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A B S T R A C T

Agroforestry has been proposed as an alternative to slash-and-burn agriculture for smallholder farmers
throughout the tropics in order to enhance ecosystem service (ES) supply and conserve biodiversity. Payments
for ecosystem services (PES) have emerged as a promising tool to overcome socioeconomic barriers to agro-
forestry adoption, however PES policy remains nascent, in part due to the challenges associated with quantifying
and monitoring ES provision. One key challenge stems from the need to simultaneously evaluate a suite of ES
benefits and consider synergies and trade-offs among them, for example to address critiques that PES could have
undesirable consequences when focused solely on an individual ES. Such evaluations are lacking, especially for
smallholder systems, as are clear methods for carrying them out. Here we evaluate multiple ES in the context of
the ‘slash and mulch’ agroforestry system (SMAS), a flexible alternative to conventional maize-bean farming
currently practiced by some 11 million smallholders across Central America. We conducted on-farm trials in El
Salvador comparing two variations of SMAS to conventional and organic management and forest-fallows to
evaluate the adaptability of SMAS and its impact on multiple ES. We found that variability associated with SMAS
made it difficult to statistically demonstrate the benefits of isolated individual ES indicators. However, when
multiple indicators were evaluated simultaneously, both SMAS treatments outperformed conventional and or-
ganic management in nearly all ES categories. By developing composite indices of multiple ES we identified
patterns indicating that SMAS enhances multiple ES and better capitalizes on synergies between regulating and
provisioning ES compared to conventional management. Specifically, the SMAS treatments showed synergies
between water regulation, pest and disease control, soil composition, belowground biodiversity and production
value, while in conventional plots we found trade-offs between provisioning and regulating ES. Finally, we
identified simple field proxies that correlate well with multiple ES, and discuss important management, mon-
itoring and policy implications for adaptable agroforestry systems.

1. Background and introduction

1.1. Climate-smart agriculture and payments for ecosystem services

One of the great social and environmental challenges of the 21st
century is how to support smallholder farmers on the landscape and
simultaneously produce sustainable and equitable food security and
environmental outcomes (FAO, 2016). Globally, smallholders make up
about 20% of the world’s agricultural population and manage over one
billion hectares, yet they remain one of the poorest and most food in-
secure groups (Dixon et al., 2001; FAO, 2016; Palm et al., 2005). Fur-
thermore, climate change is projected to have the greatest negative crop

yield impacts in less-developed regions, indicating that smallholders
will be disproportionately affected (FAO, 2016). Thus, there has been a
call to build resilience among smallholders through ‘climate-smart’
agriculture (CSA; Rioux et al., 2016), defined as management strategies
that enable (1) sustainable increases in agricultural productivity and
incomes; (2) increased adaptation and resilience to climate change and;
(3) reduced greenhouse gases emissions (GHG), where possible (FAO,
2013).

Payments for ecosystem services (PES) have emerged as one tool to
overcome socioeconomic barriers to CSA adoption (Engel and Muller,
2016) and account for the fact that many ecosystem service (ES) ben-
efits accrue off-farm and at multiple scales. PES models are based on the
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principle that those providing services (in this case, farmers) are com-
pensated by those receiving the benefits of those services (Hegde and
Bull, 2011). It is hypothesized that even a relatively small payment to
farmers, especially early on, will minimize the timeframe in which
sustainable management may impose a net cost to farmers, thereby
increasing adoption (Engel and Muller, 2016; Pagiola et al., 2007).
However, PES policy remains nascent, in part due to the challenges
associated with quantifying and monitoring ES provision (de Groot
et al., 2010).

A further challenge to implementation lies in the critique that PES
oversimplify the complexity of ecosystems by separating ecosystem
functions into “discrete units of trade” and focusing on very specific
land management strategies (Kosoy and Corbera, 2010). Promoting
prescriptive production strategies for individual ES (e.g., biofuels for
GHG mitigation) may reinforce systemic causes of poverty by trapping
smallholders in long-term contracts for rigid management systems or
restricting access to resources by local communities (Schoon et al.,
2015; Wittman et al., 2015). Furthermore, PES programs singling out
individual ES (e.g., carbon trading) may undermine the adoption of
diversified farming systems that would better provide multiple ES,
enhanced biodiversity and long-term climate resilience (Kosoy and
Corbera, 2010; Palomo et al., 2016; Wittman et al., 2015).

Meeting agricultural sustainability objectives, such as Goal 2.4 of
the United Nation’s Sustainable Development Goals (SDGs), will require
identifying and managing for ES interactions (Hayati, 2017;
Millennium Ecosystem Assessment, 2005; United Nations, 2015). Ide-
ally, PES would encourage practices that are adaptable to farmers needs
and beneficial for a suite of ES (Wendland et al., 2010), while ac-
counting for trade-offs and synergies among them (Kremen and Miles,
2012; Naeem et al., 2015). However, accomplishing this in practice
presents additional challenges to measuring ES provision (e.g. Hegde
and Bull, 2011). In this paper we address these challenges within the
context of agroforestry, a widely promoted example of CSA with mul-
tiple ES benefits.

1.2. Agroforestry and the ‘slash-and-mulch’ system

Agroforestry systems have been incorporated into discussions
around CSA for their ES benefits on-farm (e.g. food, fuelwood, soil
fertility, water infiltration) and off-farm (e.g. water conservation,
carbon storage, biodiversity; see Mbow et al., 2014; Rioux et al., 2016;
Steenwerth et al., 2014). However, a wide range of well-documented
socioeconomic factors have limited widespread agroforestry adoption
(e.g. Current et al., 1995a; Hellin et al., 1999; Pattanayak et al., 2003;
Pollini, 2009). PES is therefore an attractive option to incentivize
agroforestry adoption, and many agroforestry-related PES programs are
emerging (Groom and Palmer, 2012; Kosoy et al., 2007; Pagiola et al.,
2007), but there has been a call to ensure that agroforestry approaches
are designed to be flexible, allowing farmers to adapt them to their
preferences (Adesina et al., 1999; Pollini, 2009)

Here we consider ‘slash and mulch’ agroforestry systems (SMAS)
gaining popularity in Central America. Also called the Quesungual
system, named after the village in western Honduras where such sys-
tems were first documented (Hellin et al., 1999), SMAS offers an
agroforestry alternative to the conventional maize-bean farming
system, characterized by slash-and-burn management, and currently
practiced by some 11 million smallholders (covering 65 million ha)
across Mesoamerica (Dixon et al., 2001). SMAS can be considered
flexible and adaptable, as it is based on three general principles (Castro
et al., 2009; Hellin et al., 1999): (1) eliminating burning during field
preparation; (2) maintaining a permanent vegetative soil cover or
‘mulch’ (e.g., tree prunings, crop residues); and (3) intercropping maize
and beans with diverse tree species managed at varying levels of
pruning.

Intercropped trees can be established by natural regeneration,
planting, or left in place during conversion of secondary forest to

agriculture, and farmers choose which tree species to maintain based on
their own objectives (e.g., timber, fuelwood, fodder, fruit). Tree den-
sities can be highly variable and the majority of trees are heavily
pruned to minimize competition with crops and provide a substantial
mulch layer of leaves and branches to protect the soil and provide
nutrients (Beer et al., 1998; Fonte et al., 2010; García, 2011). Other
reported benefits, mostly from western Honduras where SMAS has been
widely adopted, include: improved soil health and biodiversity (Fonte
et al., 2010; Fonte and Six, 2010; Pauli et al., 2011); climate change
mitigation and C storage (Castro et al., 2009; Fonte and Six, 2010);
reduced erosion and improved resilience to drought and hurricanes
(The World Bank, 2008; Welches and Cherrett, 2002) and improved
yields (Castro et al., 2009; Welches and Cherrett, 2002)

The flexibility of SMAS could make it appropriate for a wide array of
biophysical, socioeconomic and cultural contexts. Furthermore, the
multiple ES benefits it provides could align well with emerging PES
programs (The World Bank, 2008); however, questions remain to de-
termine if and how SMAS can be integrated into broader sustainability
strategies (e.g., the United Nation’s SDGs) and how to evaluate ES
benefits associated with SMAS and other similar systems.

