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Abstract

Savanna rangelands cover large areas of southern Africa. They provide ecosys-
tem functions and services that are essential for the livelihoods of people.
However, intense land use and climate change, particularly drought, threaten
biodiversity and ecosystem functions of savanna rangelands. Understanding how
these factors interact is essential to inform policymakers and to develop sustain-
able land-use strategies. We applied three different approaches to understand the
impacts of drought and grazing on rangeland vegetation: observations, experi-
mentation and modeling. Here, we summarize and compare the main results from
these approaches. Specifically, we demonstrate that all approaches consistently
show declines in biomass and productivity in response to drought periods, as
well as changes in community composition toward annual grasses and forbs.
Vegetation recovered after drought periods, indicating vegetation resilience.
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However, model extrapolation until 2030 showed that vegetation attributes such
as biomass and community composition did not recover to values simulated
under no-drought conditions during a ten-year period following the drought.
We provide policy-relevant recommendations for rangeland management derived
from the three approaches. Most importantly, vegetation has a high potential to
regenerate and recover during resting periods after disturbance.

16.1 Introduction

Semiarid savannas cover approximately 20% of the global land area (Sankaran
et al. 2005) and occupy extensive areas in the global subtropics and tropics of
Africa, South America, Asia and northern Australia. Savannas are characterized by a
continuous layer of grasses and forbs, interspersed with woody vegetation consisting
of trees and shrubs. Fire, mammalian herbivores and pronounced seasonality with
distinct dry and wet seasons have shaped the vegetation structure in savannas
throughout their evolution. The coexistence of various plant life forms (Linstddter
et al. 2014; Siebert and Dreber 2019), their structural heterogeneity and the unique
floristic and faunistic elements (Du Toit and Cumming 1999) convey high biodi-
versity to savannas. Although savanna vegetation has evolved resilience strategies
to cope with disturbances such as drought and herbivory (Charles-Dominique et
al. 2017; Wigley et al. 2018), intense disturbances, climate change and land-use
change may lead to transitions into alternative vegetation states once tipping points
are exceeded (Higgins and Scheiter 2012; Pausas and Bond 2020; Staver et al. 2011).
Alternative vegetation states can be wood-dominated states (Staver et al. 2011) or
degraded states with low vegetation cover and little forage availability for herbivores
(Oomen et al. 2016).

Savanna vegetation provides essential ecosystem services to people and supports
their livelihood (Ferner et al. 2018; Matsika et al. 2013; Shackleton et al. 2005;
Chap. 15). Direct benefits from communal rangelands (Fig. 16.1, “Ecosystem
Services”) include products ranging from cattle grazing, fuelwood for cooking and
heating, collection of edible plants, fruits and nuts, to harvesting of medicinal plants
(Matsika et al. 2013). Tourism and recreation in national parks and game reserves
may create additional revenue (Kalvelage et al. 2020). Yet, nonsustainable land-
use practices combined with climate change (Fig. 16.1, “Environmental drivers”)
are considerable threats to biodiversity and ecosystem services in savannas (Fig.
16.1, “Threats”). Increasing human population density (Fig. 16.1, “Socioeconomic
drivers”) in most cases entails land-use intensification and rising pressure on
natural resources that can reduce ecosystem resilience (Buisson et al. 2019).
For instance, overstocking of rangelands with domestic livestock can lead to a
decrease in rangeland productivity and cause shifts in vegetation composition
toward nonpalatable species or woody encroachment (Stevens et al. 2017). Such
land-use impacts may result in a degraded state not suitable for livestock (Fig. 16.1,
“Adverse Effects”). Resting times as implemented in rotational grazing systems
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Fig. 16.1 Savanna rangelands are influenced by complex interactions between environmental
drivers, socioeconomic drivers and vegetation. They experience multiple threats through climate
change and land-use change that can lead to a loss of important ecosystem functions and ecosystem
services as well as to rangeland degradation
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(Savory and Butterfield 2016), or the presence of browsers (Venter et al. 2017,
2018) can counteract such undesirable vegetation states. Whether degraded states
are permanent, or vegetation is resilient and can recover (Fig. 16.1, “Landscape
resilience”) determines if rangelands will remain available for livestock grazing.

In addition to direct land-use impacts, anthropogenic climate change (Fig. 16.1,
“Environmental drivers”) exhibits pressure on savanna vegetation (IPCC 2021;
Chap. 7). Rising temperatures and lower annual precipitation combined with an
increasing frequency of extensive drought events are projected to negatively affect
plant growth and the capacity of rangelands to support herbivores (Ruppert et al.
2015). Elevated atmospheric CO;, on the other hand, may enhance the growth of
woody plants and thereby facilitate woody encroachment and transitions to wood-
dominated vegetation states (Midgley and Bond 2015).

Given that savanna rangelands are highly dynamic social-ecological systems,
it is challenging to predict how climate change, biodiversity loss and land-use
pressure may influence future ecosystem functions and services. Interdisciplinary
research approaches including scientists, policymakers and stakeholders are
required to derive management recommendations and land-use strategies that
ensure livelihoods of people in rural areas (Marchant 2010). Complementary
research approaches can derive such understanding: (1) Observational approaches
allow assessing vegetation dynamics under natural environmental conditions.
(2) Experimental approaches allow manipulation of selected biotic and abiotic
drivers. (3) Modeling approaches allow integration of system understanding and
extrapolation of system behavior. Each approach has specific aims and strengths
(Table 16.1). Combining them facilitates acquiring robust knowledge on ecosystem
dynamics and deriving policy-relevant management recommendations.

In the two consecutive projects “Limpopo Living Landscapes” (LLL) and
“South African Limpopo Landscapes network™ (SALLnet), we combined these
three approaches to understand the impacts of drought and grazing on savanna
vegetation in the Limpopo province, South Africa. Here, we compiled key findings
and management recommendations for their sustainable use in the face of drought,
while benefiting from the complementarity of observations, experimentation and
modeling. Then, we parameterized a vegetation model using data from DroughtAct,
a long-term drought and grazing experiment conducted during the two projects, and
projected future rangeland vegetation dynamics until 2030. Our research questions
are:

1. How does the vegetation in Limpopo’s semiarid rangelands respond to drought
and grazing? Do the responses of our three complementary approaches (observa-
tions, experimentation and modeling) agree?

2. Is rangeland vegetation resilient to drought events of different lengths, and which
role does resting play in this context?

