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Abstract Grassland primary productivity is the
function that underpins the majority of the fodder
production in cattle-rearing silvopastoral farms.
Hence, understanding the factors that determine
grassland productivity is critical for the design and
management of silvpastoral systems. We studied the
effect of two factors with documented impact on
grassland productivity in seasonally dry silvopastures
of Nicaragua, rainfall and trees. We assessed the
effects of three species that differed in crown size and
phenology, one evergreen, Cassia grandis, and two
deciduous species, Guazuma ulmifolia and Tabebuia
rosea. Overall, grassland ANPP had a quadratic
response to rainfall, with a decline at high rainfall
that coincided with peak standing biomass and grass-
land cover. Trees had a predominately negative effect
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on grassland productivity, and the effect was concen-
trated in the rainy season at peak productivity. The
effect of the trees corresponded with the tree crown
area, but not with crown density. Trees reduced the
standing biomass of graminoids and increased forb
biomass; thus, the effect of trees on grassland ANPP
appears in part to respond to changes in grassland
composition. We also found higher levels of soil
moisture content below the tree canopy, particularly at
the peak of the rainy season when soils tend to become
waterlogged. The evergreen species, C. grandis,
affected grassland ANPP more strongly than the
deciduous species.
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Introduction

Grassland primary productivity is the function that
underpins the majority of the fodder production in
cattle-rearing silvopastoral farms. Hence, understand-
ing the factors that determine grassland productivity is
critical for the design and management of silvpastoral
systems. In seasonally-dry tropical climates, monthly
rainfall is an important determinant of net primary
productivity (Ospina et al. 2012), but studies that have
evaluated this feature in silvopasture grasslands of
Central America are few, and it is also not well known
how rainfall interacts with the tree canopy in deter-
mining levels of grassland productivity in these
systems.

In addition to the physical factors, trees in pastures
can affect grassland growth directly through compe-
tition for resources and indirectly by setting the
environment for understorey growth (Fernandez
et al. 2007). Therefore, knowledge about the outcome
of tree-pasture interactions is necessary to maximize
the multiple functions provided by well-managed
silvopastoral systems. Trees and shrubs can enhance
biomass production and the nutrient content of the
grassland (Belsky et al. 1993). These responses are
likely associated with the higher mineral and organic
matter contents found under the trees compared to the
open grassland (Casals et al. 2013) that result from
litterfall and wet deposition (Scholes and Archer
1997). In addition to the impact on soil nutrient status,
trees can decrease water stress and reduce evapotrans-
piration (Joffre and Rambal 1993), improve the water
balance in the soil (Espeleta et al. 2004), and may
further increase water availability for grassland plants
through hydraulic lift (Ludwig et al. 2004). However,
despite these positive effects of trees on the below-
canopy environment, competition between trees and
the herbaceous vegetation can be severe and outweigh
the facilitation effects (Ludwig et al. 2004).

The balance between positive and negative effects
of trees on the pasture can be the result of the impact of
the tree in interaction with the environment. Ecolog-
ical theory predicts that the relative importance of
facilitation and competition between woody plants
and herbs is a function of environmental harshness,
with a higher facilitation effect in more extreme
environments and a predominance of competition
under more benign conditions (Dohn et al. 2013), the
“abiotic stress hypothesis” (Bertness and Hacker
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1994). In seasonal climates, shifts in the degree of
stress occur in time and, consequently, one could
expect a shift in the nature of the tree-grassland
interaction between seasons (Scholes and Archer
1997) by which trees would promote grassland
production when water is limiting, and decrease it
when conditions for growth are favorable.

Light interception is a critical mechanism through
which trees determine the conditions of growth for
grassland plants. However, there is large variability in
the magnitude of shading among tree species depend-
ing on the crown size, density (Sotelo Reyes 2012) and
phenology. Also, the effect of shading by the trees on
grassland productivity can be mediated by changes in
the relative composition of grassland functional
groups (Belsky et al. 1993), for instance by promoting
grassland species with higher shade tolerance, and
different eco-physiological requirements and perfor-
mance (Nordenstahl et al. 2011).