First, with respect to SMAS specifically, are ES benefits observed in
western Honduras likely to occur in other contexts − especially the
simultaneous increase in yields and other non-provisioning ES? Most
SMAS research to date has been limited to western Honduras, an area
where yields were below average for the region and land degradation
was at crisis levels (Ayarza et al., 2010). Furthermore, research in
Honduras has focused on the establishment of SMAS through conver-
sion of forest-fallows, and it is unclear whether ES benefits would ac-
crue if the system were implemented to restore already cleared and
largely treeless fields, representative of more degraded areas of the
region.

More broadly, can we quantify the multiple ES benefits expected
from flexible agroforestry systems such as SMAS, and do trade-offs or
synergies among services exist? Most published studies on SMAS to date
have tended to focus on only one or a few ES, mostly related to soil
biological health and nutrient cycling (Castro et al., 2010; Fonte et al.,
2010; Fonte and Six, 2010; Pauli et al., 2011). Finally, it would be
useful to identify simple field proxies that represent multiple ES to
simplify monitoring efforts and support payments for a basket of ES.

To address these questions, we established on-farm trials with two
variations of SMAS in El Salvador with several objectives: (1) evaluate
the field-scale impact of SMAS on a suite of individual ES and biodi-
versity indicators as compared to other land management options; (2)
develop ES indices in order to evaluate the impact of SMAS on multiple
ES indicators and determine if trade-offs and synergies exist and; (3)
identify simple and measureable field proxies that demonstrate the
principles of SMAS and could serve as proxies for ES in a monitoring
program.

2. Material and methods

2.1. Site description

This study was conducted in the municipality of Las Vueltas, El
Salvador, in the northern department of Chalatenango (Fig. 1), a
priority region identified by the Ministry of Environment and Natural
Resources of El Salvador (MARN) for improving agricultural manage-
ment due to high vulnerability associated with the steep terrain and
proximity to a semi-protected forest. Elevations of experimental plots
ranged from 624 to 866 m, and the region has a sub-humid tropical
climate with a mean annual temperature of 22–26 °C and mean annual
rainfall of about 1985 mm (MARN, 2013). Rainfall occurs mostly be-
tween the months of May and October with a pronounced dry season
from late November through April, averaging less than 10 mm month−1

between December and February. The landscape consists of a moun-
tainous mosaic of mixed-pine forest, broadleaf secondary forest, forest-
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fallow patches and widespread agricultural activity dominated by
subsistence smallholder cultivation of basic grains (maize, beans and
sorghum) and extensively grazed pastures.

2.2. Experimental design

Experimental trials were established in April 2012 on 12 m x 20 m
plots on five farms (replicate blocks) and managed for three growing
seasons, ending in 2015. Farms were chosen based on farmers’ will-
ingness to participate as well as farm location, size and land-use com-
position. Each farm consisted of five treatments (5 treatments x 5 farms;
n = 25), developed in coordination with MARN, local officials and
farmers, and included: conventional management (CONV); organic
management (ORG); SMAS established from a plot previously under
conventional management (SMAS-1); SMAS established from a forest-
fallow, similar to the Quesungual approach (SMAS-2) and; a forest-
fallow reference plot (FOR). The treatments CONV, SMAS-1 and ORG
were randomly allocated to previously deforested plots of land under
agricultural production, while SMAS-2 and FOR plots where selected
from adjacent areas of secondary forest on each farm.

The CONV treatment was managed according to prevailing farmer
practices in the region, similar to those observed elsewhere in El
Salvador (e.g., Morris et al., 2013). Maize (Zea mays, variety “H5-G”)
was planted each year in May in rows spaced 90 cm apart, with two
seeds sown every 45 cm. Beans (Phaseolus vulgaris, variety “Cur-
aneteño”) were inter-planted between maize rows (30-cm plant spa-
cing, 45-cm row spacing) each year in early September, once the maize
had matured and been ‘doubled over’ in the field to dry. Herbicides,
pesticides and fertilizer were applied to both crops according to
common practice for the area. A mixture of ammonium sulfate (21-0-0-
24S) and formula (16-20-0) was applied to maize at 10 and 40 days

after planting, equivalent to 164 kg N ha−1, 39 kg P ha−1 and 100 kg S
ha−1. While these application rates are relatively high (about 1.5 times
the reported national average in 2008), they are similar to rates used in
other hillslope maize-bean farming regions of El Salvador (Morris et al.,
2013; Olson et al., 2012). The formula fertilizer was also applied to
beans at a rate equivalent to 60 kg N ha−1 and 28 kg P ha−1, nearly
double the national recommendations for N but slightly lower than the
recommended P application rate (CENTA, 2008).

One notable departure of the CONV treatment from conventional
farmer practice is that plots were not burned prior to planting at the
behest of local officials since burning is technically outlawed, although
rarely enforced. However, manual weeding with machetes prior to
planting largely eliminated tree saplings and crop residues were re-
moved with the harvest to simulate the loss of soil mulch cover that
occurs with burning or with feeding of residues to livestock.

The SMAS-1 treatment was designed to test the adaptability of
SMAS to situations where land access is limited and forest loss, de-
gradation or laws prohibiting forest clearing may constrain farmers’
ability to implement the Quesungual (SMAS-2) system. Trees were
planted from seedlings and from cuttings to achieve a final density of
roughly 1000–1400 trees ha−1 (accounting for anticipated mortality
rates of up to 50%), the approximate density of trees observed in the
Quesungual system in Honduras (García, 2011; Ordonez Barragan,
2004; Pauli et al., 2011). Twenty-one tree species were chosen through
participatory workshops with farmers to identify useful species of in-
terest to them. Planted trees included native leguminous and timber
species, and a mix of native and localized fruit-bearing species, namely
jocote (Spondias mombin). All crop residues were left in the field and
natural regeneration of saplings was managed to encourage the re-
growth of priority tree species. Apart from that, SMAS-1 plots were
managed in the same manner as CONV plots.

Fig. 1. Map of field trial locations in northern El Salvador.
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The SMAS-2 treatment was managed similar to SMAS-1, with the
main difference being that it was established directly from a forest-
fallow (FOR), following the Quesungual approach (Castro et al., 2009;
Hellin et al., 1999). As a result, SMAS-2 tended to have a higher pro-
portion of mature trees and slightly different species composition, re-
flecting the previous forest-fallow for that site and the preferences of
each farmer. The FOR treatment was an unmanaged reference plot of
secondary forest-fallow, approximately 10–20 years old. It was located
adjacent to SMAS-2 at each farm and was the land-use from which
SMAS-2 was converted.

The ORG treatment was included to explore the potential benefits
and trade-offs associated with chemical-free management associated
with proposed legislation in many parts of Central America.
Management was similar to SMAS-1 except no trees were planted and
no agrochemicals used. Instead, “bokashi” (a composted chicken
manure rich in microorganisms) was added in split applications at a
rate of 7.4 Mg ha−1 (128 kg N and 66 kg P ha−1) for maize and 3.7 Mg
ha−1 (64 kg N and 33 kg P ha−1) for beans. Two organic foliar sprays,
known locally as FOREFUN and Sulfocalcio, were prepared on-farm and
applied 3 times during the growing season to manage for pests and
diseases.

2.3. Framework for measuring multiple ES

We measured a suite of indicators of ES supply and biodiversity in
each of the 25 plots between July 2015 and February 2016 (during and
following the third year of production). Ecosystem services were clas-
sified into groups (Table 1), largely based on the Common International
Classification of Ecosystem Services (CICES) developed by the European
Environmental Agency (Haines-Young and Potschin, 2013). For this
study, we limited our focus to two CICES sections: Provisioning services
and Regulation and Maintenance services. We also include indicators of
biodiversity as it is a major focal point for conservation at the local,
national and international scale across Latin America (Balvanera et al.,
2012) and has been linked to the supply of ES in multiple contexts
(Kremen and Miles, 2012; Richards and Méndez, 2014). We present our
methods for developing and measuring individual ES indicators in
Sections 2.4–2.6 (see Table 2 for a complete list of indicators), and
discuss our approach to statistically analyze indicators and develop and
evaluate composite indices in Section 2.7.

