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Abstract

Grasslands and savannas contain diverse assemblages of herbaceous and woody species
that contribute to ecosystem processes and maintenance of vegetation diversity and structural
heterogeneity. The balance between these co-existing functional groups is maintained by fire,
herbivory, and rainfall distribution. Woody species in grasslands and savannas are structurally
and physiologically diverse and use a variety of strategies to establish and survive in these high-
disturbance ecosystems. These strategies include deep root systems to mitigate drought stress,
high belowground carbohydrate storage to resprout after disturbance, and dense canopies to
shade out highly competitive grasses. Changes in climate and land management over the last
century have favored woody plants and led to the rapid expansion of woody species into grassy
ecosystems across the world in a process known as woody encroachment. In this dissertation, |
used a broad suite of studies to assess the strategies used by trees and shrubs to grow and persist
in lowveld savanna (Limpopo province, South Africa) and tallgrass prairie (eastern KS, USA).

In the first half of my dissertation, | used an in situ irrigation manipulation experiment in
northeastern South Africa to (1) assess how the intensity, frequency, and timing of irrigation
impacts the growth of six common savanna tree species (Chapter 2) and (2) understand how
variation in water availability affects belowground processes such as root productivity and water
partitioning among savanna trees and grasses (Chapter 3). Irrigation was used to manipulate the
frequency, magnitude, depth, and timing of soil water availability for savanna tree saplings and
co-existing grasses. | found few differences in above and belowground tree growth in response to
variation in irrigation, but interspecific differences in tree growth reflected their leaf physiology

and tree saplings used deeper soil water than grasses. Our results suggest that an increase in



water availability benefits tree growth regardless of the frequency or intensity of rainfall and root
niche separation between trees and grasses occurs early in sapling establishment.

In the second half of my dissertation, | focused directly on the expansion of woody plants
in grassy ecosystems. First, | explored the impacts of repeated shrub removal on community
responses and shrub physiology in lowveld savanna (Chapter 4). Stems of the dominant woody
species, Colophospermum mopane, were repeatedly cleared for 7 years in a semi-arid savanna. |
found that 6-7 years of repeated clearing was necessary to induce large-scale shrub mortality. In
addition, areas with reduced shrub cover had increased soil water availability, greater grass
biomass, and attracted more herbivores compared to areas that were not cleared, suggesting
dense woody vegetation reduces herbaceous biomass and alters ecosystem hydrology in this
system. In my last study, | characterized the physiological traits and growth strategies of the
most abundant woody encroaching species in tallgrass prairie (Chapter 5). | found that
encroaching species encompass a spectrum of growth forms and leaf physiology, and two of the
most abundant species fell at opposite ends of this spectrum. These results suggest niche
complementarity promotes the encroachment of several woody species in tallgrass prairie.
Together, my work highlights the diverse strategies used by woody plants to establish and persist
in disturbance-prone grassy systems and the mechanisms that underlie the encroachment of the

most abundant woody species.
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Chapter 1 - Introduction

Grasslands and savannas are ancient ecosystems that contain diverse assemblages of
herbaceous and woody species (Edwards et al., 2010; Stevens et al., 2022). These grass-
dominated systems are often referred to as “open ecosystems” because they are composed of
shade-intolerant species and rely on climate variability and frequent disturbance to maintain an
open canopy (Bond, 2021). Positive feedbacks among grasses, fire, and herbivores maintain
grassland structure and biodiversity by promoting grass growth while limiting the establishment
and growth of woody plants (Bond, 2005; Lehmann et al., 2014; Charles-Dominique et al.,
2016). Early biogeographers overlooked the importance of disturbance in these systems and
classified biomes based on climate alone. However, many grasslands and savannas exist in
regions that can support a closed canopy, leading to a mismatch between climate and vegetation
structure (Whittaker 1970; Bond, 2021). Consequently, there has been a long-standing debate on
the importance of top-down (fire and herbivory) vs. bottom-up (water and nutrients) processes in
driving tree-grass coexistence in open ecosystems. More recently, scientists have acknowledged
the interactive role of these processes (Staver et al., 2017; Holdo and Nippert, 2023), but the
mechanisms driving plant responses to changes in these drivers remain a central focus of
grassland and savanna ecology.

The top-down processes that shape vegetation structure are ultimately regulated by
rainfall seasonality and variability. Vegetation growth in grassy ecosystems is highly seasonal
(Lehmann et al., 2011). Dry or dormant seasons of 4-9 months determine the timing of plant
growth and senescence both directly via water limitation (and temperature limitation in
temperate systems) and indirectly by the curing of grasses that fuel fire (Lehmann et al., 2011;

Archibald et al., 2019). Even herbivore impacts on savanna vegetation can be mediated by



rainfall variability as rainfall influences forage quantity and quality and the distribution of
herbivores across precipitation gradients (Hempson et al., 2015; Staver et al., 2021). This
environmental stochasticity causes tree cover to be highly variable in grassy ecosystems (Staver
etal., 2011; Lehmann et al., 2014).

Maximum tree cover tends to increase with mean annual rainfall (MAR; Sankaran et al.,
2005), but tree cover in areas with similar MAR can be highly variable due to differences in soil
type, fire regimes, and rainfall distribution (Staver et al., 2017; D’Onoftio et al., 2019). Rainfall
variability is a key regulator of soil hydrology and tree and grass cover across precipitation
gradients (Synodinos et al., 2018; D’Onofrio et al., 2015). Savanna trees are long-lived and
reliant on years with sufficient rainfall to overcome demographic bottlenecks due to fire,
herbivory, and drought (Chesson, 2000, 2004; Higgins et al., 2000). High intra- and interannual
rainfall variability makes predicting tree cover across savannas difficult as rainfall intensity,
frequency, and growing season length can co-vary with changes in mean annual rainfall.
Predicting vegetation responses to climate change will be exceedingly difficult without a
mechanistic understanding of how precipitation frequency and intensity shape vegetation
structure and savanna tree-grass competition.

Differences in tree and grass responses to precipitation variability are often attributed to
differences in rooting depths and water-use strategies between these functional groups (Xu et al.,
2015; D’Onofrio et al., 2019). Grasses are known to be intense competitors for water and
nutrients in surface soils (Nippert et al., 2012) and can suppress tree growth even in well-watered
conditions (February et al., 2013; Tomlinson et al., 2019). In contrast, woody plants have access
to deeper soil water beyond the grass rooting zone, allowing them to avoid surface soil water

deficits and competition with grasses (Schenk and Jackson, 2002; O’Keefe and Nippert, 2017;



Case et al., 2020a). Different water-use strategies among these functional types can alter
vegetation responses to changes in precipitation regimes. For example, grasses are dominant
competitors in semi-arid regions characterized by rainfall pulses (Sala et al., 1992). However,
they are sensitive to changes in rainfall variability, as extended dry periods can reduce grass
productivity, even if MAR does not change (Fay et al., 2002, 2003). Many grassy ecosystems are
expected to experience more intense rainfall events with climate change (Westra et al., 2014
IPCC, 2022). Rainfall intensification increases water infiltration in well-drained soils, benefiting
deep-rooted trees (Kulmatiski and Beard, 2013; Gherardi and Sala, 2015).

Woody species in grassy ecosystems are often analyzed as one functional group to
generalize the responses of trees and grasses to climate variability and disturbance. However,
woody species in grasslands and savannas are structurally and physiologically diverse and use
various strategies to circumvent the challenges of frequent disturbance and water deficits. These
strategies include deep root systems to mitigate drought stress (Zhou et al., 2020), thick bark and
belowground structures to protect their buds (Hoffman et al., 2012; Charles-Dominique et al.,
2015), and high carbohydrate storage to resprout after disturbance (Wigley et al., 2019;
O’Connor et al., 2020). While many common traits facilitate the persistence of woody plants in
disturbance-prone grassy ecosystems, interspecific differences among woody species can help
explain variable responses to changes in fire, herbivory, and rainfall regimes. For example, trees
with aggressive water-use strategies tend to have higher relative growth rates but are more
sensitive to drought (Case et al., 2020b; Wargowsky et al., 2021). Ultimately, the resource-use
strategies used by woody species will determine how species respond to changes in precipitation
variability and land use, which could cause shifts in vegetation structure and community

composition.



While woody plants are a natural component of many grassy ecosystems, grasslands and
savannas around the world are experiencing an increase in the cover and abundance of woody
plants — a process known as woody encroachment (Briggs et al., 2005; Archer et al., 2017;
Stevens et al., 2017). Increased woody plant cover has converted open ecosystems into closed
canopy shrublands and woodlands at the expense of the dominant herbaceous species (Ratajczak
etal., 2012; Wieczorkowski et al., 2022). At local scales, fire frequency and grazing are the
primary drivers of woody encroachment but increases in atmospheric [CO2] and shifts in
regional rainfall regimes have facilitated woody growth in grassy ecosystems worldwide. Woody
encroachment has caused reduced grassland biodiversity, altered ecosystem water and carbon
cycling, and billions of dollars in lost revenue for the cattle ranching industry (Archer & Predick,
2014; Morford et al., 2022). Once established, encroaching woody species are exceptionally
difficult to manage because they are well equipped to deal with disturbance and alter the positive
feedbacks that maintain an open ecosystem state. For example, in the tallgrass prairie of the
Central Great Plains (USA), encroachment by clonal shrubs shade out herbaceous species and
reduce fire intensity, further promoting their growth (Ratajczak et al., 2011). Differentiating
growth and resource-use strategies among dominant encroaching species is necessary to predict
woody encroachment in response to global change and develop effective management strategies
to combat encroachment.