3. What are recommendations for policy and decision-making to improve the
resilience of savanna rangelands in the face of drought?
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16.2 Study Area

The Limpopo province occupies the Northeast of South Africa (Fig. 16.2). It
exhibits considerable variation in soils, topography and climatic conditions. Mean
annual precipitation (MAP) ranges between less than 200 mm and more than
1000 mm, and mean annual temperature ranges between 18°C and 28°C (New et
al. 2002). The Limpopo province provides rich natural resources that allow the
abundant production of agricultural goods such as livestock, vegetables, cereals,
fruits and tea. While commercial farms produce these products on a large scale, the
Limpopo province also hosts some of the most underprivileged rural areas of South
Africa (Lehohla 2012). There, smallholder and subsistence farming rely heavily
on available natural resources. Rural communities are particularly vulnerable to
environmental change, disruptions such as drought and changes in the social-
economic conditions (Gbetibouo 2009; Twine et al. 2003). Overall, approximately
90% of the area of the Limpopo province is utilized by rural and commercial
farming, with around 10.5% of the area used for agriculture and 81% used for
livestock and game (Maluleke et al. 2016). The Limpopo province also hosts
conservation areas and national parks, including parts of the Kruger National Park
and the Vhembe Biosphere Reserve (Pool-Stanvliet 2013), creating income through
tourism. The current population in the Limpopo province is around 5.9 million
people (Stats SA 2021) and growing.

20°S

500 km 22°S
Limpopo
Province
25°S —
*
Jahannesburg . 24°S AT ®
30°S — South Africa O
Study sites:
o DroughtAct
26°S — o Mixed granite bushveld
< Mopaneveld
35°8 T T T T T T T T
15°E 20°E 25°E 30°E 35°E 26°E 28°E 30°E 32°E

Fig. 16.2 Maps showing the Limpopo Province in South Africa, and the study sites of observa-
tional studies (mixed granite bushveld, mopaneveld, Sect. 16.3), and experimental and modeling
studies (DroughtAct, Sects. 16.4 and 16.5). Note that the sites of observational studies represent
clusters of several study sites
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16.3 Observational Approach

16.3.1 Background: Observational Approaches to Study Combined
Effects of Drought and Grazing

The design of observational studies commonly relies on recording temporal and
spatial variation in ecosystem characteristics along local to continent-wide environ-
mental gradients (Table 16.1). For example, study sites can be arranged along steep
regional climate gradients to assess the impact of future climatic conditions via
a space-for-time substitution (Blois et al. 2013). Moreover, long-term monitoring
allows the detection of early warning signals for rapid ecosystem state changes
(Arena et al. 2018; Buitenwerf et al. 2011). Observational studies are particularly
suitable to understand drought effects on ecosystem function and services for
landscapes with several land-use types. In multiple observational studies, species-
and trait-based methods have helped assess the extent of taxonomic and functional
responses to drought (Ruppert et al. 2015; Wigley-Coetsee and Staver 2020).
However, understanding of patterns and drivers of forb communities in African
rangeland systems is still limited (Siebert and Dreber 2019). Therefore, our research
aimed to assess how forbs, compared to grasses, respond to drought and land-
use change or rangeland intensification. We conducted observational studies across
ecosystem types with varying annual precipitation. Sites were located in a semiarid
mixed granite bushveld (MAP: ~630 mm, 2 sites, Fig. 16.2) and mopaneveld (MAP:
~460 mm, 3 sites, Fig. 16.2) in the Lowveld region of South Africa. The majority of
results presented in this section are from two rangeland systems in the semiarid
mixed granite bushveld on similar soil, located in a protected area with a high
diversity of indigenous mammals (stocking rates maintained at ~0.1 livestock units
per hectare, LU/ha), and a communal grazing system (>1.0 LU/ha). Results from the
semiarid site were compared to the drier mopaneveld site in the Limpopo Province.

16.3.2 Data Collection

In our observational approach, we took advantage of a severe, two-year natural
drought occurring in southern Africa in the growing seasons 2014/15 and 2015/2016
during which the rainfall for the study sites was ~330 mm below the long-term
average (52% and 72% reduction relative to MAP for the two study regions).
Complete floristic surveys (i.e., plant individual counts per species) were conducted
in October 2016 (representing the “in-drought” survey) within permanent 1 m? plots
situated in a protected area and on communal rangeland, which was repeated in the
peak growth season (i.e., January) of the postdrought year 2017. Herbaceous plants
were divided into four plant functional types (PFTs): perennial grasses, annual
grasses, perennial forbs, annual forbs. Directly adjacent to the permanent plots in
both rangeland systems, standing plant biomass was clipped and hand-sorted into
forbs and grasses. Biomass was oven-dried (70 ° C, > 48 h) and weighed (Siebert et
al. 2020). We derived aboveground net primary production (ANPP) per rangeland
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type and year from the clipped aboveground standing biomass using the “peak
standing biomass” method (Ruppert and Linstadter 2014). We assessed the relative
contribution of forbs and grasses to ANPP.

16.3.3 Data Analysis

Herbaceous species composition across different rangeland types and rainfall was
explored using Nonmetric Multidimensional Scaling (NMDS) analyses compiled
in PRIMER 6 software. To assess the difference between drought and post-
drought herbaceous biomass per life form, a repeated measures analysis of variance
(ANOVA) combined with the Bonferroni post-hoc significance test was performed.
A two-way ANOVA type Hierarchical Linear Model (HLM) was used to test the
effects of rainfall year and rangeland type on variation in grass and forb diversity
indices. Significant differences in response to rangeland type and rainfall year were
tested using effect sizes (Cohen’s d, Ellis and Steyn 2003).

16.3.4 Key Results and Discussion

The two-year natural drought had significant effects on ANPP and community
composition, irrespective of study sites” MAP. Although a previous meta-analysis
has shown that protected areas with a high proportion of perennial grasses are
usually more resistant to drought than those dominated by annual grasses (Ruppert
et al. 2015), protected areas and sites with intense grazing pressure were equally
affected by the drought. However, protected areas showed a more pronounced
postdrought recovery (Fig. 16.3), especially in comparison to sites with a long
disturbance history (Klem 2018; Minnaar 2020).

Grass and forb biomass were equally low in both rangeland systems dur-
ing drought. However, postdrought recovery differed between the two rangeland
systems and between the two life forms (Fig. 16.3). Forb biomass increased
significantly after the drought at both sites, although the increase was much higher in
the protected area. We recorded a five-fold increase in grass biomass postdrought in
the protected area, opposed to a much weaker one in the communal rangeland. The
proportion of grass to forb biomass was also significantly higher in the protected
area (Siebert et al. 2020).

