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Collaborative Research: Convergence and Contingencies in Savanna Grasslands

The distribution, structure and function of mesic savanna grasslands are a product of three interacting
drivers - fire, grazing by large herbivores, and extreme climatic fluctuations. Some ecologists have argued
that fire and grazing influence savanna grassland structure and function differently in South Africa (SA)
compared to North America (NA). These differences have been attributed to the contingent factors of
greater biome age, longer evolutionary history with fire and grazing, reduced soil fertility, and greater
diversity of plants and large herbivores in SA. An alternative hypothesis is that differences in methods
and approaches used to study these systems, and bias in the number of studies in NA, has led to differing
perspectives on the role of these drivers. If the impacts of shared ecosystem drivers truly differ between
NA and SA, this calls into question the generality of our understanding of these ecosystems and our
ability to forecast how changes in key drivers will affect savanna grasslands globally. In 2005, we
initiated a comparative research program to determine the degree of convergence in ecosystem
(productivity, N and C cycling) and herbaceous community responses (composition, diversity,
dynamics) to fire and grazing in savanna grasslands in SA and NA. Our research takes advantage of
a unique research platform consisting of three long-term (20-50+ yr) experimental manipulations of fire
and grazing at the Kruger National Park (KNP) and Ukulinga Research Farm (URF) in SA and the Konza
Prairie Biological Station (KPBS) in NA. At these sites, we are conducting a suite of studies using
identical experimental designs and methods to address hypotheses related to: 1) the role of long-term fire
regimes (without megaherbivores), 2) the importance of grazing and fire-grazing interactions, and 3) the
impacts of reductions in megaherbivore diversity. At KBPS and KNP we have erected 168 permanent
megaherbivore exclosures in sites subjected to different fire return intervals (1-yr, 3-4 yr and unburned)
and single vs. a diverse suite of megaherbivores to assess in directly comparable ways the interactive
effects of fire regime, grazing and megaherbivore diversity on herbaceous plant community and
ecosystem processes. Results thus far suggest convergence in ANPP and soil N responses as a function of
fire frequency and N manipulations, and divergence in herbaceous plant community responses to fire and
grazing in SA vs. NA. However, the steep trajectories of change in many response metrics over the initial
2.5 yrs have precluded resolution of many of our hypotheses. The purpose of this renewal proposal is
to request funding to complete those studies included in our original proposal and to assess the
mechanisms driving differential community-level responses via trait diversity and phylogenetic
constraints. Renewal funding will allow us to maintain the substantial investment in infrastructure in
place in NA and SA, to complete the considerable ongoing data collection activities, and to conduct the
new mechanistic studies. These activities are crucial for testing our general prediction that ecosystem
responses to fire and grazing will be broadly convergent in NA and SA, but plant community responses
will diverge, reflecting key contingencies, such as differences in evolutionary history and species
diversity. Intellectual Merit: Our research is designed to address an important question about our
understanding of savanna grasslands globally: Is our knowledge of fire and grazing sufficiently general to
enable us to predict how these ecosystems will respond to changes in these drivers over time? While
convergence of structure and function in similar biomes has long been of interest to ecologists, rigorous
comparisons of ecological processes at more than one hierarchical level are rare. However, such
comparisons are crucial to forecast the future of these important ecosystems. Our research differs from
previous studies in that the separate and interactive impacts of key drivers on ecosystem and community
processes are being examined in geographically distinct but structurally similar systems. This allows us to
assess those ecological processes that are similar across savanna grasslands in SA and NA, and those in
which underlying differences in age, evolutionary history, and species diversity may cause divergent
responses. Such an assessment, even in a moderate number of ecological processes, will significantly
advance our general understanding of the structural and functional determinants of savanna grasslands far
beyond that of most biomes. Broader Impacts: Our research provides diverse training and global and
cultural experiences for young scientists in SA and NA. Further, our project has achieved considerable
public outreach in KNP through educational signage at our study sites, SA media attention, wildlife tours,
and collaborations with Park staff, including job training. Results and data will be made publicly available
via PIs webpages and will be of particular value to the SA ecological community and natural resource
managers. Conservation biologists and land managers grapple with problems of distilling information
from disparate studies, thus the synthetic understanding gained through our research will help guide the
development of conservation and management strategies for savanna grasslands worldwide.

A-1
0842024



C. Project Description
1. Response to Previous Reviews

This renewal proposal was submitted to the Ecosystem Studies Program in January 2008 (fund if
possible) and co-reviewed by the Geography and Regional Science Program (fund, medium priority).
Overall, the reviews were positive (1 E, 1 E/VG, 5 VQG). Reviewers were enthusiastic about our
comparative approach to assessing responses of North American (NA) and South African (SA) savanna
grasslands to fire and grazing, using existing long-term manipulations of fire frequency, matched
manipulations of large herbivore presence/absence, and directly comparable sampling methods. They also
felt the intellectual merit of the proposal was high and that a considerable amount of progress had been
accomplished to date. Although the panelists concluded that the proposed research represents ‘a golden
opportunity to advance our understanding of the controls over grassland ecosystems’, three major
concerns were raised: 1) the proposed studies did little to address the mechanisms that might underlie
differences in plant community and ecosystem responses between NA and SA, such as differences in
evolutionary histories of plant species; 2) too much attention was given to background data and
conceptual underpinnings at the expense of details about the continuing and new studies that will be
supported with the renewal (including statistical analyses); and 3) not enough detail was provided about
what projects will be funded by the renewal request and how the funds would be used. Because the panel
placed high priority on continuing the core studies focused on the long-term effects of fire, fire-grazing
interactions, and megaherbivore diversity but not the new studies begun in the previous funding period
(e.g., size-dependent herbivore exclusion), we have removed these from our proposed research plan
(those co-PlIs will pursue funding from other sources). We now focus our renewal activities on the core
studies described in our original proposal, we provide greater methodological detail, and we have added
studies examining phylogenetic community structure and species traits to assess potential mechanisms
underlying differential responses at the community and ecosystem-level between NA and SA. As a result
of these changes, our requested budget has decreased by 33%.

2. Introduction and Research Goals

Grassland and savanna ecosystems are unique in that the interplay of three drivers - fire, grazing by
megaherbivores, and extreme climatic fluctuations - are recognized as major determinants of their
distribution, structure and function (Walker 1985, Archer 1995, Scholes & Archer 1997, Knapp et al.
1998a, Oesterheld et al. 1999, Scholes et al. 2003a). Of these, fire and grazing regimes have been most
extensively altered by humans (Archer 1989, van Wilgen et al. 2000, Hoch et al. 2002, Bond et al. 2003).
These changes have occurred directly via management (i.e., replacing diverse native herbivores with
single domestic grazers or eliminating fire altogether) and indirectly due to landscape fragmentation,
shifts in socio-political attitudes/policy, and the extinction of megafauna (Reid & Ellis 1995, Leach &
Givnish 1996, Fuhlendorf & Engle 2001, Hoch et al. 2002). From an ecosystem services and conservation
perspective, grasslands and savannas encompass as much as 40% of the terrestrial land surface, sequester
large amounts of soil C, are economically important as grazing lands, and house much of the world’s
remaining great megafauna (Owen-Smith 1988, Schimel ef al. 1994, Allen-Diaz 1996, Amthor ef al.
1998, Fuhlendorf & Engle 2001). If we are to maintain the critical services these ecosystems provide as
well as forecast changes in these ecosystems worldwide in the face of increasing human impacts
(Newmark 2008), a more comprehensive understanding of how these drivers regulate ecosystem structure
and functioning is required (du Toit et al. 2003, Palmer et al. 2004).

Grasslands and savannas span broad climatic gradients on most continents (Walter 1985, Scholes &
Archer 1997, Lauenroth et al. 1999, Oesterheld ef al. 1999). The focus of our research is on the mesic
portion of the grassland/savanna continuum (precipitation >500 mm) where fire and grazing are important
separately and interactively. Hereafter, we collectively refer to these mesic grasslands and savannas as
savanna grasslands (sensu Scholes & Archer 1997) because 1) they are structurally very similar, i.e.,
both are characterized by a continuous grass layer with scattered shrubs and trees, and 2) they share
common determinants of their ecological properties and dynamics (Scholes 1993, Knapp et al. 1998a,
Frank et al. 1998, Bond et al. 2003). Despite these common features, many have argued that the ways in
which fire and grazing influence savanna grassland structure and function are fundamentally different in
southern Africa (SA) compared to NA and elsewhere (see below). Differences are posited to be due to the
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longer evolutionary history with fire and grazing, reduced soil fertility in these ancient ecosystems, and a
greater diversity of plants and megaherbivores (Scholes et al. 2003a,b, Bond ef al. 2003).