2.4. Provisioning services

We estimated the quantity and value of cultivated crops and fuel-
wood produced in each of the managed plots as indicators of provi-
sioning services. Timber production was excluded since participating
farmers stated that wood extraction is primarily for fuelwood, not
timber, and estimates of standing timber would overlap with estimates
of biomass C, leading to double counting.

2.4.1. Crop production
Maize and beans were harvested in November 2015 after being left

in the field to dry as per farmer practice. Maize was harvested from 5
equidistant rows, leaving a 1 m buffer to avoid edge-effects, while
beans were harvested from a 5 m x 10 m subplot in the center of each
plot. Grain was oven dried and final yields corrected to 11% moisture
content. The value of maize and bean production was based on the
average annual consumer price, as reported by the Ministry of
Agriculture and Livestock of El Salvador (MAG, 2016a).

2.4.2. Fuelwood provision
Fuelwood yields were estimated in May 2015 during field pre-

paration and tree pruning, prior to planting. All deadwood and tree
prunings were collected as fuelwood following common local practice
and yields were calculated in cargas − the visually estimated mer-
chantable unit used in the region for selling fuelwood (approximately
25–35 kg). Fuelwood was harvested from each of the cultivated treat-
ments (excluding FOR) and separated into piles equal to one carga, as
estimated by local staff and farmers. The total number of cargas har-
vested from each treatment was then counted to the nearest one-third
carga. Even though many farmers harvest some fuelwood from forests
and forest-fallows, no fuelwood was harvested from the FOR plots
monitored in this study in order to leave these plots as an unmanaged
reference treatment. Fuelwood value was set at $4.00 per carga based
on local prices.

2.5. Regulation and maintenance services

2.5.1. Erosion control
Comparative erosion rates were estimated using pins (0.6 cm dia-

meter, 40 cm length) installed in late May 2012 before maize planting.
Pin placement was laid out in a grid pattern of 3 columns and 6 rows at
3 m x 3 m spacing for a total of 18 pins per plot. Pins were hammered
into the soil perpendicular to the slope, leaving approximately 10 cm
protruding from the soil surface. Pin protrusion was measured 5 times
during the 2015 rainy season using a digital depth gauge (0.02 mm
precision) and checked for damage or disturbance. Pins that remained
undisturbed for the entire season were used to calculate the absolute
value of the change in pin height as an indicator of soil movement and
erosive activity (Kearney et al., 2017b, in review; Luffman et al., 2015).

Soil mulch cover (non-living vegetative biomass) was also measured
as an indicator of soil conservation in February 2016. All mulch was
collected in five 1-m2 quadrats randomly located in each plot, dried in
an oven at 65° C for 48 h, weighed and converted to kg ha−1.

2.5.2. Water regulation
We chose four indicators to estimate the effects of management on

water flows: water infiltration rate, runoff, deep percolation and water
stress during the 2015 rainy season. We measured infiltration as un-
saturated hydraulic conductivity using a mini-disk infiltrometer from
Decagon Devices (Pullman, WA, USA). The infiltration rate provides an
indication of how quickly water can move into dry soil and is calculated
in mm h−1.

Runoff during the 2015 rainy season was estimated using hourly
precipitation data, canopy cover and the measured infiltration rate for
each plot. Precipitation data was collected at each farm using an au-
tomatic tipping bucket rain gauge from Davis Instruments (Hayward,

Table 1
Ecosystem service (ES) groups used for index development. Final ES groups were defined
by the authors, but categorized by CICES Section and Division. A list of individual ES
indicators can be found in Table 3.

CICES Section CICES Division ES Groups

Provisioning Nutrition Crop production
Energy Fuelwood production

Regulation and
Maintenance

Mediation of flows Erosion control

Water regulation

Maintenance of physical,
chemical, and biological
conditions

Pest & disease control

Soil composition
Carbon storage

Biodiversitya Aboveground biodiversitya Biodiversity of woody
vegetation

Belowground biodiversitya Biodiversity of soil
macrofauna

a Note that biodiversity is not specifically defined as a section by CICES. For more
information see Haines-Young and Potschin (2013).
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CA, USA; Model No. 7857) set up to measure rainfall at 10-min inter-
vals. Hourly precipitation intensity was calculated for each rain gauge
location and then discounted by the canopy cover (% closure, see
Table 2) to account for canopy interception. Hourly Hortonian runoff
(Horton, 1933) was then estimated in mm as the difference between the
discounted rainfall intensity and plot-measured infiltration rates when
rainfall intensity exceeded infiltration rates. The sum of all runoff over
the growing season was taken for each plot to estimate expected runoff.
Deep percolation and water stress were estimated with crop water
models developed by the FAO using the Penman-Monteith method
(Allen et al., 1998), calibrated with biweekly soil moisture readings. A
detailed explanation of daily water balance and deep percolation cal-
culation methods can be found in the Supplementary Information (SI).

2.5.3. Pest and disease control
Weed presence and indicators of the effects of pests and diseases

were measured in each of the cultivated plots. Damage from pests and
disease incidence was monitored in beans approximately 6 weeks after
planting in late September, when pest pressures tend to be highest.
Forty plants were randomly selected and visually inspected for pests
and diseases in each plot and the severity of impact was ranked as none
(0), low (1), medium (2) or high (3). Pest damage and disease incidence
were ranked separately and the average value for each plot was taken to
give two separate continuous scores (0–3) for each plot. Weed presence
was measured in February 2016 using the same quadrats and methods
used to measure soil mulch cover. Pest and disease incidence and weed
presence were not evaluated in FOR plots, since we were only interested
in the impact of these on crops. Therefore, within FOR plots, zero values
were assigned for each of these indicators for the purpose of developing
the Pest and Disease Control composite index (see Section 2.7.2).

2.5.4. Soil composition
Soil samples were collected in February 2016, taken from the

0–20 cm depth at four points in each of two subplots established within
each experimental plot. Sub-samples from each subplot were compos-
ited for analysis and the results averaged to give a single value for each
plot. Soils were air-dried and passed through a 2 mm sieve prior to
analysis of texture, pH (in H2O), total soil organic matter (SOM;
Walkley and Black, 1934) and total nitrogen (N), available phosphorus,
potassium (K), calcium (Ca) and magnesium (Mg) using the Mehlich-3
method (Mehlich, 1984) at the CENTA (Centro Nacional de Tecnología
Agropecuaria y Forestal) laboratory in El Salvador. We used soil cores
(7.25 cm diameter x 7.65 cm length) to calculate bulk density at 0–10
and 10–20 cm in four of the sub-sample points and an average value
(0–20 cm) was taken for each plot.

2.5.5. Carbon (C) storage
We calculated C stored in aboveground woody biomass (AGWB) and

topsoil (0–20 cm) as indicators of climate regulation services. In order
to estimate AGWB we measured all trees and shrubs with a diameter at
breast height (DBH, approximately 1.3 m) of at least 1 cm. All trees and
shrubs were identified to the genus and species (when possible) and

height and DBH measured in order to estimate AGWB from allometric
equations (see Supplementary Materials within Kearney et al., 2017a).
We estimated C content as 49% of AGWB based on studies conducted in
similar regions in Central America (Gómez-Castro et al., 2010; Hughes
et al., 1999; Suárez, 2002) and converted all values to Mg ha−1. SOM
was converted to total organic C using a factor of 0.5 based on calcu-
lated ratios from a subset of the data and following recommendations
made by Pribyl (2010). We then calculated topsoil C density by mul-
tiplying percent organic C by soil bulk density and converting values to
Mg ha−1.

2.6. Biodiversity

2.6.1. Aboveground biodiversity
We calculated species richness and the Shannon index (Shannon,

1948) for all trees with DBH≥ 1 cm as indicators of aboveground
biodiversity. Species richness was calculated as the total number of
uniquely identifiable species found in each plot in February 2016. The
Shannon index was used as a measure of biodiversity to take into ac-
count the proportions of species found in a plot using the equation:

∑= −
=

p ln pH ( )
i

S
i i1 (1)

where H is the Shannon index, S is the total number of unique species
observed within a plot and pi is the proportion of S made up by the ith
species (Magurran, 1988).