In this dissertation, | used a broad suite of studies to assess the strategies trees and shrubs
use to grow and persist in lowveld savanna (Limpopo province, South Africa) and tallgrass
prairie (eastern KS, USA). First, I used an in situ irrigation manipulation experiment to (1) assess
how the intensity, frequency, and timing of irrigation impacts the growth of six common savanna

tree species (Chapter 2) and (2) understand how variation in water availability affects



belowground processes such as root productivity and water partitioning among trees and grasses
(Chapter 3). I then focused directly on woody encroachment by exploring the impacts of
repeated shrub removal on community responses and shrub physiology in lowveld savanna
(Chapter 4). Finally, | characterized the physiological traits and growth strategies of the most
abundant woody encroaching species in tallgrass prairie to understand if the most rapidly
encroaching species have unique carbon and water-use strategies compared to more slowly
encroaching species (Chapter 5).

In Chapter 2, | utilized an in situ irrigation manipulation experiment to assess how
savanna tree saplings respond to rainfall frequency, intensity, and seasonality at Wits Rural
Facility, Limpopo, South Africa. In this experiment, irrigation was applied in either small,
frequent pulses or large, infrequent pulses during the growing season (October — April). In a
different treatment, irrigation was applied at 30 cm soil depth using buried irrigation lines to
isolate the effects of deep soil water availability on tree growth. Finally, water availability was
added during the dry season to assess the effects of rainfall seasonality on tree growth. |
predicted trees would have the largest growth response to treatments that increase deep soil water
(50 cm). Increases in deep soil water should be highest when irrigation is applied in large pulses
and at 30 cm soil depth. 1 also predicted species would differ in their responses to irrigation,
where faster-growing species with water-spending strategies will have greater responses to
irrigation than slower-growing species. Tree leaf-level physiology (e.g., stomatal conductance
and integrated water-use efficiency) should reflect interspecific growth differences among
Species.

In Chapter 3, | explored the belowground responses of savanna trees and grasses to

irrigation manipulation using the same experimental design as Chapter 2. | used stable water



isotopes to measure depth of water uptake for tree saplings and grasses in the experimental plots.
| focused on two tree species, Acacia [Senegalia] nigrescens and Colophospermum mopane,
because these two species had the most divergent growth rates and leaf physiology (Chapter 2). |
also used root ingrowth cores to assess the effects of rainfall frequency and intensity of
belowground root productivity at 0 - 15 and 15 - 30 cm soil depths. | asked: (1) Do tree saplings
consistently use deeper soil water than grasses and does depth of water uptake vary among tree
species, and (2) How do rainfall intensity and frequency affect grass biomass, belowground
productivity and nitrogen availability?

In Chapter 4, | present data from a 7-year tree clearing experiment in Mthimkhulu Game
Reserve bordering Kruger National Park, South Africa. Colophospermum mopane stems and re-
sprouting shoots were basally cut 2-3 times per year (2015-2022) in 3 pairs of treatment and
control plots of 60 x 60 m. Permanent transects were used to monitor changes in grass cover and
biomass, and herbivore activity via dung counts. Buried soil moisture probes were used to log
changes in volumetric water content. I assessed the physiological responses of C. mopane to
repeated cutting using non-structural carbohydrates and stable water isotopes to infer changes to
energy storage and functional rooting depth, respectively. | predicted (1) repeated clearing would
increase grass biomass, due to reduced competition between C. mopane and grasses, and
subsequently increase grazer abundance due to increased forage and (2) repeated tree clearing
would deplete belowground NSC storage, reducing the energy available for resprouting and
shifting water uptake to shallow soils due to reduced investment in deep roots.

In Chapter 5, | characterized the growth and resource-use strategies of the most
abundant encroaching woody species in tallgrass prairie. Over the past 40 years, Konza Prairie

Biological Station (KPBS; Manhattan, KS) has undergone significant encroachment by several



woody species, but only three clonal shrubs have become dominant species across the landscape
(Briggs et al., 2005; Ratajczak et al., 2014). The primary goal of this project was to identify
whether clonal shrubs encroaching in tallgrass prairie have common physiological and functional
traits or unique traits that differentiate species’ carbon and water-use strategies. | measured a
suite of carbon capture and drought tolerance traits for six encroaching clonal shrub species and
one encroaching tree species at KPBS. | first used a 34-year dataset (PVVCO02; Hartnett et al.,
2023) to assess the abundance of the most common encroaching species at KPBS. | then used
allometry data to summarize leaf:stem mass ratios and leaf area of the focal woody species to
understand aboveground carbon allocation. Finally, I compared traits related to gas exchange and
drought tolerance among species to determine if the most abundant encroaching species have
unique carbon and water-use strategies compared to more slowly encroaching species. Together,
the chapters in this dissertation highlight the diverse strategies used by woody plants to establish

and persist in disturbance-prone grassy ecosystems.
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Chapter 2 - Impacts of the amount, timing, and depth of water

availability on savanna tree growth

Introduction

Water availability is the primary determinant of maximum tree cover in tropical
savannas, systems co-dominated by a continuous layer of grasses and a discontinuous layer of
trees (Sankaran et al., 2005; Lehmann et al., 2014; Xu et al., 2018). Savanna tree cover tends to
increase with mean annual rainfall (MAR), where tree cover is primarily limited by water
availability in semi-arid savannas (MAR < 650 mm yr?) and fire frequency in humid savannas
(MAR > 650 mm yr1; Sankaran et al., 2005; Staver et al., 2011a). However, within a given
MAR, tree cover can vary substantially across landscapes (Sankaran et al., 2005; Staver et al.,
2011b; Lehmann et al., 2014). While the mechanisms driving variability in tree cover due to
differences in fire regimes are well recognized (Higgins et al., 2000; Staver et al., 2011a;
Archibald et al., 2019), variability in tree cover due to differences in rainfall regimes is poorly
understood. Rainfall seasonality and stochasticity are known drivers of savanna tree cover across
rainfall gradients and are often incorporated into models predicting tree-grass coexistence
(Higgins et al., 2000; Van Wijk and Rodriguez-Iturbe, 2002; D’Onofrio et al., 2015; Xu et al.,
2015), yet we lack a mechanistic understanding of the effects of variable rainfall regimes on tree
cover. Given that rainfall events are expected to become less frequent and more intense in
African savannas (IPCC, 2022), it is necessary to develop a mechanistic understanding of how
savanna trees respond to rainfall intensity, intermittency, and seasonality.

African savannas occur in areas with high rainfall seasonality with dry seasons between
4-9 months that drive the timing of plant growth and senescence. Dry seasons limit tree growth

directly via water limitation and indirectly by facilitating the curing of grass fuel loads that
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support fire (Lenmann et al., 2011). In regions with higher MAR, longer growing seasons may
contribute to increased tree cover because trees have more growth days and can potentially
increase stores of carbohydrates and nutrients carried into the next growing season (Scholes and
Archer, 1997). Additionally, trees are photosynthetically active for longer portions of the year
than grasses, which reduces competition with grasses at the beginning and end of the growing
season (Higgins et al., 2011; Ryan et al., 2017). While rainfall seasonality is generally
predictable in savannas, the amount and timing of rainfall during the growing season can vary
substantially within and among years. High intra- and interannual rainfall variability makes
predicting tree cover across savannas difficult, and the effects of rainfall intensity and
intermittency on tree cover are debated (Kulmatisk and Beard, 2013; Xu et al., 2015).

The two-layer model suggests deep-rooted trees benefit from rainfall regimes that
increase deep soil water availability below the highly competitive grass rooting zone (Walker
and Noy-Meir 1985). This model has been supported by experimental work showing that greater
rainfall intensity increases deep soil water availability and tree growth (Kulmatisk and Beard,
2013; Berry and Kulmatiski, 2017). However, across large spatial scales, tree cover is lower in
savannas with more intense but less frequent rainfall events (Good and Caylor, 2011; Xu et al.,
2018). These contrasting results are likely due to complex interactions with soil type and rainfall
intermittency. For example, while intense rainfall events may lead to rapid infiltration of water in
sandy soils, the same rainfall events may lead to higher runoff on clayey soils if infiltration rates
are exceeded (Hillel 1980; Case et al., 2018). Additionally, increased rainfall intensity is often
associated with increased rainfall intermittency, and tree growth is limited by extended dry

periods between rainfall events (Xu et al., 2015). This limitation is exacerbated by competition
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with grasses, which are considered superior competitors for water in surface soils and can
directly limit tree growth (Riginos, 2008; February et al., 2013).

In systems with stochastic disturbance events, like savannas, trees rely on years with
sufficient rainfall for establishment and survival during the dry season (Higgins et al., 2000;
Gignoux et al., 2009). Trees also face recruitment bottlenecks due to fire and browsing that
increase sapling mortality or dieback (Sankaran et al., 2013; Holdo et al., 2014; Charles-
Dominique et al., 2016; Staver et al., 2017). Temporary release from fire, browsing, and drought
can induce large tree establishment and recruitment events, leading to long-lasting impacts on
savanna community structure and ecosystem dynamics (Higgins et al., 2000; Staver and Bond,
2014). Consequently, changes in rainfall that favor tree growth may accelerate tree growth rates
and transition into disturbance-resistant size classes, where adult individuals can persist for many
decades. Thus, tree cover may vary across spatial gradients as a function of how stochastic
events, including rainfall intensity and frequency, affect sapling growth.