Our current understanding of the role of fire, megaherbivores and their interactions in these savanna
grasslands is based on hundreds of ecological studies. There are numerous syntheses of these, usually
focused on a particular site or region (Booysen & Tainton 1984, Cole 1986, Collins & Wallace 1990,
Scholes & Walker 1993, Knapp et al. 1998a, Frank et al. 1998, Milchunas et al. 1988, McNaughton 1983,
1985, du Toit ef al. 2003). But such syntheses often fall short of their goals because site-based studies are
conducted independently with methods and approaches that differ considerably (Knapp et al. 2004). This
is of particular concern in SA where there may be a distinct founder effect in ecological perspective
caused by a relatively small scientific community (Scholes et al. 2003a). Thus, comparisons among
studies are difficult if not impossible; especially for ecological attributes that are strongly scale and
sampling dependent (e.g., diversity, Scheiner et al. 2000). An additional problem is that studies of
savanna grasslands are biased geographically. The Northern Hemisphere has been more extensively
studied - at least in terms of papers published - than the Southern, and the most comprehensive studies
have been in the US (former IBP and current LTER sites, Risser et al. 1981, Archer et al. 1988, Knapp et
al. 1998a, Tilman et al. 2001, Scholes et al. 2003a). The Serengeti is a notable exception where
herbivory, but not fire, has been intensively studied (McNaughton 1983, 1985).

This raises important questions about our understanding of savanna grasslands around the world: Is
our knowledge of fire and grazing sufficiently general to enable us to forecast how ecosystem structure
and function will change as these key drivers are altered? Are the different methods and approaches used
between systems responsible for differing perspectives on the role of these drivers? Or, are the impacts of
the shared drivers on ecological processes truly different in systems with different evolutionary histories,
such as NA and SA? The goals of our ongoing research are to quantify, in directly comparable ways,
community and ecosystem responses to alterations in key ecological drivers (fire and grazing) in
savanna grasslands in SA and NA, allowing us to identify those ecological processes that are
divergent or site-specific and those that are convergent or similar, despite the potential contingent
factors of differing evolutionary history, megaherbivore diversity and soil fertility.

Although comparative studies are common in ecology, most have focused on pattern and structure,
often at a single hierarchical level (Cody & Mooney 1978, Mares 1980, Price et al. 2000, Bond &
Midgley 2001, Ojeda et al. 2001, Meserve et al. 2003, Knapp et al. 2006). Our research is unique in that
we are focused on detecting convergence or divergence in ecological processes and dynamics at the
community and ecosystem level. To date and by logistical necessity, we have constrained our research to
comparisons of savanna grassland sites in NA and SA. However, our results will have implications for
generalizing across other ecosystems with similar physiognomy and drivers, and our longer-term vision is
for our current studies to serve as a springboard for expansion into other mesic savanna grasslands (e.g.,
South America, Austin & Sala 2002, Overbeck & Pfadenhauer 2007; Australia, Beringer et al. 2007).

At this stage, there are several compelling reasons to continue to focus our comparisons on SA and
NA. First, we have well-established collaborations with SA ecologists (see letters of support) and these
relationships have been crucial in garnering permission and the local scientific support required to initiate,
maintain and sample the experiments in SA. Second, the existence of similar, long-term (20-50+ yr)
manipulative studies of fire regimes in both regions provides an unprecedented resource for comparative
research, one that to our knowledge exists in no other biome. Long-term experiments are critical for
assessing ecological processes (Brown ef al. 2001, Meserve et al. 2003) and to the success of shorter-term
comparative studies, because they ensure that the ecological context of sites being compared is known
and consistent. Third, the interactive effects of fire and grazing are not well known in Africa, despite a
wealth of research on these drivers independently. It is our ability to manipulate fire and grazing in
tandem that allows us to expand upon previous ground-breaking studies of large ungulate herbivory in
savanna grasslands (McNaughton 1983, 1985, Frank et al. 1998).

Below we 1) briefly compare and contrast fire and grazing as determinants of savanna grassland
structure and function in NA and SA, 2) present our conceptual framework, research approach and the
questions and hypotheses we are addressing with our ongoing research, 3) describe the exceptional long-
term experiments in SA and NA that form the centerpiece of our research, 4) detail our core studies and
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provide a brief overview of results to date, and 5) describe the data collection activities and new
mechanistic studies to be supported by this renewal proposal.

3. Fire and Grazing as Determinants of Ecosystem Structure and Function in NA and SA

Given our overarching goal of comparing how fire and grazing impact savanna grasslands in SA vs.
NA, we summarize similarities and differences in key attributes of these systems, and then note important
disparities that have led to the notion that mesic savanna grassland ecosystems in NA and SA differ
fundamentally in their responses to fire and grazing (Scholes ef al. 2003a).

Mesic savanna grasslands in NA and SA have similar climates (Fig. 1); growing season temperatures
and annual precipitation amounts and patterns are comparable, with most inputs (75%) occurring during
the growing season (Hayden 1998, Scholes ef al. 2003a). The primary differences occur in the dormant
season where temperature and the environmental cues that start spring growth differ (i.e., temperature in
NA vs. rainfall in SA), as expected in temperate vs. sub-tropical systems (Fig. 1).
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Fig. 1. Long-term (20+ yr) patterns of air temperature (lines) and precipitation (bars) for savanna 1
grassland in South Africa and North America. Grey bars = growing season precipitation. Data are from woody b ants.
Konza Prairie (KPBS), the Satara region of the Kruger National Park (KNP), and the Ukulinga occurs if fire is

Research Farm (URF). excluded (Enslin
et al. 2000, Titshall et al. 2000, Hoch et al. 2002, Bond et al. 2003, Sankaran et al. 2005, Higgins et al.
2007). Trees and shrubs in both regions are capable of resprouting after fire (Higgins et al. 2000, Briggs
et al. 2002), and grazing may hasten woody encroachment by reducing fuel loads and fire intensity
(Roques et al. 2001, Hoch et al. 2002, Sankaran et al. 2008). Only in SA, where elephants impact large
trees, are there major differences between regions in the controls of woody plants (Trollope et al. 1998,
Eckhardt et al. 2000). Thus, from a structural perspective, responses to fire and grazing in NA and SA
ecosystems differ much less in the woody than in the herbaceous plant component - our research focus.

Arguments that fire and grazing affect ecosystem processes and community structure and dynamics in
fundamentally different ways in SA vs. NA (Scholes ef al. 2003a, Lusk & Bellingham 2004, Uys et al.
2004) may seem surprising given the strong consensus regarding their importance in both systems
(Collins & Wallace 1990, Frank ef al. 1998, du Toit 2003, Bond et al. 2003). But the histories of these
systems differ considerably; NA ecosystems are young (5-7 million yrs), having been glaciated in the
recent geologic past, whereas SA savanna grasslands are much older (40-60 million yrs, Bond et al.
2003). Other key differences are: 1) a lack of recent historic megafaunal extinction events in SA (Martin
1984), such that current megaherbivore richness in KNP is 33 species vs. 2 at KPBS (Kaufman et al.
1998), 2) lower soil nutrient availability and altered key soil properties (e.g., exchange capacity) in the
more highly weathered soils of SA despite the presence of potentially N-fixing trees (Scholes et al.
2003a,b), and 3) higher plant species richness (particularly in grasses) in SA (Scholes et al. 2003a).
Greater endemism in the flora and fauna of the savanna grasslands of SA vs. NA is often cited as a
manifestation of the greater age of SA ecosystems (Axelrod 1985, Bond et al. 2003).

