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Summary
Land preparation for crop cultivation by means of burning has been practiced for thousands
of years in Central America. Combined with population growth and slash-and-burn
management led to vast deforestation and detrimental soil losses resulting in declining
maize yields. Quesungual agroforestry (QA) has been studied by the Centre for Tropical
Agriculture (CIAT) as a potential alternative to slash-and-burn in the dry corridor of Central
America. QA entails no tillage, permanent soil cover and improved nutrient management.
Studies comparing Quesungual and slash-and-burn agriculture showed that Quesungual
has potential to control erosion, increase water infiltration, enhance soil aggregate stability
and earthworm colonization while maintaining or slightly increasing crop yields.
After prohibiting burning in Nicaragua, slash-and-mulch management became wide spread.
Slash-and-mulch (SM) management is similar to Quesungual only SM does not contain
trees. This raises questions: (1) what is the effect of QA and SM on runoff and soil loss
dynamics, microclimate and crop performance? (2) What is the effect of the gradient in
tree cover on the aforementioned indicators? (3) What is the relation between tree cover
and crop performance? Addressing these questions will contribute to recommendations for
farmers to optimize tree management for soil conservation while increasing crop yields.
Tree cover refers to tree density, estaca density, mulch biomass and tree pruning biomass
(hereafter referred to as tree cover).
To answer these questions, three QA and three SM experimental plots were chosen in La
Danta community, Nicaragua. Plots were similar in soil pH, soil organic matter (SOM), soil
texture, slope and aspect and differed in tree cover (QA versus SM). This enabled a
comparison of land-use systems along a gradient in tree cover. Tree cover was
characterized by tree density counting and assessment of tree pruning biomass and mulch
biomass. To measure microclimate, Tinytags were installed measuring temperature and
relative humidity and soil moisture sensors were installed and calibrated gravimetrically.
Runoff and soil loss were measured using bounded runoff plots on each plot, measuring
sediment and runoff volume after each rainfall event. Maize biomass and yield were
measured at harvest to quantify crop performance.
Cumulative soil loss was 21.1±16.6 Mg ha-1 in slash-and-mulch and 4.7±1.1 Mg ha-1 for
Quesungual. Average soil moisture content at 50 cm depth compared over time was slightly
higher in Quesungual than in slash-and-mulch. Quesungual showed a 1.9 ‰ higher
minimum relative humidity compared to slash-and-mulch. Mean temperature declined with
increasing tree density. Furthermore, minimum relative humidity increased with increasing
tree density and canopy cover. None of the variables were able to significantly explain the
variation in yield, soil loss or runoff. In conclusion, this study has shown that QA bears
potential to alter the microclimate in which tree cover was determinant. In addition, soil
loss was reduced by QA while maintaining yield compared to SM.
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1. Introduction
1.1. Development and system description of Quesungual agroforestry
Traditional small-scale farmers in the tropics and subtropics of America have been using
fire to prepare for crop cultivation. A large share of small-scale farmers in Mesoamerica
(mainly Honduras, El Salvador, Guatemala and Nicaragua) grow staple crops on erosion
sensitive hillsides. Slash-and-burn agriculture (SB) is a method to quickly clear land and
release minerals to improve soil fertility on the short term. As an effect of SB management,
soil and nutrients are lost due to high erosion and runoff. Soil organic matter (SOM) and
crop water productivity are reduced, which will eventually lead to decreasing yields (Castro,
et al. 2009; Pavón et al., 2010). At a landscape level, rural communities dependent on
subsistence farming of staple crops (maize, beans and sorghum) risk increased yield
variability and a reduction in water quality as an effect of deforestation for agriculture
(Ayarza et al., 2010; FAO, 2016a).
Devastating effects of severe drought in 1987 led to a cooperation between the Honduras
government and the Food and Agriculture Organization (FAO) to increase crop yields and
reduce poverty through restoring degraded soils by (secondary) forest conservation
(Ayarza et al., 2010). The FAO targeted an indigenous agroforestry production system in
Quezungual, Lempira, Honduras (FAO, 2016a) after which the system was named:
“Quesungual” agroforestry system (shortly Quesungual). The system was adopted by
thousands of farmers in Honduras (Ayarza et al. 2010). The Centre for Tropical Agriculture
(CIAT) explored on out scaling Quesungual in Central America based on socio-economic
and climatic factors similar as Lempira. Among others, Condega, Terrabona and Somotillo
in Northwest Nicaragua were targeted for implementation of Quesungual to train
technicians, study the system and facilitate exchange of Quesungual experience from
farmer to farmer.
Key elements of Quesungual are (Castro et al., 2009):
(1) No burning; only slashing and mulching of secondary forest.
(2) Permanent soil cover, provided by mulching tree pruning’s, weeds and crop residues.
(3) No tillage and direct seeding, to minimize soil organic matter oxidation and to conserve
soil structure.
(4) Balance nutrient application and improved organic matter management increase
nutrient synchronization to optimize crop nutrient uptake.
After prohibiting burning by law in 2005 in Nicaragua (Warth, 2014), land management in
which secondary forest is cleared through slash-and-mulch (SM) became widespread for
producing maize and beans. Slash-and-mulch management is similar to Quesungual in
terms of land preparation; no burning only mulching. The two systems differ in vegetation
layers. Slash-and-mulch consists of two layers: mulch and crop. Whereas Quesungual
consists of three layers: mulch, crops and a tree canopy. In the tree canopy two types of
trees are distinguished depending on tree height: either estaca (< 3 meters) trees or tall
trees (> 3 meter). Estacas (tree stakes) are pollard fully (100%) once or twice during the
wet season while tall trees are pruned moderately only once (20-40%). The pruning
intensity and frequency depends on the level of tree shading preferred by the farmers.
The cycle of land conversion starts with extracting wood by selective (Quesungual) or full
(slash-and-mulch) cutting naturally regenerated secondary forest and slashing and
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mulching small branches and undesirable vegetation. Tree selection in Quesungual is based
on the farmer’s preference on plot characteristics (i.a. slope) and economic value of trees
(Castro et al., 2009). After conversion, maize is sown in May and harvested in late August
(primera) followed by beans sown in August and harvested in the end of November
(postrera) (Warth, 2015). This system is defined as a relay intercrop system with a
cropping period overlap of roughly one month. The cropping period for Quesungual is ~12
years and for slash-and-burn 1-3 years. After cropping, both systems are let to fallow for
7 years. (Welchez et al., 2008; Castro et al., 2009). No evaluation of cropping and
secondary forest regeneration period for slash-and-mulch has been published yet.

1.2. Current knowledge
Studies on Quesungual have shown biophysical benefits of Quesungual over slash-andburn management. Permanent soil cover through pruning amendments has shown to
increase soil organic matter levels (Ayarza et al., 2010; Castro et al., 2009), leading to
increased soil hydraulic conductivity (Pavón et al., 2010). Furthermore, the spatial
distribution of soil cover and earthworm casts were found to be very well explained by tree
distribution. This is suggested to be caused by favourable conditions for earthworm
colonization such as: high pruning amendments, mediated temperature by shading and
higher soil moisture content due to soil cover (Pauli et al., 2010).
In field trials in Honduras over three years the average soil loss for Quesungual was 3.7
Mg ha-1 yr-1 compared to 21 Mg ha-1 yr-1 soil loss for SB management (Castro et al., 2009).
Pavón et al. (2010) executed rainfall simulations in which a rainfall event of 60 mm h-1 was
simulated for 30 minutes. In these trials Quesungual showed a significant lower soil loss
compared to slash-and-mulch. Pavón et al. (2010) suggested that these differences could
be accounted to mulch and tree rooting. Soil cover by tree management has showed to be
successful in reducing erosion by Labrière et al. (2015). Furthermore, Pavon et al. (2010)
found highest infiltration in Quesungual compared to other land-use systems (SB, SM and
secondary forest (SF)) and highest runoff in SB. Runoff for SM, QA and SF showed to be
equal. Potentially, tree distribution could be a controlling factor for soil loss and runoff.
Regarding microclimate, tree canopies are able to reduce wind speed and radiation
intensity (Roa et al., 1997). Furthermore, the canopy is able to reduce the amount of
precipitation reaching the soil due to interception lost through evaporation on the leaves
(Bayala & Wallice, 2015) The first two effects mediate extreme temperatures and could
consequently reduce soil evaporation and therefore increase the soil moisture content
(Bayala & Wallice, 2015; Lin, 2010) and relative humidity (Morais et al., 2006). The most
determinant factors limiting crop growth in Quesungual as explored by the WaNuLCAS
model are tree water uptake and tree shading (Warth, 2014). The question remains if the
above mentioned benefits regarding soil loss and runoff reduction and favourable
microclimate will outweigh maize yield reducing factors such as tree water uptake and light
interception by the trees.
Quesungual is introduced as an agroforestry system to increase maize yields and reduce
yield variability (Ayarza et al., 2010) while providing ecosystem services chiefly soil
conservation and agrobiodiversity. However, previous studies showed large variability in
yield data and insignificant yield differences comparing Quesungual and slash-and-mulch
(Warth, 2014; Pavón et al., 2010). A study in Nicaragua showed that slash-and-mulch
management yielded ~30% more maize compared to Quesungual management in one of
5

three years (2006) of measurement. The other years did not show significant yield
differences between systems (Pavón et al., 2010). Castro et al. (2009) compared the
Quesungual system categorized in different age stages to slash-and-burn management on
maize yield. Although maize yield was highest in Quesungual (>10 years), no significant
maize yield differences were found. Younger Quesungual (< 2 years and 5-7 years) and
SB plots showed similar yields.

