility (instability), sugar
cultivation had the highest relative revenue stability. These findings are consistent with
the strong positive effects on revenue stability of Portfolio 2, the municipalities of which
consists of the lion’s share of sugar cultivation in the study area.

Maize cultivation provided low revenue stability compared with other crop groups.
Though the price volatility of maize was relatively low, the mean revenue yield of maize
was also low compared with sugar, roots and tubers, fruits, and vegetables. Additionally,
despite the low-price volatility of maize, the absolute revenue yield volatility of maize was
high, suggesting inconsistencies in farm-level production factors (rather than price factors)
were the source of the low relative revenue stability. These findings on maize cultivation
were consistent with the negative effects of Portfolios 1 and 5 on revenue stability, as these
portfolios comprised the two largest shares of croplands dedicated to maize cultivation
among all groups.
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Figure 6. Price volatility (op), mean revenue (i), absolute revenue volatility (or), and relative
revenue stability (uog ~1) of crop groups in the study area. Groups ordered by decreasing relative
revenue stability.

4. Discussion
4.1. Crop Species Diversity Enhances Revenue Stability (H1)

This study found crop species diversity was a strong positive predictor of revenue sta-
bility in southern Mexico, a finding that supports the insurance hypothesis (Hypothesis 1).
This finding is consistent with numerous studies from Europe, Africa, and Asia showing
crop diversification enhances income or revenue stability at farm, community, and land-
scape levels [22,30,65-67]. The current study has identified this relationship over a larger
spatial scale (9 states of southern Mexico) and using a broader range of crops species and
groups (304 species from 11 groups) than previous studies. Only recently have national or
global-level studies of the relationship been available. Primary among these is Renard and
Tilman (2019), which formed the basis for Model 1 in the current study.

The results from Model 1 largely replicated the direction and relative effect sizes of the
same variables used in the previous study. The primary exception was the relative effect
sizes of crop diversification and irrigation intensity on revenue stability. Using the same
index of Shannon Effective Species Diversity, this study found that while crop diversity
was a strong positive predictor of revenue stability, irrigation intensity was even stronger.
This contrasts slightly with Renard and Tilman (2019), who found crop diversity was the
stronger of the two. This small difference may be attributable to the central role irrigation
plays in southern Mexico in enhancing crop production, productivity, and numerous forms
of sustainable development [68].

After largely replicating the findings of Renard and Tilman (2019), this study confirmed
the robustness of the diversity-stability relationship by examining the potential effects of
additional confounding, controlling, and adjustment factors in Models 2 and 3. Importantly,
the direction and magnitude of the crop diversity-revenue stability relationship held in
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both models. In addition to providing greater explanatory power, Models 2 and 3 also
provided insight into the other important determinants described below.

4.2. Climate Instability, Irrigation Intensity, and Other Drivers of Revenue (In)Stability (H2)

This study found precipitation instability and temperature instability negatively pre-
dicted crop revenue stability, findings that support Hypothesis 2. These findings are broadly
consistent with two groups of previous studies. The first group consists of a limited number
of studies that confirm the negative effects of detrended temporal instability of precipitation
and temperature on revenue stability [24,33]. The second group of studies shows that crop
diversification can mitigate the negative effects of temperature and precipitation (weather)
variations [6], enhance productivity in arid environments [48], and serve as a mitigation
or adaptation strategy for coping with climatic uncertainty [69-71]. While most studies
have focused on the role of crop diversity as a response to climatic change or instability
in terms of stabilizing production (output) or productivity (yield), this study extends the
analysis to include diversity effects on revenue stability. Furthermore, the finding that
precipitation instability was an especially strong negative predictor of revenue stability
highlights the importance of water resources availability and management in southern
Mexico, where rainfed cultivation is especially sensitive to climatic variability [72,73], a
finding also broadly consistent with the above studies.

Irrigation intensity was found to be the strongest positive predictor of revenue stability
in Models 1 and 2, which supports Hypothesis 2. The predicted positive association was
based on studies highlighting the benefits of irrigation to crop production, productivity,
and sustainability in Mexico [43,55,68,74], and other studies identifying a close association
between irrigation and crop species diversity in Mexico [48,61]. As such, the findings of
this study contribute to a growing list of irrigation benefits to crop productivity, sustainable
development, and farming risk reduction in Mexico.