It is these historical differences that are thought to underlie disparate responses of community
structure and ecosystem processes to fire and grazing in NA and SA savanna grasslands. These include
reported differences in the responses of primary production and soil N to fire (Risser ef al. 1981, Briggs &
Knapp 1995, Frank & Evans 1997 in NA vs. Tainton et al. 1978, Morris & Fynn, Morris & Tainton 2002
in SA) and a remarkable divergence in responses of plant community structure and dynamics to both fire
and grazing (Collins & Glenn 1991, Hartnett ez al. 1996, Collins et al. 1998, Collins 2000 in NA vs.
Morris et al. 1992, Morris & Tainton 1996, Martens et al. 1996, Titshall et al. 2000, Fynn et al 2004, Uys
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et al. 2004 in SA). It is important to emphasize that the independent and interactive effects of fire and
grazing have not been experimentally assessed in Africa, despite intensive study of these in NA (Collins
& Wallace 1990, Knapp et al. 1998a). Typically, effects of herbivory in Africa are studied in exclosures
with fire excluded or with a variable and often uncontrolled fire regime (McNaughton ef al. 1982, Young
et al 1998, Jacobs & Naiman 2008). Alternatively, fire is manipulated without controlling herbivory
(Tainton et al. 1978, Biggs & Potgieter 1999, Morris & Fynn 2001, but see Augustine & McNaughton
2006). Thus, rigorous comparisons with NA systems were only initiated with our studies three years ago.

4. Conceptual Framework, Research Approach, Questions and Predictions

To address whether differences in the effects of fire and grazing on ecosystem processes and
community dynamics between NA and SA arise from contingent factors (Fig. 2) or reflect research bias
or disparate methodology, we are conducting concurrent experiments in which fire, grazing, and
herbivore diversity are manipulated independently and in tandem on both continents with responses
measured using identical methodology. Three unique, long-term (20-50+ yr) experiments in SA and NA
(see below) serve as a platform for a suite of core studies to assess the impacts of 1) fire alone, 2)
grazing and fire/grazing interactions, and 3) differences in megaherbivore diversity. Our research
focuses on key herbaceous community (species richness, diversity and turnover) and ecosystem (ANPP
and nutrient cycling) patterns and processes purported to differ between NA and SA. This emphasis is
particularly timely given the considerable interest in linkages between community structure and
ecosystem function in grasslands (e.g., Hector et al. 1999, Smith & Knapp 2003, Tilman ef al. 2006).

In general, our expectation is that the impacts of fire and grazing on ecosystem processes (e.g.,
ANPP, N and C cycling) will be qualitatively similar in NA and SA sites, although the magnitude of
responses may differ due to differences in soil fertility (Fig. 2). In contrast, we expect divergent effects of
fire and grazing on plant communities (diversity, compositional dynamics), both in direction and
magnitude (Fig. 2). Impacts of differences in megaherbivore diversity are predicted to follow similar
paths. With moderate grazing intensities, we predict that reductions in megaherbivore diversity to a single
grazer species or no megaherbivores will have little effect on ecosystem processes but will cause
substantial changes in plant community structure in SA.

The conceptual basis for predictions of Divergence Convergence
divergence in community vs. convergence in
ecosystem responses is rooted in the ways in Community e arica
which evolutionary history and the resultant
assemblage of species and traits are manifest at 0 = g;‘;‘:?:: y Ecosystem
these two hierarchical levels. C, grasses are the 4 K 2
most abundant herbaceous species in both SA § B g
and NA, and as a consequence, these dominant % - Savanna =
species contribute most to ecosystem function ‘I Sk Root biomass
and community structure. In both NA and SA, _ South|africa nECeyelne
changes in abundance of C, grasses can have gci::idfrsh‘yg
important consequences for community structure Spocies tlmover

(diversity), dynamics (turnover) and species ) : : :
Fig. 2. Conceptual illustration of divergence (left) and convergence

Interactions in response to ﬁr? and grazing (right) at the community and ecosystem levels in response to long-
(McNaughton 1983, 1985, Milchunas et al. term manipulation of fire and grazing in NA and SA savanna

1988, Collins et al. 1998, Collins & Smith grasslands. Contingent factors (evolutionary histories, herbivore

: : . diversity) will result in species with different traits and life histories in
20006). A long evolutlonary hlStory in SA has SA vs. NA, fundamentally altering plant community responses to fire

allowed for extensive diversification of C, and grazing. In contrast, we predict that contingent factors will only
grasses (Scholes et al. 2003a). By contrast, only  modify (due to differences in soil fertility, for example) the extent, but
a few, broadly distributed C, grasses dominate not the direction of key ecosystem responses.

in the younger communities in NA. We expect these differences in the diversity and evolutionary history
of the dominant C, grasses to lead to divergent community responses to fire and grazing in NA and SA.
New phylogenetic community structure and trait-based studies proposed below are designed to assess the
importance of evolutionary history and trait variation in determining community pattern and ecosystem
processes.
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Differences in megaherbivore diversity between NA and SA also are important. Bison in NA have
been shown to preferentially consume C,4 grasses, reducing their competitive impacts and increasing
species diversity (Vinton & Hartnett 1992, Collins et al. 1998). Community structure and dynamics may
respond differently to grazing in SA because the diverse array of megaherbivores will consume both
grasses and forbs regardless of fire regime, contributing to divergence in community responses to fire and
grazing. However, because C, grasses are always dominant in the herbaceous community on both
continents and their functional traits (e.g., C uptake, water use efficiency, N requirements, litter quality)
are similar, responses of ecosystem processes to fire and grazing should be convergent. This is a central
and we believe fundamentally important idea that our research is testing - that divergence in community
structure and dynamics does not preclude convergence in ecosystem function.

Research Questions and Predictions
A. Long-term fire regimes
a. Are ecosystem responses to long-term fire regimes (without megaherbivores), such as herbaceous

ANPP, root biomass, tissue N, and pools and dynamics of soil C and N, convergent in NA and SA?

With annual fire in the absence of megaherbivores in NA, ANPP and root biomass are increased, and
root tissue N concentration and N availability are reduced (resulting in greater C:N ratio) compared to
unburned sites (Hobbs ef al. 1991, Blair 1997, Knapp et al. 1998b). We predict similar responses in SA,
but the magnitude of responses may be muted due to greater nutrient limitations such that ANPP and root
biomass will be less responsive to fire in SA. Convergence in mechanisms also will be evident. Greater
light limitation in unburned canopies will reduce ANPP of C4 grasses more than the C; forbs in the
absence of fire (Knapp & Seastedt 1986), and soils will be drier in burned sites reducing N availability
(Blair 1997). In infrequently burned sites, burning increases ANPP above that in annually burned sites in
NA (Knapp et al. 1998b). We expect a similar response in SA, but because this “fire history” response is
driven by transient periods of high N availability (Blair 1997), this response is predicted to be greater in
the more nutrient limited soils of SA. Alternatively, species with different resource use efficiencies and
the potential for other soil nutrients to limit responses in SA may mute this response.

b. Do plant community structure and dynamics (richness, diversity, turnover in dominant species,
composition) respond differently to long-term fire regimes in NA and SA?

Richness and diversity are lowest with annual fire, intermediate in the absence of fire and highest
with intermediate fire frequency for savanna grasslands in NA (Collins ef al. 1998), whereas community
change over time exhibits more complex patterns (Collins 2000, Collins & Smith 2006). We predict
divergence from these NA patterns in SA; plant community richness and diversity will not be affected by
fire regime in SA (Uys et al. 2004). We posit that trait diversity in the species rich pool of SA C,4 grasses
will maintain strong grass dominance and result in competitive suppression of the high N-requiring C;
forbs regardless of fire regime in SA. This contrasts with NA where only a few C, grasses are available to
dominate, and in the absence of fire, reduced grass dominance and increased N availability allow forb
abundance to increase (Collins & Steinauer 1998). Consequently, we expect forb species to play a much
larger role in influencing community diversity and dynamics in response to fire regime in NA than SA.

¢. Does N limitation affect ecosystem and plant community processes differently in SA than NA?

Long-term fertilization experiments are ongoing in both SA and NA and contrary to conclusions in a
recent metaanalysis (Elser et al. 2007) these consistently indicate N, but not P, limitation to most
ecological processes (although evidence for P limitation in N fertilized sites is greater in SA than NA,
Blair et al. 1998, Fynn & O’Conner 2004). We expect similar N limitation to ANPP in annually burned
sites in NA and SA. In contrast, we predict more rapid species turnover in SA due to the greater trait
diversity and larger species pool capable of responding to increased N availability.