1.3. Problem statement
Most studies in Quesungual have focussed on analysing differences in soil biology and soil
physics, water balance and yield differences compared to slash-and-burn systems (Castro
et al., 2009; Castro et al., 2010; Welchez et al., 2009; Fonte et al., 2010; Rivera et al,
2010). However, comparison of Quesungual and slash-and-burn management is outdated,
since SB management was banned and not widely practiced anymore. There is a need for
analysing and evaluating system performance of Quesungual and slash-and-mulch
management on plot level. In addition, to reduce tree-crop competition and enhance
beneficial interactions, QA needs fine-tuning by analysing the effect of a gradient of tree
cover on crop and ecosystem performance.
The Quesungual agroforestry comprises a wide variability of tree density (300-800 ha-1),
tree species (on average 13 species per 1000 m2) and canopy cover based on farmer’s
management of secondary forest transition to crop fields (Siles et al., 2015). Farmer’s
decisions in tree management during secondary forest transition for crop production
directly affect tree and soil cover. It is found that spatial distribution of soil cover and
earthworm casts were explained by the presence of trees (Pauli et al., 2010). At increasing
soil cover The C/N ratio of organic matter and soil nutrient availability determines the
speed at which organic matter is incorporated into the soil. Consequently, tree
management has a strong effect on soil aggregate stability and water dynamics (Warth,
2014; Pauli et al. 2010), which eventually could be a determining factor in crop yield.
Studying the effect of tree cover on crop and ecosystem performance could help to develop
tools for farmers in tree management to optimize production while mediating land
degradation.
Quesungual has been shown to reduce runoff (Castro et al., 2009) and erosion (Pavón et
al., 2010; Castro et al., 2009) by creating a potential protection effect of vegetation and
mulch compared to slash-and-burn and slash-and-mulch. However, this potential has not
been tested by using bounded runoff plots (hereafter referred to as runoff plots) and
natural rainfall where soil loss and runoff were physically measured for Quesungual.
Therefore, bounded runoff plots are installed in QA and SM plots to measure runoff and
soil loss over time.
The initial objective of Quesungual was to increase crop yields (Ayarza et al., 2010). Nonsignificant yield differences between Quesungual, SB and SM systems (Castro et al., 2009;
Pavón et al., 2010; Warth, 2014) give room to question which biophysical factors hamper
attaining higher yield. Light interception and tree water uptake are suggested to be most
determining factors affecting crop yields in a modelling study (Warth, 2014). To determine
the shade effect on light interception, canopy cover and specific leaf area (SLA) were
measured. As an indicator of tree-crop water competition, soil moisture levels were
measured.
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Extreme high temperatures hamper maize development and eventually reduce maize yield
(Hatfield & Prueger, 2015). Tree cover will provide shade which could mediate extreme
temperatures by lowering maximum and increasing minimum temperatures (Morais et al.,
2006) which could increase soil moisture content by a reduction in soil evaporation (Lin,
2010). To test the effect of canopy on the microclimate, temperature and relative humidity
were measured.
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2. Objectives
2.1. Objective 1: Research question and hypotheses
The first objective of this study was to analyse the effect of land-use system on
microclimate, runoff, soil loss and eventually crop performance. This was done by
comparing QA and SM on microclimate, runoff, soil loss, soil moisture content and crop
performance on plot level. The following research question and hypotheses were
formulated to test and achieve this objective.


What is the effect of land-use system on runoff and soil loss dynamics, microclimate,
soil moisture content and crop performance (biomass and yield)?

Tree roots could create a higher infiltration capacity and create a physical barrier for soil
loss. This would show in (1) reduced runoff and soil loss for Quesungual compared to slashand-mulch. In addition, in Quesungual more water would be retained combined with shade
showing (2) higher soil moisture content compared to slash-and-mulch. Also, (3)
temperature extremes will be mediated due to tree cover. (4) Relative humidity will be
higher in Quesungual as an effect of reduced wind speed and higher vegetation
transpiration. Shade reduces potential for crop growth. Also trees compete for water with
the crop. However, these processes will be outcompeted by less soil evaporation and
higher infiltration resulting in (5) higher maize biomass and yield in QA compared to SM.

2.2. Objective 2: Research questions and hypotheses
The second objective is to analyse the effect of the gradient in tree cover on microclimate,
runoff, soil loss and eventually crop performance. This was done by relating tree (tree
density and canopy cover) and soil cover (mulch biomass and tree pruning biomass) factors
to crop performance (maize biomass, yield and SLA).




What is the effect of a gradient of tree cover (tree density, canopy cover and mulch)
on soil loss and runoff, soil cover C/N ratio, microclimate (temperature, relative
humidity and soil moisture content)?
What are determinant factors in tree management affecting crop performance?

Hypothetically, plots having high estaca densities would produce larger quantities of tree
pruning biomass having a high N content. This could lead to more OM incorporation in the
soil, increasing the water retention capacity showing (1) higher soil moisture content along
a gradient of tree density. In addition, (2) increasing tree cover combined with high organic
matter amendments have the potential to reduce soil loss and runoff (and increase water
infiltration). At an increasing tree cover, (3) temperature will be mediated and (4) relative
humidity increased. However, these processes are governed by rainfall. When rainfall is
distributed evenly over the wet season, the latter effects are assumed to appear. If there
are severe in-season droughts, tree competition by estacas (shallow rooting system) on
crops for water will increase at the gradient of tree cover. Consequently, (5) microclimatic
factors will most determinant for crop performance. (6) The relation between tree cover
and crop yield will be negative if rainfall is limited and positive if rainfall is abundant.
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3. Materials & methods
3.1. Site description and system management
The field data was collected between May and September 2016 in La Danta community
(13◦09’09”N, 86◦51’3”W), part of the municipality of Somotillo, Chinandega department in
Northwest Nicaragua (Figure 1). Approximately 30% of the land is used for growing crops,
including Quesungual agroforestry components besides 25% of forest land and 45% of
pastures (INTA, 2005). The cropland is mainly consecutively cultivated by maize and
beans.
The climate is classified as a tropical savanna according to Köppen-Geiger, with an average
evapotranspiration of 1900 mm yr-1 and rainfall of 1700 mm yr-1. Precipitation falls mainly
in the wet season between May and
October classifying it as subhumid
tropical (Siles et al., 2015; Warth,
2015). The mean temperature
ranges between 24 °C in the wet
season to 35 °C in the dry season
(Rousseau et al., 2013).
The crops are grown on hillsides
mainly between 10-30% reaching
up to 80%. According to the USDA
soil classification system, the soils in
the watershed are a mixture of
Entisols, Alfisols and Mollisols. The
soil texture is dominantly sandy and
contains quite some stones (Warth,
2014).
Figure 1: map of Nicaragua by Openstreetmaps.org
The International Center for Tropical Agriculture (CIAT) has worked with farmers in La
Danta since 2004 to establish and carry out on-farm participatory research. and manage
Maize-bean traditional, slash-and-mulch, Quesungual, naturalized pastures, silvopastures
and secondary forest systems were established to compare crop yields, carbon storage and
biodiversity. In La Danta, naturally regenerated secondary forest (SF) is selectively cut
(agroforestry/silvopasture) or fully cut (slash-and-mulch) and small branches are slashed
and mulched. Farmers do not plough and nowadays burning is no longer permitted.
Instead, litter, weeds and seedlings are slashed and mulched before and during crop
development. To control weeds before crop emergence, glyphosate is used additionally
(1.4 L ha-1). However, only when weed emergence was high before seeding. Cattle
browsing on crop residues and pruned tree material is common in the dry season.

