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ABSTRACT

To understand the diversity of strategies of resource use at the species and community
level of co-existing species in semi-natural grasslands, I used three different approaches:
a) the comparison of above-ground net primary productivity (ANPP) in semi-natural
grasslands and sown pastures common to silvopastoral systems in Central Nicaragua and
their relationships with rainfall seasonality; b) quantitative ordination of a set of primary
foliar traits and another set of traits with less well-documented evidence about their
correspondence with the trade-off between resource acquisition and conservation, across
various life histories and life forms; c) the determination of community weighted means
of plant traits following seasonal shifts in species relative cover, over a year. These
issues were investigated in a range of paddocks with two types of cover: semi-natural
grassland and sown pastures within an altitudinal range of 200 to 400 m. In nine
paddocks, 11 sequential biomass harvests after 22-day periods of grazing exclusion were
conducted approximately every month for each paddock. In eight different paddocks 14
morpho-phenological traits were measured in the 36 dominant species. This information
was complemented with: i) species cover estimations from five different cover plots in 1
x 1 m® quadrats, located in each of these areas during the period July 2nd 2007 and May
26th 2008, totalling 440 records; ii) soil chemical and physical properties; iii) daily
rainfall data. The main axis of species differentiation was identified based on primary or
key foliar traits, which provided evidence of a predominant resource economy axis in
these grasslands, and a second axis which differentiated life-history and life forms
among species. The aggregated morpho-phenological traits showed that the dominance
of plants with high foliar concentrations of P, N, Ca, K and Mg, high specific leaf area,
long lateral spread by clonal growth, low leaf dry matter content and short leaf lifespan
increased in the rainy season and declined towards the dry season. These results
suggested the relevance of rainfall seasonality to community functional properties in
these grassland assemblages and that species shift their dominance according to the
general species level trade-offs between resource acquisition and conservation, in this
case based on the seasonal gradient of water and, indirectly, resource supply. There were
no differences in annual ANPP between sown pastures and grasslands with both sown
pastures and grasslands having low productivity in the late dry season. In contrast, the
temporal stability of ANPP was higher in semi-natural grasslands than in sown pastures.
Overall, I mterpreted that the gains of replacing grasslands with sown pastures are
questionable, and need to be weighed against increased costs and the ecological and
environmental risks of reducing the diversity of these grasslands.

Keywords: Ecosystem processes, comparative ecology, plant functional traits, rainfall
seasonality, resource use gradients, Central America.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 RATIONALE FOR THE RESEARCH

Conversion of natural forest ecosystems to pasture is one of the major causes of change
in the biotic composition of ecosystems globally (Rockstrém er al. 2009), that often
results in significant change in bio-geochemical cycling (Hooper et al. 2005; Garnier ef
al. 2007). In the humid and sub-humid neotropics, the most widespread type of pasture
1s that derived from forests to support livestock farming (Fisher ef al. 1994; Maass 1995).
These formations characterize a silvopastoral landscape consisting of a matrix of
grasslands with some tree cover (Harvey and Haber 1999). They account for about 90%
of the area dedicated to livestock production in Nicaragua and they are the most
important forage source for the dual-purpose cattle system which represents 78% of the

livestock inventory of Nicaragua (Argel 2006).

Grasslands in the study area are mainly unsown wild herbaceous communities, that I
refer to as semi-natural grasslands, because their plant communities are natural, with a
predominance of various prostrate grasses of the genus Paspalum and are maintained by

grazing and the removal of woody vegetation (Ospina 2005).

A constraint of livestock production in Central America is the scarcity of forage,
especially during the dry season. Farmers generally cope with seasonal forage
constraints by using silage, hay, crop residues and cut-and-carry grasses during the dry

season (Davila e al. 2005). However, to utilize these options, producers need capital and

1



adequate returns for their production, which are often important limitations (Dagang and
Nair 2003). Furthermore, the use of introduced grasses implies considerable investments
and their management requires large inputs (fertilizers and weed control): in some
regions, this only mitigates a lack of forage during the early dry season (Bishop ef al.

1993).

In Central America, as in other areas with sub-humid and seasonally dry climates,
savannas and semi-natural grasslands are often replaced by sown pastures with the aim
of increasing the amount and quality of the feed offered to cattle (Dias-Filho 2007). In
the area of the research reported in this thesis, this conversion involves replacement of
the vegetation cover without changes in resource supply (water and nutrients) for the
establishment and management of sown pastures. Despite being the basal resource for
livestock production in the region, and in contrast to grasslands and pastures in
temperate and subtropical regions, basic knowledge about semi-natural grasslands in the
neotropics is fragmented and limited because of the paucity of information about their
ecological characteristics (Scurlock ef al. 2002; Baruch 2005). Moreover, the majority of
the existing studies have been focused on the negative aspects of the conversion of rain

forest to semi-natural grasslands and the introduction of sown grasses (Serna-Isaza et al.

2001).