Compared to the communal rangeland, grass species richness and diversity were
lower in the protected area during the drought but increased significantly after the
drought (Klem 2018). Forb richness and diversity were equally low at both sites and
increased significantly postdrought, but in the protected area only. These results
suggest that long-term exposure to intensive livestock grazing may deplete the
herbaceous seedbank (O’Connor 1991). In the drier mopaneveld study, drought had
a similar negative effect on both grass and forb species richness and diversity in a
moderately grazed protected area (Minnaar 2020).
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Fig. 16.3 Responses of leaf biomass ratio and the proportion of different PFTs to a 2-year
drought in observations, field experiment and modeling. Leaf biomass ratio represents ANPP in
observations, ANPP in field experiments and leaf biomass in the modeling approach. Time slices
considered are “Pre”: year predrought; “Dr1” and “Dr2”: first and second drought year; “Postl,”
“Post2,” “Post3”: three years after drought allowing vegetation recovery. For the observations,
drought and postdrought data is based on (Siebert et al. 2020). Predrought biomass ratio was
extrapolated using post- and predrought ratios from Van Staden (2016) and Minnaar (2020), due
to a lack of predrought data for the study sites

During the drought, perennial PFTs dominated the herbaceous layer in both
rangeland systems. In the communal rangeland, perennial grasses had a more pros-
trate, lawn-like growth form, which can be connected to an improved tolerance to
combined effects of drought and intensive livestock grazing (Hempson et al. 2015b).
Grass and forb PFTs that persisted during the drought were often characterized by
clonal growth and bud position close to the soil surface. Both rangeland systems had
few annual grasses during the drought. Annual forbs increased in abundance after
the drought, but only in the protected area (Klem 2018). This higher postdrought
recovery of annuals is in line with the results of a global meta-analysis (Ruppert et
al. 2015).

In conclusion, poor rangeland conditions resulting from long-term intensive
livestock grazing in the communal rangeland could explain the observed weak
positive effects of postdrought rainfall on species and functional composition of
grasses (Fynn and O’Connor 2000). Both life forms displayed persistence of
generalist tolerator species. Plants, such as Digitaria eriantha and various perennial
forb species have a life-history strategy that tolerates defoliation through the ability
to resprout from stored resources and a bud bank at or below ground level (Archibald
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et al. 2019), which can be ascribed to a long evolutionary history of grazing
(O’Connor 1995). Although the drought in the growing seasons 2014/15 and
2015/2016 was severe, both rangeland types displayed high ecosystem resilience.
However, the duration of this drought event may have been short enough for
vegetation recovery after a substantial rain. Possibly, a longer period of below-
average rainfall and high temperatures may have led to more pronounced effects
on plant community composition (as confirmed by the experiments in Sect. 16.4).
Forb cover and biomass increased in response to postdrought rainfall. Increases
in forb cover are often regarded as indicators of land degradation (Camp and Hardy
1999). In the current study, the dominance of perennial forbs in the communal
rangeland system during and after drought illustrates their functional importance.
Forbs are particularly important for securing forage when grass biomass is low.

16.3.5 Recommendations Derived from the Results and Outlook

Our results on rangeland vegetation responses to a 2-year natural drought event
provided valuable insights into drought resistance of African semiarid savanna
ecosystems. This ecosystem type experienced long evolutionary adaptation to
grazing by large herbivores. Therefore, African grassland species have developed
traits that convey tolerance to heavy browsing, grazing and defoliation by fire
and allow rapid postdisturbance recovery. These patterns are similar to what we
observed through their postdrought response, irrespective of the rangeland type.
Furthermore, we found that the response of different herbaceous PFTs is not
necessarily aligned. Changes in the species and functional composition of both
PFTs are good indicators of long-term effects on the resilience of these rangeland
ecosystems.

Therefore, studying the patterns of vegetation change from predrought, during
drought, to postdrought conditions in an uncontrolled experimental setting could
contribute to an improved understanding of the prolonged effects of drought com-
bined with heavy grazing. Such observational approaches are even more informative
when comparing results with those from experiments and model simulations.

16.4 Experimental Approach

16.4.1 Background: Experimental Approaches to Study Combined
Effects of Drought and Grazing

Field experiments offer valuable opportunities to study ecological processes and
the impact of climatic or land-use factors under controlled conditions (Table 16.1).
Many studies have either evaluated grazing (Diaz et al. 2007; Linstéddter et al. 2014)
or drought (Cherwin and Knapp 2012; Tielborger et al. 2014) as drivers for func-
tional changes. However, field experiments focusing on combined and potentially
interactive effects of rangeland management and centennial-scale drought on South
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Africa’s semiarid rangeland vegetation are lacking. Hence, “DroughtAct” has been
specifically designed to address this research gap. The experiment also aimed at
comparing the effects of drought events of different lengths (two versus six years),
and to evaluate suitable rangeland management options during and after a drought.
DroughtAct also contributes to the large, international and coordinated drought
experiment DroughtNet (https://drought-net.colostate.edu/) which aims to assess
ecosystem responses to centennial-scale drought.

16.4.2 Experimental Setup

The DroughtAct experiment started with a pretreatment year in the rainy season
2013/14, followed by six treatment years. It was implemented on a grazing camp of
the Syferkuil experimental farm (Fig. 16.2) belonging to the University of Limpopo
and was maintained as a collaborative effort of researchers from South Africa and
Germany (Munjonji et al. 2020). The experiment has a full-factorial design with
four-block repetitions of eight treatment plots. At the core of the experiment are
four treatment combinations that were maintained for the whole duration of the
experiment (six years): Ambient rainfall and grazing (D—G+, control), ambient
rainfall and resting (D—G—, Fig. 16.4), drought and grazing (D+ G+, Fig. 16.4) and
drought and resting (D+ G—). To directly compare the effects of a 6-year drought
and a 2-year drought, we terminated the experimental drought on four plots per
block after 2 years. We observed rangeland characteristics on plots with a drought
history (H+) or without (H—), both under grazed and rested conditions.

For the drought treatments, passive rainout-shelters were used (Yahdjian and Sala
2002). The shelters had a size of 6 x 6 m and consisted of metal constructions
with transparent polycarbonate roof sheets. Sheets covered two-thirds of the area

Fig. 16.4 Two treatments of the “DroughtAct” experiment. The left picture shows a plot under
ambient rainfall and resting (D—G—) fenced with strain wire to prevent cattle grazing and chicken
wire to also restrict entry of smaller mammals. The right picture shows a drought treatment in
combination with grazing (D4 G+). The plot is covered by a rainout shelter and contains three
movable cages to temporarily exclude grazing. Pictures by K. Behn
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and thus reduced ambient rainfall by ca. 66%. We chose this level of reduction to
reflect the site-specific rainfall history by turning a year with average rainfall into
a year of centennial-scale drought (Knapp et al. 2017), following the guidelines
of DroughtNet (https://drought-net.colostate.edu/). The perimeters of drought plots
were trenched with plastic foil down to 1 m depth to inhibit lateral water flow that
would counteract rainfall reduction (Mudongo et al. 2020). The camp was subject
to moderate rotational grazing with cattle. Rested plots were fenced with strain
wire to prevent grazing of cattle and with chicken wire to restrict entry of smaller
mammals. We extensively checked for experimental artifacts and found that rainout
shelters did not significantly alter light interception and microclimate (Mudongo et
al., unpublished). No evidence of changed grazing preferences resulting from the
rainout shelters was observed. With a height of at least 2 m, cattle could easily walk
and graze below the roofs. The transparency of the polycarbonate shields did not
provide enough shade to make the shelters a preferred resting place.