2.6.2. Belowground biodiversity
Macrofauna present in the soil were measured in July 2015 to de-

velop four indicators of belowground biodiversity. Following the
Tropical Soil Biology and Fertility (TSFB) method (Anderson and
Ingram, 1993), soil pits (25 × 25 cm) were excavated to a depth of
30 cm and soil invertebrates (> 2 mm) were hand sorted and stored in
alcohol for subsequent identification of individuals to the level of spe-
cies (when possible) in the laboratory at the National University of El
Salvador. Two indicators of abundance were calculated as the number
of individuals per m2 based on the number of arthropods and earth-
worms, respectively, found in each pit. We also calculated macrofauna
species richness and the Shannon index (see Eq. (1)) at the ‘order’ level
of taxonomic rank.

2.7. Statistical analysis

2.7.1. Individual ES indicator variables
We first compared treatment effects on each of the individual ES

and biodiversity indicators described in Sections 2.4–2.6. We used a
linear mixed effects model from the nlme package (Pinheiro et al., 2013)
in R (R Core Team, 2016) with each indicator used, in turn, as the
response variable, treatment as the fixed effect and farm location as a
random effect. Distributional assumptions for each model were eval-
uated following Pinheiro and Bates (2000). When necessary, the re-
sponse variable was transformed to achieve normality of within-group

Table 2
Field proxies expected to correlate with multiple ecosystem services.

Category Proxy Description Units

Trees Stem Count (All) The total number of boles trees ha−1

Stem Count (DBH<10) The number of boles with a DBH<10 cm trees ha−1

Stem Count (DBH 10+) The number of boles with a DBH of 10 cm or more trees ha−1

Canopy Cover Binary visual assessment of canopy cover at 60 points along 3 transects using a periscope densiometer Percent (%)
Mulch Soil Mulch Cover (Visible) Binary visual assessment of non-living vegetative soil cover at 60 points along 3 transects Percent (%)

Soil Mulch Cover (Biomass) Oven-dry biomass of non-living vegetation collected from five 1-m2 quadrats kg ha−1

Soil Infiltration Unsaturated hydraulic conductivity measured with a Decagon mini-disk infiltrometer mm hr−1

Soil Organic Matter Soil organic matter content (Walkley and Black, 1934) %
Bulk Density Soil bulk density measured using ring (7.25 × 7.65 cm) g cm−3
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errors and random effects, and the varIdent() variance function used to
allow for non-constant variance among farm locations, following the
approach utilized by Davis et al. (2012). Tukey’s pairwise comparisons
were made on models with a statistically significant treatment effect.
Treatment effects and pairwise comparisons were considered statisti-
cally significant at p< 0.05.

2.7.2. Composite indices
In order to better compare and visualize the impacts of management

on multiple ES, we developed composite indices of ES groups following
an approach similar to those utilized to assess soil quality and soil-re-
lated ES (Lavelle et al., 2014; Mukherjee and Lal, 2014; Velasquez et al.,
2007). First, we converted the values of individual ES indicators to a
common scoring unit ranging from 0.1–1 using the homothetic trans-
formation
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−
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a b
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where Y is transformed value of the variable i, x is the original variable
value, and a and b are the maximum and minimum observed values of
variable i, respectively. In order to set all variables on a ‘more-is-better’
scale, variables originally on a ‘more-is-worse’ scale (e.g., pest presence
and runoff) were converted using the reverse transformation
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These transformations were performed on all individual variables ex-
cept the provisioning and C storage services, which could already be
combined using standardized units. In the case of provisioning services,
we first calculated the total production value in USD as the sum of the
quantity of each product multiplied by its average unit price. For C
storage, above- and below-ground C stocks were summed to give total C
stocks in Mg ha−1. Eq. (2) was then applied directly to these two ES
groups to develop their respective composite indices.

For all other ES groups, composite indices were calculated as the
weighted sum of all transformed variables within each group. Weights
were applied based on each variable’s relative contribution to the
variance within an ES group based on principle component analysis
(PCA). The respective factor scores for each variable in the first two
axes were used as weights, such that the final index was calculated as

∑= +
=

CI Y w Y w( )
i

n

i i PC i i PC
1

, 1 , 2
(4)

where CI is the composite index, Yi is the transformed value from Eqs.
(2) or (3) for each variable i (of n variables), and w is the factor score
from the first and second principal component axes, respectively. Fi-
nally, each composite index was again reduced to the range 0.1–1 using

Table 3
Results of statistical analysis of individual ecosystem service indicators by treatment. Mean value for ecosystem service (ES) indicators by treatment. P-value denotes the significance of
the fixed-effect (i.e., treatment) in the linear mixed effects model. Different letters denote significant differences (p< 0.05) between treatments based on Tukey pairwise comparisons. N/
A signifies data was not collected for that treatment and it was not included in statistical analysis. CONV= conventional management; ORG = organic (conventional management
without chemical inputs); SMAS-1 = the slash-and-mulch agroforestry system, converted from CONV; SMAS-2 = the same as SMAS-1, but converted from FOR and; FOR = forest-fallow.

ES Group ES Indicator Unit p-value CONV ORG SMAS-1 SMAS-2 FOR

Provisioning
Crop production Maize yield † kg ha−1 0.002 2392 b 1033 b 1937 b 457 a N/A

Bean yield kg ha−1 0.088 978 891 793 503 N/A
Jocote yield # ha−1 0.022 0.0 a 0 a 1133 b 0 a N/A

Fuelwood production Fuelwood harvest cargas ha−1 0.029 5.50 a 6.05 a 8.25 ab 16.50 b N/A

Regulation and Maintenance
Erosion control Erosion mm of change 0.487 11.7 12.2 9.7 10.2 9.3

Soil mulch cover § kg ha−1 < 0.001 4628 a 4312 a 6191 b 7288 c 6848 c

Water regulation Drought stress prop. of days 0.149 0.42 0.40 0.39 0.36 N/A
Runoff † mm <0.001 257 b 159 b 173 b 5 a 0 a
Deep percolation mm <0.001 193 a 234 a 235 a 367 b 420 b
Infiltration † mm h−1 0.128 5.52 11.31 8.99 16.02 18.98

Pest & disease control Weed cover kg ha−1 0.012 2337 b 1770 ab 1094 a 872 a N/A
Pest presence score (0–3) 0.024 1.24 ab 1.34 b 1.04 ab 0.99 a N/A
Disease presence † score (0–3) 0.035 1.24 ab 1.57 b 1.24 ab 0.81 a N/A

Soil composition pH pH units 0.846 5.59 5.56 5.41 5.59 5.64
Phosphorus (P) † mg kg−1 0.992 22.63 15.29 22.65 29.97 44.87
Potassium (K) mg kg−1 0.996 235 225 227 221 226
Calcium (Ca) cmolc kg−1 0.863 12.42 11.29 13.08 11.83 11.49
Magnesium (Mg) cmolc kg−1 0.930 4.52 3.87 4.31 4.12 4.05
SOM % 0.709 4.29 4.10 4.35 4.54 4.76
Bulk Density g cm−3 0.423 0.94 0.93 0.89 0.99 0.89

Carbon storage AGWB carbon † Mg ha−1 0.001 3.9 a 9.6 ab 8.2 ab 16.9 bc 34.3 c
Soil carbon Mg ha−1 0.715 28.8 24.9 28.1 30.5 31.4

Biodiversity
Aboveground biodiversity Tree/shrub richness # of species < 0.001 6 a 7 ab 13 bc 14 cd 20 d

Tree/shrub diversity † Shannon index 0.001 1.36 a 1.61 ab 2.12 bc 2.19 c 2.36 c

Belowground biodiversity Arthropod presence † # of individuals 0.713 1903 1188 2823 1664 1449
Earthworm presence § # of individuals < 0.001 86 a 138 bc 153 c 142 c 96 ab
Macrofauna richness # of species 0.329 13 13 14 12 16
Macrofauna diversity Shannon index 0.393 1.80 1.77 1.42 1.47 1.85

† Denotes that the ES indicator variable was transformed to meet model assumptions.
§ Denotes that non-constant variance among farms was detected and incorporated into the model.
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Eq. (2).