In this study, we focused on the seasonal changes in
aboveground net primary productivity (ANPP) of the
grassland, and asked the following specific questions:
(1) To what extent does rainfall and trees determine
grassland above-ground net primary productivity
(ANPP) in seasonally-dry silvopastoral systems in
Central America? (2) Do trees have a predominantly
positive or negative effect on grassland ANPP, and
does the direction of this effect change with the
seasons, with more positive effects in the dry- and
more negative effects in the rainy season?; (3) Does
the effect of the trees correspond with different tree
crown traits (crown density and size, and phenology?;
and (4) Are the tree effects on the grassland related to
the impact of the tree on soil water content and
grassland composition? The effect of four common
silvopastoral trees on the soil chemical properties was
assessed in a parallel study (Casals et al. 2013).

Methods
The study area

The study was conducted in the Rio Grande de
Matagalpa  watershed in Central Nicaragua
(12°31-13°20'N; 84°45-86°15'W), in the counties of
Muy Muy and Matiguas, within an altitudinal range of
200-400 m. The climate is strongly seasonal, as the
rainfall recorded between November/December and
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April/May is usually less than 10 % of the average
annual rainfall (1532.8 mm, 1970-2010) for the
meteorological station at Muy Muy, while the annual
mean air temperature is 24.5 °C (INETER 2011). The
topography is undulating, with slopes between 5 and
45 %. The dominant soil type in the studied sites was a
grayish to black Vertisol, with high organic matter
content in the upper horizons (8 %). The natural
vegetation of the region corresponds to a transitional
tropical sub-humid forest with semi-deciduous vege-
tation, and is referred to as a seasonally dry tropical
forest (Ospina et al. 2012). The land-units in the study
were semi-natural grasslands with scattered trees.
These grasslands are spontaneous vegetation that grow
after forest clearing, or on fallow land, and which are
maintained by grazing and weed control (Ospina et al.
2012). The predominant land-use is livestock farming,
with relatively homogeneous livestock management.
The study was conducted during the period from
March to July 2009 in three and five locations in the
areas of Muy Muy and Matiguds, respectively.

Sampling sites

The measurements were conducted on five trees of
each of the three species (see “Tree species” section
below) in the study. We selected the sites according to
the following criteria to minimize between-site vari-
ability: the sampling sites were located in small- to
medium-sized farms (smaller than 100 ha), and they
had not been ploughed or burnt at least for the past
10 years. The trees were located approximately 30 m
from its nearest neighbor to avoid any overlap of the
area influenced by the trees in the sampling.

Rainfall data

Rain gauges were located in each of the four areas in
the study (Guiligiias, Maizama, El Jobo and Rio
Bulbul), but not farther than 500 m from the sampling
site. Rainfall data were obtained weekly during the
period between April and July 2009 (Online Appendix

1).
Soil moisture
The soil moisture content in the soil surface layer

(0-5 cm) was assessed eight times during the period of
the study from the dry season (April) to the rainy

season (June—July). In each site and at each sampling
occasion, four measurements were made under the tree
and in the open grassland. In the dry season,
volumetric soil moisture content measurements were
conducted with a ThetaProbe soil moisture sensor
(ML2x, Delta-T Devices 2008), though due to prob-
lems with the functioning of the instrument, soil
moisture was estimated gravimetrically (Cassel and
Nielsen 1986) during the rainy season. Four soil
(0-5 cm) sub-samples were collected, lumped and
homogenized. The samples (ca 200 g fresh weight)
were dried in an oven at 70 °C.

Tree species

We selected three tree species for this study (Gua-
zuma ulmifolia, Tabebuia rosea, and Cassia grandis)
because they are common in silvopastoral systems in
the study area, and have contrasting functional traits
(crown type and phenology) that we expected would
affect understorey vegetation differently (House
et al. 2003). Guazuma ulmifolia Lam. (Guacimo,
Sterculiaceae), is a deciduous tree with wide distri-
bution, from Mexico to Argentina and is common in
seasonally dry forests and in silvopastoral systems in
Nicaragua. T. rosea (Bertol.) D.C. (Roble, Bignon-
iaceae) is a deciduous species in seasonally dry areas,
but the length of the period without leaves can vary
considerably (ICRAF 2012). The species is common
in seasonally dry forests and is distributed from
Mexico to the coast in Ecuador (Stevens et al. 2001)
and is adapted to soils with limited drainage, as are
the vertisols in the study area. C. grandis L. f.
(Carao, Caesalpinioideae) is considered as semi-
deciduous (Stevens et al. 2001) although it maintains
a high crown density in the dry season in the study
area (ca 80 % in February at the peak of the dry
season'). The characteristics of the trees in the study
are presented in Table 1. G. ulmifolia and T. rosea
exhibited clear crown deciduousness, whereas C.
grandis trees maintained approximately two-thirds of
the maximum crown density in the dry season
(Table 1).