Although a formal hypothesis was not proposed, this study also found that farm
size was negatively related to revenue stability. This finding was somewhat unexpected
because it contrasted with previous studies identifying a positive relationship between
farm size and the security or stability of farm income or revenue. For example, El Benni
et al. (2012) found that when controlling for the effects of farm diversity, farm size (as
measured both by areal extent and assets) was positively associated with farm revenue
stability (negatively associated with revenue risk). In this case, an explanation for this
relationship identified the benefits of economies of scale, which tend to accrue to larger
farms. These benefits include higher production efficiencies and capacities for mitigating
the effects of externalities (e.g., extreme weather) [75,76], which ultimately tend to have
stabilizing effects on farm revenue [25].

Research into farm size effects on productivity at the national level in Mexico is
generally consistent with these studies. Maize and wheat yields are typically higher in
regions with larger mean farm areas, which also tend to have higher use efficiency of
chemical fertilizers [55]. However, the finding in this study that farm size negatively
predicts revenue stability can be attributed to the characteristics of southern Mexico (study
area), which is a region primarily comprising smallholder farms and where the mean
farm area of municipalities (5.46 ha) is less than half the national average (11.39 ha) [68].
Interestingly, the same explanation (differences between studies in mean farm areas) was
used to explain why farm size effects on revenue stability were also found to be negative in
Slovenian agriculture, a region also dominated by smaller farms [77]. Additional research
is needed to determine if the negative relationship between farm size and revenue stability
identified in this study holds at the national level, where large (15-50 ha) and very large
(>50 ha) farms are more common [55]. Such findings could hold important implications
for the spatial targeting of agricultural policy interventions across the country, both to
smallholder and industrial farming regions.
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4.3. Crop Portfolio Effects on Revenue Stability (H3): Maize and Sugar

This study found that the direction and magnitude of crop portfolio effects on revenue
stability varied widely. Specifically, portfolios comprising mostly maize had negative
effects on revenue stability (rejecting Hypothesis 3), while those comprising mostly sugar
cultivation had strong positive effects.

This study is one of the few to simultaneously examine the impacts of aggregate
crop diversity and the effects of cropping portfolios on revenue stability. The potential
benefits of crop diversification on revenue stability are often traced to the specific biologic
and economic attributes of individual crops and their relative importance within crop
systems or portfolios [78]. Yet, the adjustment effects of different crops on diversity-stability
relationships are often lost in the focus on aggregate measures [26]. One study found that
when accounting for the effects of crop market prices, aggregate crop diversity had little
effect on revenue stability [24]. Similarly, others have also found that farm income (revenue)
stability was largely driven by price and yield volatility (instability) and the level of farm
subsidies and insurance available to mitigate this volatility [7,25].

In view of these studies, and this author’s incorrect understanding that the price of
maize during the study period had been kept low but stable due to federally imposed
price ceilings, Hypothesis 3 predicted maize-based portfolios would lead to high revenue
stability. At least two reasons explain why this prediction was not supported by the results.

First, while not as volatile as the prices of fruits, ornamentals, and vegetable crops,
maize price volatility was higher than the price volatility of sugar and fodder crops. Sub-
stantial price controls on maize in Mexico were imposed by the Calderén Administra-
tion through the Tortilla Price Stabilization Act (2007), which was designed to control
maize price volatility. In practice, however, these controls were poorly enforced across the
country. After rising dramatically in 2006, in a large part due to the increasing demand
for biofuels and the growing dependency of Mexico on maize imports from the United
States, maize markets in Mexico remained especially vulnerable to international price
fluctuations [79-81]. Therefore, although the price volatility of maize was lower than for
many crops, it remained less stable than was anticipated.

Second, the yield instability of maize, which was not quantified in this study, had not
been factored into Hypothesis 3. Maize yield often varies widely [82], especially in rainfed
farming regions with high vulnerability to changes in weather (i.e., southern Mexico).
Maize had the 3rd lowest price volatility among all crop groups, but the 9th lowest relative
revenue yield instability (volatility). Because price instability was not the dominant force
driving maize revenue instability, it can be assumed the variability of maize productivity
played a key role.

In contrast, portfolios dominated by sugar cultivation produced by far the highest
relative revenue stability. This was largely due to the price volatility of sugar, which was
the lowest among all crop groups. The sugar industry in Mexico comprises the second
largest value chain after maize [83], and sugar production creates direct jobs and income for
about 500 thousand families [84], with some estimates of indirect employment exceeding
12 million people [85]. Most of the country’s sugar production occurs in the study region,
especially in the southern Gulf Coastal regions [83].