2.7.3. PCA of ES composite indices and correlation with field proxies
For the four cultivated treatments (non-FOR), we assessed potential

trade-offs and synergies between ES composite indices using PCA. This
analysis was limited to cultivated plots since we were primarily inter-
ested in evaluating synergies and trade-offs between provisioning and
regulating services within production management systems.

In an effort to identify simple and measureable field proxies for
multiple ES, we also explored relationships between proxies that can
easily be measured in the field (Table 2) and the ES composite indices
using Pearson’s correlation analysis, again limiting analysis to culti-
vated plots. Proxies were chosen to correspond with relatively simple
measurements commonly collected during rapid field surveys to eval-
uate land health and the benefits of CSA (Rioux et al., 2016; Shepherd
et al., 2015; Vågen et al., 2010).

3. Results

3.1. Individual ES indicator variables

3.1.1. Provisioning services
Maize yields for all plots were slightly lower than the 2015/16

national average (∼2500 kg ha−1), while bean yields were slightly
above the national average (∼850 kg−1) for CONV and ORG, and
below for the two SMAS treatments (MAG, 2016b). Both maize and
bean yields tended to be highest under CONV and SMAS-1 manage-
ment. Significant differences were only found between CONV and
SMAS-2 for maize (Table 3), but maize yields in the ORG treatment
averaged about half that for CONV and SMAS-1. Fuelwood production
was about 300% and 50% higher in the SMAS-2 and SMAS-1 treat-
ments, respectively, compared to CONV and ORG. While fuelwood
production increases were substantial, their value relative to crop
production was low. Based on current prices (see Section 2.4.2), the
value of increased fuelwood production in the SMAS-2 is $44.00 ha−1

yr−1, or about 8% of average farm revenue under CONV management.

3.1.2. Regulation and maintenance services
Soil mulch biomass was highest in FOR and significantly higher

under agroforestry management (SMAS-1 and SMAS-2) compared to
management with fewer trees (CONV and ORG). Change in erosion pin
height was inversely correlated with soil mulch cover, suggesting that
increased soil mulch cover contributed to reduced erosion (Kearney
et al., 2017b, in review). However, statistically significant differences in
erosion pin height could not be detected between any treatments.

FOR tended to have higher rates of water infiltration, although no
significant differences were found between any treatments (Table 3).
The SMAS-2 and FOR treatments had the best values of the modeled
indicators of water flows (increased deep percolation and reduced

runoff and drought stress). Weed biomass was significantly reduced in
the SMAS treatments compared to CONV (Table 3) and was negatively
correlated with soil mulch cover across all treatments (Fig. S1). Pest
and disease presence also tended to be lower in the two agroforestry
treatments, although significant differences were only detected for pest
presence between SMAS-2 and ORG (Table 3).

Soil properties varied more by farm than by treatment (Fig. S3) and
we found no obvious trends or significant differences between treat-
ments for individual properties. FOR stored significantly more AGWB C
than all other treatments, and nearly 10 times as much as CONV. The
SMAS-2 system maintained about half the AGWB C stored in FOR and
four times as much as CONV, while the SMAS-1 treatment doubled
AGWB C compared to CONV. However, differences among production
systems were not statistically significant for either C pool.

3.1.3. Biodiversity
Tree species diversity (both for richness and the Shannon index) was

significantly increased with agroforestry management (Table 3). The
tree species diversity of the SMAS-1 and SMAS-2 systems nearly mat-
ched that of FOR and maintained twice as many species compared to
CONV, but was not significantly different from ORG. Overall macro-
fuana abundance tended to be higher in cultivated plots than in FOR
while macrofauna diversity showed the opposite trend. Earthworm
abundance tended to be highest in the ORG and SMAS-1 plots; however,
no statistically significant differences were found for any of the be-
lowground biodiversity indicators measured.

3.2. Composite ES indices

The treatments with more trees (i.e. SMAS and FOR) tended to have
higher values for most ES indices, with the exception of Production
Value, Soil Composition and Belowground Biodiversity (Table 4). At the
end of the three-year study period, tree densities in the SMAS treat-
ments ranged from 1700 to 3600 trees ha−1, averaging about half that
of the FOR treatment (mean = 3883 trees ha−1) and more than double
the densities of the CONV and ORG treatments, which averaged 517
and 867 trees ha−1, respectively (Table S1). The mean Production
Value index for CONV was nearly double that for SMAS-2, but results
were highly variable between sites and no statistically significant dif-
ferences were found (Table 4). Pest and Disease Control was sig-
nificantly higher in the SMAS-2 treatment compared to CONV and ORG,
with SMAS-1 falling in the middle.

Erosion Control was lowest for ORG and CONV and highest for FOR,
and index values for SMAS-2 and SMAS-1 were not significantly dif-
ferent from FOR. Water Regulation and Aboveground Biodiversity fol-
lowed similar trends and SMAS-2 was not significantly different from
FOR for either index. Carbon Storage in FOR was 2–3 times higher than
CONV, ORG, and SMAS-1, but again not significantly different from
SMAS-2. No significant differences were found between treatments for

Table 4
Ecosystem service composite index values by treatment. Mean index value by treatment. P-value denotes ANOVA of the LME model and letters denote significant differences (p< 0.05)
between treatments based on Tukey pairwise comparisons. CONV = conventional management; ORG = organic (conventional management without chemical inputs); SMAS-1 = the
slash-and-mulch agroforestry system, converted from CONV and; SMAS-2 = the same as SMAS-1, but converted from FOR and; FOR = forest-fallow.

ES Composite Index p-value CONV ORG SMAS-1 SMAS-2 FOR

Provisioning
Production Value 0.105 0.56 0.41 0.53 0.32
Pest & Disease Control < 0.001 0.34 a 0.35 a 0.53 ab 0.64 b 1.00 c
Regulation and Maintenance
Erosion Control 0.006 0.36 a 0.31 a 0.59 ab 0.60 ab 0.71 b
Water Regulation 0.007 0.23 a 0.25 a 0.25 a 0.31 ab 0.53 b
Soil Composition 0.832 0.55 0.48 0.54 0.51 0.61
Carbon Storage 0.003 0.25 a 0.26 a 0.28 a 0.42 ab 0.66 b
Biodiversity
Aboveground Biodiversity < 0.001 0.45 a 0.53 ab 0.73 bc 0.76 c 0.89 c
Belowground Biodiversity 0.520 0.54 0.55 0.54 0.34 0.65
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the Soil Composition and Belowground Biodiversity indices, although
FOR tended to provide higher values for these ES.

3.3. PCA of ES indices and correlation with field proxies

The first two principle components explain 48.1% of the variance in
the composite indices, and a distance biplot shows the relationships
between ES (Fig. 2). Along the x-axis (PC1), we see negative relation-
ships between Production Value in one direction and Erosion Control
and Aboveground Biodiversity in the other (see Table S2 for relative
contribution of indices to each axis). We see positive relationships be-
tween Production Value, Water Regulation, Pest and Disease Control,
Soil Composition and Belowground Biodiversity. Along the y-axis
(PC2), however, we see positive loadings for all ES indicators, in-
dicating potential synergies between all indicators (also see Table S2).
The two SMAS treatments had comparable scores and score distribu-
tions, as represented by the overlapping and similarly shaped ellipses in
Fig. 2. Scores for the CONV treatment were tightly grouped, distributed
primarily along the x-axis, while scores for ORG were more variable.

In exploring potential field proxies, significant correlations were
found with at least one field proxy for all ES indices in cultivated
treatments, but no one field proxy was indicative of all eight indices
(Fig. 3). Stem count of large trees (DBH 10+ cm) was significantly
correlated with the greatest number of composite indices, with positive
correlations with Pest and Disease Control, greater Erosion Control and
Aboveground Biodiversity and a negative correlation with Below-
ground Biodiversity. The number of large trees was more highly asso-
ciated with the Carbon Storage index, while measuring small trees
(DBH<10 cm) better captured Aboveground Biodiversity. Canopy
cover, soil mulch cover and soil organic matter all were significantly
correlated with half of the indices, with some overlap among them.