Tree growth responses to rainfall variability will likely reflect interspecific resource-use
strategies, which are determined by species adaptations to disturbance and climate, including
rainfall intermittency and seasonality (Charles-Dominique et al., 2015; Archibald et al., 2021).
Whether trees favor fast growth or resource conservation varies among species and is regulated
by hydraulic architecture, stomatal regulation, and carbon allocation above vs. belowground
(McDowell et al., 2008; Oliveira et al., 2021). Fast-growing species are resource-spenders and
capitalize on increases in water availability to prioritize growing quickly above the highly
competitive grass layer (Cory et al., 2022). In contrast, species from drier climate envelopes may
grow slower and favor hydraulic safety (Oliveira et al., 2021; Wargowsky et al., 2023).

Regardless of tree growth strategy, all savanna tree seedlings must invest in sufficient root
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biomass and carbohydrate stores to survive the dry season and resprout after disturbance
(Gignoux et al., 2009; O’Brian et al., 2014), and trees should benefit from greater deep soil water
availability below the grass rooting zone (> 30 cm soil depth).

The primary objective of this study was to assess how the amount, frequency, and depth
of water availability impacts the growth of common savanna tree species. We used an in situ
irrigation experiment with five treatments to manipulate the frequency, intensity, depth, and
timing of irrigation in a semi-arid savanna at Wits Rural Facility, South Africa. To assess the
impacts of rainfall frequency vs. intensity on tree growth, we applied either small, frequent
pulses or large, infrequent pulses of water to the soil surface during the growing season (October
- April). In a third treatment, we isolated the effects of deep soil water availability by frequently
irrigating at 30 cm soil depth using buried irrigation lines. Finally, we extended water availability
into the dry season by irrigating from May — July. These treatments allowed us to assess the
impacts of rainfall frequency, intensity, and timing within a single location and across multiple
savanna tree species. Saplings of six common savanna tree species (Acacia [Senegalia]
nigrescens, Colophospermum mopane, Dichrostachys cinerea, Philenoptera violacea,
Sclerocarya birrea, and Terminalia sericea) were planted in each plot in 2017 (n = 25 plots).
Grasses were seeded into the plots in 2018, and irrigation treatments began in 2020. We
measured tree growth, stomatal conductance, and integrated water-use efficiency (6!3C) of the
savanna tree species in response to each treatment. We predicted:

1. Trees would have the largest growth response to treatments that increase deep soil water
at 50 cm. Increases in deep soil water should be highest when irrigation is applied in

large pulses (pulse treatment) and at 30 cm soil depth (depth treatment).
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2. Species would differ in their responses to irrigation, where faster-growing species with
water-spending strategies will have greater responses to irrigation than slower-growing
species. Tree leaf-level physiology (e.g., stomatal conductance and integrated water-use
efficiency) should reflect interspecific growth differences and responses to the irrigation

treatments.

Methods

Site description and experimental design

Wits Rural Facility — The experiment was established at Wits Rural Facility (WRF) in
Limpopo Province, South Africa (-24°50’S, 31°09’E). WRF is a 350-ha lowveld savanna
research site owned and managed by the University of Witwatersrand and located near the
Kruger National Park Orpen Gate border. On average, the site receives around 680 mm of
rainfall, most of which falls from October — April. The site is dominated by trees in the
Combretaceae (genera Terminalia and Combretum) and Mimosoideae (genera Sengalia,
Vachellia, and Dichrostachys) families. All vegetation was cleared, and rootstocks were removed
before establishing the experimental plots. The area was fenced to prevent grazing and browsing
by herbivores.

Irrigation experiment — In 2015, twenty-five 3 x 4.2 m plots were established using low-
density polyethylene pipe drip irrigation lines. Within each plot, seven irrigation lines were
placed 0.5 m apart at the soil surface or 30 cm below the soil surface. Two CS-616 soil moisture
sensors (Campbell Scientific, Logan, UT, USA) were installed at 10 and 50 cm soil depths in
every plot to assess soil volumetric water content (VWC; July 2017 — April 2023). Plots were

assigned to five blocks and randomly assigned to one of five irrigation treatments (Table 2.1; n =
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5 replicates per treatment). Irrigation was gravity-fed from large JoJo tanks near the experiment
and controlled by watering each treatment for a constant amount of time on each watering day to
achieve a total of ~350 mm of water per year. Each irrigation treatment received the same total
amount of added water per year but was subject to different intensities, frequencies, or timing of
watering events (Table 2.1). These treatments included increasing the frequency of irrigation
either at the surface or 30 cm below the surface (surface and depth treatments), increasing the
intensity of irrigation by irrigating heavily once per month (pulse treatment), or irrigating
frequently during the dry season (season treatment). Watering of the surface and depth
treatments occurred on the same days throughout the growing season (October - April).

In 2017, six savanna tree species (Acacia [Senegalia] nigrescens, Colophospermum
mopane, Dichrostachys cinerea, Philenoptera violacea, Sclerocarya birrea, and Terminalia
sericea) were germinated in pots at WRF and then transplanted into the experimental plots.
Three saplings of each species were randomly planted within rows in each plot for a total of 18
saplings per plot spaced 0.5 m apart (450 saplings across the experiment; Fig. A.1). Grass seed of
six common savanna grasses (Aristida congesta, Eragrostis superba, Hyperthelia dissoluta,
Panicum maximum, Pogonarthia squarrosa, and Perotis patens) were randomly seeded in each
plot in 2018 and clipped twice in 2019 to facilitate tree establishment. Irrigation treatments
began in October 2020, giving nearly three years for soils to settle and tree seedlings to establish
before treatments began. Tree seedlings that died before this time were replaced. For all
analyses, we removed measurements from one plot with irrigation at depth because the irrigation

was not working properly.
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Tree growth

Tree height and diameter — To assess tree size and growth, we measured the height and
basal diameter of each tree seedling at the end of each growing season from 2020-2023. Tree
height was measured from the ground to the top of the apical bud. For species that branch and
spread laterally (primarily A. nigrescens, C. mopane, and D. cinerea), we stretched the longest
branch and measured the length from the ground to the meristem at the end of the branch. We
rounded measurements for basal diameter to the nearest 0.5 mm and height to the nearest 0.1 cm.
We calculated the change in height and diameter for each year. We excluded any trees that had a
negative change in height that was > 2 cm or a negative change in diameter that was > 2 mm
compared to the previous year. These individuals were likely resprouting trees that experienced
dieback during the previous year.

Statistical analysis — For each individual, we averaged changes in height and diameter
across all years. We used a linear mixed effects model to test if average growth for height and
diameter differed among species and treatments using the Ime4 package in R (Bates et al., 2015).
We included an interaction between treatment and species as fixed effects and Block as a random
effect. Change in height and diameter were log transformed (+2) to meet the assumption of
homogeneity of variance. We used the package emmeans (Lenth, 2019) to test pairwise

comparisons among species and among treatments.

Modeled tree height

We modeled the tree height over time for each species in each irrigation treatment
(following Wakeling et al., 2011 and Stevens et al., 2018). We used the growth equation from

Higgins et al. (2000):
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where h is the modeled tree height, hy-1 is the tree height in the previous year, hmax is the
maximum tree height (10 m), and gs is the growth rate of stems (cm yr1). The initial tree height
was set to 15 cm, which was the mean height of all tree saplings across all irrigation treatments.
To calculate gs, we calculated the mean growth rate (cm yr-t) of the fastest two individuals of
each species in each treatment between 2021 and 2022 (Wakeling et al., 2011; Stevens et al.,
2018). We used growth rates calculated from 2021-2022 because 2021 was the first year that the
season treatment was applied by irrigating during the dry season (May — July). We ran the model
for 50 years and compared the number of years it took for trees to reach 3 m height among
treatments and species. Three meters is commonly used as a threshold height where trees escape

top-kill by fire (Wakeling et al., 2011; Stevens et al., 2018).

Leaf physiology

Stomatal conductance — In 2022 and 2023, we measured stomatal conductance weekly
from March-May using the Li-600 porometer (LI-COR Inc., Lincoln, NE, USA). We measured
five tree species in each plot. We did not sample D. cinerea because the small leaflets do not fill
the instrument chamber, making measurements unreliable. In 2022, we measured all plots on
clear, sunny days between 800 and 1500 hours for eight sampling dates (March 15, 2022 — May
17, 2022). Measurements took place on irrigation days or the day after an irrigation event. In
2023, we measured gsw once a week the morning after watering events (March 1, 2023 — April

28, 2023). Due to time constraints, we measured plots in the control, surface, and deep irrigation
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plots every week and measured all plots every three weeks. This sampling resulted in 7 sampling
dates for the control, surface, and deep irrigation treatments and four sampling dates for the pulse
and season treatments. The season treatment is equivalent to the control until the start of the dry
season (irrigated May — July) and the pulse treatment receives irrigation only once a month.
Carbon isotopes and foliar C:N — We collected 2-3 leaves from each tree species from
three plots per treatment in 2022 and five plots per treatment in 2023. Leaves were dried at 60 °C
for 72 hours and ground for carbon and nitrogen content and §'3C. Leaves were measured at the
Stable Isotope Mass Spectrometry Laboratory at Kansas State University using an Elementar
vario Pyro cube coupled to an Elementar Vision mass spectrometer for isotope analysis. Isotopic

abundance ratios were converted to & notation using:

R
§ = [—=2mPle _ 1]« 1000
Rstandard

where R is the ratio of heavy to light isotopes for the sample and standard (Vienna-Pee-Dee

Belemnite), respectively.