Yet despite the economic importance of sugar in Mexico and the strong relative revenue
stability of sugar cultivation identified in this study, the crop’s contribution to rural lifeways
is marginal. Compared with maize and other food crops, sugar’s contribution to food
and nutritional security is low. In addition, the sugar industry in Mexico is dominated
by 50 sugar mills owned by only 16 firms, with four firms owning 15 mills that account
for about 57 percent of national sugar production [86]. These data raise questions about
the viability of smallholder sugar production in Mexico and the contributions of the
sugar industry to rural incomes and food and nutritional security. Therefore, despite
the strong role of sugar cultivation in stabilizing farm revenues, additional research is
needed to explore its broader effects on rural development and agricultural sustainability
in the region.
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4.4. Crop Diversity as Natural Insurance for Farms in Southern Mexico?

Other than irrigation intensity and sugar-dominated crop portfolios, crop species
production diversity was the strongest positive predictor of revenue stability in low-
income regions of southern Mexico. Increasing the revenue or income stability of farms
is a central goal of agricultural policies around the world [22], and promoting diversi-
fication is a broadly accepted means of achieving stability. Among smallholder farm-
ers, crop diversification has long been employed as a risk reduction strategy and as a
type of natural insurance against environmental stressors and/or commodity market
shocks [22,30,65-67]. At the policy level, the Common Agricultural Policy (CAP) of the
European Union conceptualizes crop diversification as a type of natural insurance for
farmers [87], though CAP crop revenue insurance programs generally have lagged those of
Canada and the United States [25,88].

In the United States, crop diversification plays a formal and central role in agricultural
insurance programs. The Whole Farm Revenue Protection (WFRP) program of the US
Department of Agriculture provides insurance against crop revenue losses from unavoid-
able natural causes (e.g., drought) [29]. Importantly, a key requirement of participating in
the WERP program is that farms achieve certain levels of commodity diversification [29].
Farms with greater levels of crop diversification also qualify for higher coverage levels and
receive discounts on insurance premiums, specifically because of the lower risk of revenue
loss associated with highly diversified farms [28,29].

In Mexico, crop insurance programs are relatively well developed compared with
other Latin American countries [89]. However, drought accounts for the largest share
of agricultural losses (~80% of total losses) and about 80 percent of drought insurance
covers losses of only four crops: maize, sorghum, wheat, and sugarcane [83], with the
lion’s share of other crops remaining uncovered. In Mexico, crop diversification is broadly
recognized as a potential means of stabilizing farm revenues amidst the growing impacts
of climatic stressors, natural hazards, and other forms of production vulnerability [41].
Yet few practical and formal mechanisms are in place for achieving greater crop species
diversity in the southern region.

Interestingly, one potential pathway to greater crop species diversification in the
region could come from the sustainable expansion of irrigation [68]. Southern Mexico
holds the country’s largest reserves of replenishable freshwater resources, but also has
some of the lowest rates of irrigation access [74]. Furthermore, while irrigation expansion
tends to enhance crop species diversity across the country, the effects are greatest in low-
income regions of southern Mexico [61]. Here, increased access to irrigation also has strong
potential to enhance crop diversity on smallholder farms, including the production of value-
added, high-yielding crops [90]. Ultimately, the earnings from these crops may also have
stabilizing effects on farm revenue over the long term. Together, irrigation expansion and
crop diversification have strong potential for synergistic effects on farm revenue stability.
Through natural insurance effects, they have the potential to compensate for the financial
insurance that, while prohibitively expensive for many, serves as an effective hedge against
climatic uncertainty and commodity market shocks in the region.

5. Conclusions

This study finds that crop species diversity enhances revenue stability in low-income
farm regions of southern Mexico, findings that support the agricultural insurance hypothe-
sis. Irrigation intensity also increases revenue stability, while precipitation and temperature
instability decrease revenue stability. These findings broadly support those of Renard and
Tilman (2019) but differ in that, in the case of southern Mexico, irrigation appears to play a
greater role than crop diversity in promoting revenue stability.

This study also highlights the effects of different cropping combinations (portfolios) on
revenue stability in the region, which vary broadly. Portfolios comprising primarily maize
tend to produce lower revenue stability, while those comprising mostly sugar produce the
highest revenue stability. In the case of sugar, this effect can be traced to low price volatility,
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while in the case of maize, low revenue stability can be traced to productivity (yield),
instability and to the relatively low species diversity associated with maize-dominated
portfolios (i.e., where maize comprises ~87% of all cropland area).

These findings have important implications for agricultural policy. In low-income re-
gions of southern Mexico, enhancing crop species production diversity has strong potential
to stabilize farm revenues over time, a longtime goal of agricultural policies. However, the
stabilizing effects of crop diversity on farm revenues are subject to the price and productiv-
ity effects of specific crops, each with different implications for subsistence, food security,
and rural development. For example, while the revenue stability of sugar-based portfolios
was high, these portfolios are more typical of large-scale, commercial agriculture in the
region and contribute little to food and nutritional security.