16.4.3 Data Collection

We assessed treatment effects on vegetation structure and composition, and on
vegetation-mediated ecosystem functions and services. Here, we only report data
collection for aboveground net primary production (ANPP) and functional vegeta-
tion composition, i.e., proxies that were considered in the observational study (see
Sect. 16.3). At the time of peak standing biomass, we estimated ANPP of each plot.
The sampling procedure differed between grazed and fenced plots (see Munjonji
et al. 2020 for details). In brief, we harvested biomass on three 1 m? harvesting
quadrats on grazed plots (G+), where grazing was excluded for a given vegetation
period with the aid of moveable cages (Fig. 16.4). In adjacent grazed quadrats, we
assessed residual biomass with a nondestructive approach. In nongrazed plots (G—),
the nondestructive approach was used, and in some years, biomass was additionally
harvested in three smaller squares with a size of 0.25 m?. On each square plot,
we recorded all occurring species, visually assessed their cover and measured their
average height. We assigned each species to a PFT with the same a-priori approach
used in the observational study. We distinguished three PFTs: perennial grasses,
annual grasses and forbs. Facultative perennials and biennials were classified as
perennials, following Linstidter et al. (2014).

16.4.4 Data Analysis

For all squares that were sampled using the nondestructive approach, we used data
on species’ cover and height to estimate their relative contribution to ANPP. To this
end, we applied a biomass—biovolume calibration developed for the experiment. To
assess the drought and postdrought impacts, we calculated response ratios (Mackie
et al. 2019) by dividing the mean value of the leaf biomass in all sampling quadrats
belonging to the (post)drought treatments by the respective values of the control
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treatment. We put response ratios in relation to the experimental reduction of
precipitation (Behn et al. 2022). The significance of the (post)drought effect was
tested using ANOVA and TukeyHSD post-hoc test. For the PFTs, we calculated
their relative contribution to the overall ANPP for each treatment and year.

16.4.5 Key Results

Our analyses of ANPP in predrought years, within-drought years and postdrought
years across grazed and rested plots, and across plots with different drought duration
showed marked differences in drought resistance and resilience (Behn et al. 2022).
Similar as for the natural drought captured in the observational study (Sect. 16.3),
the two-year experimental drought had significant negative effects on ANPP (Fig.
16.3). Compared to nondrought conditions, ANPP was on average reduced by 30%
under grazed conditions in the second year of drought. Under rested conditions, the
effect was even stronger with up to 50% reduction.

We found a fast recovery after the 2-year drought particularly under grazed
conditions (Fig. 16.3), where already the first postdrought year did not show
a significant deviation from the control. Under rested conditions, postdrought
ecosystem performance remained on average below control level, even though
differences were not significant from the second postdrought year on. However, the
6-year drought had devastating effects on ecosystem performance with an ANPP
reduction of up to 80% and thus even exceeding the 66% reduction of precipitation.
Grazing had an ambivalent role because its impacts were beneficial in the initial two
years but became detrimental under ongoing drought.

Regarding the relative abundance of PFTs, there were notable differences
concerning the drought duration. Perennial grasses tended to increase their relative
abundance during the first years of drought and in the recovery phase after short
drought at the expense of annual grasses (Fig. 16.3). With prolonged drought
however, perennial grasses showed a strong decrease in relative abundance while
forbs increased. Thus, species such as Chamaecrista mimosoides (L.) Greene and
Monsonia angustifolia E.Mey. ex A.Rich. could be identified as relative winners
of prolonged droughts. In absolute numbers, however, there were no winners when
looking at biomass production per area.

16.4.6 Recommendations Derived from the Results and Outlook

Our results give valuable indications on both research and rangeland management
practices in the face of drought. They stress the importance of a detailed understand-
ing of the effects. Aridity and grazing management both altered ANPP and caused
changes in vegetation structure and species composition. In combination, these
effects impacted forage quantity, quality and palatability. Therefore, the changes
caused by drought and grazing management can serve as warning signals for
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degradation. Management needs to be adapted and consider the ambivalent role that
grazing and resting can have under different drought durations and intensities.

The DroughtAct experiment in Limpopo, South Africa, was the blueprint for
a similar experiment in the Waterberg region of Namibia (Namtip project, https://
www.namtip.uni-bonn.de/). The Tippex experiment of Namtip further improved the
concept of DroughtAct and added a more detailed sampling approach, including the
prominent role of the soil seed bank and different grazing intensities. With climate
change, decreasing rainfall and changing rainfall patterns, drought experiments are
crucial to understand the effects on vegetation to predict and mitigate degradation.
Therefore, experiments like DroughtAct are essential due to their direct results, the
data supply for vegetation modeling and to help scientists implement and improve
drought experiments across the globe.

16.5 Modeling Approach
16.5.1 Background: Modeling Savanna Rangelands

Models represent properties, processes and functions of real-world systems in
quantitative ways to improve system understanding. Thereby, they represent the
current system understanding, but do not account for the full complexity of
an ecosystem. Models are usually developed for specific research questions and
only represent mechanisms considered relevant for those questions. As system
understanding advances, models evolve through the inclusion of new knowledge,
data and processes. Their main advantage is the applicability for a wide range of
scenarios, such as past or future climate change scenarios, management scenarios,
or factor combinations not considered in experiments (Table 16.1).

For savanna rangelands, several modeling approaches have been applied, includ-
ing heuristic differential equation models (Baudena et al. 2010; Scheiter and Higgins
2007; van Langevelde et al. 2003), agent-based models (Fust and Schlecht 2018;
Kuckertz et al. 2011) and process-based dynamic vegetation models (DVMs)
(Pfeiffer et al. 2019; Scheiter and Higgins 2009). Within SALLnet, we improved
and applied the individual-based dynamic vegetation models aDGVM (Scheiter and
Higgins 2009) and aDGVM2 (Scheiter et al. 2013). Both models were originally
developed to simulate grass-tree dynamics in savannas, but they differ in their
representation of plant diversity. While aDGVM simulates dynamics of four PFTs
(forest and savanna trees, C3 and C4 grasses), aDGVM?2 simulates community
assembly processes to create plant communities adapted to biotic and abiotic
drivers.