Ecological theory predicts that changes in the composition and diversity of communities
may have significant impacts on ecosystem function in terms of process rates, biomass
and element pool sizes and variability, measured by the extent of their fluctuation in
space and time (Hooper er al. 2005). The effects of community composition and

diversity are often linked to particular attributes of the dominant species and to how



these relate to rates of resource acquisition and conservation (Grime 1998; Garnier ef al.
2004), in interplay with levels of resource supply and disturbance. At the same time,
higher productivity can be expected with higher diversity because diverse communities
are likely to include combinations of species that are functionally complementary
(Hooper ef al. 2005). It has been found that co-existing species in savannas and
grasslands in the neotropics reach peak biomass at different times of the season
(Sarmiento 1984; 1992). In contrast, monocultures of sown pastures could be expected
to be more productive over short periods of time and at small spatial scales, but probably
not during a complete year or at larger spatial scales (Simpson and Langford 1996;
Pieters and Baruch 1997; Rivaé and Holmann 2005) because in monocultures,
productivity is essentially channelled through systems with minimal functional and
genetic diversity, with the process of domestication and selection acting on a subset of
attributes, narrowing the genetic pool (Dias-Filho 2005). Moreover, to make full use of
potentially productive monoculture in seasonally dry environments, the enhancement of

the resource supply through inputs such as fertilizer and or irrigation is often required.

Before the dynamics of seasonal patterns of productivity in semi-natural grasslands and
sown pastures can be adequately understood, the temporal and spatial variation of the
productivity of those systems must be clarified. There have been few studies of semi-
natural grassland productivity in the neotropics (Rippstein ef al. 2001; Rao et al. 2001),
with earlier studies having focused only on sown pastures, using standing biomass as a
surrogate for above-ground primary productivity (Rusch ef al. 2010a). Within this
context, I focus the present research on the temporal variability of the above-ground net

primary productivity (ANPP) within a range of semi-natural grasslands and sown



pastures. It is essential to understand the consequences of transforming grasslands into
sown pastures considering insights into the amount, and temporal pattern of primary
productivity of spontaneous and introduced vegetation common in the region, and their
relationships with rainfall seasonality; this potentially provides indications about the
consequences of such transformations in view of expected shifts in rainfall patterns
anticipated as a result of global warming. Another consideration was that a massive
replacement of semi-natural grasslands in the region would be ecologically and
economically a high-risk enterprise (Rusch er al. 2010a); important because the
functional and genetic diversity, which may confer a buffer mechanism to spatial and

temporal shifts in the biophysical environment (Loreau ez al. 2002), would be reduced.

1.2 WHY DRY SEASONAL SEMI-NATURAL GRASSLANDS?

The natural vegetation in Central Nicaragua corresponds to a transitional tropical sub-
humid forest (Holdridge 2000), with semi-deciduous vegetation, and is referred to as
seasonally dry tropical forest (Bullock ef al.1995). Semi-natural grasslands have become
the most widespread type of vegetation after the clearing of this forest vegetation;

therefore it is axiomatic that these systems experience pronounced rainfall seasonality.

That particular feature provides an interesting setting for the study of patterns of trait
differentiation and of plant strategies along major environmental gradients, especially
those related to temporal patterns of nutrient and water supply. Since water supply is a
primary determinant of seasonal plant growth (Bonnet e al. 2010), and the amount of
water available is directly linked to the capacity of the plant to capture nutrients
(Weltzin et al. 2003), the temporal pattern of rainfall represents, locally, the most

important resource supply gradient in these types of pasturelands.



Other relevant aspects of these grasslands are that they are relatively rich plant
communities that are composed primarily of species native to Central America (ca 75 %
of the plant cover). A total of 158 herbaceous species have been recorded in the study
area of the present research, with 36 species in the grass family (Poaceae), which
comprise 51 % of the total number of species (Ospina 2005). Another evident feature is
that soils are spatially variable in these areas (Chapter 4), adding complexity to the
understanding of temporal gradients of resource supply, and the need for special
attention and effort on methodologies that allow and control for the various sources of

variability.

1.3 PLANT FUNCTIONAL ATTRIBUTES: LINKING BIODIVERSITY AND ECOSYSTEM
FUNCTION

A plant functional trait is any trait that impacts on plant fitness because it affects
vegetative and reproductive output and plant survival (sensu Violle ef al (2007). These
attributes of plants can be interpreted as specializations that mediate their physiological
and ecological responses to the environment (Semenova and van der Maarel 2000;
Garnier ef al. 2001) and consequently they provide a most promising avenue for a
mechanistic understanding of vegetation dynamics and for predicting responses to

various ecological conditions in changing landscapes (Weiher and Keddy 1995).

Since ecosystems are experiencing unprecedented land use and climate change
(Rockstrom et al. 2009), the knowledge of physiological and morpho-phenological
characteristics of plants has become increasingly relevant in a global context (Lavorel et
al. 2007; Suding et al. 2008). Recent research findings indicate that knowledge of

vegetation based on the traits of the component species is a valuable framework for up-




scaling plant responses to environmental change at the community level, and for
predicting how changes in plant composition will affect ecosystem functioning (Lavorel

et al. 2007; Suding et al. 2008).

At local scales, knowledge of these characteristics offers interesting perspectives for
tracing mutual feedback between global scenarios, locally dominant plant characteristics,
ecosystem properties and ecosystem goods and services (Chapin 2003; Diaz et al. 2007,
Diaz et al. 2007a). For example, in the French Alps, where community farming is based
on sheep and cattle production, Quétier et al. (2007) showed how plant traits and
classifications based on these traits were effective predictors of grassland services, such

as forage and land stewardship.

1.4 AXES OF TRAIT DIFFERENTIATION AND PLANT STRATEGIES

Plant ecological strategy schemes (Grime 1977; Westoby et al. 2002) classify plants
according to morpho-physiological axes of plant specialization or axes of ecological
differentiation. These axes capture a large portion of the plant trait variation into “plant

strategies” that encompass trade-offs in the allocation of resources to different tissues

and plant organs (Grime 1977; Westoby 1998). Among the several axes of trait
differentiation that have been identified (e.g., Westoby er al. 2002); the resource
economy axis seems to be the most striking. It distinguishes between species that have
high rates of resource acquisition, circulation and growth, low resource use efficiency,
and that are successful at high levels of resource supply; and species that have a strategy
of conservative resource use, low demand, low growth rates, that perform well in

chronically poor environments (Grime ez al. 1997; Diaz et al. 2004; Wright et al. 2004).