In sum, while the effects of crop species diversity on revenue stability in southern Mex-
ico are generally positive, additional research is needed to identify and better understand
important trade-offs in the relationship. These include tradeoffs between crop diversity
effects on revenue stability and the effects of crop portfolio composition on other measures
of socioeconomic and environmental sustainability.
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Figure A1. Number of potential K-means clusters and corresponding cubic clustering criterion (CCC)
values, which show explained variation (variance-stabilized Rsquare values). Positive CCC values
indicate possible clustering and values greater than 2 or 3 represent good clustering (SAS, 2022).
Dotted line shows selection cutoff (elbow method) after also considering model parsimony and
diminishing returns.
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Table Al. Descriptive statistics for independent variables in the study area.

Municipalities (N = 1340)

Variable Term Unit Mean Median SD
Continuous temperature instability wol 40.85 43.56 10.31
precipitation instability wol 8.18 6.08 2.79
crop diversity Shannon Effective Diversity Index (D) 2.60 2.30 1.30
irrigation % farm area 0.11 0.02 0.19
subsistence % farms 0.83 0.90 0.18
poverty Marginality Index (M) 0.50 0.45 0.86
farm size hectares 5.46 3.28 6.87
mechanization % farms 0.15 0.04 0.22
climate challenges % farms 0.77 0.87 0.23
chemical fertilizers % farm area 0.23 0.12 0.25
Categorical Crop portfolios Number
Levels 1 378
2 53
3 153
4 107
5 491
6 108
7 50
E Crop portfolios (1-7) @ Crop species diversity (D)
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Figure A2. Municipalities in the study area by (a) crop portfolio designation and (b) relative crop
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species diversity (Shannon Effective Diversity) quartiles.
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Table A2. Results of Model 1, ordinary least squares (OLS) and quantile (median) regressions.

Regression Term (std) Std Beta SE t Ratio Prob > |tl LCL UCL VIF
OLS Intercept 0.00 0.02 —-1.29 0.197 —0.07 0.02
(mean) temperature instab. —0.05 0.03 —1.94 0.043 —0.10 0.00 1.32
precipitation instab. —0.31 0.03 —9.80 0.000 —-0.37 —0.25 1.86
crop diversity 0.26 0.02 10.39 0.000 0.21 0.31 1.09
irrigation 0.32 0.03 12.58 0.000 0.27 0.37 1.27
chemical fertz. 0.09 0.03 3.64 0.000 0.04 0.15 1.32
(lat.)(long.) —0.01 0.03 —0.20 0.842 —0.06 0.05 1.78
Rsquare-Adj 0.31
AlCc 2862.90
Term (std) Std Beta SE Cl:/ivseiiare leirs"(:’u:re LCL  UCL
Quantile (0.50) Intercept 0.00 0.01 104.83 0.000 —-0.14 —0.10
(median) temperature instab. —0.08 0.01 34.83 0.000 —0.11 —0.05
precipitation instab. —0.28 0.02 288.48 0.000 —0.31 —0.24
crop diversity 0.28 0.01 471.93 0.000 0.25 0.30
irrigation 0.34 0.01 639.08 0.000 0.31 0.36
chemical fertz. 0.09 0.01 43.09 0.000 0.06 0.11
(lat.)(long.) —0.06 0.02 16.50 0.000 —0.09 —0.03
Rsquare-
Generalized —28.74
AlICc 4115.79
Table A3. Results of Model 2, ordinary least squares (OLS) and quantile (median) regressions.
Regression Term (std) Std Beta SE t Ratio Prob > |tl LCL UCL VIF
OLS Intercept 0.00 0.02 —0.32 0.748 —0.05 0.04
(mean) temperature instab. —0.08 0.03 —2.99 0.003 —0.14 —0.03 1.47
precipitation instab. —0.21 0.03 —6.51 0.000 -0.27 -0.15 2.08
crop diversity 0.18 0.02 7.44 0.000 0.14 0.23 1.16
irrigation 0.22 0.03 8.31 0.000 0.17 0.27 1.46
subsistence —-0.20 0.03 —6.57 0.000 —0.26 —0.14 1.88
poverty —0.09 0.03 —-3.37 0.001 —0.15 —0.04 1.58
farm size —0.07 0.03 —2.46 0.014 —0.12 —0.01 1.46
mechanization 0.12 0.03 4.24 0.000 0.06 0.18 1.57
climate chall —0.11 0.02 —4.58 0.000 —0.16 —0.06 1.19
chemical fertz. 0.08 0.03 2.70 0.007 0.02 0.13 1.61
(lat.)(long.) —0.01 0.03 —0.18 0.855 —0.06 0.05 1.85
Rsquare-Adj 0.40
AlCc 2554.85
Term (std) Std Beta SE Cl:’i\g‘(lliare Clﬁrs";’u;e LCL  UCL
Quantile (0.50) Intercept 0.00 0.03 0.08 0.780 —0.05 0.06
(median) temperature instab. —0.11 0.03 10.33 0.001 —0.18 —0.04
precipitation instab. —0.19 0.04 22.97 0.000 -0.27 -0.11
crop diversity 0.22 0.03 48.87 0.000 0.16 0.28
irrigation 0.28 0.03 67.49 0.000 0.21 0.34
subsistence —-0.23 0.04 33.60 0.000 —0.30 —-0.15
poverty —0.13 0.04 12.56 0.000 —0.20 —0.06
farm size —0.07 0.03 3.66 0.046 —-0.13 0.00
mechanization 0.10 0.04 791 0.005 0.03 0.17
climate chall —0.06 0.03 4.13 0.042 —-0.12 0.00
chemical fertz. 0.05 0.04 1.69 0.194 —0.02 0.11
(lat.)(long.) —0.02 0.04 0.30 0.585 —0.09 0.05
Rsquare-Adj —28.25
AlCc 4143.00
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Table A4. Results of Model 3, ordinary least squares (OLS) and quantile (median) regressions.