16.5.2 Improving aDGVM and aDGVM2

We identified and resolved several limitations of aDGVM and aDGVM2. First,
the herbaceous layer is commonly poorly represented in DVMs (Pfeiffer et al.
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2019). While DVMs typically represent several woody PFTs, they aggregate grasses
and forbs in C3 herbaceous and C4 herbaceous PFTs. However, when studying
grazing impacts on productivity, diversity and forage quality in savanna rangelands,
a representation of different grass PFTs and forbs is essential. Therefore, we
included annual and perennial grass types into aDGVM2 by adjusting reproduction,
carbon allocation and mortality (Pfeiffer et al. 2019). Annual grasses in aDGVM2
preferentially allocate carbon to rapid leaf growth and high seed production and die
after one growing season. Perennial grasses preferentially invest carbon into root
and storage compartments to enhance survival. Forbs have not yet been included in
aDGVM2.

Second, in previous model versions, land-use activities such as grazing and fuel-
wood harvesting were poorly represented. Therefore, we included a cattle grazing
model into aDGVM2 (Pfeiffer et al. 2019). In this model, cattle owners prescribe the
grazing regime. Animals graze selectively with a preference for grass patches with
high quantities of living leaf biomass, low ratios of dead-to-live grass biomass and
high palatability. Palatability is assumed to increase with specific leaf area (SLA)
and leaf nitrogen content. Thereby, grazing directly impacts the abundance of annual
and perennial grasses. We further coupled aDGVM with routines to simulate grazing
and fuelwood harvesting (Scheiter et al. 2019). Grazing nonselectively removes a
prescribed amount of grass biomass, and fuelwood harvesting removes prescribed
amounts of woody biomass. Harvesting was related to tree stem diameter, preferring
trees with a stem diameter between 5 and 10 cm (Twine and Holdo 2016).

Third, aDGVM and aDGVM?2 did not consider shrubs. We included shrubs into
aDGVM2 (Gaillard et al. 2018) and assumed that differences between trees and
shrubs are related to trade-offs between water availability, light availability and
height. Trees generally invest more into height growth, which is an advantage in
dense and light-limited environments. Contrastingly, shrubs with a multistemmed
architecture have a higher sapwood area and improved water transport capacity.
Having multiple stems entails lower height growth and a competitive disadvantage
in light-limited ecosystems (Gaillard et al. 2018).

16.5.3 Key Results

When considering natural vegetation dynamics without land use, aDGVM results
showed increases in woody biomass and biome transitions to wood-dominated
vegetation states until 2099 in response to the representative concentration pathway
(RCP) scenarios RCP4.5 and RCPS8.5 (Martens et al. 2021; Scheiter et al. 2018).
RCP4.5 is a modest-high climate mitigation scenario where carbon emissions peak
toward the middle of the century, whereas RCP8.5 is a low climate mitigation
scenario with high carbon emissions and energy consumption (van Vuuren et al.
2011). Biomass increases resulted from CO; fertilization effects on tree growth.
Grassland and savanna areas were most susceptible to biome transitions (Martens
et al. 2021; Scheiter et al. 2018; Chap. 14). Simulations showed that vegetation
dynamics lag behind environmental forcing and that observed vegetation states can
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deviate from those expected under given environmental conditions (Pfeiffer et al.
2020; Scheiter et al. 2020). Lagged responses result from the different velocities at
which processes such as ecophysiology, population dynamics or succession operate.

Increasing grazing pressure under varying annual rainfall regimes reduced grass
productivity and grass biomass at study sites in South Africa and altered the compo-
sition of the grass layer (Pfeiffer et al. 2019). Specifically, community composition
shifted toward a higher abundance of annuals with increasing grazing intensity.
Annual grasses became dominant once the grazing demand exceeded a critical value
between 1.5 and 3 LU/ha for a rainfall gradient between 253 and 926 mm MAP,
assuming a daily dry matter demand of 12.5 kg/LU/day. Such changes occurred
when grazing intensity exceeded the carrying capacity of perennial grasses, i.e.,
when regrowth of perennial grass biomass was insufficient to cover animal demand.
Consequently, the grass type preferred by grazers switched from perennials to
annuals. Resting periods without animals were necessary for biomass recovery and
regeneration of perennial grasses (Pfeiffer et al. 2019). Recovery periods were site-
specific and up to 8 and 17 years at arid and humid sites respectively. Recovery was
faster at more arid sites because these sites had a lower biomass without grazers that
they had to reach, and because annual grasses that are more abundant at the arid
sites recover faster than perennial grasses that are more abundant at the humid sites.
Drought impacts have not been considered explicitly in these simulations, but see
Sect. 16.6.1 for aDGVM2 simulations of the DroughtAct experiment.

We used optimization techniques to identify grazing and fuelwood harvesting
intensities that were well-sustained by vegetation at Bushbuckridge, South Africa,
and maximized the economic value of the land-use system (Scheiter et al. 2019).
The economic value included, for example, milk, meat, dung and the cultural status
conveyed by owning cattle. Simulations indicated that the optimal animal number
was only 0.076 LU/ha whereas observed animal numbers are, for example, up to
0.75 LU/ha on the farm containing the DroughtAct experiment, 0.88 LU/ha in
communal grazing lands north of Acornhoek (Parsons et al. 1997) and > 1 LU/h at
a site used for the observations (Sect. 16.3). Similarly, optimal fuelwood harvesting
intensities were lower than observed intensities.

16.5.4 Recommendations Derived from the Results and Outlook

Simulation results indicate that in the absence of land use and herbivory, grasslands
and savannas are highly susceptible to woody encroachment and transition to woody
vegetation states due to climate change and elevated CO, (Martens et al. 2021;
Scheiter et al. 2018). Land use (fuelwood harvesting and grazing) can alter the
velocity of such transitions (Scheiter and Savadogo 2016). Vegetation changes are
considerably slower than changes in environmental drivers. Therefore, vegetation
will continue changing even if humanity reduces greenhouse gas emissions and
manages to stabilize the climate system (Pfeiffer et al. 2020; Scheiter et al.
2020). Such delayed responses of vegetation need consideration when developing
management plans for savanna rangelands.
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Intense grazing strongly decreases grass biomass and productivity and shifts
grass communities toward a higher abundance of annual grasses (Pfeiffer et al.
2019). According to the simulation results, vegetation is resilient and recovery is
possible during resting periods without grazing. To ensure full recovery of heavily
grazed vegetation (more than ca. 2.5 LU/ha) to the productivity levels expected in
the absence of grazing, resting times of 5-17 years were simulated, with shorter
resting times (5—8 years) for more arid sites and longer resting times (14—17 years)
for more humid sites. After low-intensity grazing (less than ca. 1.2 LU/ha), resting
times of less than 6 years were sufficient. Yet, to ensure sustained forage for
animals, full recovery might not be necessary and sorter resting times are sufficient.
Downsizing of herds, provision of additional fodder, as well as rotational herding
strategies that include rangeland and cropland are possible methods to achieve
resting (Pfeiffer et al. 2019, 2022).