B. The importance of grazing and fire-grazing interactions

a. Does grazing by megaherbivores affect key ecosystem processes similarly in NA and SA?

In NA savanna grasslands, grazing by native megaherbivores consistently increases N cycling and
availability (Frank & Evans 1997, Johnson & Matchett 2001). We predict similar responses in SA. With
comparable, moderate grazing intensity, ANPP will be stimulated, soil N availability will be increased,
and root biomass decreased in both annually burned and unburned sites (McNaughton et al. 1998,
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Johnson & Matchett 2001) relative to sites (exclosures) without grazers.
b. Do plant communities respond differently to megaherbivore grazing in SA vs. NA?

Native megaherbivores in NA savanna grassland strongly influence plant community structure and
dynamics because the primary herbivore (Bos bison) consumes the dominant C4 grasses, reducing their
abundance and leading to large changes in composition. The diverse forb flora, in turn, responds
positively thereby increasing diversity (Hartnett ef al. 1996, Collins et al. 1998). In contrast to this NA
response, we predict that plant community diversity will be relatively insensitive to grazing by the diverse
megaherbivore assemblage in SA across all fire regimes, due to maintenance of C4 grass dominance and
consumption of the less abundant forbs by the large number of browsers (du Toit 2003, Jacobs & Naiman
2008). We expect, however, that composition will change significantly (compared to the grazing
exclosures) due to turnover of the dominant grasses with grazing (Martens et al. 1996). Despite decreases
in cover, there is little turnover of grass dominance in NA with moderate grazing (Collins ef al. 1998),
and thus compositional changes will be driven by forb responses.

c. Do interactions between fire and grazing affect ecosystem processes and plant community
dynamics differently in SA vs. NA?

Consistent with the logic above, we predict convergence in fire-grazing interactions at the ecosystem
level. A reduction in N cycling (in situ N availability) due to annual fire is not evident if grazers are
present in NA, due to increased N turnover with herbivory (Frank & Evans 1997, Johnson & Matchett
2001). We predict a similar response in SA (Holdo et al. 2007). In NA, fire and grazing strongly interact
to influence plant community diversity and composition (Collins ef al. 1998). When sites are both grazed
and burned, diversity increases as a result of heavy utilization of the dominant grasses by herbivores.
Thus, annually burned, grazed sites are as diverse as unburned sites and generally contain a similar suite
of forb species. In SA, we predict that interactions will not have strong effects on plant diversity, as fire
and grazing are predicted to have little effect separately, and browsers will likely reduce forb abundances
in all burn treatments. In contrast, within the diverse grass component in SA, interactions are more likely,
and thus fire and grazing are likely to impact composition in complex ways.

C. The role of megaherbivore diversity

a. How does megaherbivore diversity — a single megaherbivore vs. a full suite of megaherbivores -
affect ecosystem processes and plant community structure?

At moderate grazing intensity, we predict little measurable effect of variation in megaherbivore
diversity (one vs. many) on ecosystem processes in annual or infrequently burned SA savanna grassland,
as long as herbivores are present that feed primarily on the dominant grasses (true grazers sensu du Toit
2003). In contrast, if specialist forb browsers (McNaughton & Georiadis 1986) are absent from the
megaherbivore guild (i.e., in the Cape buffalo enclosure), then plant species diversity will increase in
response to grazing by a single megaherbivore that consumes mainly grasses (i.e., Cape buffalo). Higher
diversity will result from an increase in forb abundance, similar to that in NA ecosystems (Collins ef al.
1998). When comparing NA and SA, grazing by bison and Cape buffalo (both primarily graminoid
consumers, Knapp et al. 1999, du Toit 2003) will have similar ecosystem effects (increased N
availability, reduced root biomass) regardless of fire regime. Community responses will be divergent
however with greater turnover of the dominant grasses in SA vs. NA.

b. Will ecosystem processes and plant community structure and dynamics be affected similarly if
diverse vs. single species of megaherbivores are removed from savanna grassland?

We predict that removal of megaherbivores from savanna grassland (via exclosures) will have similar
effects in NA and SA at the ecosystem level, regardless of the diversity of megaherbivores removed (1 vs.
14). ANPP will be reduced initially compared to long-term ungrazed sites, but as root/shoot ratios,
belowground carbohydrate and nutrient reserves are reestablished (Vinton & Hartnett 1992), ANPP is
expected to recover. We also predict that the magnitude of effects of megaherbivore loss on C and N
cycling will be similar regardless of megaherbivore diversity. Plant communities in NA and SA are
expected to respond to megaherbivore removal as described above in Section B.b.

5. The Long-term Research Platform
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We have invested considerable resources and time enhancing the research infrastructure in place at
the three long-term experimental sites described below. The NA site is one of the most intensively studied
mesic tallgrass prairies in the world (Knapp et al. 1998a), and the two SA sites, located ca. 400 km apart,
are broadly representative of the most common mesic savanna grasslands in the region - comprising
66.8% of southern Africa (south of Angola and Zambia, Cowling et al. 1997).

Konza Prairie Biological Station (KPBS). The KPBS is a 3,487 ha savanna grassland ecosystem
composed primarily of native (>90%) perennial C, grasses such as Andropogon gerardii and Sorghastrum
nutans that account for the majority of ANPP (Knapp ef al. 1998b). Scattered shrub and tree species
include Cornus drummondii, Gleditsia triacanthos, and Prunus spp. Numerous sub-dominant grasses and
forbs contribute to the floristic diversity of the site (Towne 2002). The climate is continental (Fig. 2), with
mean July air temperature of 27°C. Annual precipitation is ca. 820 mm/year, with 75% falling as rain
during the Apr-Oct growing season (Fig. 1). Soils are fine textured, silty clay loams (Ransom et al. 1998).

KPBS includes fully replicated watershed-level fire and fire/grazing treatments, in place since 1977
and 1987, respectively. Replicate watersheds (mean size ~60ha) are burned at 1-, 2-, 4-, 10- and 20-yr
intervals, mainly in April, to encompass a range of likely natural fire frequencies and management
practices. To address the role of native grazers and fire/grazing interactions (Hobbs et al. 1991, Johnson
& Matchett 2001), bison (~260 individuals) were reintroduced to KPBS in a 1000-ha fenced area that
includes replicate watersheds burned in the spring at 1-, 2-, 4- and 20-year intervals. The overall grazing
intensity is considered moderate (Knapp et al. 1999).

Kruger National Park (KNP) - Experimental Burn Plots and Cape buffalo enclosure. The KNP is a 2
million ha protected area of savanna grassland that includes many of the large herbivores common to
southern Africa (du Toit et al. 2003). The extant abundance and grazing intensity of herbivores in KNP is
considered moderate for regional savanna grasslands (Trollope, pers. comm.). In the south-central region
of KNP where our research takes place, average rainfall is 537 mm (Higgins et al. 2007) with most falling
during the growing season (Fig. 5; Oct-Apr). The dormant season is mild, dry and frost free, and summers
are warm with mean monthly maximum air temperature of 28.9°C in January (Fig. 1).

Because of the importance of fire in this savanna grassland ecosystem (Trollope 1982, Biggs &
Potgieter 1999), the Experimental Burn Plot (EBP) study was initiated in 1954 to examine the effects of
fire frequency (control-no fire, 1-, 2-, 3-, 4- and 6-yr return interval) and season [early spring (Aug),
spring (Oct), mid-summer (Dec), late summer (Feb), and fall (Apr)] on vegetation communities in the
park (Biggs et al. 2003). It is one of the longest fire ecology experiments in Africa. Four blocks of 12
plots (two were later split for the 4- and 6-yr treatments), each ~7 ha (370 x 180 m) in size, were
established in four of the primary vegetation types covering the two major soil types (granites and basalts)
and spanning the precipitation gradient in the park. Megaherbivores (12-14+ species) have had
unrestricted access to the plots (Burns et al. in prep), and thus fire and grazing effects are combined.