3.2. Plot selection and experimental design
At the start of the rainy season of 2016, after the first showers (end of May), the farmers
seeded maize (variety NB-6) at a seeding density of 44.000 plants ha-1. Directly after
sowing maize, each seed hole was fertilized with 64,8 kg ha-1 chemical fertilizer (NPK:1230-10). Before maize seedling emergence, the trees in the Quesungual plots were pruned
9

and mulched and seedlings in SM were mulched. No glyphosate was applied due to low
weed emergence. Depending on the estaca growth rate, a second pruning would be done.
This was not the case for this year. At 25 and 40 days after sowing maize 64,8 kg ha-1 (in
total 129.6 kg ha-1) of urea (46% N) was applied to all experimental plots.
Three farms were selected out of 9 of CIAT’s experimental farms each including a slashand-mulch (SM) and Quesungual plot within the farm boundaries. There are two objectives
to be achieved in this study and the plot selection and experimental design are chosen
accordingly.
The first objective of this study was to analyse the effect of land-use system on
microclimate, runoff, soil loss and eventually crop performance. On each of the three
farms, a slash-and-mulch plot and a Quesungual plot were selected (6 plots in total) based
on similarities in soil pH, SOM and texture (soil analysis by CIAT, 2014) and the slope and
aspect of the fields within and across farms. The individual plots will be referred to by the
farmer’s initial alphabetically (Ernesto, Fredy and Geronimo; E, F and G) and land-use
system abbreviation (SM and QA). Variation in plot and soil characteristics has been
minimized while allowing for variation in tree density (Table 1).
The second objective is to analyse the effect of the gradient in tree cover on microclimate,
runoff, soil loss and eventually crop performance. Tree density in La Danta has been
measured for a recent carbon stocks study by CIAT (Siles et al., 2015) for several landuse systems (i.a. QA and SM). This variability in tree density was used to select low,
medium and high tree density (Table 1) to represent a gradient in tree cover. The same
farms and plots were used as for objective 1; one slash-and-mulch and one Quesungual
plot per farm (3 farms in total) of which the Quesungual plots showed a gradient in tree
cover (Table 4).

A

B

C

Figure 2: Tree cover variability within Quesungual. (A) Sparsely distributed tall trees
(Cordia alliodora.; Enterolobium ciclocarpum) in EQA. (B) High density estaca trees (mainly
Lonchocarpus minimiflorus; Myrospermum frustecens) in FQA. (C) Tall trees (mainly Cordia
alliodora) combined with an estaca layer (mainly Guazuma ulmifolia; Caesalpinia spp.) in
GQA.
Figure 3 visualizes the experimental design for the data collection to address the
objectives. The size of the green plot is 1000 m2, which is based on the plot size of ongoing
studies by CIAT. Within every plot, two subplots as pseudo replicates were selected in
order to correlate tree cover (except for tree density) to crop performance. The subplot
size used by Droppelmann et al. (2000) of 100 m2 for analysing the tree pruning effect on
maize yield was adopted (Figure 3).
10

The plots were measured in an angle corresponding to the field inclination. Plot sizes were
corrected for plot specific inclination by calculating the cos theta using the radians based
on the inclination (in %) measured using an inclinometer. To represent the plot level
(objective 1), tree density and tree type were measured over the whole 1000 m 2 (green
area Figure 3). Temperature and relative humidity were measured hourly using 20
available Tinytag sensors on plot level. Only one Tinytag sensor was installed for each SM
plot, since low variability in temperature and relative humidity was expected due to the
absence tree cover. Five Tinytag sensors were installed for each Quesungual plot (Figure
3). Soil moisture content was measured in four pits varying in location. The locations for
the erosion plots also varied depending on tree density and slope.
Tree pruning biomass was measured in Quesungual subplots. Canopy cover, mulch C/N
ratio and dry weight were measured at five spots within the subplots. Samples for maize
biomass and SLA were taken in 10 quadrants (Figure 3).
Table 1: Defining land-use systems (Quesungual and slash-and-mulch) based on tree and
soil cover, plot and soil characteristics. The experimental unit was plot (n=1). Values
represent the mean based on two observations for each plot. Except for soil bulk density
the value represents the mean of four observations. The soil characteristics are based on
samples taken at 20 cm depth (soil analysis CIAT, 2014). The other variables were
measured in this study.
Ernesto

Fredy

Geronimo

Q

SM

Q

SM

Q

SM

Aspect

East

East

South

South

East

South

Slope (%)

16

21

29

29

10

20

Altitude (m)

214

219

207

217

192

185

18

2

17

2

37

0

Number of estacas (ha )

1133

332

3573

32

1932

0

Number of tall trees (ha-1)

208

11

43

32

254

0

Tree pruning biomass (Mg
ha-1)
Mulch (Mg ha-1)

1.6

-

2.4

-

0.6

-

4.0

1.9

8.2

2.0

4.5

1.3

Mulch C/N ratio

69

62

41

51

51

51

Clay (%)

15

18

26

29

27

19

Silt (%)

31

37

29

31

39

31

Sand (%)

54

46

46

41

35

50

Soil organic matter (%)

1.45

0.74

3.58

3.48

2.60

2.93

Soil bulk density (g cm )

1.20

1.27

1.26

1.26

1.46

1.31

Plot characteristics

Tree and soil cover
Canopy cover (%)
-1

Soil characteristics

-3
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B

A

Figure 3: Experimental designs for slash-and-mulch plots (A) and for Quesungual plots (B).
The lines indicate the sampling structure, the dots are sample points. Abbreviations: T =
temperature & relative humidity; CC = canopy cover; Mulch = mulch C/N and dry weight;
Crop = maize biomass & maize yield; SLA=specific leaf area.

3.3. Data collection
Table 2: overview of the timing, method used and number of observations per indicator.
Indicator

Time
measurement

Tree density, tree type
Tree pruning biomass

25 of May
23rd-24th of May

Canopy cover

23rd-24th of May /
21st of July

Mulch biomass

Observations per plot

Method / device

Q

C

1
2

1
2

10

10

23rd-24th of May

2

2

Mulch C/N

23rd-24th of May

2

2

Relative humidity
/temperature
Rainfall

Hourly May-July

51

1

Mulch sampling +
Kjeldahl
Tinytags

After each rainfall
event
Hourly May-July

-

1

Manual pluviometer

4 per depth
(20 and 50
cm)
1

4 per depth (20
and 50 cm)

20

20

4

4

20

20

Volumetric soil moisture
content

th

Run-off and soil loss

After each rainfall
event

Maize biomass

13th-15th of July &
22nd-23rd
of
August
22nd-23rd
of
August
13th-15th of July

Grain biomass
Leaf area

1

of

1

Visual assessment
Hanging scale
(Droppelmann et al.,
2000)
Canopy cover free
(Jennings et al.,
1999)
Hanging scale

FDR HS 10
Bounded runoff and
soil loss plots
(Villatoro-Sanchez et
al., 2015; FAO,
2016a)
Precision balance
Tellez (2016)
Zhang et al., 2015;
Canopy cover free