16.6 Integrating Observations, Experiments and Modeling

Observation, experimentation and modeling ideally complement each other, and
data and information are shared between these approaches (Fig. 16.5). Field-based
observations provide insights into system functionality, identify relevant system
components and are necessary for a qualitative system conceptualization. The
resulting conceptual system understanding is the basis for hypothesis formula-
tion that can be evaluated in specifically tailored experiments. The strength of
observations and experiments (Sects. 16.3 and 16.4) is that they directly measure
system dynamics and responses to natural environmental conditions or different
experimental treatments (Table 16.1). Results from experiments provide insights
allowing focus re-evaluation for further observations. They also yield system-
specific quantitative data for model parameterization, calibration and benchmarking,
but are often resource-limited regarding treatment numbers, factor combinations,
study sites, replicates and duration. Quantitative experimental data are the basis
for the deduction of system dependencies that allow the development of quanti-
tative process models. The steps from observation to experimentation and model
development signify an increasing degree of system generalization and abstraction,
with a narrowing focus on processes and components deemed most relevant for the
targeted questions. Process-based models (Sect. 16.5) enable scenario testing, spa-
tiotemporal extrapolation and testing of system sensitivities and allow exploration
of possible trajectories for future climate change, management scenarios or regional
upscaling. Knowledge gained from models can then inform both experimentation
and observation to re-evaluate the focus of further research, help generate new
hypotheses and improve system understanding.
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Fig. 16.5 Linking observations, experiments and modeling—how different research approaches
inform each other

16.6.1 Applying aDGVM2 to DroughtAct

Observations and experiments showed clear responses of vegetation to drought.
Therefore, we replicated the DroughtAct experiment in aDGVM?2 simulations (1)
to test if aDGVM2 can simulate observed vegetation responses to drought and (2)
to test if vegetation can recover between the end of the 6-year experimental drought
in 2020 and 2030. We simulated all factor combinations described in Sect. 16.4
but used 40 instead of 4 replicates per treatment and continued simulations until
2030. Meteorological data were not available for the DroughtAct site and for future
conditions to allow postdrought simulations. Data for a neighboring meteorological
station had data gaps (https://www.weathersa.co.za/) and were therefore unsuitable
to conduct simulations. Hence, we selected climate forcing data from climate model
simulations to find the model and RCP scenario that agreed best with precipitation
from station data and the EWEMBI climate product for 2008 to 2017 (Lange 2019).
We found the best fit for precipitation from the CMIPS simulations conducted with
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the IPSL-CM5A-LR model for RCP8.5 (Dufresne et al. 2013) combined with a
transformation. Specifically, we shifted the simulated climate data by one year to
the future and multiplied daily precipitation with a factor of 0.73. For drought
treatments, we reduced daily rainfall by 66% for a 2-year and 6-year period starting
in the growing season 2014/2015 following DroughtAct. For grazing treatments,
we assumed an average number of 30 LU on the 40 ha grazing camp that includes
the DroughtAct experiment, with a per-capita daily demand of 12.5 kg dry matter.
We simulated a rotational grazing system with animals present during four 30-day
periods per year (i.e., 120 days per year) and resting times without animals between
the grazing periods. Timing of presence and absence was equal in all years. Daily
biomass removal per simulated hectare was determined by randomly assigning
animals to each of the 40 ha. Simulations were repeated in the absence of grazing.
However, differences between simulations with and without grazing were minor as
drought impacts overrode grazing impacts. We therefore only present simulations
with grazing in the following.

The first two years of drought led to a steep decline in mean annual plot-level
leaf biomass compared to the control scenario (Figs. 16.3, 16.6a). Biomass was
reduced by ca. 40% after the second year of drought. In the 6-year drought, biomass
stabilized at values of approximately 40% below the control during the 3rd to 6th
years of drought. Postdrought recovery was rapid during the first two years after
drought before slowing down (Fig. 16.6a). Five years after the end of the 2-year and
the 6-year drought, plot-level leaf biomass was approximately 5% and 8% below
the control, respectively. In 2030, plot-level biomass was still approximately 3% and
6% below the control for the 2-year and 6-year drought, respectively. At grass patch-
level, biomass response to drought was similar to plot-level response (Fig. 16.6b).
However, at patch-level leaf biomass fully recovered to values simulated in the
control. This result indicates that surviving or newly established grass patches were
resilient to drought, whereas slow recruitment and recolonization of bare ground
inhibited recovery at the plot level.

Plot-level biomass loss during drought was caused by increased mortality of
perennial grasses and lower productivity of surviving grasses. While mortality was
1-3 times higher than control during the first two drought years, it was almost 20
times higher during the 3rd and 4th drought years. Remarkably, the higher mortality
persisted for five years after drought treatments and then reached values simulated
for the control. Mortality of perennial grasses during drought allowed annual grasses
to colonize the study site and their fraction in the population was 1.5 times higher
during the first two years and 2.5 times higher from the 3rd drought year onward
(Fig. 16.6¢). Their abundance decreased during the recovery period but was still 1.4
and 1.8 times higher in the 2-year and 6-year drought scenarios at the end of the
simulation period.

Overall, simulations indicated resilience of all considered model variables. We
found no tipping point behavior or transition into an alternative vegetation state that
persisted after drought. However, the velocity of recovery differed between the 2-
year and the 6-year drought and between considered variables. For instance, while
patch-level grass biomass recovered within 2 or 3 years after the drought treatment,
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Fig. 16.6 Impacts of a 2-year and a 6-year drought on simulated grass biomass and PFTs, and
postdrought recovery relative to nondrought control scenario. Panels show (a) biomass at the site
scale, (b) biomass at the grass patch scale and (c) fraction of annual grasses in the grass population.
The yellow shading indicates the 2-year drought period, the yellow and red shading the 6-year
drought period and the green shading the recovery period until 2030 after the termination of
drought treatments. Letters above boxes indicate the significance of the difference in the mean
based on the t-test between treatment and control (n: not significant; a: p < 0.05; b: p < 0.01; c:

p<0.001)

attributes of community composition did not fully recover during the simulation
period. This indicates that resting or at least reduced grazing intensity becomes
increasingly important with increasing drought duration.
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16.6.2 What Did We Learn from Observations, Experiments
and Modeling?