A series of foliar traits are widely recognized as powerful indicators of this functional
trade-off, but there are also indications of a covariance with other sets of traits
strengthening the concept of plant strategies of resource use (Sammul et a/. 2003; Rusch
et al. 2010b). The understanding of these fundamental trade-offs in plants can help to
predict the effects of environmental change on species composition, community
properties and ecosystem processes and services (Suding ef al. 2008). This approach
also allows an improved understanding of species responses to local sources of stress

and disturbance (Diaz ef al. 2004; Lavorel ef al. 2007).

Plant functional traits not only represent plant strategies for growth and survival, they
also influence important ecosystem processes (Chapin et al. 2000). The functional
properties of individuals and populations, represented by plant traits can be scaled up to
communities and ecosystems (Diaz et al. 2004; Violle et al. 2007) through the biomass
ratio hypothesis (Grime 1998), according to which the trait values of the most abundant

species at any given time will capture the magnitude of the ecosystem properties

(Garnier ef al. 2004).

The functional trait composition of an assemblage, calculated as the community
weighted mean of a trait (henceforth, CWM) or the community aggregated trait, is a
synthetic metric for up-scaling species functional characteristics to communities
representing the dominant traits values in a community (Violle ef al. 2007). The CWM
has been promoted and used for the evaluation of how changes in community structure
and composition affect ecosystem processes (Garnier er al. 2004, Garnier et al. 2007,
Diaz et al. 2007). Generally, species differentiation is large compared to within species

differences, justifying the calculation of CWM based on trait values averaged within



species. However, when within-species trait variability can be large, and therefore in
these cases an approach that incorporates within species variation,  i.e. through
population or case-specific averages should be more appropriate (Garnier er al. 2004;

Garnier et al. 2007; Reiss et al. 2010).

The aim of this thesis is to determine the main patterns of morpho-phenological trait
differentiation among species in seasonally-dry tropical grasslands in Central Nicaragua
as possible determinants of seasonal changes in primary productivity, of plant responses
to environmental factors. In this way, I expect to improve the current understanding of
the diversity of species strategies and community functional parameters of these

communities.

Additionally, and beyond the role of main patterns of species trait differentiation, I
expect to provide the first insights about the amount and the temporal pattern of the
ANPP of the spontaneous and introduced vegetation common to these regions and their

relationships with rainfall seasonality.

1.5 STUDY SITE

The study was conducted in the Rio Grande de Matagalpa watershed in Central
Nicaragua (12°31°-13°20°N; 84°45°-86°15’W). The area is located in the municipality
of Muy Muy, at sites within an altitudinal range of 280 to 380 m. The predominant land-
use is livestock farming with relatively homogeneous livestock management. Livestock
production is generally extensive, with an average-stocking rate of 1 livestock unit ha
and pasture management consisting of rotational grazing, fence maintenance and
weeding, either manually by chopping down weeds or recently by the use of herbicides.
During the dry season, grazing frequency is irregular.

8



The natural vegetation of the region corresponds to a transitional tropical sub-humid
forest (Holdridge 2000) with semi-deciduous vegetation, and is referred to as seasonally
dry tropical forest (Bullock ef al. 1995). The vegetation in the study is an assemblage of
native and naturalized species including grasses, herbs and woody plants. The term
semi-natural grassland is used herein to refer to a pastureland area covered by
spontaneous vegetation that grows naturally after forest clearing or on fallow land and
which is maintained by grazing management, including fencing and weed control. Semi-
natural grasslands often occur in association with scattered trees and consist mostly of

grass species of the genus Paspalum.

Geologically, the area consists of tertiary volcanic tuff, a type of pyroclastic rock. The
tuff presents a clear stratification, including softer and harder layers. It is probable that
many of the landscape undulations are associated with differences in the hardness of the
rocks and their variable resistance to erosion. Furthermore, tectonic movements are
likely to have influenced the landscape, especially in the transition to the higher
mountainous landscape of the Muy Muy municipality. Tuff in the area seems to be
relatively impermeable, which explains the limited infiltration of rainwater observed
during the early rainy season, especially in flat areas. Even on slopes, there are extensive
areas where drainage is limited during part of the rainy season. In most flat areas, it is
common to find soils with vertic properties: soils present wide cracks during the dry
season and have prismatic structures, while on steeper slopes soils are more variable

(Andreas Nieuwenhuyse, pers. comm. 2007).

The topography of the study area is undulating, with slopes of 5-40%, and the dominant

soil type in the study sites is a greyish to black coloured vertisol with high organic



matter content in the upper horizons (5-8%), clayey subsoil, with a pH between 5.9 and
6.8 in the topsoil, and relatively poor in phosphorous (2-10 ppm). In most cases, the soil
has limited drainage during the rainy season. Where the natural slope favours better

drainage, browner colours are observed.