For GQ plot 7 Tinytags were installed to check for within-plot variation. A clarification can be found in the annex.
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3.3.1. Tree density, type and species
Tree density, estaca density, tree type and species in a 1000 m2 square plot (Figure 3)
were measured. All trees were determined at the genus and if possible at the species level
(data not shown). Then, the stem diameter was measured at 1.5m height and the tree
height by using a measuring rod. If the tree was shorter than 3 m and less than 7 cm in
diameter, the tree was classified as estaca, otherwise as tree. An estaca usually has
multiple (1-3) stakes per rooting system (Table 1 and Table 4).
3.3.2. Tree pruning biomass
The owner of the field pruned the trees. Within the subplots of 100 m2 (Figure 3) branches
and leaves were collected and weighed using a hanging scale directly after pruning to
estimate pruning biomass. Only for Ernesto’s Quesungual the pruning biomass was
measured 2-3 hours after pruning due to untimely pruning. The trees were pruned per
species, so each batch was processed separately. The leaves, small branches (<2.5 cm
diameter) and large branches (≥2.5 cm diameter) were weighed and dried separately to
enable 15N analysis for other research purposes executed by University Hohenheim. For
each species and tree part (leaves, small branches and large branches) a 300 g subsample
was dried for 24 hours at 70 °C to determine moisture content. By dividing the dry sample
weight by fresh sample weight the dry factor was calculated. Multiplying dry factor by fresh
weight resulted in dry weight per plant part. Total dry weight was the sum of all pruning’s
weight per plot, after correction for moisture.
3.3.3. Tree canopy cover
To estimate light interception, photographs of the canopy were taken using a built-in 3megapixel smart phone camera where after the canopy cover was calculated using Canopy
Cover Free, an open-source image analysis program for Android. Canopy cover was
measured just before and just after pruning on 23 and 24 May 2016. On the 21st of July a
third observation was done. At subplot level, five replications were made (Figure 3).
Canopy cover (in %) was calculated based on the colour contrasts of the objects in the
pictures. All photographs were checked individually and adjusted to ensure that only the
tree canopy was taken into account. The photographs were taken vertically, in upward
direction, on a 150 cm long stick, representing crop height. As shown in Figure 3, the
distance between subplots was at least 15 meters, the height of the tallest tree (Jennings
et al., 1999).
3.3.4. Mulch C/N ratio and biomass
Mulch data collection took place before pruning. Within a quadrant of one m2, all organic
material was collected. Larger pieces (≥2.5 cm) were excluded since sampling error was
expected to increase. For each subplot, the content from five quadrants were and pooled
and weighed in the field using a hanging scale (Figure 3). For each subplot a subsample of
300 g of mulch was taken to dry (for 24 hours at 70 °C) and finely ground to determine
total N using the Kjeldahl method executed by Laquisa laboratory in León. A fixed factor
of 50% was used to calculate the C/N ratio.
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3.3.5. Relative humidity and air temperature
Relative humidity and air temperature were measured hourly using Tinytags Plus 2 TGP4500 (Gemini Data Loggers UK). The Tinytags were installed in two crossing transects
(Figure 3) attached on poles at 200 cm height to measure above crop while avoiding crop
contact. In the previous field study by CIAT, Tinytags stopped monitoring due to water
infiltration in the sensor. To avoid this, the sensors were protected by a white plastic cap.
This could cause an overestimation of relative humidity by standing wind and an
underestimation in temperature due to increased albedo. However, the protection was
standardized to keep the influence on the sensors similar over all sensors.
3.3.6. Rainfall
For each farm one All Weather Rain Gauge (Productive Alternatives Inc., Minnesota, USA)
was installed in the slash-and-mulch plot. Rainfall was measured after each rainfall event
starting on June 17th 2016.
3.3.7. Soil moisture content
Soil moisture content was measured using FDR (frequency domain reflectometry) 10 HS
sensors (Decagon, US). They were installed and connected to an Em50 Data Logger
(Decagon, US) which measured hourly. These sensor forks were inserted in the soil
horizontally at 20 and 50 cm depth, 4 repetitions per plot per depth, 48 in total. The
sensors were installed in groups of four, one group high and one group low on the slope
(8 sensors per plot). To avoid disturbance in data collection, the sensors were installed in
the bottom right or top left corner of the experimental plot (not shown in Figure 3). After
installation the soil was placed back in the pit to incorporate the sensors in the column.
Three soil cores (89.5 cm3) per sensor per depth (3 repetitions per sensor = 144 samples
in total) were taken from one pit. These samples were weighed fresh before oven-drying
for 24 hours at 105 °C and weighed to determine bulk density and volumetric soil moisture
content (Appendix 8.3) (Campbell, n.a.). For the second until the fifth calibration an auger
was used. The bulk density for each profile (20 and 50 cm) - as measured initially - was
used to convert gravimetric soil moisture content to volumetric moisture content. The
sensors were calibrated after installation comparing sensor VMC and soil sample VMC
(4.1.3). To avoid disturbance in measurement, the auger samples were taken at ~1.5 m
distance from the sensors.
3.3.8. Runoff and soil loss
Six runoff plots (10.7-11.9 m2) were installed between 15th and 30rd of May 2016, one per
experimental plot. Plot location was aimed at finding a representation of experimental plots
in terms of tree cover. The runoff plots were bounded by 30 cm wide galvanized metal
sheet penetrated 10-15 cm into the soil. Surface runoff and sediment were collected at the
bottom of the frame through a channel type metallic collector, based on FAO (2016a)
design. The barrels had lids and the collector a shield to avoid overestimation by direct
rainfall inclusion. The collector was connected with PVC tubes to two 200 L oil barrels
(Figure 4). The needed barrel capacity was based on 25% runoff from a 60 mm shower
event (Pavón et al., 2010), which is 15 L m-2.
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The barrels were checked daily for runoff and sediment content. Barrel contents were
mixed
to
a
homogenous
suspension before subsampling
A
B
500 mL (12 barrels total). The
sediment samples were capped,
let to rest for five days, weighed
and oven-dried for 24 hours at 105
°C to determine dry weight.

C

D

The total soil in the collector was
weighed, subsampled (± 250 g)
and dried for 24 hours at 105 °C
to determine dry weight. After
sampling, the remaining barrel
content was measured using 10 L
and 0,5 L buckets. All data was
administered per rainfall event
(for calculations see Annex 8.2).
The
first
two
weeks
of
observations were excluded due
to very high levels of soil erosion,
which was mainly due to soil
disturbance.

Figure 4: Runoff plot. A; overview. B; collector connected to barrel. C; collector inserted
into the soil. D; capped barrels where the suspension water was collected.
Total soil loss was calculated my multiplying sediment concentration (g L-1) by runoff
volume (L) plus total soil from the collector. To enable comparison of runoff independent
of rainfall, the runoff coefficient was calculated by dividing runoff by rainfall (Table 6).
3.3.9. Maize biomass
Maize biomass was measured between 13-15 July 2016 (54-56 days after seeding) and on
the 22-23 of August 2016 before harvest (94-95 days after seeding). In each subplot 10
m2 quadrants along two transects (Figure 3) were used to select maize plants. Within each
quadrant, mean plant height was measured and the plant closest to the mean was chosen
for systematic sampling. Partitioning (roots, stem and leaves) was done 24 hours after
harvest, which caused an underestimation of fresh weight. After partitioning, dry weight
was determined after oven-drying for 24 hours at 70 °C using a PL83-S (Mettler Toled;
d=0.001) precision balance. The shoot-root ratio was calculated by dividing the above
ground biomass by root biomass.
3.3.10.

Grain biomass

For each subplot, all grains were collected within two quadrants (1 m 2) and the fresh weight
was measured on the 22nd and 23rd of August during the maize biomass measurements.
Dry weight was determined after oven-drying for 24 hours at 70 °C using a PL83-S (Mettler
Toled; d=0,001) precision balance.
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3.3.11.

Specific leaf area

To estimate leaf area, photographs of the leaves were taken using a built-in 8-megapixel
iPhone camera where after the leaf area was calculated using Canopeo for iOS (Canopeo,
2016). After partitioning, all leaves per plant were laid out on a white sheet with a length
scale. The leaf area (in cm2) was determined by multiplying the photo area (m 2) by the
leaf area (%). The program did not recognize senescened leaves, only the green leaves
were taken into account. SLA was calculated in which m is leaf dry weight (g) (Zhang et
al., 2015):
SLA (cm-2 g-1) = LA / m

3.4. Statistical analyses
There were two objectives to be achieved within this study (see 2.1 and 2.2). Objective 1
was measured at plot level and tested for the effect of land-use system (Quesungual and
slash-and-mulch) on the response variables. The experimental unit was plot (n=3). The
land-use system was taken as independent variable – with two levels – and tested for each
response variable by means of one-way ANOVA. Since plots showed to be similar in plot
and soil characteristics, the farms were considered as blocks. Temporal variability for soil
loss, runoff and soil moisture content was tested for using ANOVA repeated measures.
Simple linear regression was used to find relations between temperature, relative humidity,
soil loss, runoff versus tree cover (Table 3).
Variables for objective 2 were measured at subplot level in order to find relations between
gradient of tree management variables (canopy cover, tree pruning biomass and mulch
biomass) and crop performance using simple linear regression. Multiple linear regressions
were carried out for objective 1 and 2 to test relations between set of response variables
on independent variables (data not shown).
The scripts for all statistical analyses and graphs were written in Rstudio (version 0.99.903)
using the following additional packages: data.table, lubridate, ggplot2, easyGgplot2,
scales, plyr, dplyr, reshape, devtools and Rmisc.
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Table 3: Overview of statistical analyses per indicator. The number in brackets behind the
experimental unit refers to the number of individual observations. The number stated
before the type of statistical test or independent variable refers to the objective.
Response variables
Runoff and soil loss

Experimental unit
Plot (6)

Statistical test
(1) One-way ANOVA,
ANOVA repeated
measures; (2) linear
regression;

Independent variables
(1) System; (2) tree density, tree
pruning biomass, mulch biomass;
(1) rainfall

Temperature and
relative humidity

Plot (6)

(1) One-way ANOVA; (2)
linear regression

(1) System; (2) canopy cover, tree
density

Soil moisture
content

Plot (6)

(1) One-way ANOVA,
ANOVA repeated
measures
(2) Linear regression

(1) System and depth; (2) canopy
cover, tree density, tree pruning
biomass, mulch biomass

Tree/estaca
density
Canopy cover

Plot (6)

(1) One-way ANOVA

(1) System

Subplot (12)

(1) One-way ANOVA

(1) System

Tree pruning
biomass
Mulch biomass

Subplot (12)