Statistical analysis — We analyzed 2023 and 2023 separately to test if gsw increased with
VWC at 10 cm soil depth. We used linear mixed effects models with VWC, species, and their
interaction as fixed effects and treatment nested within day of year as a random effect. We used
the emtrends function from the emmeans package to test if the slope of each species significantly
increased with VWC. We then used pairwise comparisons to test if slopes significantly differed
among species. To test for differences in average gsw rates among treatments, we used linear
mixed effects models with species, treatment, and their interaction as main effects and added day
of year as a continuous predictor. We included tree ID nested within block as a random effect to
account for repeated measures. We only tested for gsw difference among treatments in 2023

because treatments were not sufficiently randomized throughout the day in 2022, which limited
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our ability to compare gsw across treatments. To test if 5'3C and foliar C:N differed among
species and treatments, we included species, treatment, and their interaction as fixed effects and
plot as a random effect for each year. We also tested the relationship between leaf %N and
integrated water-use efficiency (8*2C) because foliar N concentrations are directly related to

photosynthetic rates and can increase leaf water-use efficiency over time (Farquhar et al., 1989).

Results

Soil VWC

In general, irrigated plots had higher VWC than control plots (Fig. 2.1; Table A.1).
During the growing season, irrigation at 30 cm depth increased VWC at 50 cm by 50 — 100 %
relative to the control (Table A.2; p < 0.05) but did not significantly affect VWC at 10 cm. All
other irrigation treatments increased VWC at 10 cm and 50 cm soil depths, but average
differences among treatments and the control plots were not always significant (Fig. 2.1). For
most treatments, VWC at 50 cm exceeded VWC at 10 cm even in plots frequently irrigated at the

surface.

Tree growth

There was no significant interaction between treatment and species, suggesting
treatments had similar effects on all species (Table A.3). In general, irrigation increased tree
growth regardless of the frequency, depth, intensity, or timing of irrigation (Fig. 2.2a). Within
each species, there were few significant differences in tree growth among treatments, but A.
nigrescens and P. violacea showed greater height growth in the surface treatment than the

control (Fig. A.2). Tree growth varied significantly among species. On average, A nigrescens,
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had greater height growth (16.0 + 5.9 cm yr!; P < 0.05) than all other species and C. mopane and

T. sericea had the lowest growth (Fig. 2.2c; 2.9 + 0.4 and 2.9 + 0.13 cm yr?, respectively).

Modeled tree growth

We modeled tree growth over time to understand the effects of irrigation treatments on
maximum tree growth rates and the number of years to escape the fire trap (critical threshold of 3
m tall; Fig. 2.3). A. nigrescens reached the escape height the fastest, ranging from 14 years in the
surface treatment to 27 years in the extended season treatment. In contrast, C. mopane only
reached the escape height in the surface and control treatments within the modeled 50 years (19
and 23 years, respectively). Across all species, the surface treatment had the lowest average
years to escape height of 31 years, with four of the six tree species reaching the escape height the
fastest in this treatment (ranging from 14 — 20 years; Fig. 2.2a). Species did not always reach the
threshold height in the same order for each treatment, but species with the fastest average growth
rates (Fig. 2.2c) also had the highest maximum growth rates. Interestingly, S. birrea is known to
be extremely deep-rooted (Zhou et al., 2020) and responded the most to depth treatment with an

escape time of 15 years compared to 41 years in surface treatment.

Leaf physiology

Stomatal conductance — The relationship between gsw and VWC varied by species
(interaction P < 0.001; Table A.4). In 2022, gsw of all tree species, except for C. mopane,
increased significantly with VWC at 10 cm (Fig. 2.4). In 2023, slopes were lower and gsw of C.
mopane and P. violacea did not increase significantly with VWC. In both years, C. mopane had

the lowest gsw rates among the tree species and showed little responses to irrigation treatments.
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A. nigrescens, the species with the greatest growth rates, had the highest gsw rates among species
and had a steeper slope than C. mopane (2022 and 2023) and P. violacea (2023). In 2023,
average gsw varied by species (P < 0.001) and treatment (P = 0.017; Table A.5). Surprisingly, A.
nigrescens was the only species with gsw rates that responded significantly to irrigation, where
gsw in the surface and pulse treatments were greater than the control (P = 0.02 and 0.03,
respectively).

6 C and foliar C:N — 8*3C and foliar C:N varied significantly by species, but not
irrigation treatment in 2022 and 2023 (Table A.6). Average differences in §!3C among species
ranged from -31 to -29 %o and did not reflect differences in average gsw. For example, C. mopane
and A. nigrescens had similar 3*3C values (-30.5 %o and -30 %o, respectively), but different
average gsw (0.2 and 0.8, respectively). S. birrea, a species known to have a water spending
strategy (Warzgowsky et al., 2021) had the lowest 5'3C. All species had significantly different
foliar C:N, except for A. nigrescens and D. cinerea. We found a strong positive correlation

between %N and §%3C (Fig. 2.5; R? = 0.24; P < 0.001).

Discussion

Tree cover in savannas tends to increase with mean annual rainfall, but we lack an
understanding of whether this increase is driven by rainfall frequency, intensity, deep water
infiltration, or longer growing seasons associated with greater mean annual precipitation. In this
study, we assessed the effects of irrigation intensity, frequency, and timing on the growth of
savanna tree saplings using an in situ irrigation experiment in lowveld savanna. We then
modeled tree growth over time to assess how precipitation regimes may influence the rate at

which juvenile trees grow out of disturbance-sensitive size classes. Surprisingly, we found few
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differences in tree growth rates or stomatal conductance among the irrigation treatments in the
first three years of this experiment. These results suggest increases in water availability,
regardless of the frequency or intensity of rainfall, benefit tree growth, at least in semi-arid
savanna with well-drained soils. However, when we modeled tree height over time, we found
trees experiencing frequent rainfall events (i.e., the surface treatment) had higher maximum
growth rates and reached critical size thresholds (3 m) faster than all other treatments for 4 of the
6 tree species. In addition, we found growth differences among species reflected their leaf-level
physiology, where faster growing species had higher stomatal conductance than more slowly
growing species. These results highlight the various water-use strategies of savanna trees use and
reflect the time required to grow out of disturbance-prone size classes.

Our prediction that savanna trees, regardless of species, would benefit from deep soil
water availability was partially supported. There were few differences in tree growth among
treatments for each species (Fig. A.2). However, when species were averaged together, trees in
the irrigated plots had greater growth rates than trees in the control plots (Fig. 2.2a). Savanna
trees are known use deeper soil water than grasses to mitigate drought stress and competition
with grasses in the surface soil layers (Chapter 3; Holdo et al., 2018; Case et al., 2020). This
niche partitioning among trees and grasses is particularly pronounced in sandy soils where water
infiltrates deeper into the soil profile (Case et al., 2020). While tree growth in the irrigation at
depth treatment were higher than the control, the depth treatment did not differ from the other
irrigation treatments. The soils at the research site are sandy and have high infiltration rates (Kfs
=239 +52.3 mm h%, unpublished data). Lack of growth differences among irrigation treatments

within or across species was likely due to an increase in soil VWC at 50 cm depth regardless of
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where or how the water was applied. Trees may be benefitting from soil water at depths > 30 cm
in all irrigation treatments.

Differences in growth among tree species reflected interspecific leaf-level water-use
dynamics. Species that have fast growth rates are typically resource-spending species and are
considered more competitive for water, nutrients, and light than species with more conservative
water-use strategies (Grime, 1977; Poorter et al., 2007). The species with the greatest growth
rate, A. nigrescens, also had the highest gsw rates that increased with increases in soil VWC.
These results are consistent with experiments that observed water-spending strategies in saplings
of other Acacia species (genera Vachellia) from both arid and mesic African savannas (Cory et
al., 2022). Additionally, both A. nigrescens and D. cinerea, the fastest growing species, are
considered drought sensitive at both the juvenile and adult life stages, suggesting these species
favor growth over hydraulic safety (Case et al., 2020; Trotter et al., 2022). High stomatal
conductance coupled with high root hydraulic conductivity (Wargowsky et al., 2021) make
water-spending species effective competitors for capitalizing on frequent pulses in rainfall and
rapidly grow out of the vulnerable size classes (Cory et al., 2022).

In contrast, the slowest growing species C. mopane, had low gsw that did not respond to
changes in VWC. C. mopane is a dominant species across semi-arid savannas in Southern
African and has traits associated with drought tolerance, such as small xylem vessels and low
root hydraulic conductivity (Wargowsky et al., 2021). Despite the lack of gsw response to VWC,
C. mopane still had a similar 8*3C to species with high gsw, suggesting C. mopane always
maintains low rates of stomatal conductance. Our results reinforce hypotheses on drivers limiting
the range of C. mopane. Species that favor hydraulic safety are inherently slow growing

(Oliveira et al., 2021). In this study, the growth of C. mopane had limited response to the

25



irrigation treatments, suggesting inherently slow growth rates likely limits the survival of this
species in wetter savannas that are characterized by high grass biomass and more frequent fire
(Stevens et al., 2018).