1.6 GENERAL OUTLINE OF THE THESIS

In this thesis, I aimed to understand of the main patterns of morpho-phenological trait
differentiation and community functional properties that vary with seasonal changes
according to rainfall, and that can affect the main patterns of primary productivity. In
Chapter 2, 1 examine the amount and pattern of productivity of semi-natural grasslands
and sown pastures, and their relationships with rainfall seasonality. Based on this
knowledge, patterns of rainfall during a year (directly) and seasonal primary production
(indirectly) are incorporated in later chapters with the hypothesis that the high species
diversity in grasslands would encompass diverse vegetative attributes, reproductive
phenologies and strategies for resource use. In Chapter 3, I explore the presence of axes
of species trait differentiation with respect to resource use, and the co-variation across
life histories and life forms of a set of primary foliar traits, specific leaf area, leaf dry
matter content, leaf lifespan and the concentrations of leaf nitrogen and phosphorus with
other traits with less well-documented evidence about their correspondence with the
resource use trade-off. These traits were plant height, leaf size, leaf calcium, potassium,
and magnesium concentration, lateral spread by vegetative growth, root depth, start of
flowering period, and length of the period from flowering to seed shed. Furthermore, the
notion of the resource economy axis as a primary specialization of species for resource

use is discussed. In Chapter 4, I determine the community aggregated composition of

10



traits that correspond with the species strategies for resource use and how these
community trait averages shift with time and according to seasonal changes in rainfall.
This is done by establishing a community weighted mean of each trait. Here, I discuss
the results in the light of concepts about differentiation and specialization of species
through shifts in dominance along a seasonal sequence of resource availability change.
In Chapter 5, I discuss and summarize the results that were obtained in the previous
chapters. I also discuss the possible influence of omitted sources of variation in species
traits and the community properties that were not considered in the different chapters. I
conclude by identifying some questions not answered in this study and point to needs for

further research.
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CHAPTER 2

BIODIVERSITY INCREASES SEASONAL STABILITY OF PRODUCTIVITY IN A

SEASONALLY DRY CLIMATE]

ABSTRACT

This article examines how above-ground net primary productivity (ANPP) in semi-
natural grasslands and in sown pastures in Central America responds to the rainfall
regime by: (i) assessing the relationships between ANPP and accumulated rainfall and
indices of rainfall distribution, (ii) evaluating the variability of ANPP between and
within the seasons, and (iii) estimating the temporal stability of ANPP in both vegetation
types. We conducted sequential biomass harvests during 12 periods of 22 days for semi-
natural grasslands and sown pastures and related them to rainfall. There were significant
relationships between ANPP and cumulative rainfall in 22-day periods: a model
including a linear and quadratic term showed the best fit. There was also a significant
correspondence between ANPP and the number of rainfall events. Annual ANPP was
similar in semi-natural grasslands and sown pastures. Sown pastures had higher ANPP
increments per unit rainfall and higher ANPP at the peak of the rainy season. In contrast,
semi-natural grasslands showed higher ANPP early in the dry season. The temporal
stability of ANPP was higher in semi-natural grasslands than in the sown pastures in the

dry season (p=0.0402), and in the annual cycle (p=0.0127). We conclude that contrary to

' A modified version of this chapter will be submitted for publication as: Ospina, S.D., Rusch, G.M., Pezo,
D., Casanoves, F., Sinclair F. Biodiversity increases seasonal stability of productivity in a seasonally dry

climate.
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conventional thinking amongst pasture scientists, there appears to be little justification
for replacing semi-natural grasslands with sown pastures in seasonally dry climates if

the aim is to increase ANPP.

2.1 INTRODUCTION

Conversion of natural forest ecosystems to pasture is one of the major causes of change
in the biotic composition of ecosystems globally (Rockstrom ef al. 2009), that often
results in significant change in bio-geochemical cycling (Garnier er al. 2007; Hooper et
al. 2005). In the humid and sub-humid Neotropics, the most widespread type of pasture

is that derived from forests to support livestock farming (Sarmiento 1984; Fisher et al.

1994; Maass 1995).

Typically, a silvopastoral landscape results, comprising a matrix of grasslands with some
tree cover (Harvey and Haber 1999; Cajas-Giron and Sinclair 2001). The grasslands are
mainly unsown wild herbaceous communities that we refer to as semi-natural grasslands,
because their plant communities are natural, with a predominance of various prostrate
grasses of the genus Paspalum and are maintained by grazing and the removal of some
woody vegetation. Their large extent implies that they have a significant role in the
global carbon cycle but their contribution is not well understood because of the paucity
of high quality data on primary productivity and limited information about their
ecological characteristics (Scurlock er al. 2002; Baruch 2005). In much of tropical
America these pastureland types occur in areas where the natural vegetation has been

classified as seasonally dry forest, characterized by a strongly seasonal growth pattern

determined by the distribution of rainfall (Sarmiento and Pinillos, 1999).
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Primary productivity and total rainfall are known to correspond closely in sub-humid
and arid regions (Knaap et al. 2006; Baeza ef al. 2009) and long-term data show a
significant linear relationship between those variables for many sites around the world
(Lauenroth and Sala 1992; O’Connor et al. 2001; Knapp et al. 2006). An understanding
of the response of above-ground net primary productivity (ANPP) to rainfall becomes
especially important in view of global warming. For Central America, scenarios for the
dry and wet seasons predict a relative decrease in rainfall of 10 and 20%, respectively,

for the period 2090-2099, relative to 1980-1999 (IPCC 2007).