(1) One-way ANOVA

(1) System

Subplot (12)

(1) One-way ANOVA

(1) System

Mulch C/N ratio

Subplot (12)

(1) One-way ANOVA

(1) System

Maize biomass

Subplot (12)

(1) One-way ANOVA; (2)
Linear regression

(1) System; (2) canopy cover, tree
pruning biomass, mulch biomass

Grain biomass

Subplot (12)

(1) One-way ANOVA; (2)
Linear regression

(1) System; (2) canopy cover, tree
pruning biomass, mulch biomass

Specific leaf area

Subplot (12)

(1) One-way ANOVA; (2)
Linear regression

(1) System; (2) canopy cover
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4. Results
4.1. Objective 1: comparing the Quesungual and slash-and-mulch system
4.1.1. Tree cover
Tree density was found to be 168 (±14) trees ha-1 for Quesungual and 14 (±10) trees ha1
for slash-and-mulch. However, the difference is just insignificant (p=0.076) due to
deliberate variability within Quesungual. Mulch C/N ratio appeared to be similar between
systems. Mulch biomass was higher (5.6±1.3 Mg ha-1) for Quesungual compared to for
slash-and-mulch (1.7±0.2 Mg ha-1). Estaca density and canopy cover were obviously
higher in Quesungual. Only, tree density showed high variability within Quesungual
therefore being similar as slash-and-mulch (Table 4).
Table 4: Defining land-use systems (Quesungual and slash-and-mulch) based on plot
characteristics and tree and soil cover. The soil characteristics were based on samples
taken at 20 cm depth (soil analysis CIAT, 2014). M.a.s.l; meters above sea level.
Significance codes: NS=not significant, * < 0.05.
Quesungual

Slash-and-mulch

Tree and soil cover

mean

SE

mean

SE

F(1, 4)

p

Canopy cover (%)

24

6.2

1

0.5

13.991

0.020 *

Estaca density (no. ha-1)

2213

718

122

106

8.295

0.045 *

Tree density (no. ha-1)

168

64

14

10

5.646

0.076 NS

Tree pruning biomass (Mg
ha-1)
Mulch (Mg ha-1)

1.53

0.52

-

-

5.6

1.3

1.7

0.2

8.672

0.042 *

Mulch C/N ratio

54

8

55

4

0.012

0.917 NS

4.1.2. Microclimate: temperature and relative humidity
No significant differences were found in mean, maximum and minimum temperature and
relative humidity between Quesungual and slash-and-mulch. Only minimum relative
humidity Quesungual was 1.93 ‰ higher compared to slash-and-mulch. The other
response variables were equal between systems (Table 5).
Table 5: Temperature and relative humidity (mean, maximum and minimum) under the
Quesungual and slash-and-mulch system (n=3). SE = standard error. NS = not significant;
* < 0.05
Quesungual

Slash-and-mulch

Response variable

Mean

SE

Mean

SE

F(1,4)

p

Mean temperature (°C)

28.69

0.26

28.94

0.06

0.890

0.399 NS

Maximum temperature (°C)

37.18

0.31

38.34

0.61

2.768

0.172 NS

Minimum temperature (°C)

22.80

0.19

22.74

0.30

0.028

0.873 NS

Mean relative humidity (%)

70.92

1.35

70.33

1.66

0.077

0.796 NS

Maximum relative humidity (%)

94.17

1.50

94.19

2.08

1▪10-4

0.993 NS

Minimum relative humidity (%)

42.13

0.54

40.20

0.42

7.872

0.048 *

When comparing temperature graphs per farm in Figure 5, mean temperature line for
Quesungual in Ernesto and Geronimo´s farm was running consistently higher than the
mean temperature line for the slash-and-mulch plot. The opposite trend was true for
Fredy´s farm. The maximum temperature in Geronimo Quesungual (mean=36.6) was 3
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°C lower compared to Geronimo slash-and-mulch (mean=39.6) averaged across the whole
period (Table 5). The differences in minimum temperature between land-use systems for
Ernesto and Fredy were negligible and inconsistent over time. For all plots, mean
temperature inclined over June and July reaching an average around 29 °C. Also, mean
relative humidity dropped in June and increased slightly in August, exhibiting lowest
relative humidity in July.
Ernesto Quesungual showed a 3.5‰ higher mean relative humidity compared to Ernesto
slash-and-mulch across the whole period (Figure 6). The opposite was true for Geronimo’s
and Fredy’s farm, where Geronimo Quesungual showed lower mean relative humidity
(1.2‰) compared to slash-and-mulch. Fredy’s farm showed smaller differences for mean
relative humidity between Quesungual and slash-and-mulch. For all farms the minimum
relative humidity for Quesungual was higher compared to slash-and-mulch. Most
noticeable for Geronimo’s farm, where the minimum relative humidity for Quesungual was
3.8‰ higher across the whole period compared to the slash-and-mulch plot.
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Figure 5: Temperature for Quesungual and slash-and-mulch per farm. Number of sensors
for SM=1 and Q=5. Data period from the 1st of June to 25th of August. Q=Quesungual;
SM=slash-and-mulch.
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Figure 6: Relative humidity for Quesungual and slash-and-mulch per farm. Number of
sensors for SM=1 and Q=5. Data period from the 1 st of June to 25th of August.
Q=Quesungual; SM=slash-and-mulch.
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4.1.3. Microclimate: soil moisture content
Comparing sensor and soil sampled and oven-dried volumetric moisture content, it showed
a relatively strong relation for both depths and systems. However, the slopes and starting
points of the regression lines were different over depth and system. The intersections
between the regression lines and the 1:1 line represent the turning point between over
and underestimation of VMC (Figure 7).
Volumetric moisture content (VMC) for QA at 20 cm depth showed to be an overestimation
for VMC below 0.40 m3 m-3 (r2=0.61, p<0.0001). For SM volumetric moisture content was
overestimated for values below 0.33 m3 m-3 and underestimated for values above 0.33 m3
m-3 (r2=0.59, p<0.0001). For 50 cm depth the regression lines show similar slopes. For
Quesungual (r2=0.48, p<0.0001) as for slash-and-mulch (r2=0.42, p<0.0001), volumetric
moisture content was overestimated for values below 0.35 m3 m-3 and underestimated
above this value (Figure 7).

A

B

Figure 7: Sensor (y) and sampled (x) volumetric moisture content for 20 cm (A) and 50
cm (B) depth for Quesungual (Q) and slash-and-mulch (SM). The red line represents 1:1
slope. See Appendix for regression equations.
Volumetric moisture content data averaged across the whole period showed no significant
difference between Quesungual (0.326 m3 m-3) and slash-and-mulch (0.325 m3 m-3) for
20 cm depth (p=0.959). For 50 cm depth (p=0.821), also no significant difference was
found between Quesungual (0.360 m3 m-3) and slash-and-mulch (0.334 m3 m-3).
Also no difference was found when comparing VMC over system and time (days) at 20 cm
depth (p=0.062; ANOVA repeated measures) for Quesungual and slash-and-mulch.
However, at 50 cm depth Quesungual had a significantly higher VMC compared to slashand-mulch (p<0.0001; ANOVA repeated measures). The average was calculated over the
days for which both systems showed a value (Figure 8).
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A

B

Figure 8: Volumetric moisture content split by depth (20 cm; A, 50 cm; B) under
Quesungual (Q) and slash-and-mulch (SM) measured from 1st of June 2016 to 15th of
September 2016. The experimental unit was plot (n=3). Error bars represent one standard
error of the mean. Some sensors failed which resulted in absent data.
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4.1.4. Runoff and soil loss dynamics
Out of 25 rainfall events, 13 rainfall events led to runoff as well as soil loss. This observation
was made for all three farms and both land-use systems. Most of the rainfall precipitated
at the end of the measuring period, which also led to most of the runoff and erosion events.
It showed that high rainfall levels (> 40 mm d-1) led to high runoff levels on the following
dates 4-8, 28-8, 3-9 and 12-9 (Figure 10 and Figure 11). The relation between rainfall and
soil loss was less evident than for runoff.
The observed cumulative values of soil erosion were between 5 and 20 Mg ha -1 for the first
two weeks after installation of the runoff plots. This was probably an overestimation due
to soil disturbance during plot installation and therefore these values were not taken into
account in the comparisons. Total runoff was found to be 59.1±36.8 mm for Quesungual
and 39.4±12.8 mm for slash-and-mulch, only the difference was not significant (p=0.641)
(Table 6). Also when comparing by system and time the difference was almost significant
(p=0.065; ANOVA repeated measures) (Figure 11). Cumulative soil loss was 21.1±16.6
Mg ha-1 in slash-and-mulch and 4.7±1.1 Mg ha-1 for Quesungual, although the difference
was not significant (p=0.379) (Table 6). The variability in SM could be caused by relatively
high soil loss (54 Mg ha-1) in Geronimo’s SM. When comparing over system by day, soil
loss in Quesungual was significantly higher compared to slash-and-mulch (p=0.032;
ANOVA repeated measures). When comparing runoff coefficient by system, no significant
difference was found (p=0.639) (Table 6).
Rainfall showed to be relatively a good predictor for runoff in QA (p=0.001) and SM
(p<0.0001). For SM, 25% of the variation in runoff was explained by rainfall per event and
63% for QA. Runoff responded more strongly for rainfall per event compared to QA (Figure
11) (see Annex for regression equations).
Quesungual and slash-and-mulch systems were compared on soil loss, runoff and runoff
coefficient split for three categories of rainfall depth. Quesungual showed consistently lower
values and lower variability (SE in brackets) for all response variables compared to slashand-mulch plots. However, no effect was found between slash-and-mulch and Quesungual
for all rainfall categories (Table 6).