We found a strong linear relationship between foliar %N and integrated water-use
efficiency (8*3C) across species (Fig. 2.5). High leaf N is associated with a greater capacity to fix
COz2 since most leaf N is allocated toward photosynthetic machinery (Field, 1986; Evans, 1989).
Increased photosynthetic rates can reduce intercellular CO2 concentrations, driving plants to
decrease gsw and increase water-use efficiency (Farquhar et al., 2002; Prentice et al., 2014). In
our study, the tree species with higher foliar %N were all N-fixing species. A. nigrescens and D.
cinerea are known N-fixing species, while P. violacea is reported as a facultative N-fixing
species (Jacobs et al., 2007). In addition, these N-fixing species tended to have higher growth
rates than non-fixing species (Fig. 2.2c). These higher growth rates could be due to higher
photosynthetic rates and water-use efficiency (Vergutz et al., 2012; Adams et al., 2016;
Byternowicz et al., 2023). In addition, alleviating water stress may increase available C to
support N-fixing symbionts.

While we did not find an interaction among species and irrigation treatments, we did find
treatment differences when we modeled tree height over time. For most species, time to fire
escape height was reduced across irrigation treatments relative to the control. Trees experiencing
frequent rainfall events (i.e., surface treatment) grew out of the fire trap the fastest in four of six
tree species. These results reflect higher maximum growth rates in the surface treatment likely
driven by elevated soil moisture at shallow and deep soil depths with less frequent or extreme
dry-down events (Fig. 2.1). Higher maximum growth rates in the surface treatment vs. the depth

treatment also indicate that shallow tree roots are still functional when water is available
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(Kulmatiski and Beard, 2013). In combination with elevated VWC at 50 cm across all irrigation
treatments, our results suggest that grasses do not ‘get all the water all the time” despite their
highly competitive resource-use strategy (Holdo and Brocato, 2015). Given the trends in growth
rates among species and treatments, we expect divergent responses among species will grow as
the experiment continues.

In conclusion, our results show that savanna tree species have variable growth strategies
and that responses to changes in rainfall regimes will likely be constrained by the physiology of
the dominant woody species. Trees are often analyzed as a single functional type to generalize
tree-grass competitive dynamics. However, incorporating interspecific differences in water-use
strategies into our understanding of tree-grass dynamics provides more mechanistic insight into
tree-grass competition and responses to rainfall variability across precipitation gradients (Ketter
and Holdo 2018). Future work on whether these traits are phylogenetically conserved (Zhou et
al., 2020; Archibald et al., 2021) could allow for generalizing patterns of dominant woody

species across precipitation gradients.

Acknowledgements

Thank you to Wits Rural Facility staff — particularly Wayne Twine, Mina Nkuna, and
Cameron Watts — for access to and maintenance of the research site. Thank you to Ricardo
Holdo for his guidance and support for working in the irrigation experiment. Thank you to Jules
Nesmith and Justice Mosuma for experimental set up, maintenance of the treatments, and
assistance with data collection. Thank you to Craddock Mthabini for set up of the irrigation
experiment. Thank you to Jules NeSmith, Rachel Keen, Caitlin Broderick, and Isabel
Wargowsky for substantial help with data collection. Funding was provided by the National

Science Foundation (Award #1928875) and the Division of Biology at Kansas State University.

27



References

Adams, M. A., T. L. Turnbull, J. I. Sprent, and N. Buchmann. 2016. Legumes are different: Leaf
nitrogen, photosynthesis, and water use efficiency. Proceedings of the National Academy
of Sciences 113:4098—4103.

Archibald, S., W. J. Bond, W. A. Hoffmann, C. Lehmann, A. C. Staver, and N. Stevens. 2019.
Distribution and determinants of savannas. Pages 1-24 Savanna woody plants and large
herbivores.

Archibald, S., W. Twine, C. Mthabini, and N. Stevens. 2021. Browsing is a strong filter for
savanna tree seedlings in their first growing season. Journal of Ecology 109:3685—3698.

Bates, D., M. Méchler, B. Bolker, and S. Walker. 2015. Fitting Linear Mixed-Effects Models
Using Ime4. Journal of Statistical Software 67.

Berry, R. S., and A. Kulmatiski. 2017. A savanna response to precipitation intensity. PLOS ONE
12:0175402.

Bytnerowicz, T. A., J. L. Funk, D. N. L. Menge, S. S. Perakis, and A. A. Wolf. 2023. Leaf
nitrogen affects photosynthesis and water use efficiency similarly in nitrogen-fixing and
non-fixing trees. Journal of Ecology:1365-2745.14194.

Case, M. F., J. B. Nippert, R. M. Holdo, and A. C. Staver. 2020a. Root-niche separation between
savanna trees and grasses is greater on sandier soils. Journal of Ecology 108:2298-2308.

Case, M. F., and A. C. Staver. 2018. Soil texture mediates tree responses to rainfall intensity in
African savannas. New Phytologist 219:1363-1372.

Case, M. F., B. J. Wigley, C. Wigley-Coetsee, and A. Carla Staver. 2020b. Could drought
constrain woody encroachers in savannas? African Journal of Range & Forage Science
37:19-29.

Charles-Dominique, T., H. Beckett, G. F. Midgley, and W. J. Bond. 2015. Bud protection: a key
trait for species sorting in a forest—savanna mosaic. New Phytologist 207:1052—-1060.

Charles-Dominique, T., T. J. Davies, G. P. Hempson, B. S. Bezeng, B. H. Daru, R. M. Kabongo,
O. Maurin, A. M. Muasya, M. Van Der Bank, and W. J. Bond. 2016. Spiny plants,
mammal browsers, and the origin of African savannas. Proceedings of the National
Academy of Sciences 113.

Cory, S. T., W. K. Smith, and T. M. Anderson. 2022. First-year Acacia seedlings are anisohydric

“water-spenders” but differ in their rates of water use. American Journal of Botany
109:1251-1261.

28



D’Onofrio, D., M. Baudena, F. D’ Andrea, M. Rietkerk, and A. Provenzale. 2015. Tree-grass
competition for soil water in arid and semiarid savannas: The role of rainfall
intermittency. Water Resources Research 51:169-181.

Evans, J. R. 1989. Photosynthesis and Nitrogen Relationships in Leaves of Cs Plants. Oecologia
78:9-19.

Farquhar, G., T. Buckley, and J. Miller. 2002. Optimal stomatal control in relation to leaf area
and nitrogen content. Silva Fennica 36.

Farquhar, G. D., J. R. Ehleringer, and K. T. Hubick. 1989. Carbon Isotope Discrimination and
Photosynthesis. Annual Review of Plant Physiology and Plant Molecular Biology
40:503-537.

February, E. C., S. I. Higgins, W. J. Bond, and L. Swemmer. 2013. Influence of competition and
rainfall manipulation on the growth responses of savanna trees and grasses. Ecology
94:1155-1164.

Field, C. 1986. The photosynthesis-nitrogen relationship in wild plants. Pages 25-55 On the
economy of plant form and function.

Gignoux, J., G. Lahoreau, R. Julliard, and S. Barot. 2009. Establishment and early persistence of
tree seedlings in an annually burned savanna. Journal of Ecology 97:484—495.

Good, S. P., and K. K. Caylor. 2011. Climatological determinants of woody cover in Africa.
Proceedings of the National Academy of Sciences 108:4902-4907.

Grime, J. P. 1977. Evidence for the Existence of Three Primary Strategies in Plants and Its
Relevance to Ecological and Evolutionary Theory. The American Naturalist 111:1169—
1194,

Higgins, S. 1., W. J. Bond, and W. S. W. Trollope. 2000. Fire, resprouting and variability: a
recipe for grass—tree coexistence in savanna. Journal of Ecology 88:213-229.

Higgins, S. I., M. D. Delgado-Cartay, E. C. February, and H. J. Combrink. 2011. Is there a
temporal niche separation in the leaf phenology of savanna trees and grasses?:
Phenological niche in savannas. Journal of Biogeography 38:2165-2175.

Hillel, D. 1980. Infiltration and Surface Runoff. Page Applications of Soil Physics. Academic
Press.

Holdo, R. M., T. M. Anderson, and T. Morrison. 2014. Precipitation, fire and demographic
bottleneck dynamics in Serengeti tree populations. Landscape Ecology 29:1613-1623.

Holdo, R. M., and E. R. Brocato. 2015. Tree—grass competition varies across select savanna tree
species: a potential role for rooting depth. Plant Ecology 216:577-588.

29



Holdo, R. M., J. B. Nippert, and M. C. Mack. 2018. Rooting depth varies differentially in trees
and grasses as a function of mean annual rainfall in an African savanna. Oecologia
186:269-280.

Jacobs, S. M., N. E. Pettit, and R. J. Naiman. 2007. Nitrogen fixation by the savanna tree
Philenoptera violacea (Klotzsch) Schrire (Apple leaf) of different ages in a semi-arid
riparian landscape. South African Journal of Botany 73:163-167.

Ketter, B. L., and R. M. Holdo. 2018. Strong competitive effects of African savanna C 4 grasses
on tree seedlings do not support rooting differentiation. Journal of Tropical Ecology
34:65-73.

Kulmatiski, A., and K. H. Beard. 2013a. Root niche partitioning among grasses, saplings, and
trees measured using a tracer technique. Oecologia 171:25-37.

Kulmatiski, A., and K. H. Beard. 2013b. Woody plant encroachment facilitated by increased
precipitation intensity. Nature Climate Change 3:833-837.