In seasonally dry climates, primary productivity is affected not only by the total annual
or seasonal rainfall, but also by rainfall distribution (Camberlin ez al. 2009; Snyman
2009; Swemmer et al. 2007). For semi-arid systems it has been suggested that the
majority of the primary productivity occurs in the form of short-duration pulses
following rainfall events (Noy-Meir 1973) and in a mesic tall-grass prairie, Knapp ef al.
(2002) found that when the total rainfall for the season was kept constant, extending the
dry interval between rainfall events reduced ANPP by about 10%; however, a
correspondence between primary productivity and distribution of rainfall has not been
well established for tropical sub-humid regions. Specifically in Central America, there is
little published information about inter-seasonal variations of rainfall components (total
amount, number of rain events, rain event size, length of dry intervals), but some
evidence from climatically similar regions shows that seasonal rainfall distribution is
more closely correlated to primary productivity than the overall amount of seasonal
rainfall (Marengo et al. 2001). In five tropical regions including the Brazilian Northeast,

inter-annual variations in the number of rainy days within a season were more highly
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correlated with ANPP than fluctuations in the total seasonal rainfall (Moron et al. 2007),
but it remains unclear whether different rainfall components have varying effects

depending on the kind of vegetation cover.

At local levels, factors other than climate, including the composition of vegetation,
become important determinants of productivity (Hector er al. 1999), but whether
different rainfall components have varying effects depending on the kind of vegetation
cover remains unknown. This knowledge is important, particularly because human
interventions often change the vegetation cover. Both community composition and
ground vegetation cover may alter the relationship between productivity and annual

rainfall (O Connor et al. 2001; Chidumayo 2003), therefore site-specific models are
required for effective prediction of production in response to climate (O’ Connor ef al.

2001). In Central America, as in other areas with sub-humid and seasonally dry climates,
savannas and grasslands are often replaced by sown pastures with the aim of increasing
the amount and quality of feed offered to cattle (Dias-Filho 2007). In the area of the
research reported here, this conversion involves replacement of the vegetation cover
without changes in resource supply (water and nutrients). Ecological theory predicts that
changes in the composition and diversity of communities may have significant impacts
Aon ecosystem function in terms of process rates, biomass and element pool sizes and
variation, measured by the extent of their fluctuation (Hooper et al. 2005). The effects of
community composition are often linked to particular attributes of the dominant species
and to how these relate to resource acquisition rates (Grime 1998; Garnier et al. 2004)

and their response to disturbance (Garnier et al. 2007).
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Higher productivity can be expected with higher diversity because diverse communities
are likely to include combinations of species that are functionally complementary
(Hooper et al. 2005). Co-existing species in savannas and grasslands in the Neotropics
reach peak biomass at different times of the season (Sarmiento 1984). These patterns
could be explained by specific differences in traits that determine plant responses to
between- and within-seasonal variations in rainfall. In contrast, monocultures of
cultivated varieties could be expected to be more productive over short periods of time
and at small spatial scales, but probably not during a complete year or at larger spatial
scales (Simpson and Langford 1996; Pieters and Baruch 1997; Rivas and Holmann 2005)
because in monocultures, productivity is essentially channelled through a single life
form and the process of domestication and selection acts on a subset of attributes,
narrowing the genetic pool (Dias-Filho 2005). Often in seasonally dry environments

inputs, such as fertilizer and/or irrigation, are required for monocultures to be productive.

Whereas annual ANPP is a measure of the annual ecosystem function (Fahey and Knapp
2007), the variability of ANPP through the season provides an insight into how an
ecosystem responds to fluctuations in rainfall within a year (Swemmer et al. 2007).
Variability in productivity has been strongly associated with grassland stability (Elton
1958), and through the concept of community temporal -stability, linked to species

diversity (Tilman 1999).

The research reported here focuses on the temporal variability of ANPP within a range
of semi-natural grasslands (hereinafter, grasslands) and sown pastures. An insight into
the amount and pattern of primary productivity of the spontanecous and introduced

vegetation common to the sub-humid regions of Central America, and their relationships
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with rainfall seasonality, is essential for understanding the consequences of transforming
grasslands into sown pastures; and the consequences of such transformations in view of

expected shifts in rainfall patterns anticipated as a result of global warming.

We hypothesize that sown pastures will have higher ANPP in the peak of the rainy
season, but grasslands will start growth earlier in the season and continue longer into the
dry season, when rainfall events are more erratic. We specifically aimed to find out: (i)
whether ANPP in sown pastures and grasslands was related to rainfall and its
distribution over short time periods; (ii) which rainfall parameters best explained the
variation in ANPP; (iii) whether the ANPP of sown pastures was higher than for
grasslands, when rainfall parameters in the dry and the rainy seasons were controlled for;
(1iv) whether ANPP was more stable through time for grasslands than sown pastures; and

(v) what was the annual ANPP for grasslands and sown pastures.

2.2 METHODS

2.2.1 Site description

The study was conducted in the Rio Grande de Matagalpa watershed in Central
Nicaragua (12°31-13°20°N; 84°45-86°15°W). The area is located in the municipality of
Muy Muy, in sites within an altitudinal range of 200 to 400 m. (Figure 2.1). The
predominant land-use is livestock farming with relatively homogeneous livestock
management. The natural vegetation of the region corresponds to a transitional tropical
sub-humid forest (Holdridge 2000) with semi-deciduous vegetation, and is referred to as
seasonally dry tropical forest (Bullock ef al. 1995). The vegetation in the study is an

assemblage of native and naturalized species including grasses, herbs and woody plants.
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Here we use the term semi-natural grassland to refer to a pasture covered by
spontaneous vegetation that grows naturally after forest clearing, or on fallow land, and

which is maintained by grazing management, including fencing and weed control.