! Source: FUNCITREE project database.
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Table 1 Whole tree and crown characteristics of the tree species in the study

Species DBH (cm) Tree height (m) Crown area (m?) Crown density dry season (%) Crown density rainy season (%)
C. grandis  45.2 (35-55) 12.4 (9-16) 231.3 (149-328) 42.5 (25-60) 67.3 (61-80)
G. ulmifolia 35.2 (29-55) 7.6 (6-9) 116.2 (76-185)  16.5 (15-22) 48.1 (34-58)
T. rosea 35.1 (28-41) 11.2 (9-13) 129.1 (74-165)  12.2 (7-20) 48.4 (29-67)

Average values and ranges (in brackets). Dry- and rainy season measurements correspond to March—April and May-July,

respectively

Crown density and area measurements

We assessed tree crown density using a densiometer
every 30 days during the period from March to July
2009. Crown density at a particular time was calcu-
lated as the average of the density in four sectors under
the tree crown, while the crown area was calculated
based on the average of two perpendicular diameters,
which were measured using a tape measure.

Grassland biomass sampling and ANPP
calculation

The sampling area under the tree was determined by
estimating an average area of shading using the shade
projection software, ShadeMotion (Quesada et al.
2007). A rectangular area was delimited (16 and 12 m
in E-W and N-S direction, respectively, in total
192 m?). The biomass samples were collected within
this area, excludinga2 x 2 m portion surrounding the
tree trunk. For each tree, control samples were
collected in an adjacent open grassland area of
comparable size and with similar conditions of
topography. A biomass sample consisted of four
50 x 50 cm sub-samples of green and standing dead
mass that were collected in each of 4 quadrants
(NW-NE-SW-SE) within the sampling area, at
each sampling occasion. The four sub-samples were
lumped into one sample per individual tree and
sampling occasion.

Biomass samples were collected four times during
the study period, at the start (Ty) and the end (T;) of
30-day-interval periods of cattle grazing exclusion
from April (transition from dry to rainy season) to July
(peak rainy season) in 2009. Grazing in the “T; plots”
was excluded using cages (50 x 50 x 70 cm) that
were moved to a new sampling point after harvest. In
order to reduce sample variability for the calculation
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of ANPP, we positioned, at each sampling period,
pairs of Tg and T; samples in points with similar
standing biomass. The location of the plot pairs (T,
and T,) corresponding to each sampling period was
randomized within each quadrant at the start of the
study. Samples were cut 2 cm above the ground level,
weighted and dried in the oven (at 70 °C) until
reaching a constant weight. In total, 240 50 x 50 cm
samples were collected for each location (under the
tree and in the open grassland, respectively, 480 in
total).

The ANPP was estimated as the sum of the positive
differences in green and standing dead mass collected
at the start (Ty) and end (T,) of each 30-day sampling
period, and with a correction for senescence according
to Sala and Austin (2000).

Green biomass samples were sorted into two plant
groups: grasses and sedges (graminoids), and forbs
(minimum of 5 g per group and sample) for the
grassland composition analysis.

Statistical methods

To assess the regression function between ANPP and
rainfall, we used General Mixed Models in order to
account for the effects of species, position and their
interactions with the regressors (rainfall and rainfall
square). Time (season) was not included in the
regression model because it significantly correlated
with rainfall.