Lehmann, C. E. R., T. M. Anderson, M. Sankaran, S. I. Higgins, S. Archibald, W. A. Hoffmann,
N. P. Hanan, R. J. Williams, R. J. Fensham, J. Felfili, L. B. Hutley, J. Ratnam, J. San
Jose, R. Montes, D. Franklin, J. Russell-Smith, C. M. Ryan, G. Durigan, P. Hiernaux, R.
Haidar, D. M. J. S. Bowman, and W. J. Bond. 2014. Savanna Vegetation-Fire-Climate
Relationships Differ Among Continents. Science 343:548-552.

Lehmann, C. E. R., S. A. Archibald, W. A. Hoffmann, and W. J. Bond. 2011. Deciphering the
distribution of the savanna biome. New Phytologist 191:197-209.

Lenth, R., H. Singmann, J. Love, P. Buerkner, and Herve. 2019. Package “emmeans.” R.

McDowell, N., W. T. Pockman, C. D. Allen, D. D. Breshears, N. Cobb, T. Kolb, J. Plaut, J.
Sperry, A. West, D. G. Williams, and E. A. Yepez. 2008. Mechanisms of plant survival
and mortality during drought: why do some plants survive while others succumb to
drought? New Phytologist 178:719-739.

O’Brien, M. J., S. Leuzinger, C. D. Philipson, J. Tay, and A. Hector. 2014. Drought survival of
tropical tree seedlings enhanced by non-structural carbohydrate levels. Nature Climate
Change 4:710-714.

Oliveira, R. S., C. B. Eller, F. D. V. Barros, M. Hirota, M. Brum, and P. Bittencourt. 2021.
Linking plant hydraulics and the fast-slow continuum to understand resilience to drought
in tropical ecosystems. New Phytologist 230:904-923.

Parmesan, C., M. D. Morecroft, and Y. Trisurat. (n.d.). Climate Change 2022:Impacts,
Adaptation and Vulnerability.

Poorter, H., E. Garnier, F. Pugnaire, and F. Valladares. 2007. The ecological significance of
variation in relative growth rate and its components. Pages 67—100 Functional plant
ecology. Second edition. FLCRC Press, Boca Raton.

30



Prentice, I. C., N. Dong, S. M. Gleason, V. Maire, and I. J. Wright. 2014. Balancing the costs of
carbon gain and water transport: testing a new theoretical framework for plant functional
ecology. Ecology Letters 17:82-91.

Riginos, C. 2009. Grass competition suppresses savanna tree growth across multiple
demographic stages. Ecology 90:335-340.

Ryan, C. M., M. Williams, J. Grace, E. Woollen, and C. E. R. Lehmann. 2017. Pre-rain green-up
is ubiquitous across southern tropical Africa: implications for temporal niche separation
and model representation. New Phytologist 213:625-633.

Sankaran, M., D. J. Augustine, and J. Ratnam. 2013. Native ungulates of diverse body sizes
collectively regulate long-term woody plant demography and structure of a semi-arid
savanna. Journal of Ecology 101:1389-1399.

Sankaran, M., N. P. Hanan, R. J. Scholes, J. Ratnam, D. J. Augustine, B. S. Cade, J. Gignoux, S.
I. Higgins, X. Le Roux, F. Ludwig, J. Ardo, F. Banyikwa, A. Bronn, G. Bucini, K. K.
Caylor, M. B. Coughenour, A. Diouf, W. Ekaya, C. J. Feral, E. C. February, P. G. H.
Frost, P. Hiernaux, H. Hrabar, K. L. Metzger, H. H. T. Prins, S. Ringrose, W. Sea, J.
Tews, J. Worden, and N. Zambatis. 2005. Determinants of woody cover in African
savannas. Nature 438:846—-849.

Scholes, R. J., and S. R. Archer. 1997. Tree-Grass Interactions in Savannas. Annual Review of
Ecology and Systematics 28:517-544.

Staver, A. C., S. Archibald, and S. Levin. 2011a. Tree cover in sub-Saharan Africa: Rainfall and
fire constrain forest and savanna as alternative stable states. Ecology 92:1063-1072.

Staver, A. C., S. Archibald, and S. A. Levin. 2011b. The Global Extent and Determinants of
Savanna and Forest as Alternative Biome States. Science 334:230-232.

Staver, A. C., and W. J. Bond. 2014. Is there a ‘browse trap’? Dynamics of herbivore impacts on
trees and grasses in an African savanna. Journal of Ecology 102:595-602.

Staver, A. C., J. Botha, and L. Hedin. 2017. Soils and fire jointly determine vegetation structure
in an African savanna. New Phytologist 216:1151-1160.

Stevens, N., S. A. Archibald, and W. J. Bond. 2018. Transplant Experiments Point to Fire
Regime as Limiting Savanna Tree Distribution. Frontiers in Ecology and Evolution
6:137.

Trotter, F. D., C. E. R. Lehmann, J. E. Donaldson, H. E. Mangena, C. L. Parr, and S. Archibald.
2022. Drought and fire determine juvenile and adult woody diversity and dominance in a
semi-arid African savanna. Biotropica 54:1015-1029.

Van Wijk, M. T., and 1. Rodriguez-Iturbe. 2002. Tree-grass competition in space and time:
Insights from a simple cellular automata model based on ecohydrological dynamics.
Water Resources Research 38.

31



Vergutz, L., S. Manzoni, A. Porporato, R. F. Novais, and R. B. Jackson. 2012. Global resorption
efficiencies and concentrations of carbon and nutrients in leaves of terrestrial plants.
Ecological Monographs 82:205-220.

Wakeling, J. L., A. C. Staver, and W. J. Bond. 2011. Simply the best: the transition of savanna
saplings to trees. Oikos 120:1448-1451.

Walker, B., and I. Noy-Meir. 1982. Aspects of the Stability and Resilience of Savanna
Ecosystems. Pages 556-590 Ecology of Tropical Savannas. Springer Berlin Heidelberg,
New York.

Wargowsky, I. K., J. E. NeSmith, N. Gajjar, and R. M. Holdo. 2023. Root vascular anatomy
predicts maximum growth rates in savanna trees and grasses. Biotropica:btp.13262.

Wargowsky, I. K., J. E. NeSmith, and R. M. Holdo. 2021. Root vascular traits differ
systematically between African savanna tree and grass species, with implications for
water use. American Journal of Botany 108:83-90.

Xu, X., D. Medvigy, and I. Rodriguez-Iturbe. 2015. Relation between rainfall intensity and
savanna tree abundance explained by water use strategies. Proceedings of the National
Academy of Sciences 112:12992-12996.

Xu, X., D. Medvigy, A. T. Trugman, K. Guan, S. P. Good, I. Rodriguez-Iturbe, and M. Sykes.
2018. Tree cover shows strong sensitivity to precipitation variability across the global
tropics. Global Ecology and Biogeography 27:450-460.

Zhou, Y., B. J. Wigley, M. F. Case, C. Coetsee, and A. C. Staver. 2020. Rooting depth as a key
woody functional trait in savannas. New Phytologist 227:1350-1361.

32



Table 2.1 Description of irrigation treatments. All irrigated treatments received a total of ~350

mm additional water over the irrigation period.

Treatment Irrigation Irrigation location Irrigation # of water Duration of
period frequency events yr! event
control (ambient)  none none none none none
surface Oct - April  soil surface 3x per week 90 23 minutes
depth Oct - April 30 cm below soil surface  3x per week 90 23 minutes
pulse Oct - April  soil surface 1x per month 7 5 hours
season May - July soil surface 3X per week 40 46 minutes
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Figure 2.1 Average volumetric water content at 10 and 50 cm soil depths for hydrological years
(a) 2020, (b) 2021, and (c) 2022. Notice 2022 is only calculated from August — April.
Differences in VWC between the season and control treatments are likely underestimated in
2022 because of missing data from May — August 2023. Letters represent significant differences
among treatments in each year at each soil depth (P < 0.05).
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Figure 2.2 Change in height and diameter for each treatment (a and b) and each species (c and
d). Bars represent mean = 1 SE. Values for each individual tree were calculated for each year
(2020 — 2021, 2021 — 2022, and 2022 — 2023) and then averaged across years. Letters represent
significant differences among each treatment or species (P < 0.05).
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Figure 2.3 Modeled tree height over time for each species and treatment. Panel a compares
modeled height over time among treatments for each species. Panel b compares modeled height
over time among species within each treatment.
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Figure 2.5 Relationship between foliar N (%) and 3*3C (%o). Points are individual trees sampled
across irrigation treatments in 2022 (open) and 2023 (closed). Colors represent different species.
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Chapter 3 - Effects of rainfall manipulation on belowground

savanna dynamics

Introduction

The stable coexistence of trees and grasses is the defining characteristic of savanna
ecosystems (Scholes and Archer, 1998; Sankaran et al., 2004). Water availability is a primary
driver limiting productivity and tree cover in savannas (Rodriguez-Iturbe and D’Odorico, 1999;
Bucini and Hanan, 2007). Belowground competition for water among trees and grasses shapes
vegetation structure by limiting tree establishment and growth rates (Kraaij and Ward, 2006;
February et al., 2013; Donaldson et al., 2022). Grasses are formidable competitors for resources
in the surface soils and have dense root systems to quickly exploit pulses of water (Holdo and
Bracato 2015; Belovitch et al., 2023). In contrast, trees have expansive root systems in shallow
and deep soil layers, providing exclusive access to soil water beyond the grass rooting zone
(Weltzin and McPherson 1997; Schenk and Jackson, 2002). Niche partitioning for water between
these two functional types, known as Walter’s two-layer hypothesis, is one of the central
explanations for savanna tree-grass coexistence (Walter, 1973; Walker and Noy-Meir, 1982;
Holdo and Nippert, 2023). While many studies have shown that savanna trees use deeper soil
water than grasses, there is growing recognition that tree-grass competition is more nuanced than
complete separation of water uptake (Holdo and Nippert, 2023). For example, the degree of
niche partitioning between trees and grasses varies by soil type, mean annual rainfall, and species
(Holdo et al., 2018; Case et al., 2020). In addition, niche partitioning may occur over fine spatial
scales (Holdo, 2013; Kulmatiski et al., 2020), and the depth of water uptake is likely plastic for