A mass-based measurement of soil mulch cover was more highly
correlated with ES indices compared to a visual estimation. Infiltration
was significantly correlated with Pest and Disease Control and was the
only proxy associated with Water Regulation. Soil organic matter was
positively correlated with increased Production Value and Pest and
Disease Control.

4. Discussion

4.1. ES indicators and indices

4.1.1. Production of crops and fuelwood
Results of this study indicate that the SMAS can provide multiple ES,

with potentially minimal reductions in farm productivity. Crop yields in
the SMAS-1 were comparable to CONV and ORG while also producing
fruit and fuelwood, demonstrating that strategic management of trees
can diversify production without compromising overall crop production
value in these systems. However, production did not increase under
SMAS management, as was found in neighboring Honduras (Castro
et al., 2009; FAO, 2005). There are several possible reasons for this.

First, El Salvador has the highest average maize yields in Central
America, more than double that of Honduras (IICA, 2009). Low yields
under conventional management in Honduras are likely the result of
lower incomes that are associated with reduced use of fertilizers and
improved seed. Thus, the productivity gains from the SMAS observed in
Honduras may be unique to local circumstances, especially when
compared to El Salvador where yields are nearer to their biophysical
potential. Meanwhile, bean yields under both SMAS treatments and
maize yields under SMAS-1 were similar to those achieved with the
SMAS in Honduras (Castro et al., 2009).

Maize yields in the SMAS-2 were substantially lower and we suspect
lateral shading from the surrounding forest may have had an impact. It
was difficult to find large enough swaths of FOR in suitable sites to clear
a buffer around the treatment, and SMAS-2 plots were often bordered
by forest on 2 or 3 sides, resulting in substantial shading that appeared
to negatively impact crop yields. We suspect this would not be an issue
in the case where an entire farm field was managed as SMAS-2.
However, we note that canopy cover was negatively correlated with the
Production Value index in cropped treatments (Fig. 3), indicating that
careful management of trees is important to minimize light competition
(Beer et al., 1998).

While maize yields under ORG management were less than half that
of CONV, average bean yields were comparable to CONV. The con-
trasting results for maize and beans highlight that N supply may be an

Fig. 2. Co-variation among ecosystem services in-
dices for cultivated treatments. Distance biplot of the
(scaled) first two principal components of all eco-
system service composite indices for cultivated
treatments: CONV = conventional management;
ORG = organic (conventional management without
chemical inputs); SMAS-1 = the slash-and-mulch
agroforestry system, converted from CONV and;
SMAS-2 = the same as SMAS-1, but converted from
forest-fallow. AGBD and BGBD are aboveground and
belowground biodiversity, respectively. See Table S2
for the relative contributions of indices to each
principal component.
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issue in the ORG treatment, since beans can supply a substantial portion
of their N requirements through fixation. Additionally, the ORG treat-
ment may be improving micronutrient availability and buffering pH,
allowing beans to do well in this treatment despite having lower inputs
of labile N and P. Beans are especially sensitive to soil acidity, which
can increase with the application of ammonium sulfate. Yield impacts
on beans may be especially important to producers as prices for beans
in Central America generally, and in El Salvador specifically, have been
rising recently and tend to be more volatile than maize prices (IICA,
2009).

Increased fuelwood and timber production is often cited as a benefit
of agroforestry systems that may incentivize farmers to adopt practices
such as the SMAS (e.g. Current et al., 1995b; de Sousa et al., 2016).
While fuelwood production in the SMAS-2 treatment was triple that for
CONV, fuelwood value was low relative to crop value (about 8% of farm
revenue, see Table S3). It is unclear whether the value of fuelwood
alone would be sufficient to incentivize farmers to adopt the SMAS,
especially if profitability is diminished by reduced yields or increased
labor costs. It is also unclear how fuelwood production in the SMAS
compares to potential production in FOR. While farmers often harvest
fuelwood from forest-fallows, we did not attempt to measure fuelwood
production in FOR and recognize that this would increase the Produc-
tion Value index for FOR. Further research on fuelwood harvesting and
household consumption is needed to understand to what degree the
SMAS might offset fuelwood collection in forests and fallows.

4.1.2. Pest and disease control
Results from this study may alleviate concerns expressed by some

farmers and technicians in the area that the SMAS and organic man-
agement would result in increased pest and disease pressures. The pest
control methods used in the ORG treatment performed as well as CONV
management and the two SMAS treatments showed reduced presence of
pests, weeds and disease, suggesting the SMAS might enhance control.

Other studies have shown that diverse non-crop habitat can harbor pest
predators, resulting in improved pest control (Bianchi et al., 2006; Karp
et al., 2013). Weed control is likely a result of suppressed weed emer-
gence caused by increased mulch cover in the SMAS (Schipanski et al.,
2014), as demonstrated by a strong negative correlation between mulch
and weed presence (Fig. S1). Disease control may be a result of multiple
plant-soil interactions such as improved infiltration (Abawi and
Corrales, 1990), enhanced soil biological diversity (Kremen and Miles,
2012) and better plant nutrition (e.g., Zörb et al., 2014).

4.1.3. Erosion control
The two SMAS treatments increased soil mulch cover, which ap-

pears to be leading to reduced soil erosion. Soil mulch cover and ab-
solute change in erosion pin height were significantly correlated across
treatments (Kearney et al., 2017b, in review), probably resulting from
both direct (e.g., raindrop interception and reduced runoff velocity) and
indirect (e.g., increased SOM leading to improved soil structure and
infiltration) mechanisms (Elwell and Stocking, 1976). We used absolute
change in erosion pin height as an indicator of relative erosion as it was
significantly correlated with slope and sediment captured in erosion
pits installed on a subset of the plots (Kearney et al., 2017b, in review).
Soil losses (sediment< 2 mm) in pits ranged from 300 to 1200 kg ha−1

yr−1. Studies quantifying soil loss in Central America are scant, but a
study from Jamaica (a slightly wetter climate) found sediment losses of
2000 to 3000 kg ha−1 yr−1 and also demonstrated reduced erosion
with agroforestry management (McDonald et al., 2002). Our findings
strengthen the link between agroforestry, soil mulch cover and erosion
control, and can support erosion modeling and risk mapping for land-
scape planning (Delgado and Canters, 2012).

4.1.4. Water regulation
Infiltration rates were similar to those found in other studies in

Central America (e.g., Tully et al., 2012) and there was a strong

Fig. 3. Correlation matrix of field proxies and eco-
system service indices. Pearson’s correlation results
for field proxies (rows) and ES composite indices
(columns). Dark (blue) circles represent positive
correlations and light (red) circles negative correla-
tions. Larger circles indicate a stronger correlation.
Only significant correlations (p < 0.10) are shown.
* Denotes field proxies are directly included in the
development of the ES composite index. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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tendency for increased infiltration on non-CONV treatments receiving
elevated inputs of organic matter from trees and composted manure.
Decomposition of organic material can increase SOM, which is com-
monly associated with increased soil aggregation and infiltration
(Craswell and Lefroy, 2001; Franzluebbers, 2002), and indeed we saw
significant positive correlations between SOM and infiltration rates
(Fig. S2). While we were unable to detect significant differences in in-
filtration rates between treatments, we did find significant results for
indicators derived from water balance modeling, suggesting that the
compounding effects of infiltration with other site parameters may lead
to even more substantial off-site impacts for water quality and quantity.
For example, increased infiltration rates combined with rainfall cap-
tured by the tree canopy and increased evapotranspiration from trees
have a multiplicative effect to reduce runoff (Bruijnzeel, 2004). In our
study, modeled runoff was near zero for FOR and SMAS-2, demon-
strating the potentially dramatic ES benefits for downstream water
quality and flood protection. As a result, forests and agroforestry sys-
tems also enhance groundwater recharge, and deep percolation was
approximately doubled in FOR and SMAS-2 compared to CONV.

4.1.5. Soil composition
The 3-year duration of this study likely was not sufficient to observe

changes in soil properties with land management. Furthermore, we
found significant spatial variability in soil properties (Fig. S3), which
can complicate analysis of land-use impacts (Holmes et al., 2005). But
some trends in our results do suggest that increased tree density may
improve soil quality.