Since biomass sampling and soil moisture measures
were repeated in time and variances did not fulfil
homoscedasticity assumptions, we used Generalized
Linear Mixed models that allow the modeling of
variances and the analysis of correlated data (McCul-
loch 2006). Grassland ANPP was modelled as a
response to “species” (paired samples below the tree
and in open grassland associated with C. grandis, G.
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Fig. 1 Relationship between grassland daily average above-
ground net primary production (ANPP) (g m~2 day™') and
accumulated rainfall in a 30 days period (mm)

ulmifolia and T. rosea) and “position” (below the tree
and open grassland) as main factors, “month” as
random factor, and the two- and three-way interaction
terms. Rainfall significantly explained the variation in
ANPP (both the linear and the quadratic term of the
ANPP—rainfall regression model were significant,
Fig. 1), and therefore, the coefficients of the ANPP-
rainfall model were included as covariates to reduce
the amount of unexplained variation in the mixed GLM
model of ANPP. Soil moisture, percentage bare
ground, and forb and graminoid biomass were mod-
elled as a response to “species”, “position” and
“month” and the two- and three-way interaction terms.

The best-fitted models were selected with the
Akaike’s Information Criterion (AIC) and the Bayes-
ian information criterion (BIC), and the normality
assumption was tested with the Shapiro—Wilk test. To
compare means, we used the Fisher’s least significant
difference test (LSD) (significance level = 0.05). The
data were analyzed using the Ime function of the nlme
(Pinheiro et al. 2013; R Development Core Team
2013) and Ime4 algorithms (Bates et al. 2013) in the
R-package (Core Developing Team 2009) interfaced
by InfoStat statistical software version 2012 (Di
Rienzo et al. 2012).

To test whether the effect of the tree (positive or
negative) shifted with the season due to changes in
crown phenology and size, we calculated the Relative
Interaction Index (RII) (Armas et al. 2004) based on
the difference between ANPP under the tree and in the
open grassland in the dry (March—April) and in the
rainy season (May—July). RII is a dimensionless index
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Fig. 2 Daily above-ground net primary production (ANPP) in
the dry season (April/May) and in the rainy season (June/July) in
grasslands under trees of C. grandis, G. ulmifolia and T. rosea
and in open pasture (average of all sites). Grey circles, Cassia
grandis; grey diamonds, Guazuma ulmifolia; grey triangles,
Tabebuia rosea and black squares, open grassland

that ranges from —1 to +1 (from maximum negative to
maximum positive effect). The relationships RII with
the crown traits were tested with Pearson correlations,
using the InfoStat package (Di Rienzo et al. 2012).

Results
Factors determining grassland ANPP

Grassland ANPP showed clear temporal differences
(F = 52.04; P < 0.0001), being highest in June and
lowest in April (Fig. 2). There were also clear temporal
changes in the percentage of grassland cover
(F = 37.05; P < 0.0001), with the proportion of bare
ground being highest in April (23 %) and ground cover
being almost complete in July (bare ground 0.3 %).
The average grassland ANPP ranged from 2.0 to
2.4 gm *day”', with no differences among the
locations associated with the three tree species (Fig. 3).

The accumulated rainfall in a 30-day-period had a
significant effect on ANPP and showed a quadratic
relationship (Tjipear = 5.89; P < 0.0001; Tquaar =
—4.84; P < 0.0001): At the onset of the rains,
grassland ANPP increased monotonically with
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rainfall, but declined when the accumulated rainfall
exceeded 200 mm (Fig. 1). A marked decline in
ANPP was also observed at the peak of the rainy
season (July, Fig. 2).

Overall, ANPP was higher (F = 3.97; P = 0.0495)
in the open grassland (2.2 g m~2 day ') than below
the trees (1.9 gm >day '); amounting to ca
790 g m > and 680 g m~> per year, respectively.
Grassland ANPP under the trees was then 80 % of
ANPP of the open grassland. The effect of the
evergreen species, C. grandis, was stronger than that
of the deciduous species (“species” x “position”
interaction F = 2.21; P = 0.06; LSD Fisher test
P < 0.05, Fig. 3). The effect of the tree was most
evident at the peak of the production period, in June,
and also in this case, ANPP below C. grandis was
lower than ANPP under the two deciduous species
(LSD Fisher test P < 0.05, Fig. 2). The interaction of
“species,” “position” and “month” was not signifi-
cant (F = 0.72; P = 0.763), showing that there were
no seasonal- or among species differences in the
direction of the effect of the tree—whether positive or
negative—on the grassland.