For our research, we have focused on three blocks of EBPs located near Satara. Vegetation on the
blocks is co-dominated by C, grasses, such as Bothriochloa radicans, Panicum coloratum and Digiteria
eriantha, and woody plants, such as Acacia nigrescens and Sclerocarya birrea. Soils are fine-textured
and derived from basalts. The Satara EBPs were selected because precipitation, soil type, and the mix of
herbaceous and woody plants are most similar to KPBS (see Photo 1), and because of their proximity to
the Cape buffalo enclosure. This 900-ha permanent enclosure, which is divided into blocks burned at
different frequencies, was erected in 2000 for veterinary purposes and contains ~90 Cape buffalo. Due to
the large body size of Cape buffalo, the grazing intensity inside is comparable to the moderate levels
imposed in the park and at KPBS.

Ukulinga Research Farm (URF) - Long-term fire and mowing plots. The URF of the University of
KwaZulu-Natal is located in Pietermaritzburg, SA. The site is dominated by C, grasses, such as Themeda
triandra and Heteropogon contortus, with scattered shrubs and trees (Fynn ef a/. 2004). Mean annual
precipitation is 790 mm, mostly as convective storms during summer (Oct-Apr, Fig. 1). Summers are
warm with a mean monthly maximum of 26.4°C in February, and winters are mild with occasional frost.
Soils are fine-textured and derived from shales. There has been no grazing at this site for >60 years.

Long-term experimental plots were established at URF in 1950 with the objective of determining the
optimal fire and/or summer cutting regime to maximize hay production. The experiment is a randomized
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block (three replicates) split-plot design with four whole-plot haying treatments and 11 subplot fire or
mowing treatments (Morris & Fynn 2001). Subplot sizes are 13.7 x 18.3 m.

6. Core Studies

Our research program is based on the long-term research platform and consists of a suite of core
studies that experimentally address the questions and specific hypotheses related to a) the role of long-
term fire regimes (without megaherbivores), b) the importance of grazing and grazing/fire interactions,
and c¢) the impacts of reductions in megaherbivore diversity on key ecosystem processes and herbaceous
plant community structure and dynamics. For all of these studies, we have established identical
experiments in NA and SA, and we have collected data using identical sampling protocols (see Detailed
Methods). This allows us to directly compare measured responses between the study sites and to
rigorously test whether there

is convergence or divergence A Ukulinga Konza T —
. . g Yer— :
in community and ecosystem tyr Sy UB 4y we X x compostton
§  x  xef—anpP
processes of savanna 8xx, >
grasslands in NA vs. SA in ] B« irogen
to fi d . N=3 N=3 N=3 N=3  N=3  N=3 e x B Lqdition
response to fire and grazing. T
Exclosure
A. The role of long-term fire B. 1
regimes. To address the long- Kruger - EBP Konza - Bison 3
term effects of fire frequency R e R ] J
in the absence of Movable
megaherbivores on o S o e
community dynamics and
ecosystem processes, we C. Exclosure
. Kruger - EBP Konza’- Bison Kruger - Buffalo XX x T
began a study in the long-term 18 g 3
. 1-yr 3-yr 1-yr 4-yr 1-yr 4-yr N
experiments at KPBS and . . . . . . 178 HHs |
URF in which fire frequency 58 O QL o
has been manipulated for >25 N s NTi Nes e [ g O %
yrs without megaherbivores. Y

At URF, we used rephcate Fig. 3. Experimental design and sampling for the core studies: A) the role of long-term
plots (not hayed or mowed) fire regimes (without megaherbivores), B) the importance of grazing and grazing/fire
burned every 1 and 3 yr in the interactions, and C) the role of megaherbivore diversity. Permanent exclosures (grey
spring and those left plots, N=7 per plot) exclude all large herbivores. Moveable exclosures (N=2) are used to

i . estimate ANPP in the grazed plots. N addition subplots (2 x 2 m) are divided into 4 1 x 1
unburned (Fig. 3; N=9 plots). plots, with two designated for plant species composition sampling and the other two for
At KPBS, we established destructive sampling. Soil samples are collected from areas not designated for ANPP or
identically—sized permanent plant composition sampling. Note that the same 1-yr and 3-4-yr burned plots at KNP and

KPBS will be used in (B) and (C), and similar plots were established in the 1-yr and 4-yr

burned blocks of the Buffalo enclosure for (C).

plots in ungrazed watersheds
that are unburned (20-yr
interval) or burned every 1 and 4 yr in the spring (Fig. 3; N=9 plots). To assess the role of N limitation in
commumty and ecosystem responses to fire, we initiated identical N addltlon experlments at URF and

e e -

KPBS in YR 1 by adding
10 gN/m /yr as
NH,'/NO;" to replicate
subplots within each of
the 1-yr, 3-4 yr burned,
and unburned plots (Fig.
3). For both studies, we
have collected data on
herbaceous ANPP, soil N
availability, light
availability (to assess established at KNP (left) and KPBS (right). Each exclosure consists of chain-link fenc)lng toa
canopy structure), and height of 1.8 m and two strands of wire located above the fencing to a height of 2.2 m. This

plant Community design effectively excludes all megaherbivore species (>5 kg; rhino and elephant avoid
composition over the past these structures rather than being excluded).
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three growing seasons.

B. The importance of grazing and fire-grazing interactions. For this study, we are utilizing the long-
term experiments at KPBS and KNP in which native megaherbivore grazers are present and fire
frequency is manipulated. To assess the effects of grazing and fire-grazing interactions, we have
constructed permanent exclosures at both sites (Photo 1). The exclosures and matching paired open plots
were established in YR 1 of the project in the Satara EBPs burned every 1 and 3 yr in the spring or left
unburned and at KPBS in the 1-, 4-yr and unburned watersheds (N=63 exclosures/site; Fig. 3). Within
each exclosure and paired open plot, we have sampled plant community composition and light availability
in permanent subplots over the past three growing seasons. We also collected ANPP at the end of each
growing season from each exclosure, and throughout the growing season in grazed areas adjacent to the
unexclosed plots using 1x1 m moveable exclosures (Fig. 3). In addition, differential responses of
megaherbivores to fire frequency may mediate fire-grazing interactions, thus we surveyed their
abundances on the fire treatments in SA and NA throughout each growing season.

C. The role of megaherbivore diversity. We are assessing the role of megaherbivore diversity by
comparing community and ecosystem responses to multiple megaherbivore species (12-14+ species in the
EBPs) vs. a single megaherbivore grazer (Cape buffalo in SA and bison in NA). This study focuses on the
1-yr and 3-4 yr fire regimes (Fig. 3). In the Cape buffalo enclosure, we established three replicate plots
(same size as the EBPs) in the 1- and 4-yr burned blocks and constructed identical permanent exclosures
(Photo 1) with matching paired open plots (N=42 exclosures; Fig. 3). We have collected three years of
ANPP (both inside and outside the exclosures), plant species composition, and light availability data in all
exclosures and paired open plots. As noted above, we also have been assessing the abundances of
megaherbivores on the fire treatments.

7. Results from Prior Support' and Progress to Date
700

We have made significant progress with our core studies. == Annually bumed
As indicated above, three years of community and ecosystem- goo | " noumed *
level responses have been collected for each study with current s00 | "
funding. In most cases, two years of data have been analyzed N .
(the third yr of data collection was recently completed in SA e
and is now being collected in NA) and these results are & 300
summarized below. Manuscripts to date are highlighted in the * ool
References Cited section. ol

Overall, the most progress to date has been made in
assessing the impacts of fire alone. This was expected given 0 T Ocepwoi Shalowsol Deop sol _Shalowsal
that fire experiments have been in place >25 yr and all that Fi Konza Prairie Ukulinga

. . ig. 4. Consistent responses in aboveground net

was required was to consistently sample the study plots at primary productivity (ANPP) to fire in NA (Konza)
KPBS and URF. For the N, grazing and megaherbivore and SA (Ukulinga) mesic savanna grasslands. In
diversity manipulations, additional time is needed to both sites, fire stimulates ANPP only in sites with

. . deep soils (Buis et al. in prep.
comprehensively assess these, as community and ecosystem P ( prep.)

responses are still in a state of flux.
Ecosystem and community responses to fire.