some species based on water availability (Nippert and Knapp, 2007; Grellier et al., 2021).
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Soil moisture availability depends on the frequency and intensity of rainfall events, which
are notoriously variable in savanna systems (Good and Caylor, 2011; Lehmann et al., 2011;
D’Onofrio et al., 2015). Moreover, rainfall patterns are expected to shift with climate change,
where many savannas are predicted to experience increased precipitation intensity and variability
(IPCC, 2022). The impact of altered rainfall regimes on tree and grass growth and competitive
dynamics will depend on changes in shallow vs. deep soil moisture availability. In principle,
small but frequent rainfall events should lead to chronically wet surface soils and less infiltration
into deep soils, which should benefit highly competitive grasses (Schwinning and Sala, 2004;
Griffin-Nolan et al., 2021). In this case, trees would need to have rapid resource acquisition
strategies to compete with Ca grasses in surface soils or invest in growth of deeper rooting
systems that can access deep soil or groundwater (Nippert and Holdo, 2015). In contrast, rainfall
intensification is often associated with increased intermittency, which can result in greater
infiltration of water into the soil profile (Kulmatiski and Beard, 2013a), but also greater drying of
surface soils between rain events (Fay et al. 2002, 2003; Knapp et al. 2008). These conditions
benefit deep rooted trees (Kulmatiski and Beard, 2013a; Gherardi and Sala, 2015). In both
scenarios, it would be advantageous for trees to shift their depth of water uptake from shallow to
deeper soil layers as surface soils begin to dry (Kulmatiski and Beard, 2013b; Stahl et al., 2013).

Soil moisture also regulates nitrogen (N) availability through mineralization rates,
leaching, and decomposition rates (Cui and Caldwell, 1997; Coetsee et al., 2012). Both C4
grasses and Cs trees are N-limited in savannas, and some studies have argued that the primary
role of rainfall variability in savannas is to facilitate pulses in N availability (Scholes and
Walker, 1993). Grasses have been shown to respond more to increases in N availability than

trees, despite having lower N requirements and higher N-use efficiency (van der Waal et al.,
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2009). Grass competition is suggested to increase under high resource availability, with N
availability as a key regulator of savanna biomass (Sankaran et al., 2008; van der Waal et al.,
2009; Cramer et al., 2007). However, over large landscape scales, nutrient availability co-varies
with soil type, and tree cover does not correlate with soil nutrient concentrations (Sankaran et al.,
2005).

Alteration to rainfall regimes can impact productivity and cause shifts in above vs.
belowground biomass allocation, with implications for ecosystem-scale carbon cycling (Knapp
et al., 2002; Wang et al., 2020). This is particularly important in grassland and savanna
ecosystems that are dominated by Ca grasses that allocate the majority of biomass belowground
and substantially contribute to soil organic carbon stocks (Wigley et al. 2020; Zhou et al. 2023).
Our understanding of aboveground responses to changes in rainfall patterns is substantially more
complete than it is for belowground responses. For example, aboveground productivity is
generally higher in wetter systems (Knapp and Smith, 2001), but more sensitive to changes in
precipitation in drier ecosystems (Wilcox et al., 2017; Maurer et al., 2020). Changes in
precipitation intensity or frequency can alter aboveground productivity even if mean annual
rainfall does not change (Fay et al. 2002, 2003). For example, increased intermittency extends
dry periods between rainfall events, reducing grass productivity (Fey et al., 2003). In contrast,
belowground productivity has been shown to be insensitive to changes in water availability,
particularly water additions, presumably because of increased carbon allocation to aboveground
productivity (Wilcox et al., 2017; Zhang et al., 2021). While many studies have attempted to
disentangle the effects of changing frequency, intensity, and magnitude of precipitation on
aboveground plant productivity, the mechanisms behind those changes — which occur

belowground — are not well understood.
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In this study, | used a 3-year in situ irrigation experiment to assess the effects of water
availability on root production, nitrogen availability, and depth of water uptake of tree saplings
and co-existing grasses in a semi-arid savanna. This experiment focused on trees at the sapling
stage because it represents a critical demographic bottleneck in savannas, as saplings face intense
grass competition due to water and light limitation during establishment (Cramer et al., 2007;
Morrison et al., 2019; Donaldson et al., 2022). Irrigation was applied at different magnitudes,
frequencies, and depths to increase precipitation by 350 mm (~ 50% of the mean annual rainfall).
Treatments included increasing the frequency of irrigation either at the surface or 30 cm below
the soil surface, increasing intensity by irrigating heavily once per month, or irrigating during the
dry season (May — July). Irrigation at 30 cm soil depth was designed to isolate the effects of deep
soil water availability. | used stable isotopes to assess the depth of water uptake for two tree
species, Acacia [Senegalia] nigrescens and Colophospermum mopane, because these two species
had contrasting growth rates and water-use strategies within this experiment (Chapter 2). | asked:
(1) Do tree saplings consistently use deeper soil water than grasses and does depth of water
uptake vary by species? and (2) How does rainfall intensity and frequency affect grass biomass,

belowground productivity (BNPP), and nitrogen availability?

Methods
Experimental design
This study took place at the irrigation manipulation experiment at WRF (see Chapter 2).
Briefly, the experiment was comprised of 25 plots (4.2 x 3 m) and five treatments (Fig. A.1; n =

5 plots per treatment) that altered the frequency, intensity, depth, and timing of irrigation to

assess the effects of water availability on tree and grass growth. All plots received approximately
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350 mm of additional water per year but were subject to different magnitudes, frequencies, and
timing of watering events (Table 3.1). The five treatments included (1) control: ambient
precipitation, (2) surface: increased frequency of irrigation at the surface, (3) depth: increased
frequency of irrigation 30 cm below the surface, (4) pulse: increased intensity of irrigation (by
watering once per month), and (5) extended season: irrigated frequently during the dry season.
Irrigation was applied via gravity-fed drip line irrigation from large JoJo tanks near the site. The
amount of water was controlled by watering each treatment for a constant amount of time on
each watering day. All irrigation treatments were applied during the growing season from
October — April, except for the extended season treatment, which was irrigated from May — July.
Two CS-616 soil moisture sensors (Campbell Scientific, Logan, UT, USA) were installed at 10
and 50 cm soil depths in every plot to assess soil volumetric water content (VWC; July 2017 —
April 2023).

In 2017, seedlings of six savanna tree species were transplanted into the experimental
plots (Acacia [Senegalia] nigrescens, Colophospermum mopane, Dichrostachys cinerea,
Philenoptera violacea, Sclerocyra birrea, and Terminalia sericea). Three seedlings per species
were planted in each plot for a total of 18 trees per plot and 450 trees across the experiment (Fig.
A.1). In 2018, six grass species were seeded into each plot (Aristida congesta, Eragrostis
superba, Hyperthelia dissoluta, Panicum maximum, Pogonarthia squarrosa, and Perotis patens).
Irrigation treatments began in October 2020, and any tree seedlings that died before this time

were replaced.

Depth of water uptake for trees and grasses

Water isotopes — We used stable isotopes to measure the functional rooting depth of two

tree species and two grass species in each treatment. We harvested non-photosynthetic tissue
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from the branches of one A. nigrescens and one C. mopane individual in 3 (2022) to 5 (2023)
plots per treatment, depending on the availability of saplings large enough for removal of stem
tissue. This sampling involved removing the outer cambium / phloem from 5-10 cm long
segments from 2-3 stems per individual. We chose to sample A. nigrescens and C. mopane
because they have strikingly different leaf physiology and growth rates, and both species branch
at the sapling stage, allowing us to harvest tissue without affecting tree height measurements (see
Chapter 2). For grasses, we collected non-photosynthetic crown tissue from 3-4 individuals of P.
maximum (2022 — 2023) and H. dissoluta (2023) per plot. Soil samples were sampled the same
day as plant tissue from the surface soil, 10, 30, and 50 cm soil depths at least three days after a
rainfall or irrigation event. Plant and soil samples were stored in Exetainer vials and frozen until
processing. We used cryogenic vacuum distillation to extract xylem and soil water for isotopic
analysis (Ehleringer & Osmond, 1989). Water samples were analyzed for 5§80 and §°H on the
Picarro L1102-1 CRDS analyzer at Kansas State University and converted to & notation using the

equation:

§ = [=ample _ 1] « 1000 Eq. 1

Rstandard

where R is the ratio of heavy to light isotopes for the sample and standard (V-SMOW),

respectively. Long-term precision of the analyzer was < 0.3 %o for 5°H and < 0.15 %, for 0.