Crown properties and the effect on grassland
ANPP

Tree crown density changed significantly with the
season (F = 4.94; P = 0.0009) in all tree species, but
there were marked species-specific differences. The
highest crown density was observed in July in C.
grandis, which also maintained a higher density in the
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Cassia grandis Tabebuis rosea

Guazuma ulmifolla

Fig. 3 Overall daily above ground primary production (ANPP)
under trees of C. grandis, G. ulmifolia and T. rosea (grey bars)
and in the corresponding open grassland area (black bars)
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dry- and the rainy season (Table 1). Overall, there was
no correspondence between crown density and ANPP-
RII (F = 0.121, P = 0.4101), and when testing the dry-
and rainy season independently, we found no correspon-
dence between ANPP-RII in the dry season and crown
density (Pearsonr = —0.15, P = 0.6030) or crown area
(Pearson r = —0.09, P = 0.7395) during this period.
We also found no association between ANPP-RII in the
wet season with crown density (Pearson r = —0.38,
P = 0.1594), but a correspondence with crown area
(Pearsonr = —0.49, P = 0.0659).

Tree effects on grassland functional group
composition

Graminoids comprised the majority of the standing
biomass (Fig. 4a), and was higher (F = 5.93;
P = 0.0167) in the open grassland (127.55 g m?)
than below the tree canopy (105.56 g m~2). There
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Fig. 4 Seasonal changes in standing mass of graminoids
(a) and of forbs (b) in open grassland and under trees of C.
grandis, G. ulmifolia and T. rosea
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were also differences in graminoid biomass among
months (F = 34.92; P < 0.0001), with the highest
values in July and the lowest in May (Fig. 4a). We
found no differences among tree species in their effect
on graminoid biomass (“species” x “position,”
F = 0.58; P = 0.5636).

In the case of forbs, there were differences in
standing biomass between months (F = 7.85;
P < 0.0001), with the highest biomass in June and
the lowest in April (Fig. 5b). There was an overall
positive effect of the tree on forb biomass (F = 4.35;
P = 0.0395), but no different effects among the tree
species (“species” x “position” interaction
F = 0.000087; P = 0.999).

Effect of the trees on soil water

The main factor determining differences in soil
moisture was the time of the year (F = 428.92;
P = 0.0001); soil water content increased steadily
from the onset of the rains (Fig. 5). Trees had an effect
on soil moisture content depending on the season
(interaction “position” and “time” F = 1.99;
P = 0.059), and the effect of the species tended to
differ (interaction “species,” “position” and “time”;
F = 1.60; P = 0.08). Overall, soil below C. grandis
and T. rosea tended to hold a higher water content than
soil in the open grassland at the peak of the rainy
season (July), although no effect of G. ulmifolia was
observed (Fig. 5a—c).

Discussion

Factors determining grassland ANPP
in seasonally-dry silvopastoral systems

The temporal changes in grassland ANPP observed in
this study follow the pattern found by Ospina et al.
(2012) in open grasslands in the same area. ANPP is
triggered at the onset of the rains, but declines at high
levels of monthly rainfall. We observed that rainfall
and soil moisture increased steadily from April to July,
and that the decline in ANPP coincided with high
amounts of rainfall, the highest percentage of ground
cover and of graminoid standing biomass. Hence,
neither water nor biomass appear to be limiting ANPP
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Fig. 5 Seasonal variation in soil moisture content (% in
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diamonds) and 7. rosea (c, grey triangles). Black squares:
Open grassland
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at the peak of the rainy season. Water logging, which
occurs often in these soils with vertic properties, could
be a reason for the reduction in ANPP at the peak of
the rainy season.

Effects of trees on grassland ANPP

Trees interact with the understorey through shading,
underground interactions and through effects on the
soil. In our study, the trees generally had a negative
effect on grassland ANPP, and this effect was related
to the size of the tree crown, but not to the crown
density. This result is supported by the finding of
Sotelo Reyes (2012), who showed that crown diam-
eter, but not crown density, significantly affects the
amount of photosynthetic active radiation (PAR) that
reaches the ground under isolated trees in these
silvopastoral systems.