FOR had the highest mean index value for Soil Composition, driven
by higher available P, SOM and pH, and lower bulk density. These are
among the most important chemical and physical soil properties for
cultivation in tropical climates (Velasquez et al., 2007), and studies
from other regions show that management following the SMAS prin-
ciples can mediate these properties over time (e.g., Kremen and Miles,
2012; Nziguheba et al., 2005; Thomazini et al., 2015). However, longer
trials are needed to evaluate the long-term impacts of the SMAS on
these soil properties in the Mesoamerican maize-bean context.

4.1.6. Carbon (C) storage
Total C storage in the SMAS was similar to that found for other crop

and silvopasture agroforestry systems (e.g., Henry et al., 2009;
Luedeling et al., 2011), but lower than that generally found for fruit,
timber or coffee agroforestry (e.g., Kirby and Potvin, 2007). Our results
indicate that adoption of the SMAS-2 could increase C stocks by an
average of 14.8 Mg ha−1 over CONV management. It is difficult to
determine from this study whether this amount of C would be sufficient
to enable participation in C markets, as this would depend heavily on C
prices, transaction costs and the time over which this change in C is
averaged, which would be determined by the duration of the rotation
with FOR. However, our findings show that regional C storage potential
is substantial. There are an estimated 6 million hectares under active
maize-bean cultivation in Central America alone (Dixon et al., 2001),
indicating that C storage could be increased by up to 89 million tons
with widespread implementation of the SMAS.

Increased C storage is expected to come primarily from AGWB as we
found no significant differences in soil C stocks between treatments,
although the same issues of time and spatial variability discussed in
Section 4.1.5 apply here. However, maintaining regular inputs of or-
ganic matter to the soil is especially important in the tropics due to
rapid decomposition and SOM turnover, and it is possible that soil C
stocks under CONV management would decrease over time, especially
when slash-and-burn practices are used (Fonte et al., 2010). The ORG
treatment did receive elevated inputs of organic matter in the form of
composted manure, but transport of such materials in steep landscapes
is challenging.

Despite the high density of small trees in the SMAS, AGWB C was
principally driven by the number of large trees (DBH> 10 cm) within

a plot. Others have noted the disproportionate contribution of large
trees not only to C storage (e.g., Chave et al., 2001) but also to wildlife
habitat and cultural values in smallholder systems (Marinidou et al.,
2013). Management of large trees is therefore requisite if C sequestra-
tion is to be a primary objective of the SMAS, and would likely enhance
other ES not measured in this study.

4.1.7. Biodiversity
Both SMAS approaches maintained species richness comparable to

that found by other agroforestry studies in Central America using si-
milar sized plots (Ferguson et al., 2003; Richards and Méndez, 2014).
Species richness in SMAS approached levels observed in FOR, which
was low relative to forests in more humid tropical climates (e.g., Chave
et al., 2001; Finegan and Delgado, 2000), although differing plot sizes
and species assemblages makes comparison difficult without further
analysis (Gotelli and Colwell, 2001). Many of the trees in the SMAS
came from natural regeneration, as observed in other agroforestry
systems in Central America (e.g., de Sousa et al., 2016). However,
planting trees, as was done in the SMAS-1 treatment, may help to more
quickly achieve biodiversity goals, especially if converting low diversity
conventional fields to SMAS. Planting also provides an opportunity for
farmers to select species and diversify production (e.g., fruit trees and
fodder), thereby increasing the relative value of biodiversity to farmers.

The tendency for increased macrofuana abundance in cultivated
plots compared to FOR aligns with findings from studies on SMAS in
neighboring Honduras (Fonte et al., 2010; Pauli et al., 2011). The
Honduran studies found that secondary forest plots contained lower
macrofaunal abundance than agroforestry plots, perhaps due to lower
quality litter in forests, which consist primarily of senesced leaves ra-
ther than pruned mulch (Fonte et al., 2010). While cultivation appeared
to increase overall macrofauna abundance, we found lower species
diversity in cultivated plots, which may reflect the dominance of hardy
and adaptable fauna, and the loss of more sensitive taxa that can occur
with forest conversion (Pauli et al., 2011; Rousseau et al., 2013). Fi-
nally, we note that the lack of statistically significant differences for
Belowground Biodiversity indicators between management practices
may again reflect the high spatial variability of soil properties (Fig. S3)
and the relatively short treatment period considered here.

4.2. ES synergies and trade-offs

A PCA analysis of the relationships between ES by treatment showed
that the SMAS better demonstrates potential ES synergies compared to
CONV. The upper left quadrant of the distance biplot in Fig. 2 (positive
loading along the PC-2 axis and negative loading on the PC-1 axis)
represents potential synergies between Production Value, Water Reg-
ulation, Pest and Disease Control, Soil Composition and Belowground
Biodiversity. The tight directional grouping of Soil Composition, Water
Regulation and Pest and Disease Control suggests synergies with strong
theoretical underpinnings. For example, increased SOM is associated
with higher infiltration rates, which in turn can reduce the incidence of
bean diseases favored by high soil moisture content (Abawi and
Corrales, 1990). The parallel loading for Belowground Biodiversity may
indicate additional infiltration benefits from soil aggregation by or-
ganisms, especially earthworms (Rousseau et al., 2013), or direct
mediation of pests and diseases from host dilution (Kremen and Miles,
2012). The loading for Production Value runs in a similar direction,
suggesting that these synergies among regulating services are trans-
lating into increased production.

All of the points lying within the synergistic portion of the biplot
described above are from SMAS-1, SMAS-2 and ORG plots, showing
that the plots with the highest values of multiple ES belong to these
treatments. The directional spread of plots within each treatment (in-
dicated by the ellipses in Fig. 2) demonstrates the types of trade-offs or
synergies occurring within each management system. Groupings for the
SMAS-1 and SMAS-2 plots are spread along the upper-left to lower-right
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diagonal, suggesting that the synergistic regulating ES mentioned above
are more likely to translate into higher productivity for these plots, and
low productivity occurs when provision for these ES is also low.

On the other hand, CONV plots tend to be associated with a lower
occurrence of synergies between multiple ES and instead we see trade-
offs between Production Value and non-production ES, as indicated by
negative loadings on the PC-2 axis and a directional spread along the
PC-1 axis. Others have found similar trade-offs between provisioning
and regulating ES in intensified agricultural landscapes (Kremen and
Miles, 2012; Nelson et al., 2009; Pilgrim et al., 2010; Raudsepp-hearne
et al., 2010; Schipanski et al., 2014; Smukler et al., 2010), while trade-
offs among regulating services were rarely observed (Pilgrim et al.,
2010; Schipanski et al., 2014). ORG plots were more variable as in-
dicated by the wide ellipse and fell between the SMAS and CONV plots,
suggesting that the best management within the conventional (non-
tree-based) system may improve synergies slightly, but that the tree-
based principles of the SMAS are central for the ES evaluated in this
study.

4.3. Field proxies for multiple ES

By measuring just three field proxies − SOM and stem counts of
small and large trees − one could ostensibly estimate the provision of
all ES measured in this study except Water Regulation (Fig. 3). In-
filtration was the only field proxy significantly correlated with the
Water Regulation index, and direct monitoring of infiltration rates may
be required to ensure that water-related ES are accruing. However,
given that many of the ES indicators used to develop the Water Reg-
ulation index were modeled rather than measured, it is possible that the
model does not fully capture the complexity of hydrologic factors and
therefore difficult to conclude that other proxies aren’t associated with
water-related ES. For example, SOM was significantly correlated with
infiltration (Fig. S2), but not the Water Regulation index.

Based on our findings, we emphasize the importance of monitoring
trees of all sizes. Small trees are an important source of mulch, con-
tribute to biodiversity and indicate the sustainability of the SMAS, since
they represent healthy regeneration required to replace larger trees that
may have a shortened lifespan due to pruning. Larger trees are critical
for AGWB C storage (Stephenson et al., 2014) and their abundance does
not correlate with lower yields, but strategic management to minimize
canopy cover is required to avoid yield reductions (Fig. 3).