We have found that annual burning stimulates ANPP on both continents but only in sites with deep
soils (Fig. 4). These results support our hypothesis that fire will have qualitatively similar effects on
ANPP in both NA and SA; however, over the first two years the magnitude of response to fire was greater
in SA despite the potential contingent factor of lower soil fertility (Fig. 4). These results contrast with
previous studies reporting neutral or even negative effects of fire on ANPP in SA savanna grasslands
(Tainton et al. 1978, Morris & Fynn 2001, Morris & Tainton 2002), demonstrating the value of
measurements made in directly comparable ways.

! Knapp, A.K., M.D. Smith, J.M. Blair, & S.L. Collins. Collaborative Research: Convergence and Contingencies in
Savanna Grasslands. DEB 0516145, $800,000, 2005-2008.
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In NA savanna grasslands, frequent fire reduces soil N availability and increase N limitation to ANPP
(Seastedt e al. 1991, Blair 1997, Blair et al. 1998). As with ANPP responses to fire, our first two years of
results indicate convergence in N response to fire, with N availability declining with frequent fire at both
sites (Fig. 5). Similarly, we found convergence in limitation of ANPP by N. At both sites, N addition
resulted in an increase in ANPP in annually burned but not in unburned sites (Fig. 5). Thus, for the
ecosystem responses we have measured to date, there is broad convergence in fire response and N
limitation between NA and SA in the absence of megaherbivores.

Preliminary analysis of herbaceous plant community
responses to fire provide support for divergence between
the two sites (continent*fire treatment interaction was
significant for plant community diversity, richness,
evenness, relative abundance of grasses and forbs, etc.);
however, the patterns of divergence were not as we
expected. For example, total richness in NA tended to be
highest with intermediate fire frequency, intermediate in
the absence of fire, and lowest with annual burning in NA
(Fig. 6). Decreased richness with annual fire was related to
an increase in dominance (but not richness) by mainly Cy4
grasses, as evidenced by two-fold higher ratios of
grass/forb abundance. These responses are consistent with
those of Collins (2000). In contrast, total richness was
highest with annual burning in SA and lower but similar
between the infrequently burned and unburned treatments
(Fig. 6). In SA, the increase in richness with annual
burning was driven by an increase in the number (and
change in identity) of C, grass species present in the
community (Fig. 6), but not an increase in their relative
abundance. Thus, our results provide support for
divergence at the community level between NA and SA,
but the role of C, grasses in determining divergence was
not as expected. New phylogenetic and trait-based studies
(described below) will allow us to examine in detail how
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Fig. 5 Top - Similar patterns of reduction in soil N
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(Ukulinga) sites (data not yet analyzed for 2007
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N addition (10 g/m?/yr) only in annually burned sites
where soil N is reduced. ANN = annual burn; 3-YR
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evolutionary history and variation in traits among the C, grasses contribute to divergence of community

responses to fire in NA vs. SA.

Ecosystem and community responses to grazing, fire-grazing
interactions, and differences in megaherbivore diversity.

Although the initial two years of data from these core studies
are intriguing, both community and ecosystem responses to
megaherbivore removal are still on a rapid trajectory of change,
making it difficult to conclude whether there is convergence or
divergence in these responses between NA and SA without
additional years of data. Results from a separate, complementary
study (Burns et al., in review) in which we assessed plant
community composition differences between infrequently
burned (3-4 yr burn) sites in NA and SA with or without single
herbivores (bison or Cape buffalo) provides support for
convergence in community structure (diversity, richness) and
divergence in plant composition to a reduction in herbivore
richness from one to no species. At both sites, herbivore removal
reduced plant species richness and diversity and increased C,
grass dominance. Compositional differences between the no
herbivore and single herbivore sites were driven primarily by
changes in abundance and identity of C, grasses in SA, whereas
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in NA, compositional differences were driven by a large suite of forbs and subdominant grasses. These
responses are consistent with our expectation that turnover of the dominant grass species drives changes
in composition and diversity in SA, whereas changes in forb richness and abundance drive those in NA.

8. Proposed Renewal Activities

Continuation of the core studies of our research program will allow us to assess whether purported
differences in responses of key ecosystem processes and plant community structure and dynamics to fire
and grazing are due to contingent factors (age, evolutionary history, megaherbivore diversity). This is
because we can control for ecological context and sampling bias by using directly comparable
experimental designs and identical sampling methods. Further, our manipulations of megaherbivore
presence/absence, coupled with the megaherbivore surveys, will allow us to assess the role of
megaherbivore diversity (i.e., many vs. one species) in determining divergence or convergence in
responses. Although the other contingent factors, ecosystem age and evolutionary history, are impossible
to manipulate as ultimate causal factors, our comparative approach does enable us to broadly distinguish
between evolutionary and ecological mechanisms. Because we are measuring community and ecosystem-
level responses in the same way on the two continents and across the different fire and grazing treatments,
we can determine to what extent ‘treatment’ vs. ‘continent’ or ‘continent x treatment’ interaction explains
the most variation. If ‘treatment’ explains the most variation, then convergence in a response is supported.
This approach, though powerful (Losos 1996), is still somewhat descriptive, and we propose to
complement this with phylogenetic and trait-based analyses focused on the dominant C4 grasses. Given
our original hypotheses and preliminary evidence for differential plant community responses to fire and
grazing as a consequence of differences in species pools and traits of the dominant C4 grasses between
NA and SA, these analyses can be used to identify underlying mechanisms based on evolutionary history
and trait diversity (Webb et al. 2002). Thus, the proposed phylogenetic and trait-based studies will
provide a more comprehensive assessment of the factors contributing to convergence or divergence in
community and ecosystem responses to fire and grazing in NA vs. SA.

We request renewal funding to complete our ongoing core studies and initiate and complete these new
phylogenetic and trait-based studies. This will allow us to maintain the substantial investment in
infrastructure in place at KPBS and KNP (168 permanent megaherbivore exclosures and 224 moveable
exclosures), to accomplish the considerable data collection activities associated with the core studies (i.e.,
1560 1 m” species composition plots sampled twice per year, 720 ANPP quadrats and ~2240 moveable
exclosure plots harvested per year, etc.), and to conduct the new mechanistic studies. Below we describe
in detail the continuing data collection activities and the new studies to be supported by the renewal.

Ongoing core studies

Long-term fire regimes. We will continue to sample over the next three growing seasons the fire
treatments and N addition experiments at KPBS and URF to further assess ANPP, plant community
composition, and N availability responses to the N addition treatments. This sampling also will allow us
to capture the post-burn recovery period of the 3-4 yr burn treatments, permitting us to compare the fire
history response between NA and SA. In the final year of the study, we will measure root biomass and
tissue C/N content and soil C and N content in all plots.

Grazing, fire-grazing interactions, and megaherbivore diversity. Because community and ecosystem
processes are still on a steep trajectory of change in response to megaherbivore removal, we will continue
to collect data over the next three growing seasons in all of the exclosures and paired plots at KPBS and
KNP. This includes plant community composition, ANPP (inside and outside exclosures), light
availability, and soil N. We also will continue the megaherbivore surveys during each growing season to
assess the distributional responses of megaherbivores to the fire treatments. In the final year of the study,
we will assess soil C/N, root biomass and tissue C and N content in all of the exclosures and paired plots.

New mechanistic studies

We propose to use phylogenetic relatedness and functional traits to test mechanisms underlying
divergence in community structure and dynamics and feedbacks between community and ecosystem
processes in response to fire and grazing in NA and SA. Phylogenetic approaches allow us to statistically
test for over- or under-representation of trait-relatedness in communities (Webb et al. 2002, Cavender-
Bares et al. 2003). Functional traits reflect the evolutionarily-derived strategies of resource capture and
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interactions among species (Diaz & Cabido 2001, Lavorel & Garnier 2002, Suding et al. 2003), providing
a mechanistic link between community structure and ecosystem processes (Suding ef al. 2008). For these
new studies, we will quantify phylogenetic relatedness among all species found in a given treatment
combination, and conduct a more detailed analysis of both response and effect traits (sensu Diaz &
Cabido 2001) among the dominant C4 grasses and other key species in NA and SA. We will then relate
this trait variation to the different evolutionary histories of these plant species. If differences in
evolutionary history and resultant species pools and traits give rise to differences in community responses
to fire and grazing, then these studies should enable us to assess the underlying mechanisms that
determine differences in plant community responses in NA and SA.