A

B

Figure 9: Runoff (A) and soil loss (B) versus rainfall per event for individual observations
split for Quesungual (Q) and slash-and-mulch (SM). See Appendix 8.1 for regression line
equations.
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Figure 10: Precipitation by day in La Danta 2016. Error bars represent one standard error
(n=3).

Figure 11: Runoff and soil loss by day under Quesungual (Q) and slash-and-mulch (SM).
Error bars represent one standard error.
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Table 6: Runoff and soil loss mean values under Quesungual (Q) and slash-and-mulch (SM) tested per rainfall category from 17 th of June
to 15th of September 2016. There was no runoff and soil loss in July. The experimental unit was plot (n=3). The effect of land-use system
was tested using one-Way ANOVA. Standard error is between brackets. NS = not significant; * < 0.05
Variable

Rainfall category I (< 20 mm)

Rainfall category II (20-40 mm)

Rainfall category III (> 40 mm)

Total

Total rainfall

144.1
(5.6)
Q

Total runoff
(mm)
Runoff
coefficient

4.6
(0.6)
0.03
(4▪103
)
1.1
(0.2)

Total soil loss
(Mg ha-1)

SM

F(1,4)

p

133.8
(12.6)
Q

SM

F(1,4)

p

316.0
(18.6)
Q

SM

F(1,4)

p

316.0
(18.6)
Q

SM

F(1,4)

p

6.7
(4.1)
0.05
(0.03)

0.256
NS
0.289
NS

0.640
NS
0.620
NS

6.8
(0.6)
0.05
(1▪10-4)

16.4
(8.9)
0.12
(0.07)

1.177

0.339
NS
0.374
NS

28.1
(11.9)
0.09
(0.03)

36.0
(24.3)
0.11
(0.07)

0.085

0.785
NS
0.780
NS

39.4
(12.8)
0.07
(0.02)

59.1
(36.8)
0.10
(0.06)

0.254

0.641
NS
0.639
NS

1.9
(0.3)

5.058
NS

0.088
NS

0.9
(0.1)

2.8
(1.6)

1.445

0.295
NS

2.8
(1.0)

16.4
(14.7)

0.860

0.406
NS

4.7
(1.1)

21.1
(16.6)

0.976

1.002

0.088

0.257

0.379
NS
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4.1.5. Crop performance: biomass production and yield
No significant differences were found between Quesungual and slash-and-mulch for crop
performance variables. However, variability in crop performance data was very high when
looking at the standard errors for all response variables. Shoot/root ratio and specific leaf
area were equal between systems. The stem growth was low between the two
measurements. On the contrary, root mass tripled, explaining the drastic increase in shootroot ratio between the measurements for both systems.
Table 7: Characteristics of maize plants in maize-bean intercrop under Quesungual and
slash-and-mulch (n=3). SE = one standard error. NS = not significant
Quesungual
Days after
seeding
54-56

SE

Mean

SE

F(1,4)

p

Crop density (plants ha-1)

30263

4077

29964

4740

0.002

0.964 NS

Maize biomass (Mg ha )

1.43

29.8

1.66

14.1

0.034

0.863 NS

Leaf (Mg ha-1)

0.26

0.15

0.31

0.10

0.062

0.816 NS

1.14

0.65

1.18

0.53

0.003

0.962 NS

0.15

0.12

0.16

0.07

0.006

0.940 NS

13.0

4.42

9.35

1.59

0.606

0.480 NS

Specific leaf area (cm g )

61.1

6.8

60.5

14.0

0.002

0.971 NS

Maize biomass (Mg ha-1)

3.48

0.68

3.52

1.01

9▪10

-4

0.978 NS

Leaf (Mg ha )

1.16

0.22

1.15

0.32

2▪10-4

0.987 NS

Stem (Mg ha )

1.17

0.24

1.21

0.38

0.011

0.923 NS

1.16

0.22

1.15

0.32

2▪10-4

0.989 NS

2.00

0.02

2.04

0.05

0.377

0.572 NS

0.78

0.29

0.54

0.60

0.652

0.465 NS

-1

Stem (Mg ha-1)
Root (Mg ha )
-1

Shoot-root ratio
2

94-95
harvest

Slash-and-mulch

Mean

Response variable

-1

-1

Root (Mg ha )
-1

Shoot-root ratio
Grain yield (Mg ha-1)

-1

4.2. Objective 2: gradient of tree cover
4.2.1. Microclimate: temperature and relative humidity
The gradient in tree cover was split up in two factors: tree density and estaca (stake)
density (no. ha-1). The tree cover characteristics can be found in Table 1. There was no
relation found between estaca density and relative humidity and temperature (data not
shown). At increasing tree density, the mean temperature (r2=0.77, p=0.02) declined
while relative humidity increased (r2=0.81, p=0.01). For minimum and maximum
temperature and mean and maximum relative humidity the relations were very weak and
insignificant (Figure 12).
At an increasing canopy cover, minimum relative humidity showed a significant increase
(r2=0.89, p=0.005) (Figure 13). This result is complementary to the system comparison
of minimum relative humidity (Table 5). The other independent variables showed very
weak insignificant relations with canopy cover (Figure 13). Tree density and therefore
canopy cover were not evenly distributed over the plots, but rather clustered in 0-50 trees
ha-1. This caused the relation with maximum temperature to be weak.
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Figure 12: Temperature and relative humidity versus tree density. The variables were
averaged on plot level. Experimental unit is plot.
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Figure 13: Temperature and relative humidity versus canopy cover. The variables were
averaged on plot level. Experimental unit is plot.
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4.2.2. Microclimate: soil moisture content
The regressions in Figure 14 show that neither mulch biomass, tree density nor estaca
density had a relation with soil moisture content. Remarkably, with increasing mulch C/N
ratio the soil moisture content declined at 20 cm (r2=0.83, p=0.01) and 50 cm (r2=0.72,
p=0.03). There is no direct theoretical explanation for this finding.

Figure 14: Volumetric soil moisture content versus mulch biomass, tree density, estaca
density and mulch C/N ratio. The variables were averaged on plot level. Experimental unit
is plot.
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4.2.3. Runoff and soil loss dynamics
No significant relations were found between runoff and soil loss versus tree and estaca
density, mulch biomass and canopy cover. A cause for weak relations was extremely high
runoff and soil loss in Geronimo’s SM plot compared to the other SM plots (Figure 15).

Figure 15: Runoff and soil loss versus mulch biomass, tree density, estaca density and
canopy cover. The variables were averaged on plot level. Experimental unit is plot.
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4.2.4. Crop performance: biomass production and yield
There were no significant relations found between crop performance factors (biomass and
yield) and tree cover factors (canopy cover, mulch biomass and tree pruning biomass).
However, mulch C/N ratio showed to be positively related to maize yield. Similar as for the
relation between soil moisture content and mulch C/N ratio, there is no logical explanation
for this relation (Figure 16).
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Figure 16: Maize yield and maize biomass (at harvest time) versus crop density, mulch
biomass, tree pruning biomass, canopy cover and mulch C/N ratio. The variables were
averaged on subplot level. Experimental unit is subplot.
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5. Discussions
5.1. Tree cover
QA showed higher estaca density, mulch biomass and canopy cover compared to SM. Tree
density was similar for QA and SM. Showing that SM plots contained trees, although they
did not create proportional shade. Tree density for Fredy’s SM was low, which was
deliberately chosen in order to represent a gradient in tree cover within QA. Low tree
density for this plot could explain why there was no system effect in objective 1. Combining
system comparison and a gradient in tree cover in the plot selection created deliberate
variability in tree density for QA and a cluster of plots with low density in the regression
analyses by SM plots. This approach created uncertainty in both analyses.
Canopy cover showed no relation with specific leaf area. This showed that not only an
inducing effect by shade on SLA was at play (Bayala & Wallice, 2015), possibly also a
negative effect of water stress on SLA (Zhang et al., 2015). There was an extended dry
period starting in June, which could have caused that the water stress effect outcompeted
the shading effect on SLA.