There is a clear contrast between rainy and dry periods seasonally. Rainfall recorded
between November/December and April/May is usually less than 10% of the normal
annual rainfall (1971-2000) for Muy Muy (1547.1+125 mm) and the annual mean air

temperature is 24.3°C http://www.ineter.gob.ni/Direcciones/meteorologia/clima%2nic/c

aracteristicasdelclima.htinl. Topography is undulating, with slopes between 5-45%. The

bedrock consists of Tertiary volcanic tuff, a type of pyroclastic rock. Tuff in the area
seems to be impermeable, which explains the limited infiltration often observed in flat
areas during the rainy season. In most flat areas, it is common to find soils with Vertic
properties, while on steeper slopes soils are more variable. The dominant soil type in the
studied sites was a greyish to black Vertisol with high organic matter content in the
upper horizons (8%). A clayey subsoil, pH between 5.8 and 6.8 in the topsoil, high in Ca,
Mg, and K contents, but relatively low in phosphorous, Olsen-P < 10 ppm

(Nieuwenhuyse ef al. unpublished data).
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Figure 2.1 Map showing the location of the Muy Muy municipality in Central Nicaragua, and
the country limits on a map of Central America (Figure modified from Google Earth).

2.2.2 Study design

The study layout was a fully randomized design with two types of ground vegetation
cover: semi-natural grasslands, consisting of various species which share dominance,
mostly prostrate grasses of the genus Paspalum and sown pastures dominated by
Brachiaria brizantha cvs. Marandu and Toledo (cultivars of an African species used to
improve pasture productivity in tropical America). Five plots with grasslands and four
with pastures were sampled. Grassland and pasture plots were at least 10 and 3 years old,
respectively, and were managed under grazing, hand weeded at least once a year, and
had no fertilizers applied. Each of the five grassland plots was fenced with an area of at
least 3200 m?; the four sown pasture plots were paddocks of 5000 to 6000 m>.
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The location of the selected plots in the study layout was not related to the distance
between plots in the study layout, but based on soil similarities and topography. Given
the management of weeding in the area at the beginning of the 2007 rainy season (early
June) and in order to control the woody vegetation and non palatable species in the
grasslands and pastures, all plots were clipped to ground level and woody species taller
than 20 cm were cut at ground level, and the harvested biomass was removed from the

plots.

Each of the nine plots was divided into four quadrants, each corresponding to a quarter
of the plot, where each quadrant corresponded to a cardinal point (N, S, E, and W). At
each sampling period one biomass sample (1 m x 1 m) was taken from each of the four
quadrants (1 m x 1 m). Sampling units were assigned randomly with degrees (°) from
randomly central datum point of the plot and with the distance from the datum point
randomly generated. This procedure was repeated at each sampling period. If a
subsequent randomly generated sampling unit resulted in a sampling unit falling on part
of a previous sampling unit, it was discarded and a new sampling unit was randomly

generated. This removed the problem of overlapping sampling units.

Four weeks after the iitial clipping, all plots were grazed by cattle. The occupation
period for each plot ranged between 1 and 2 days with the purpose of producing a
uniform height of the above-ground biomass with the grazing before starting the new
period of measurement. Once the occupation period ended, the residual biomass was
clipped and used to estimate the biomass at the start of the ANPP estimation period (T0).
Grazing was then prevented for the following 21 days (or growth period). On day 22

(T1), the above-ground biomass was clipped again to estimate the biomass increment in
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the growth period (T0-T1). Sequential biomass harvests after 22-day periods of grazing

exclusion were conducted approximately monthly for each plot, until June 30th, 2008.

2.2.3 Above-ground biomass sampling and estimation of above-ground net primary
productivity

Standing biomass was clipped at 0.02 m and 0.12 m above the soil surface level for the
grasslands and sown pastures, respectively. The clipped biomass was sorted by hand into
green and standing dead components directly in the field, and the total green biomass
was weighed immediately with a mechanical balance (£ 0.1 g; Ohaus; triple beam) to
avoid mass losses as a result of plant respiration. Once the standing biomass was sorted,
and the total green biomass was weighed, the litter on the soil surface (detached dead
matter) was collected by careful hand-picking in the area of each sampling unit without
any sort of species separation. The litter samples were cleaned in the laboratory to
discard soil particles and any live components of vegetation. The dry matter content of
all above-ground biomass components was estimated on a subsample of approximately
250 g fresh weight which was oven dried at 65 °C, until constant weight. In addition, a
composite sample of 100 g of litter (fresh weight) taken from each of the four samples
was washed by soaking in water to eliminate possible soil contamination that could
affect mass. ANPP was estimated as the sum of the positive differences in the three
biomass components collected at the start (T0) and end (T1) of each sampling period of
22 days, applying a correction for senescence and for the transference of standing dead

mass to litter (Sala and Austin 2000; Scurlock ef al. 2002).

Annual ANPP was calculated by adding the ANPP estimated for each sampling period

of 22 days during the 12-month growing cycle (July — June). Given that the ANPP
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measurements were taken after 22 days of re-growth and that the interval between
measurements periods was close to 30 days, there was at least one ANPP measurement
per month per replicate during the whole study period. However, due to unforeseen
difficulties in sampling, there were only 11 biomass measurements for the computation
of the annual ANPP. One site with less than 11 ANPP observations in the one-year
period was dropped from the analysis. In total, eight sites were included for the analysis
of annual ANPP; five for grasslands and three for sown pastures. We used the
community temporal stability (S) (Tilman 1999) to study the relationship between types
of ground vegetation cover and temporal variability of biomass production over the dry

season (December—May) and a 12 month growing cycle (July-June).