While increased stem counts were correlated with several ES in-
dices, we note that the diversity of these trees may be important, and
measuring aboveground biodiversity may still be desirable. Since all of
the SMAS plots in this study contained a diverse mix of tree species by
design, it was impossible to compare against an agroforestry system
with high stem counts and low diversity; but some studies have sug-
gested that synergies exist between tree diversity and ES benefits
(Richards and Méndez, 2014). We also note that soil mulch cover ap-
pears to be an important field proxy for multiple ES, especially erosion
control, although visible estimation may be a less reliable monitoring
approach than biomass sampling (Fig. 3).

4.4. Implications for management, ES monitoring and PES

This study demonstrates that agroforestry can increase a number of
non-production ES benefits compared to either CONV or ORG man-
agement, approaching the services provided by secondary forest-fal-
lows in the study area (Fig. 4 and Fig. S4). In our 3-year study we see no
clear impacts of management on belowground biodiversity or soil
composition, however we do note that these two indices were highly
correlated (Fig. 2 and Fig. S4), supporting the growing evidence that
biological, biophysical and biochemical interactions influence soil
health (Brussaard et al., 2007).

For illustrative purposes we quantified the overall ES provision by
summing all the ES composite indices for each treatment (Fig. 4, inset).

This value is highest for FOR (4.1 out of a maximum possible of 6.0),
while the SMAS-2 and SMAS-1 treatments had intermediate values
(about 25% lower than FOR) and the CONV and ORG treatments had
the lowest values (about 45–50% lower than FOR).

Quantifying overall service provision could be a simple way to
compare land management strategies, and is indeed the goal of some ES
evaluation tools (Bagstad et al., 2013). However, such a quantitative
approach presents several issues. First, the selection of ES indicators
and indices can never be exhaustive and is by necessity arbitrary,
constrained by methods, data availability, resources and evaluation
objectives. For example, in our study, comparisons to the ORG system
may be limited. The ES indicators measured were chosen primarily to
test the expected benefits of tree-based systems. In the ORG treatment
we replaced agrochemical inputs with organic options, but did not
implement the SMAS principles commonly associated with agroforestry
and conservation agriculture. It is possible that ORG management
provides other ES benefits not measured in the study, such as increased
mycorrhizal colonization and its associated benefits (Gosling et al.,
2006) or enhanced crop pollination (Kennedy et al., 2013; Kremen
et al., 2002).

Second, deciding how important individual indicators are to overall
ES provision is not straightforward. We used PCA in an effort to ob-
jectively determine indicator weights for construction of the composite
indices, but did not weight composite indices for the overall provi-
sioning index. Therefore, the relative weights (or importance) attrib-
uted to ES indicators determined the final ES index value, but ES indices
equally contributed to the overall provisioning index. In practice, nei-
ther indicators nor indices can be weighted ‘objectively’, as different
stakeholders have different perceptions of the relative value of services
(Chan et al., 2016; Hauck et al., 2013), and demand for services varies
over space and time (Chan et al., 2006). Weighting is problematic and
controversial (Satterfield et al., 2013), but regional ES indices show
promise as a strategy to rank ES provision and scale PES within a given
context (e.g., Marinidou et al., 2013; Pagiola et al., 2007), and parti-
cipatory approaches have begun to incorporate stakeholder values into
relative ES weights (Satterfield et al., 2013; The Plan Vivo Foundation,
2013).

Farmer involvement in our study and varying site conditions led to a
wide range of tree densities and species in the SMAS treatments,
highlighting the system’s adaptability. This flexibility is important for
reasons outlined in Section 1, but presents challenges for quantifying
the expected contribution of such systems to individual ES indicators.
This quantification is increasingly desired by programs seeking to en-
hance the provision of individual ES (Naeem et al., 2015). Our study
was able to provide empirical quantification for some indicators, but
more importantly demonstrates a consistent pattern supporting the
hypothesis that the principles of the SMAS do, in fact, enhance multiple
ES and encourage synergies between them. Our results also suggest that
diversification of farming systems and agroecological principles asso-
ciated with SMAS implementation may be more important for ES supply
than simply replacing chemical inputs with organic alternatives.

Finally, incentives such as PES and improved access to credit may be
required for widespread adoption of the SMAS or organic management
to occur. Profitability of the SMAS-1 was about the same as CONV,
while SMAS-2 and ORG were lower (Table S3), demonstrating that
direct incentives for farmers in the immediate term (e.g., increased
fuelwood production, lower input costs and reduced labor) are low, at
least in the context of our study area. Other potential benefits to
farmers such as improved soil fertility and increased yields were not
observed in this three-year study, suggesting they would only accrue in
the long-term, and smallholder farmers without access to capital or
secure land-tenure may struggle to invest in systems with long-term
payoffs (Engel and Muller, 2016).

Incentives need to be combined with supporting policies and con-
tinuing collective action to address other issues. For example, Hellin
et al. (1999) found that the SMAS was not adopted where available land
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area was sufficient to allow shifting slash-and-burn agriculture to con-
tinue, and the lack of family labor due to out-migration can be a barrier
to adopting new practices (Ayarza et al., 2010). Ayarza and Welchez
(2004) noted the importance of policies banning burning and long-term
interactions among diverse stakeholders to build knowledge and tech-
nical capacity. Implementation of the SMAS combined with increased
community awareness eventually led to a shift in perceptions, and land
value under SMAS management in Honduras is now 30% higher than in
areas without it (Ayarza et al., 2010).

In summary, we have three general recommendations for ES-related
outreach, policy and incentive programs for hillside smallholder maize-
bean growing regions:

(1) Promote the principles of the SMAS (eliminating burning, main-
taining a permanent vegetative soil cover or ‘mulch’ and inter-
cropping with diverse tree species)

(2) Focus on multiple ES groups rather than tying incentives or reg-
ulations to a single ES

(3) Design monitoring programs to measure field proxies (e.g. tree stem
counts, SOM) that relate to multiple ES and reflect the principles of
the SMAS, rather than seeking out binary definitions of agroforestry

5. Conclusions

By using controlled on-farm experiments, we were able to empiri-
cally demonstrate that SMAS strategies improve key indicators of non-
provisioning ES compared to conventional and organic management
systems without trees. Results showed that substantial ES benefits ac-
crued within just three years of conversion from conventional man-
agement (SMAS-1), comparable to those found for traditional SMAS
establishment from a forest-fallow (SMAS-2). These ES increases can
potentially be achieved without significant reductions to overall crop
production value, although challenges with the study design (e.g., lat-
eral shading in SMAS-2) make it difficult to determine the exact impact
of mature SMAS on maize and bean yields.

The inherently flexible design of the SMAS addresses some of the
critiques of previous agroforestry research, but leads to high variability,
potentially limiting the ability to statistically detect ES enhancements in
a study of moderate resources. By developing composite indices of
multiple ES we were able to identify patterns showing that the SMAS
enhances multiple ES and better capitalizes on synergies between reg-
ulating and provisioning ES compared to conventional management.
Results for organic management were less clear, but we note that the
study was designed primarily to evaluate the ES benefits of agrofor-
estry.

We also identified simple field proxies that correlate well with
multiple ES, with important implications for management and mon-
itoring strategies. For example, monitoring schemes should measure
both small and large trees, as small trees contribute to biodiversity and
system sustainability, while large trees are critical for C storage.
However, strategic management of large trees will be necessary to
minimize canopy cover and potential negative yield impacts. Policies
and incentives focused on multiple ES can support long-term collective
action to build farmer knowledge and technical capacity, alleviate yield
losses that may occur during transition and develop community
awareness around the multiple ES benefits provided.
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Fig. 4. Radar chart of non-production ecosystem services. Composite index values, relative to the maximum observed value for each index, for regulatory ecosystem services and
biodiversity (main). Inset (bar chart) shows the sum total of all indices by treatment (error bars denote standard deviation). The shaded area represents the forest-fallow (FOR) reference
treatment and lines show the four cultivated treatments: CONV = conventional management; ORG = organic (conventional management without chemical inputs); SMAS-1 = the slash-
and-mulch agroforestry system, converted from CONV and; SMAS-2 = the same as SMAS-1, but converted from FOR.
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