The three approaches applied in LLL and SALLnet (observation, experimentation
and modeling) revealed clear and consistent responses of savanna rangeland
vegetation to drought and grazing. The results included decreases in biomass and
productivity, changes in the relative abundances of different PFTs and recovery
after drought (Fig. 16.3). However, we found disagreement in some aspects. While
productivity in the experiments was relatively resistant during the first two years of
drought and showed accelerating decreases in the 6-year drought, modeled biomass
and productivity decreased only during the first two drought years and afterward
stabilized at a lower level. We explain this model behavior by changes in resource
availability, competition and community assembly. In the aDGVM?2, soil water
dynamics are only simulated at the 1-ha plot-level using a simple multilayer soil
water bucket model instead of simulation at patch or plant level. Therefore, reduced
vegetation cover due to drought mortality improves the water availability of all
surviving individuals by lowering the water demand at plot level. In contrast, soil
water status in the experiments and observations varies spatially due to microscale
heterogeneity of soil conditions and topography.

Moreover, the aDGVM?2 simulated expansion of annual grasses under drought
conditions, while field-based methods showed expansion of forbs (Sects. 16.3,
16.4). Forbs are currently not represented in aDGVM2, and the modeled expansion
of annual grasses during drought indicates that they fill the ecological niche of forbs
in simulations. We argue that forbs need to be added to vegetation models to improve
understanding of drought and grazing impacts on savanna rangelands (Siebert and
Dreber 2019).

Observations, experiments and modeling showed that vegetation attributes such
as biomass or productivity can recover after short drought periods, indicating
resilience (Fig. 16.3). Model results suggest that vegetation can also recover after
the 6-year drought (Fig. 16.6), hinting at resilience after longer drought periods.
However, the rate and duration of recovery differ between vegetation attributes. In
particular, community-related attributes show considerable delays when recovering
after grazing or drought, primarily due to delayed community assembly and recolo-
nization. How these model results agree with observed vegetation dynamics remains
open because results related to recovery from the 6-year drought experiments are not
yet available. Regular monitoring of the field sites during the following years would
provide valuable information on vegetation recovery and the predictive power of the
aDGVM2.

Within LLL and SALLnet, observations, experiments and modeling indepen-
dently have provided valuable insights into ecosystem resistance and resilience
to drought and grazing. However, added value emerged when all three activities
were combined and informed each other. DroughtAct experiments allowed in-
depth investigation of specific aspects that have been identified in observations,
for example, the role of forbs in mitigating drought effects. Experiments allowed
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direct control and manipulation of environmental drivers, for example, precipitation
reduction via rainout shelters, soil moisture control via trenching of experimental
plots, or regulation of soil nutrient levels via fertilizer application. In observational
studies, such insights are only possible by space-for-time substitution (Blois et al.
2013) or if all treatment combinations are observable. Observational studies usually
lack predrought data, as drought events are not planned or easily predictable. Such
predrought data are available in controlled experiments.

Field-based methods informed model development. Comparing model results
with observational data revealed key aspects not captured by aDGVM?2 and led
to stepwise model improvement. For example, such comparisons motivated the
implementation of annual and perennial grasses as distinct PFTs (Pfeiffer et
al. 2019), adjustments of perennial-grass mortality during drought, consideration
of buffering effects due to storage reserves during the first drought year and
adjustments of postdrought colonization of bare ground (this study, Behn et al.
2022). We identified the representation of water sharing among plant individuals
as a model limitation that may lead to overestimates in drought resistance once the
number of plant individuals has declined due to drought mortality. A refined soil
water scheme that explicitly simulates plant water availability at grass patch level
may be required to reproduce the progressive decline of biomass and productivity
during the 6-year drought observed in the experiment. We also found lacking forbs
as functional types in the model likely influences modeled community response
to drought. Using knowledge on the function and ecology of forbs gained in
observations and experiments is therefore essential for future model development.

In return, the model allowed prognostic extrapolation of postdrought vegetation
recovery during the 2020s. Such model-based extrapolations contribute toward
synergies between observations, experiments and models, and they can provide
added value to the conclusions drawn from experimental results (Behn et al. 2022).
Model results can generate new hypotheses for future experimental studies. For
example, we used the aDGVM2 to simulate all factorial treatment combinations
realized in the DroughtAct experiment. We could conduct further simulations for
factorial combinations not considered in the experiment, test additional management
options, rotational grazing systems and climate change scenarios, or investigate how
repeated drought affects rangelands with drought history.

16.6.3 Recommendations for Decision-Makers

Based on evidence from three different approaches, we derived the following
conclusions and recommendations:

1. Grasslands and savanna rangelands are susceptible to climate change, par-
ticularly to drought, and overgrazing. Impacts include woody encroachment
and transitions to woody vegetation states, or, if heavily utilized, to declining
forage quality and availability, increased erosion, and transitions to degraded
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states. Contrastingly, dead biomass accumulation resulting from underutilization
reduces rangeland productivity.

2. Recovery of productivity, biomass and community composition is possible after
drought and grazing, but related to drought duration, grazing intensity and
precipitation. We found rangeland resilience to short drought or low grazing,
and quick recovery after such disturbances. In contrast, long drought or intense
grazing requires recovery periods of at least two years, particularly if plant
community composition has changed.

3. Resting times without grazing or very low grazing intensity are necessary to allow
the recovery of perennial grasses. Resting times of 1-2 years with sufficient
precipitation are a “window of opportunity of regeneration” (Linstadter et al.
2014), and ensure long-term forage quality for grazers. Resting times of more
than two years may be required in grazing systems affected by longer droughts.
Rotational grazing systems or forage supply during and after drought can be
applied to manage resting times. The holistic management approach (Savory and
Butterfield 2016) could provide a template for grazing and resting schemes.

4. Forbs have high value to secure essential ecosystem functions and services within
rangeland systems and need consideration in management.

5. Capacity building is crucial to make results available to relevant stakeholders.
It should include training courses on field methods or modeling, stakeholder
workshops and contributions to regional or global initiatives such as the South
African Risk and Vulnerability Atlas, IPBES or IPCC.