2.2.4 Rainfall data collection

Four rain gauges were located in four villages within the study area, and rainfall data
were recorded daily. Also, data from a weather station of the Nicaraguan Institute of
Land Studies (INETER) located within 5.7 km distance from the study sites were used.
For six study sites, we used the rainfall data from the rain gauges and for three sites data

from the weather station (Figure 2.2, Table 2.1).
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Figure 2.2 Study plot locations and associated rain gauges stations in Muy Muy, Matagalpa,
Nicaragua: 1-El Marandu, 2-El Guanacaste, 3-La Laguna, 4- Los Técnicos, 13-El Mango, 14-El
Genizaro, 15-El Mono, 7-El Plan, 8-El Llano. | — 4 are sown pasture plots; 7, 8, 13, 14 and 15
are semi-natural grassland plots. An asterisk denotes the location of a rain gauge or a weather
station (Figure modified from Google Earth).

Between July 1 2007 and June 30 2008 the four rain gauges daily rainfall records were
accumulated for each sampling period of 22 days and for each study site, the variable
resulting from this is hereafter referred to as cumulative rainfall in each sampling period
of 22 days (ARP22). Also the daily rainfall data in the same period were classified into
rain events. Daily rainfall records that were greater or equal to 2 mm were considered as
a rainfall event. In some cases a rain event coincided with one day. However, when
rainfall was measured over consecutive days, these were collectively considered as one

rain event. In addition, three metrics of rainfall distribution were calculated for each

biomass sampling period: the number of rainfall events (NRE), the size of the rainfall
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event (SRE) and the interval between rainfall events (IRE). To prevent overestimation of
the size of the rainfall event and underestimation of the number of rainfall events, we
followed Heisler-White ef al. (2008), and divided cases with >3 days of consecutive

measured rainfall into two events.

Table 2. 1 Names and characteristics of villages and rain gauge stations where study plots were
located in Muy Muy, Matagalpa, Nicaragua

Village Rain gauge station Elevation (m) Site Distance to
(plot label) nearest rain
gauge station

(km)

El Coyolar El Coyol, Farm 300 La Laguna 0.9
El Genizaro 23

El Marandu 37

El Guanacaste La Cruz, Farm 314 El Guanacaste 0.8
El Corozo San Felipe, Farm 378 El Mango 2.1
Maizama Adentro La Lucha, Farm 280 El Mono 1.2
Muy Muy, town  Weather Station Muy Muy320 Los Técnicos 2.1
055027 (INETER) El Llano 4.5

El Plan 5.7

2.2.5 Statistical analysis

Multiple linear regressions with polynomials and classification variables (treatment:
grassland and sown pasture) using dummy variables, were used to fit the relationships
between ANPP and ARP22 to test the hypotheses about differences between vegetation

type response to cumulative rainfall. The relative contribution of cumulative rainfall and
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rainfall distribution variables on ANPP was tested in the linear portion of the regression
between ANPP and rainfall, when the relationship was significant, using the linear
portion of the curve (below 300 mm of cumulative rainfall). Because of the presence of
heteroscedasticity of residuals, we performed a mixed model analysis to test the
hypothesis about differences amongst vegetation types for the regression parameters
(intercept and slope) taking into account the lack of homoscedasticity. In order to
examine the effects on ANPP of season and of the two types of vegetation, we used a
two-way analysis of covariance with season (rainy season 2007, early dry season 2007,
late dry season 2007 and rainy season 2008) and type of vegetation as main factors, and
the interaction terms. ARP22 and ARP22 squared were used as co-variables. Due to
variance heteroscedasticity between seasons, a mixed model was used to carry out the
analysis of variance. Model selection was based on the Likelihood Ratio Test and the
Akaike Criterion. To perform mean comparisons we used the DGC test (Di Rienzo ef al.

2002).

Annual ANPP for the two types of vegetation cover was computed as an addition of the
estimates of monthly ANPP for the period July Ist 2007 to June 30th 2008 and the F
statistics were calculated according to the model :Yiy= p + T; + M+ TiM;+ 8 , where,
Yijk = ANPP (g m™ month™) of the treatment i, the month Jj and the replicate &. T; and M;
are the two main effects (the treatment / and month j in which the measurement period

occurred), and TiM; and 6;j, the first-order interaction and error terms, respectively.

The community temporal stability was measured as the mean biomass production of
each site, divided by the standard deviation that results from the temporal variation in

that biomass production. If there were no variation, community temporal stability would
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be maximal (infinite). When the variation relative to the mean is large, community
temporal stability is small (near 0) (Lehman and Tilman 2000). The community
temporal stability was computed based on the mean biomass production of each site
through the dry season (December 2007-May 2008) and a year (July 2007-June 2008).
In order to test for differences attributed to type of vegetation we used ANOVA and

Fisher’ s LSD was used to perform mean comparisons. All statistical analyses were

conducted with the InfoStat package (Di Rienzo et al. 2009) and R language.
2.3 RESULTS

2.3.1 Summary of current rainfall trends

The annual rainfalls recorded in 2007 and 2008 were 1638 and 1858 mm, respectively.
In 2007, the rainy season, (6" June-30"™ November) accounted for 83% of the annual
rainfall. In 2008, the rainy season lasted from May to October comprising 1506 mm, of
which 71% was concentrated in the first trimester (28" May-28" August). The start of
the rainy season in 2008 was at the end of May. The cumulative rainfall for the month

was 95 mm, but 75% of it occurred in the last four days of the month.

2.3.2 Above-ground net primary productivity, rainfall and its distribution

Overall, the frequency of rain events was lower in the 2007 than in the 2008 rainy
season (Table 2.2). No significant differences in the amount of rainfall (p= 0.56) or in
the number of rainfall events (p= 0.19) were detected between grasslands and sown
pastures sites.