A. Phylogenetic community structure. We will 1) compare phylogenetic community structure across
continents and among treatments and 2) interpret the dynamics of community structure from a
phylogenetic perspective in response to megaherbivore exclusion and N addition. We predict that when
comparing the species pools of each of the three sites (i.e., all species encountered across all plots
sampled) to the entire Angiosperm phylogeny, that phylogenetic diversity (phylodiversity, Webb et al.
2006) will be greater (i.e., greater phylogenetic divergence among species) for the SA sites than NA,
reflecting the greater age of these SA communities. For within-site comparisons of phylogenetic structure,
our interest is in whether all species in the community or just the C, grasses are distributed non-random
among the fire/grazing treatments with respect to phylogeny of the total species pool for a particular site.
Similar comparisons will be made for the dynamics of phylogenetic community structure over time. For
these comparisons, the expectation is that the distribution of species, either for the entire species pool or
C, grasses only, could be either phylogenetically clustered or overdispersed depending on whether
environmental filtering or competition is more important in determining community membership and
whether traits are conserved or convergent. One the one hand, competitive exclusion and other negative
density-dependent interactions (i.e., herbivory) can give rise to phylogenetic overdispersion due to
negative effects on phylogenetically close relatives, resulting in species within a community being more
distantly related than expected by chance (Webb et al. 2002). In contrast, environmental filters can restrict
community membership to those species with traits suited to particular environmental conditions, causing
species to be clustered phylogenetically and more closely related to each than by chance (Cavender-Bares
et al. 2006). However, knowledge of the distribution of traits, as well as relatedness, also is important (see
below), because if traits important for environmental filtering are convergent, then closely related species
might not co-occur (Cavender-Bares et al. 2006).

To assess phylogenetic community structure, we will use methods described by Webb et al. (2002)
and Kembel & Hubbell (2006). For each comparison, community phylogenies for the species pools will
be based on the most maximally resolved Angiosperm supertree and constructed using Phylomatic online
software (http://www.phylodiversity.net/phylomatic). We will work with M. Donoghue at Yale
University (see letter of support) to construct these trees. Analysis of community phylogenetic structure
will be conducted using Phylocom v4.0.1 (Webb et al. 2008). For each comparison, we will 1) calculate
the mean pair-wise phylogenetic distances among species within a site or a plot (e.g., net relatedness
index, nearest taxon index, Webb et al. 2002), 2) randomly generate null communities at the site or plot
level and estimate mean pair-wise phylogenetic distances for each null community, and 3) compare
observed pair-wise distances to the null distribution. This will allow us to quantify overall clustering of
species within a community. To distinguish among mechanisms causing phylogenetic overdispersion, we
will calculate trait conservatism for measured species traits (see below) using the “Analysis of Trait”
module of Phylocom (Swenson et al. 2007). If traits are phylogenetically conserved, species that are
closer to one another phylogenetically have traits that are more similar than expected. Overall, these
analyses will provide a test of under- or overrepresentation of community trait relatedness, and help
elucidate the role of evolutionary history and the relative strength of environmental filtering vs.
competition in determining community membership in response to fire and grazing.

B. Functional trait analyses. There has been extensive diversification of C, grasses in SA, whereas the
pool of C, grasses is smaller in NA (e.g., 31 vs. 11 C, grass species in the URF and KPBS fire treatments,
respectively). It is differences in trait diversity between the pools of C, grasses (and other common
species) in SA and NA that we hypothesize will give rise to divergence in community responses to fire,
grazing and megaherbivore diversity. A hypothesized mechanism for divergence is greater turnover of Cy4
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grasses and variation of traits among the treatments in SA when compared to NA. To evaluate this
mechanism, we will combine new measurements and data from the literature to assemble a suite of traits
thought to be important in response to fire and grazing (‘response traits’), as well as those traits that could
impact ecosystem processes via changes in their representation in the community (‘effect traits’, Diaz &
Cabido 2001, Suding et al. 2008). We will focus primarily on the dominant C4 grasses; however, traits of
other species may also be measured, based on their importance in community responses to the treatments.
Focus on the dominant C, grasses is particularly relevant as these species have been shown to contribute
most to community structure and ecosystem processes in both systems (McNaughton 1983, 1985,
Milchunas et al. 1988, Collins et al. 1998, Smith & Knapp 2003, Collins & Smith 2006). Thus, linkages
between response and effect traits and community and ecosystem responses should be strong.

Potential response and effect traits that will be measured include: maximum photosynthetic rate,
specific leaf area (SLA), leaf dry matter content (LDMC), height, leaf size, growth form (bunchgrass vs.
rhizomatous), seed mass, leaf carbon content (LCC), leaf nitrogen content (LNC), leaf lignin content
(LLC), individual biomass (aboveground and root), relative growth rate, and grazing (clipping) tolerance.
Several of these (e.g., individual biomass, photosynthesis, grazing tolerance) have already been quantified
for the NA and SA dominant C,4 grasses (Swemmer 2007). Some of these traits (e.g., higher SLA, higher
LNC, lower LDMC) may favor species under increased N availability, whereas others may favor species
(lower height, growth form, higher LDMC, higher LLC, grazing tolerance) with grazing (Diaz et al. 2004,
Garnier et al. 2004). Other traits were chosen because they have been shown to affect ecosystem
processes (e.g., SLA, LDMC and LNC are known to affect components of C and N cycles, Garnier et al.
2004). For each species, we will collect trait data from at least 15 individuals at peak growth, and leaf-
level traits will be measured on the youngest fully expanded leaf of each individual. We will use the
effect-and-response framework described by Suding ef al. (2008) to assess relationships between
‘community aggregated” traits (sensu Garnier ef al. 2004), species abundances and ecosystem processes.
We will also measure trait similarity in the different treatments by comparing absolute pairwise
differences in trait values to the degree of co-occurrence between species pairs (Cavender-Bares et al.
2006). This will allow us to assess the extent of “phenotypic clustering” vs. “phenotypic overdispersion”
among the dominant C, grasses and other species within a community with respect to fire or grazing
treatment (Cavender-Bares et al. 2006). Finally, functional traits will be linked to phylogenetic
community structure via the trait conservatism analyses described above.

9 Detailed Methods

Statistical analyses and specific sample sizes for each response variable listed below are denoted
based on the three core studies of our research: A) the role of long-term fire regimes, B) the effects of
grazing and fire/grazing interactions, and C) the effects of megaherbivore diversity.

Statistical analyses:

To assess A and C, we will use repeated measures mixed-model ANOVA with continent, fire and/or
megaherbivore diversity as fixed effects and year as a repeated measure. To assess A (N limitation with
long-term fire), B and C, we will use split-plot, repeated measures mixed-model ANOV As with continent
and fire as whole plot treatments, grazing as a subplot treatment, and year as a repeated measure. In all
cases, convergence in ecosystem or community responses will be based on whether there is a significant
interaction between continent and treatment (fire, grazing or megaherbivore diversity), which would be
indicative of responses diverging between NA and SA. In addition to these more general analytic
procedures, additional question-specific analyses will be conducted. For example, we will use relative
abundance data to compute pairwise Euclidean distances (ED) between the set of plots at each site. Based
on these ED matrices, we will use non-metric multi-dimensional scaling (NMDS) and Analysis of
Similarity (ANOSIM) analyses to determine if plant community composition differed significantly among
the treatments at each site. We also will use the relative abundance data to calculate similarity percentages
(SIMPER), to compute average similarity and dissimilarity among the treatments at a site, and to identify
the plant species that most strongly contributed to the similarities within treatments and to the differences
among treatments. In addition, time-lag analysis based on the ED matrices will be used to quantify rates
of species compositional change over time (Collins 2000, Collins ef al. 2000). From these spatial and
temporal measures of compositional change, we can infer other community level mechanisms, such as
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competition. Regression analyses will be used to assess relationships among changes in soil N
availability, productivity, plant species diversity, and other response variables, such as light availability.
In addition, correlations between the abundance of herbivores (for all herbivore species combined and for
each species individually) and plant community structure, productivity, and tissue C/N content will be
used to assess top-down effects on community and ecosystem responses. Primer v.5 will be used to
compute each ED matrix and the ANOSIM, NMDS and SIMPER analyses (Clarke & Gorley 2001). SAS
statistical software (v 9.1) will be used to conduct ANOVA, regression and correlation analyses.