Regression Term (std) Std Beta SE t Ratio Prob > |tl LCL UCL VIF
OLS Intercept 0.00 0.03 3.50 0.000 0.05 0.17
(mean) temperature instab. —0.11 0.02 —4.40 0.000 —0.16 —0.06 1.41
precipitation instab. —0.18 0.03 —6.73 0.000 —0.23 —0.13 1.73
crop diversity 0.22 0.03 7.66 0.000 0.16 0.27 1.84
irrigation 0.25 0.02 10.07 0.000 0.20 0.30 1.54
subsistence —0.14 0.03 —4.81 0.000 —-0.19 —0.08 1.98
poverty —-0.10 0.03 —3.91 0.000 -0.15 —0.05 1.61
farm size —0.11 0.03 —4.15 0.000 —0.16 —0.06 1.61
mechanization 0.10 0.03 3.57 0.000 0.04 0.15 1.75
climate chall —0.03 0.02 —1.34 0.179 —0.08 0.01 1.26
chemical fertz. 0.05 0.03 1.75 0.080 —0.01 0.10 1.72
port.1 —0.14 0.05 —6.09 0.000 —0.36 —-0.19 1.28
port.2 0.36 0.10 13.22 0.000 1.09 1.48 1.68
port.3 —0.02 0.06 —0.69 0.490 —-0.17 0.08 1.45
port.4 0.04 0.07 1.83 0.068 —0.01 0.27 1.38
port.5 —-0.10 0.05 —3.66 0.000 —0.29 —0.09 1.87
port.6 0.02 0.08 0.92 0.357 —0.08 0.22 1.55
Rsquare-Adj 0.51
AlCc 2310.74
Ref. category = port.7
Term (std) Std Beta SE Cl:’i";;iare Clﬁg’u;e LCL UCL
Quantile (0.50) Intercept —0.96 0.11 73.00 0.000 —1.18 —0.74
(median) temperature instab. —0.14 0.02 40.72 0.000 —0.18 —0.10
precipitation instab. -0.17 0.02 52.06 0.000 -0.22 -0.13
crop diversity 0.22 0.02 78.88 0.000 0.17 0.27
irrigation 0.25 0.02 121.65 0.000 0.20 0.29
subsistence —-0.17 0.03 43.03 0.000 —0.22 —0.12
poverty —0.12 0.02 27.94 0.000 —-0.17 —0.08
farm size —0.14 0.02 34.86 0.000 -0.18 —0.09
mechanization 0.10 0.02 17.29 0.000 0.05 0.15
climate chall —0.01 0.02 0.26 0.611 —0.05 0.03
chemical fertz. 0.04 0.02 2.70 0.100 —0.01 0.09
port.1 -0.15 0.04 —6.61 0.000 —0.31 —-0.17
port.2 0.38 0.10 14.74 0.000 1.24 1.62
port.3 —0.02 0.06 0.26 0.792 —0.10 0.13
port.4 0.05 0.07 4.02 0.620 0.15 0.42
port.5 —0.11 0.04 —3.29 0.001 —0.20 —0.05
port.6 0.03 0.07 2.53 0.115 0.04 0.33
Rsquare-Generalized —26.13
AlCc 3800.39

Ref. category = port.7
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