The effect of shading is also supported by the results
on grassland composition. We found that the biomass
of graminoids was lower below the trees than in the
open grassland, whereas the cover of the forbs was
slightly higher, two properties that can be related to the
decline in light availability below the tree. Almost all
grass species and all the dominant ones in these systems
have a C4 photosynthetic pathway, which is character-
ized by a high light demand and a high tolerance to
desiccation and high temperatures. By contrast, most of
the forbs have a C; metabolism, which is more
effective with high humidity and also plants with C;
metabolism tolerate better lower levels of irradiance,
i.e. they have both lower light saturation and higher
light compensation points (Forbes and Watson 1996).
These results indicate that the net effect of the trees on
grassland ANPP can be mediated by changes in the
dominance of plant groups, thereby reinforcing the
significance of light interception by the tree as a factor
determining the outcome of the tree-grassland interac-
tion in these systems. In addition, the effect of shading
seems to outweigh the positive effect of the trees on soil
carbon and cation content (Casals et al. 2013).

On the other hand, the effect of the trees on grassland
ANPP appears to be unrelated to competition for water,
as we detected no negative effects of trees on soil
moisture in the upper soil in the dry season. Instead, the
soil water content was higher below two of the tree
species compared to the open grassland at the peak of
the rainy season, which could reinforce water logging
of the soils during this period, and could have
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contributed to the negative effects of the tree on
grassland production. The observed higher water
content in the soil could be the result of various
processes such as the reduction of below-canopy
temperature (Sotelo Reyes 2012) and evaporation
(Olivero 2011), in addition to the fact that trees in these
systems predominantly acquire water from intermedi-
ate and deep soil layers (Armas et al. unpublished data).

Seasonal changes in tree-grassland interactions

We hypothesized that the balance between facilitation
and competition between trees and the grassland
would change with the season (Kikvidze et al. 2006).
More specifically, we expected that evergreen trees
with dense crowns at the onset of the rains could have
an ameliorating effect on evapotranspiration (Olivero
2011) when the water supply may be erratic, but we
found no support for a switch from a predominantly
facilitative interaction at the onset of the rains to a
competitive interaction in the mid-wet season. The
trees had negative effects on ANPP even in the dry
season, and there was no correspondence between
crown density and crown area and the effect of the tree
on grassland ANPP in this period. One reason for the
lack of facilitation of the tree on the grassland could be
the relatively large capacity of water storage due to the
high clay content of the soils in this area, which could
buffer the effect of erratic rains at the onset of the rainy
season.

The deciduous trees (7. rosea and G. ulmifolia),
could have had a stronger negative effect on grassland
ANPP than the evergreen tree since they supposedly
have an “acquisitive” resource use strategy (Scholz
etal. 2008), which corresponds to stronger competitive
ability (Grime et al. 1997). This effect would have been
particularly evident during the rainy season when the
deciduous trees are active. However, our study indi-
cates the opposite. The evergreen species C. grandis
was the one with strongest negative effect on grassland
ANPP, particularly at the production peak, an effect
which appears to be related to the size of the tree and of
the crown more than to the resource-use strategy.

Conclusions

The three tree species had a predominantly negative
effect on grassland ANPP, with the highest reduction
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of ANPP at the peak of the rainy season, and with C.
grandis, an evergreen species, having the largest
negative effect. T. rosea, a deciduous tree species, had
the least impact on grassland ANPP. These results
indicate that the characteristics of the trees need to be
considered when designing silvopastoral systems with
the aim of minimizing undesirable effects on forage
productivity. At the same time, the negative effects of
the trees on the grassland take place at the peak of the
production period when forage availability is probably
not a bottleneck in these systems, which reinforces the
significance of trees as providers of fodder (leaves,
fruits) in the dry season when grassland productivity
stops. The considerable reduction of grassland ANPP
in these silvpastoral systems at the peak of the rainy
season when standing biomass and ground cover are
highest indicates the effect of an unknown limiting
factor, which calls for further attention.
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