The relationships between ANPP and ARP22 show significant linear and quadratic

trends for pastures (p < 0.0001, in both cases) and grasslands (p < 0.0001, in both cases).
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There were no differences between treatments in the intercepts (p= 0.0770), and the
quadratic coefficients (p= 0.5564), but there were differences in the linear coefficients
(p= 0.0228) (Figure 2.3). Under 300 mm of ARP22, the increase in ANPP with rainfall
was larger in sown pastures than in grasslands but there was no difference between
inflection points, indicating a similar rate of decline of ANPP in both treatments with

higher ARP22.

We tested the contribution of the different rainfall components (cumulative rainfall and
rainfall distribution metrics) in explaining ANPP variance in the linear portion of the
ANPP vs. ARP22 regression curve. The relationship between ARP22 and NRE, and
ANPP was significant (adjusted R* = 0.67; p < 0.0001). ANPP in sown pastures
increased with cumulative rainfall (ARP22) at higher rates in the linear portion, than that
in grasslands (p= 0.0008). Overall ANPP was also significantly related to NRE
(7=0.0045) but there were no differences in this relationship between the treatments (p=
0.1914). The other rainfall distribution variables tested (SRE and IRE) were not

significantly related to ANPP.
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Table 2.2 Mean cumulative rainfall and distribution statistics in grassland and sown pasture sites
during the rainy season 2007, dry season 2007/2008 and rainy season 2008. Mean cumulative
rainfall over the period of measurement of above-ground net primary productivity (ARP22) and
rainfall distribution metrics (n= the number of sampled rain gauges contributing to the mean).
S.D= standard deviation

Seasons/Types of ground vegetation cover ARP22 Mean number of Mean size of Mean interval

(mm) rainfall events  rainfall events between rainfall

(mm) events (days)
Rainy Season 2007: Grasslands (n=4) 175 10 18 2
S.D. 48 9 5 1
Rainy Season 2007: Pastures (n= 3) 196 11 19 2
S.D. 49 2 v/ 1
Dry Season 2007/2008: Grasslands (n=4) 32 4 9 7
S.D 16 2 9 9
Drv Season 2007/2008: Pastures (n=3) 28 4 8 8
S.D. 15 2 6 5
Rainy Season 2008: Grasslands (n= 4) 261 11 22 2
S.D. 130 3 7 ]
Rainv Season 2008: Pastures (n= 3) 294 12 24 3
S.D. 155 3 9 2

2.3.3 Seasonality of above-ground net primary productivity

After adjusting ANPP by ARP22 and ARP22 squared there was a significant vegetation
type x season interaction (F= 10.47, p= <0.0001), as well as significant main effects
(vegetation type: F= 4.04, p= 0.0338, and season: F= 113.10, p< 0.0001). The smallest
variation corresponded to the late dry season 2007 and the highest to the rainy season
2008. Sown pastures had higher ANPP in the rainy season 2008, while grasslands had
higher ANPP in the early dry season 2007 (Figures 2.4 and 2.5). The temporal stability
of ANPP was higher in grasslands than in sown pastures for the dry season (F ¢313; n=8;
p= 0.0402) and the annual cycle (F i10474; n= 8; p= 0.0127) (Figure 2.6). The annual

ANPP was 898 and 955 g m™ yr”' for grasslands and pastures, respectively.
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Figure 2.3 Relationships between above-ground net primary productivity (ANPP) and
cumulative rainfall in 22 day periods (ARP22) for sown pastures and grasslands. Sown pastures:
n= 44, adjusted r*= 0.74; grasslands: n= 60, adjusted r’= 0.47
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Figure 2.4 Variation of above-ground net primary productivity (ANPP in g m* 22 day period™)
through time for grasslands and sown pastures in Muy Muy, Nicaragua. Black vertical lines
separate seasons. The dry season was divided into early and late phases denoted by the grey
vertical line
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Figure 2.5 Mean above-ground net primary productivity (ANPP) for the different vegetation
types in different seasons & 1 SE, based on LSD test. Significant differences (p<0.05) between
treatments are indicated by different letters
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Figure 2.6 Yearly (July 2007-June 2008) and dry season (December 2007 — May 2008) temporal
stability of ANPP, estimated in four plots with grasslands and at three plots with sown pastures
in a sub-humid region of Central Nicaragua. Bars denote + 1 SE, based on LSD test. Different
letters in the same time period indicate significant differences (p< 0.05) between grasslands and
sown pastures.

2.4 DISCUSSION

2.4.1 Relationships between ANPP, rainfall and its distribution

ANPP was positively associated with cumulative rainfall over 22 day-periods (ARP22).
A positive relationship between ANPP and rainfall is consistent with empirical evidence
from most grasslands and savannas of the world showing a correspondence of ANPP
with the variability between- (Lauenroth and Sala 1992; Sarmiento and Pinillos 1999;
Knapp et al. 2006) and within- years (Swemmer ez al. 2007; Heisler-White 2008) in the
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amount of rainfall. In arid climates ANPP and rainfall correspond linearly, indicating
that under these conditions water availability is the key limiting factor for ANPP. In our
study, a quadratic model resulted in a better fit than a linear relationship. ANPP was less
when the cumulative rainfall in a 22-days period (ARP22) was higher than ca. 300 mm.
Apparently, the timing and intensity of the rainfall events were important in determining
when ANPP increased with rainfall and at which point ANPP was lesser despite high

cumulative rainfall.

The intensity of rainfall eve