16.7 Outlook

By replicating the DroughtAct experiments with aDGVM2 and comparing model
results to the experiment, we identified several opportunities for improving the
aDGVM2 for rangelands. As highlighted in Sect. 16.6, improvements should focus
on the soil water model. A fine-scale representation of the soil water status allows
more precise simulations of plant water availability and drought response. Addition-
ally, aDGVM?2 should be improved to capture the diversity of vegetation. Future
model development could include more detailed PFTs in the herbaceous layer,
such as increasers or decreasers, grass types propagating by stolons or rhizomes,
geophytes, xerophytes, succulents or perennial forbs. Adaptations to disturbances
such as a bud bank, water- and carbon-storage organs or chemical defenses could
be included (Archibald et al. 2019; Pausas et al. 2018). The representation of the
woody layer could be improved by including protection against herbivory such as
thorns, spines or a cage architecture (Charles-Dominique et al. 2017; Wigley et al.
2018).

In addition, modeling animal behavior and plant-animal interactions in more
detail is desirable. This includes, for example, utilization of observed timing
and duration of animal presence and absence at a study site instead of using a
probabilistic approach. Model development could improve the representation of
herbivore selection of particular plants, the feeding duration and amount of biomass
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removed per plant, and the average number of plants affected per day based on
observations. Rangelands are often not exclusively utilized by domesticated animals
but also by wild animals. Therefore, aDGVM2 could include different herbivore
functional types (Hempson et al. 2015a) with distinctive forage preferences. Finally,
aDGVM2 currently does not simulate population dynamics and movement of
animals. These processes are particularly relevant when modeling wild animals.
Reproduction or mortality of animals could be included and related to their
nutritional status using previous work (Pachzelt et al. 2013). DVMs could be
coupled with agent-based models to simulate animal movement (Clemen et al.
2021; Fust and Schlecht 2018; Tang and Bennett 2010) and to simulate behavior
and decision-making of pastoralists. For instance, the DECUMA household model
has previously been coupled to the SAVANNA ecosystem model to study drought
impacts on socioeconomic systems in Kenya (Boone et al. 2011; Boone and Galvin
2014).

Modeling drought impacts requires consideration of vegetation resistance to
drought, recovery and drought-induced mortality. Modeling plant mortality is still
challenging and a significant source of uncertainty in vegetation models (Hartmann
et al. 2018). Ecophysiological processes, plant traits, or plant trait syndromes
affect drought resistance and mortality (Sankaran 2019), and detailed knowledge of
these aspects is required. A cascade of processes describes the establishment niche
after disturbance (Holt 2009), including recovery of individual plants, colonization
of bare ground, establishment and succession, and drives postdrought recovery.
Different simulated recovery rates of grass biomass at plot- and patch-level and
changes in the fractions of annual and perennial grasses after drought indicate that
such processes are, to a certain degree, represented by aDGVM?2. However, DVMs
typically operate at large spatial scales and thus ignore small-scale processes such
as seed dispersal, dynamics of the seed bank and colonization. Drought conditions
can influence seed dynamics and decouple species represented in the seed bank
from species in the aboveground community (Basto et al. 2018), and seed mortality
increased under drought in a watering experiment (Harrison and LaForgia 2019).
While those studies were not conducted in savanna rangeland systems, observations
and experiments such as DroughtAct can provide information on recovery and the
establishment niche. This information is valuable for parameterizing recovery and
successional effects in models. In addition to increased drought risk, vegetation
will experience higher atmospheric CO, under future conditions. Elevated CO;
may fertilize plants, particularly growth of woody vegetation, and thereby modify
competitive interactions between grasses, forbs and woody vegetation in savanna
rangelands (Midgley and Bond 2015). Elevated CO, might mitigate drought impacts
via increased water use efficiency and enhance recovery after drought.

Our analyses focused on grazing and drought effects at a single study site.
We argue that more holistic study approaches at the landscape or regional level
are required to account for the multifunctionality of southern African landscapes
(Rotter et al. 2021). Rural areas in southern Africa are typically used for cattle
grazing, fuelwood collection and crop production. Cattle connect rangeland and
cropland when feeding on crop residues or in rotational grazing systems (Pfeiffer



464 S. Scheiter et al.

et al. 2022). On larger scales, landscapes can be mosaics of rural areas, commercial
farms, plantations, conservation areas and game reserves. Management policies
need to consider these diverse land-use forms and the socioeconomic interests of
stakeholders utilizing the natural resources. Combining rangeland models, crop
models, economic models and agent-based models that simulate animal behavior
and the decision-making of stakeholders can provide a valuable tool for decision
support and the development of regional-level management policies.

The high environmental variability in savanna rangelands and the increasing
likelihood of droughts make it challenging to derive management policies that
ensure the sustained availability of invaluable ecosystem functions and services.
Droughts can amplify the effects of grazing on vegetation and increase the risk that
vegetation shifts into degraded states with low forage quantity and quality. More
model simulations are required to better assess the impacts of repeated drought
and different grazing strategies. Such simulations can provide insights on minimum
or optimal resting times between grazing treatments or optimal resting times after
drought periods of different length and therefore account for the fact that resting
times of several years as assumed in our simulations might not be applicable in
reality. Combining observations, experiments and models can help develop early
warning signals that indicate the risk of degradation. Such indicators can then inform
the developers of management intervention strategies to keep the socioecological
system in a safe operating space. A model well parameterized and tested with
observational and experimental data can systematically simulate a large ensemble
of different management and drought scenarios. These model results can then help
estimate the risk of undesirable vegetation change and degradation under different
scenarios.

16.8 Conclusions

In the LLL and SALLnet projects, we combined observations, experiments and
models to understand the response of rangeland vegetation to drought and grazing.
The approaches consistently showed that drought causes substantial losses in
biomass and productivity of grasses and shifts in community composition from the
dominance of perennials to annuals or forbs. However, we did not find tipping point
behavior and irreversible transitions to alternative vegetation states that persisted
after drought. Rangelands were able to recover from drought and grazing impacts,
in model results even after a 6-year drought period. However, in the model results,
some vegetation attributes did not fully recover to the vegetation state simulated
under no-drought conditions until 2030. We highlight the following conclusions:

1. Resting times are necessary to allow vegetation recovery after grazing and
drought and to ensure continued provision of essential ecosystem services to
people. Recovery rates and resting times depend on the length and intensity of
grazing and drought.

2. Combining observations, experiments and models is essential to understand
rangeland ecology and to forecast impacts of future climate change and land-
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use on rangeland vegetation. Using such an integrated approach, we were
able to derive policy-relevant recommendations based on evidence from three
approaches (see Sect. 16.6).

3. Further research is required, in particular, to understand drought impacts on
the complex interactions between woody vegetation, grasses and forbs, and to
understand how plant traits influence resilience to grazing and drought.

4. Based on our methods, we can develop early warning signals that indicate poten-
tial undesired vegetation shifts and the necessity of management intervention.
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