5.2. Microclimate
QA and SM were compared on mean, maximum and minimum temperature and relative
humidity. Quesungual showed slightly lower maximum and higher minimum temperatures.
This mediation effect was not significant. It was hypothesized that Quesungual would
mediate temperature, which was not confirmed. The finding of no system effect on
temperature is in accordance with Morais et al. (2006); in their experiment the shaded
coffee system showed lower mean and maximum temperature, however showing
insignificant difference. Lin (2007) also found that high shade cover decreased daily mean
temperatures, however insignificantly. Both studies analysed the shade effect for single
days and found that shade mediated extreme temperatures at mid-day and elevated
temperature at night. This mediation effect was evened out in daily averages and therefore
not shown in significant differences between systems. In contrary, De Souza et al. (2012)
found that full sun coffee plots consistently showed 6 °C higher monthly maximum
temperature compared to coffee agroforestry. The difference between this study and De
Souza et al. (2012) could be related to a lower tree density in QA and assumingly lower
canopy cover, although canopy cover was not presented in the study of De Souza et al.
(2012). The variability in tree density over all plots (QA and SM) showed at increasing tree
density mean temperature declined, which confirms the hypothesis that tree cover
mediated temperature. This is confirmed by findings by Lin (2007).
Instead of looking at temperature dynamics over the whole period, the focus could have
been on comparing daily temperature dynamics. Extremes occur when the radiation and
evaporation are highest. Therefore, assessing data of multiple days would give more insight
in the system effect on temperature. Furthermore, Quesungual seems to have received
less sun hours than slash-and-mulch since QA plots in Geronimo and Ernesto faced east
and Fredy faced south. While the SM plots in Ernesto faced east, Fredy and Geronimo faced
South. This could have led to an underestimation of the system effect on temperature. In
addition, temperature, tree density and canopy cover were not measured in proximity of
each other in this study. Whereas in order to find relations, spatial overlap between
measurements should have been taken into account while designing the experimental setup.
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The next step in studying temperature difference between QA and SM is the effect on maize
development. Hatfield & Prueger (2015) analysed the effect of temperature extremes on
maize performance. Maize exposed to ±200 hours of air temperature above 30 °C showed
significant lower yields. Therefore, it would have been more relevant within this study to
analyse daily temperature dynamics between systems and to calculate the number of hours
above 30 °C and relate this to maize biomass in order to build conclusions on the system
effect and a gradient in tree cover on maize performance.
Quesungual showed 1.9‰ higher minimum relative humidity (p=0.048) compared to
slash-and-mulch. This is partly in line with the hypothesis that Quesungual increases
relative humidity, since no effect was found on mean relative humidity. Lin (2007) found
no difference in mean relative humidity during the wet season between low, medium and
high shade coffee agroforestry, confirming the results of this study. Relative humidity
showed to increase at increasing tree density and canopy cover. Confirming the hypothesis
that tree cover is positively correlated to relative humidity. The variability in canopy cover
observed in this study (0-30%) was fairly low compared to the canopy over (10-80%) in
Lin (2007) and (Lin, 2010). This study proved that low density canopy covers are able to
increase minimum relative humidity.
Modelling the effect of tree cover on crop transpiration bears potential to show if tree cover
is able to enhance crop water use efficiency. Crop transpiration can be modelled by using
minimum relative humidity and wind speed (Allen et al., 1998). Reduced wind speed and
increased minimum relative humidity pose potential for higher crop water use efficiency
and therefore higher resilience in coping with in-season droughts compared to slash-andmulch. Therefore, tree arrangements can be deployed to test the canopy effect on crop
transpiration.
Soil moisture content was found to be higher in Quesungual compared to slash-and-mulch
for 50 cm, which partly confirmed the hypothesis that soil moisture content would be higher
under Quesungual. Since soil moisture content at 20 cm was equal between systems, lower
soil evaporation and higher soil moisture content as an effect of shade can be rejected.
The depth of water infiltrated was similar resulting in equal top soil moisture content.
However, due to lower soil evaporation in QA, more water could have infiltrated in the 50
cm soil layer, explaining higher soil moisture for QA at 50 cm. In addition, higher soil
moisture for 50 cm in Quesungual could be explained by tree hydraulic lifting; transporting
water from lower layers to the tree root regions as suggested by Lin (2010) and Bayala &
Wallace (2015).
Soil moisture observations applied only for July, since the system comparison could only
be done for days at which at least 2 out of 4 sensors showed values per plot * depth. Quite
some sensors broke due to too much downward pressure on the sensor. Mainly sensors in
the slash-and-mulch plots stopped working. Applying soil after sensor installation should
be done more careful. Also, it would have been more time efficient calibrating the soil
sensors before installation.
Soil moisture content for both depths did not correlate to tree density, estaca density and
mulch biomass. These results reject the hypotheses. In contrast, Lin (2010) showed that
agroforestry systems providing more shade exhibited higher top soil (10-30 cm) moisture
content. Also it was suggested that shade effect was stronger than tree water uptake on
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soil moisture content. QA exhibited a range of a relatively low canopy cover (10-30%)
corresponding to the low shade system in Lin (2010). This could explain the absence of
relations between tree cover and soil moisture content, since a denser canopy is needed
to show an effect on soil moisture content.
Mulch C/N ratio showed to be a strong predictor for soil moisture content for both depths.
The variability in C/N ratio was quite large, which could be partly due to higher N content
in estaca leaves. Although, there was no relation between estaca density and mulch C/N
ratio, the difference could be species specific. Between QA and SM was no difference in
runoff. Besides, no relation was found between runoff and soil moisture content for both
depths (data not shown). Increased infiltration as a consequence of tree rooting as
suggested by Pavón et al. (2010) was therefore not confirmed.

5.3. Runoff and soil loss dynamics
The Quesungual system was found to have 4.7 Mg ha-1 of soil loss compared to 21.1 Mg
ha-1 of soil loss for slash-and-mulch between June and September. The differences were
substantial, however insignificant comparing the averages due to large variability within
systems. When comparing the systems by day (repeated measures), Quesungual exhibited
lower soil loss (p=0.032) and equal runoff compared to slash-and-mulch for certain days.
No tree cover factors correlating to runoff and soil loss were found. The suggestion by
Pavón et al. (2010) and Warth (2014) that mulch could be a determining factor in reducing
soil loss and runoff was not found. However, mulch biomass, tree density and pruning
biomass were not measured in proximity of the runoff plots. Therefore, due to
heterogeneity of tree cover, the actual levels of these response variables could have been
different for the local conditions of the runoff plots and therefore the actual geography of
measurements should have shown large overlap. In contrast, the data collection of the
runoff plots could not have been combined with mulch biomass and maize yield, since that
would have led to soil disturbance. Consequently, mulch biomass and maize yield needed
to be measured in plots paired with the runoff plots based on equal tree cover.
The insignificance of the system effect on soil loss and runoff was in accordance with Pavón
et al. (2010). Castro et al. (2009) measured indices and calculated soil loss using the
Universal Soil Loss Equation. The level of soil loss for Quesungual was in accordance with
the levels found by Castro et al. (2009). A meta-study done by Labrière et al. (2015) on
soil erosion for the humid tropics found that agricultural land management could reduce
soil loss drastically. It showed that complex agroforestry systems yielded on average 0.5
Mg ha-1 yr-1 of soil loss compared to 1.8 Mg ha-1 yr-1 for open field crop cultivation. The
latter quantities are roughly one order of magnitude smaller compared to the levels
obtained in this study. Villatoro-Sánchez et al. (2015) found 1 Mg ha-1 yr-1 soil loss and a
3% runoff coefficient obtained through runoff plots using natural rainfall. This study was
conducted over three years in a coffee monoculture grown on steep slopes (~60-70%)
while receiving on average 2068 mm yr-1 (2011-2013).
Although soil disturbance was quite low in La Danta (no tillage), soil loss and runoff
coefficients are relatively high. This could be due to intrinsic differences in soil erodibility
and more dynamic wetting and drying of soils due to less shade cover and infrequent
showers compared to the humid coffee system (Villatoro-Sánchez et al., 2015). Slopes
were equal between QA and SM (Table 1), exhibiting that slope could not have been a
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confounding factor in the system effect on soil loss. In comparison, soil cover in coffee
would be higher compared to arable agriculture, explaining higher soil erodibility in La
Danta. Also, the perennial character of coffee evokes less soil loss, since the soil is less
disturbed after planting compared to growing maize.
Rainfall was not measured in Quesungual, only due to interception loss of the canopy the
actual rainfall in Quesungual was probably lower (Black et al., 2015) and therefore runoff
coefficient was an underestimation. In order to cover the heterogeneity in tree cover and
reduce uncertainty in data collection, the runoff plots should have been larger in size (FOA,
2016b; Villatoro-Sánchez et al., 2015; Tuan et al., 2014). Furthermore, the runoff plots
did not account for slope lengt, limiting the extrapolation of soil loss at a landscape scale.
It needs to be taken into account that soil loss and runoff were measured over three
months and can therefore not be directly compared to other studies using yearly soil loss.
For comparison, either a data set for natural runoff plots for a full year should be used. Or,
least preferred by Labrière et al. (2015), a calibrated model (RUSLE) for the tropical climate
could be built to extrapolate the data. Furthermore, the average soil loss for slash-andmulch is high due to Geronimo’s SM plot, which showed very high sediment levels (>100
g L-1 runoff) for some rainfall events, possibly due to high soil disturbance during maize
harvest or bean seeding. The installation of the soil collector differed slightly in depth
between plots. This could have resulted in an overestimation in runoff when installed
deeper, since more shallow flowing water could have run off into the collector.
Furthermore, the metal sheet of the soil collectors penetrating the soil horizontally were
finished with loam. Some loam eroded during the measurement period, creating holes
between the collector and the soil leading to underestimations of the runoff and sediment.
Natural runoff plots are essential to model soil loss and extended data sets and give insight
in the effect of land management on erosion control (Labrière et al., 2015) and the
potential water for crop use. For further research, soil cover should be included as it showed
to be a determining factor in erosion control and runoff reduction (Tuan et al., 2014). In
addition, rainfall intensity per event exhibited a high relation with soil loss (VillatoroSánchez et al., 2015), emphasizing the necessity for inclusion in future runoff and soil loss
dynamics research.