Response variables:

Aboveground NPP: Herbaceous ANPP has been estimated from end-of-season harvests of 0.1 m
quadrats in ungrazed treatments (A: N=10/plot, N addition plots: N=2/subplot; B & C: N=3/exclosure;
720 quadrats total harvested each year). In grazed treatments, we are using 1x1 m moveable exclosures
and paired plots (McNaughton ez al. 1996), which are sampled at 3-4-wk intervals throughout the
growing season (N=2 MEs/open plot; ~2240 plots total each year). Biomass is sorted into grass, forb,
current year’s dead, and previous year’s dead components. For burned sites, all biomass represents ANPP.
For the infrequently and unburned sites, ANPP is all but previous years dead biomass. Plant tissue from
the dominant grasses has been collected monthly during the growing season and ground for analysis for
C/N content (Carlo-Erba NA 1500 C/N analyzer). All ground samples will be archived for potential future
analyses (i.e., lignin content).

Belowground biomass: Soil cores (5 cm diam. x 20 cm deep; A: 10/plot; B & C: 2/subplot; 852 samples
total) collected at the end of the growing season are used to quantify root biomass. The cores are washed
and the roots collected for biomass and C and N determinations. Root in-growth bags (5 cm diam x 20 cm
deep; B only: 672 total) are used to estimate belowground production over the growing season.

Soil C and N pools and fluxes: Resin bags (A: N=10/plot; B & C: N=2/subplot; 852 resin bags) are
buried and incubated in sifu over a growing season to provide an integrated index of NO; and NH,4
availability (Baer et al. 2003). Resin bags are made from nylon stockings filled with equal amounts of
strong cation/anion exchange beads (5 g each) and inserted through narrow slits in the soil to a depth of
10 cm. Our initial focus was on ungrazed fire treatments, and currently we also have resin bags in grazed
and exclosure sites. Soil samples (2 cm diam. x 10 cm deep cores, A: N=10/plot or exclosure, B & C:
N=2/subplot; 852 samples total) will be collected at the end of each growing season. Samples will be
split, and a portion dried, ground, and analyzed for total C and N content. Soil samples will be archived
for assessment of any additional long-term changes in soil properties.

Plant species composition and light availability: Permanent 2x2 m subplots (A: N=3/plot; 54 total), B &
C: N=l1/exclosure plus paired open plot; 336 total) have been established and each divided into four 1x1m
plots in which canopy cover of each species will continue to be visually estimated as in Knapp et al.
(2002). These measures are repeated twice during the growing season to sample early and late season
species. Maximum cover values of each species will be used to determine richness, diversity and
dominance and changes in composition, species turnover, and species associations over time. Light
availability is measured at the end of the growing season above and below the canopy at the ground
surface in each subplot (N=4/subplot) using a Decagon ceptometer.

Megaherbivore surveys: The abundance of megaherbivores (body mass >5 kg) on each plot in NA and
SA will be visually surveyed from a vehicle at fixed observation points (every 60m) along plot perimeters
twice weekly throughout each growing season (Burns et al. in prep). At each point, the plot is scanned for
60 sec and the species, age (juvenile vs. adult), and sex of each sighted individual is recorded. The precise
location of each individual/group is recorded by noting the compass bearing and distance from the fixed
observation point using a laser rangefinder. Separately, behavior classifications, including resting, moving
and consumption, for a subset of individuals are collected (N=>20 surveys/plot/growing season) for 15-
min per individual at 15-sec intervals.
10. Project management and South African collaborators

Overall project management will continue to be shared by Smith (community responses) and Knapp
(ecosystem responses). The logistics of working in SA are challenging in many ways, particularly with
the SA growing season occurring during the academic year in the US. Thus, we have relied on post-
doctoral associates based in SA to accomplish our research goals. One of the keys to our success and
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progress has been our collaboration with Dr. Richard Fynn who is based at URF but lives during the field
season in KNP. Dr. Fynn provides invaluable oversight of studies related to plant community and
belowground responses, and megaherbivore diversity at both KNP and KPBS, and for providing critical
logistical support for the PlIs, graduate students and technicians. Therefore, we are requesting continued
support for his position. Collins and his graduate student will focus on fire/grazing interactions and
temporal community dynamics. Blair will continue to provide logistical assistance at KPBS and oversee
processing of resin bags and samples for soil and tissue analyses. In addition to Dr. Fynn, other SA
colleagues that have agreed to continue to collaborate include Dr. Kevin Kirkman (Chair, Grassland
Science) at the University of Kwa-Zulu Natal and Ms. Navashni Govender (Fire Ecologist & Manager of
the EBPs) at KNP. Their CVs are included as supplemental documents.

11. Significance of proposed research

The value of individual long-term field experiments has been amply demonstrated in ecology (Brown
& Heske 1990, Likens et al. 1996, Brown et al. 2001, Hobbie ef al. 2003). But the opportunities afforded
by the three long-term experiments that form the centerpiece of our research is truly unprecedented. The
comparative research approach based on identical experimental designs and sampling protocols in both
NA and SA will provide a rigorous assessment of the cumulative effects of long-term fire and grazing
regimes, as well as responses to short-term manipulations of resources and herbivore diversity, for a suite
of important ecosystem and community properties. The congruence in ecological attributes (i.e., climate,
productivity, growth form dominance and structure) of these NA and SA savanna grasslands provide the
backdrop from which we can discern the importance of contingencies, such as biome age, evolutionary
history, and herbivore diversity. This will allow us to resolve claims that NA and SA savanna grasslands
respond to fire and grazing in fundamentally different ways, as well as assess the trait-based mechanisms
behind these differences, and to ascertain the kinds of inferences that can be made from one region to
another. The identification of divergent and convergent ecological processes across systems despite
contingencies will provide a basis for more focused comparative studies in other ecosystems — our long-
term goal. Ultimately this understanding will allow us to improve savanna grassland models that include
fire and grazing effects on both community and ecosystem processes (i.e., SAVANNA, Coughenour 1993,
Holdo et al. 2007). Such an assessment will advance our general understanding of the structural and
functional determinants of savanna grasslands far beyond that of most biomes.

I1. Broader Impacts

Our research program provides unique educational, cultural and research experiences for both SA and
NA undergraduates, graduate students and post-docs, as well as providing employment and educational
opportunities to underprivileged South African citizens living adjacent to KNP. During the last 2.5 yrs,
we have involved multiple graduate students (4 from UNM, 1 from CSU, 1 from Yale; 5 female) and
undergraduates/recent graduates from SA (1) and NA (8) in the research on both continents (5 female).
We also have employed seven different SA nationals from areas near KNP with an unemployment rate of
50-80%. We have been able to further their education by financially supporting them (with non-NSF
funds) to take courses necessary for obtaining a driver’s license and to become proficient at tracking
animals, both of which are crucial for gaining permanent, higher paying jobs in SA. Although we can
only directly support US students, we will actively recruit SA students through our SA colleagues for
graduate assistantships supported by a new Mellon Foundation grant (see Smith C&P). PI’s have already
incorporated results from these studies into course content, and we plan to develop online TIEE course
material based on data from this project. Moreover, signs are posted at the research plots in KNP to
increase public awareness and outreach, and the project has received very positive local SA media
attention. In addition, research plots at KPBS are highly visible and are incorporated into K-12 (as part of
Schoolyard LTER) and public education tours. Data and results will be available on-line via the Pls
webpages and the KNP website to scientists, educators and the general public. They are of particular
value to the SA ecological community and regional managers (see letters of support). Conservation
biologists and land managers grapple with problems of distilling information from disparate studies, thus
the synthetic understanding gained through our research should help guide the development of
conservation and management strategies for savanna grasslands worldwide (Brooks et al. 2001). Finally,
we hope that our results will serve as a basis for designing future research to elucidate the mechanisms
responsible for divergent responses in these and other ecosystems.
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