5.4. Crop performance
There was no system effect on maize biomass or maize yield, rejecting the hypothesis that
Quesungual outperforms slash-and-mulch in crop performance. This finding is in
accordance with Pavón et al. (2010) and Castro et al. (2009). Remarkably, average maize
biomass was roughly twice as high between 2005-2007 compared to the observations in
this study from 2016. Also, maize biomass and yield did not show to correlate with a
gradient in mulch biomass, canopy cover, tree pruning biomass or mulch C/N ratio. Thus,
no significant yield determining factors were found using (multiple) regressions (data not
shown).
The maize yields in both systems were very low compared to Castro et al. (2009) and
Pavón et al. (2010). The difference in yield variability between systems originates partly
from high maize yield in Ernesto’s Quesungual (1300 kg ha-1). The crop density measured
after 54 days was low compared to the initial seeding density of 44.000 plants ha -1 (for
some fields only 50%). At increasing plant density maize biomass increased (r2=0.87;
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p<0.0001). This showed that seed germination combined with plant survival were
determinant for maize biomass production. Maize yield was not related to crop density,
indicating that grain biomass per plant differed largely. Maize could have suffered from
water stress in July 2016, since only two small rainfall events occurred in 6 weeks’ time,
hardly affecting soil moisture content. This coincided with average temperature building
up in June and stabilizing around 30 °C in mid-July, exposing maize plants to heat stress
which could have induced grain filling dramatically as suggested by Hatfield & Prueger
(2015).
Variability in tree density for Quesungual was large, even showing overlap with slash-andmulch (p=0.076). Hence it would increase statistical strength to create categories of tree
cover (0, 10, 20, 30%) to find yield, runoff and soil loss determining factors. In addition,
leaf area index should be measured using a LI-COR device to reduce uncertainty in data
collection. Also, more attention should have been given to spatial and temporal overlap
between data collections to increase statistical strength.
Finally, drought stress (as comprehensive factor for water balance) mediated by tree water
competition could be a determining factor for yield differences between systems and
correlate to a gradient of tree cover. Drought stress by means of 13C isotopic discrimination
was measured in leaf and grain. The analysis was out of this study’s scope but will be
considered in later QA studies. The underlying mechanism is that when soil moisture is
low, water stress is increased (showing high δ13C values) and the crop risks N deficiency
(Pansak et al., 2007). If this data is to be used, a split-plot for N fertilization should be
used to separate the water stress and N deficiency effect on δ13C. This method could be
elaborated on to answer if Quesungual is able to increase crop performance by drought
stress reduction.
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6. Conclusions
Quantifying the effects of land management on agroecosystem services and crop
performance is relevant for food security and soil conservation. This study evaluated the
effects of Quesungual and slash-and-mulch on microclimate, runoff and soil loss dynamics
and crop performance. The first objective, analysing the system effect (QA and SM) on the
aforementioned indicators revealed that:
 The system effect on microclimate was small, only minimum relative humidity and
soil moisture content on 50 cm were slightly higher for QA. Temperature and top
soil moisture were equal between systems.
 Soil loss was considerably lower in QA, runoff was equal.
 Crop performance was equal between systems.
Conserving soil is the main driver for integrating trees. Quesungual land management has
shown high potential to reduce soil loss dramatically. Although there was no effect of landuse system on maize yield found, reducing land degradation could pay off in the future in
terms of enhanced crop yields. Even at relative low tree density, QA agroforestry showed
slightly beneficial microclimatic conditions for growing maize.
The second objective, analysing the effect of tree cover gradient on microclimate, runoff,
soil loss and eventually crop performance revealed that:
 At increasing tree density mean temperature declined. At increasing tree density
and canopy cover, minimum relative humidity increased. This indicates that at
increasing tree cover a more favourable microclimate for crop production is created.
 Tree cover did not determine yield, soil loss or runoff.
Integrating trees to create a beneficial microclimate does not directly influence soil
moisture content and maize yield. However, favourable microclimatic conditions as an
effect of tree cover gradient provides potential reduction in maize heat stress. These rain
fed systems are depending on infrequent rainfall in this dry corridor in Nicaragua.
Emphasizing the need for studying tree-crop interactions to provide favourable soil and
microclimatic conditions for crop growth.
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8. Appendix
8.1. Regression line equations
Regression line equations for Quesungual and slash-and-mulch for sensor versus sampled
volumetric moisture content for 20 cm (A) and 50 cm (B) depth (Figure 7):
(A)
yQ = 0.157 + 0.535 ▪ x, r2=0.61, p<0.0001;
ySM = 0.098 + 0.771 ▪ x, r2=0.59, p<0.0001;
(B)
yQ = 0.151 + 0.573 ▪ x, r2=0.48, p<0.0001;
ySM = 0.135 + 0.583 ▪ x, r2=0.42, p<0.0001
Regression line equations for Quesungual and slash-and-mulch for runoff and soil loss
versus rainfall (Figure 9):
(A)
ySM = -0.11 + 0.12 ▪ x, r2 = 0.25, p=0.0001;
yQ = -0.83 + 0.10 ▪ x, r2 = 0.63, p<0.0001
(B)
ySM = 99.7 + 40.6 ▪ x, r2 = 0.10, p=0.06;
yQ = 42.3 + 8.5 ▪ x, r2 = 0.51, p<0.0001

8.2. Equations for runoff and soil loss
The following equation is used to measure runoff (mm):
V1 = content barrel 1 (L)
V2 = content barrel 2 (L)
Runoff (mm) = (V1 + V2) / runoff area (m 2)
The following equations are used for calculating soil loss:
CB1 = Soil concentration barrel 1 g L-1
CB2 = Soil concentration barrel 2 g L-1
TSRW = total sediment in the runoff water in g
CB1 = g dry soil / 0.5 L = g dry soil / sample volume barrel 1
CB2 = g dry soil / 0.5 L = g dry soil / sample volume barrel 2
TSRW = CB1 (g L-1) * V1 (L) + CB2 (g L-1) * V2 (L)
FS = Fresh soil measured in the collector
DSC = dry weight soil collector (g)
TEP = total sediment weight
Dry Factor (DF) = dry weight soil (g) / fresh weight soil (g)
DSC (g) = FS * DF
TEP (g) = TSRW + DSC
Total soil loss (kg ha-1) = (TEP (g) / Area of the plot (m2)) * 10

8.3. Soil moisture content calibration equations
Table 8: equations to convert gravimetric to volumetric water content
Wet soil
with
ring(g)
X1

Dry soil
with ring
(g)
X2

Ring
weight
(g)
X3

Water
weight (g)

Dry soil
weight (g)

Bulk density
(g cm-3)

X4= X1 - X2

X5 = X2 – X3

X6= (X5)
89.5 cm3

/

Vol. water
content (m3
m-3)
X4 / 89.5 cm3
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