Statistical analysis — We used xylem 380 and 3°H signatures to assess differences in
functional rooting depth among tree and grass functional types and species. We first established
that 880 and §?H decreased with soil depth for each year (P < 0.001). §'80 and 3°H were highly
collinear (Fig. B.1), so we collapsed them into a single axis via PCA, where PC1 explained

95.9% of the variation in 2022 and 88.7% of the variation in 2023 (sensu Holdo et al., 2018;
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Case et al., 2020). We ran separate mixed effects models for each year. (Bates et al., 2015) We
tested whether PC1 declined significantly with log-transformed soil depth using plot as a random
effect (P <0.001 for both years). We then tested if PC1 differed between tree and grass species
using plot as a random effect. To determine which species were significantly different from one
another, we used the package emmeans (Lenth, 2023) for pairwise comparisons with Tukey’s

HSD adjustment.

Aboveground grass biomass

Grass biomass — To estimate aboveground grass biomass, we measured grass biomass at
the end of each growing season using a disc pasture meter (DPM). Grass biomass for each plot
was estimated by averaging nine DPM measurements per plot at the end of the growing season in
2022-2023. The DPM was calibrated outside of the experiment at WRF by harvesting, drying,
and weighing the amount of grass biomass underneath the disc.

Statistical analysis — We used mixed effects models to assess differences in aboveground
grass biomass among treatments and years. We included treatment, year, and their interaction as
fixed effects and block as a random effect and used pairwise comparisons to determine which
treatments were different from one another. We also calculated log response ratios to assess the
magnitude of response in each treatment. Within each block, we paired the control plot to each

treatment plot and calculated the log response ratios as:

Biomasscontrol

In(RR) =

Biomasstreatment

We tested if each response ratio was different from zero using a student’s t-test.
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Belowground root production

Belowground net primary productivity — To measure belowground net primary
productivity, we installed two root ingrowth cores randomly into each plot (n = 50 cores) in May
2021 and March 2022. Cores were 5 x 30 cm and made of 2 mm mesh fiberglass screen. We
placed cores 30 cm into the ground, filled each core with root-free soil from the respective plot,
and gently packed the soil in each core to fill air spaces and achieve similar bulk density as the
surrounding soil. We harvested the cores after approximately 1-year in March 2022 and March
2023. We then divided each core in half to 0-15 cm and 15-30 cm soil depths to assess root
biomass by depth. Roots were removed by hand, cleared of any soil, dried at 60 °C for at least 48
h, and weighed to the nearest mg.

Root C isotopes — To separate root production into grass and tree biomass, we determined
the carbon isotopic signature (8*2C) of roots at both depths (0-15 and 15-30 cm) of each BNPP
core. After weighing, roots were finely ground using an 8000D Dual Mixer/Mill (SPEX
SamplePrep, Metuchen, NJ). Roots were measured for carbon and nitrogen content and §'3C at
the Stable Isotope Mass Spectrometry Laboratory at Kansas State University using an Elementar
vario Pyro cube coupled to an Elementar Vision mass spectrometer for isotope analysis. Isotopic
abundance ratios were converted to & notation with equation 1 (Vienna-Pee-Dee Belemite
standard).

Statistical analysis — We used mixed effects models to test if BNPP differed among
treatments, soil depths, and years. We included treatment, soil depth, year, and their interactions
as fixed effects and replicate nested within plot as the random effect. We then tested whether Cs
or C4 root biomass differed among treatments or depth using linear mixed effects models. To

estimate the proportion of Cs and Ca root biomass at each depth, we homogenized the roots from
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each root core and depth for isotopic analyses. We used the average §*3C signature of roots of
five known trees and five known grasses for isotopic end members. We then estimated the
proportion of roots from each functional type as:

13 13
3 Csample_6 Cy
13 13
813¢c3— 8¢,

%Cs = 100 Eq. 3

%C, =100 — % C; Eq. 4
where Ssample is the isotopic signature of the sample from the root core and 5., and 3, are the
average isotopic signatures of the Cs and C4 end members, respectively (Kirkels et al., 2022).
Negative proportions can occur when the isotopic signature of the sample is higher than the
average Cs4 end member or lower than the average Cs end member. We set any negative
proportions to 0 and any proportions above 100% to 100 (Case et al., 2020). We multiplied these
proportions by the root biomass in each core to estimate Csand C4 root biomass (g m2). We then
analyzed Cs and C4 biomass separately to test for differences among treatments, depths, and their

interaction, treating replicate nested within plot as a random effect.
N availability

Inorganic NH4™ and NO3™ — We estimated total available inorganic nitrogen using resin
bags buried 10 cm below the soil surface. We buried four mixed ion exchange resin bags in each
plot to estimate NH4™-N and NOs™-N concentrations following the Nutrient Network resin bag
assembly and deployment protocol (https://nutnet.org). Resin bags were deployed at the end of
the growing season in 2021 and 2022 and harvested at the end of the following growing season.
Resin-sorbed NH4*-N and NO3s™-N were extracted in 2M KCI and quantified at the Soils Testing

Lab at Kansas State University.
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Statistical analysis — We tested for differences in NH4"-N, NO3-N, and total inorganic N
availability using mixed effects models, with treatment as a main effect and plot as a random
effect. Inorganic nitrogen availability (N as pg g resin) was log transformed to meet the

assumptions of normality and homogeneity of variance.

Results

Soil VWC

Irrigated plots tended to have higher VWC than the control plots (Fig. 3.1), but
differences were greatest at 50 cm soil depth. Here, we report average % increase in soil VWC
for 2021 hydrological year (August — August) because data was missing from May-August in
2023. The surface and season treatments resulted in the largest increases in VWC at 10 cm, with
a 51% and 57% increase, respectively (Table A.2). All irrigation treatments, regardless of
frequency, magnitude, or depth increased VWC at 50 cm. The surface treatment increased VWC
at 50 cm by 48%, similar to the 59% increase in the irrigation at depth treatment. The season
treatment increased both shallow and deep soil VWC the most relative to the control, by 57%
and 63%, respectively, suggesting more water infiltrates during the dry season when grasses are
dormant. During the growing season, percent increases in VWC compared to the control were
similar or slightly higher for each treatment, except for the season treatment, which did not

receive any additional water until May.

Grass biomass

Grass biomass increased from 2022 to 2023 (Fig. 3.2a), and both treatment and year had

significant effects on grass biomass (Table B.1). In 2022, the surface and pulse treatments had
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higher grass biomass than the control (P = 0.07 and 0.02, respectively). In 2023, grass biomass
within the irrigated plots was variable and only the surface treatment had significantly higher
biomass than the control (P = 0.01). Log response ratios for grass biomass were only significant
in 2022, where the surface, pulse, and season treatment had a response ratio significantly

different from O.

Belowground root production

BNPP differed among soil depths and years (Table B.2). In 2022, BNPP was significantly
higher in shallow soils (0 — 15 cm) than in deeper soil (15 — 30 cm) in all treatments except for
the season treatment (Fig. 3.2b). BNPP was lower overall in 2023 than in 2022 and did not differ
between shallow and deep soil depths except in the control plot (P = 0.02). Within each year,
there were no significant differences among treatments except the season treatment had
significantly higher BNPP than the control and depth treatments in 2022 (P = 0.02 and < 0.001,
respectively). The ratio of shallow:deep root biomass was higher in 2022 than in 2023 (P =
0.005) but did not differ among treatments. Above:belowground biomass was lower in 2023 than
2022, but there were few differences among treatments (Fig. 3.2c; Table B.1). On average, C4
roots made up 84% of total root biomass (156 + 11.8 g m?), of which 65% was in the top 15 cm
of soil (Fig. 3.3). C4 root biomass was significantly higher in the surface soils than deep soils in
all treatments. Cs roots only made up 15% of total root biomass (28 + 3.5 g m2) and did not

differ by depth or treatment (Table B.3).

Water isotopes

In 2023, there was heavy rainfall the month leading up to isotope sampling, resulting in

an approximate 27% higher VWC during sampling in March 2023 than in March 2022. Soil
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isotopic composition declined with soil depth in 2022 and 2023, where shallow soil layers had
isotopically enriched signatures (Fig. 3.4). PC1 values were used to infer differences in
functional rooting depth among functional groups and species. Grasses used shallower soil water
than trees in both 2022 and 2023 (Fig. 3.5). However, differences between trees and grasses were
greater in 2022 when VWC was lower. C. mopane consistently used deeper soil water in both

years, but A. nigrescens did not differ from grasses in 2023 (Fig. 3.5).

Resin bags

Frequent irrigation at the surface decreased NOs™ and increased NH4* availability
compared to control plots (Fig. 3.6). However, irrigation did not affect total available inorganic
N (Table B.4). NOs : NH4* ratios were highest in the control and depth treatments, which do not

receive any additional water at the surface.

Discussion

Precipitation variability is a major driver of tree-grass coexistence in savannas
(D’Onofrio et al., 2015; Synodinos et al., 2018). Intra-annual rainfall patterns can vary
independently from total annual rainfall, making it difficult to isolate the impacts of intensity,
frequency, and magnitude of precipitation on savanna tree-grass competition. Our current
understanding of how these rainfall patterns influence savanna vegetation growth is primarily
from an aboveground perspective, where grass productivity responds quickly to rainfall events
compared to more slowly growing trees (Yu et al., 2017; Belovitch et al., 2023). Differences in
rooting depth between these functional types plays a large role in how trees vs. grasses respond
to pulses in water availability both above- and belowground (Schwinning & Sala 2004). In this

study, we investigated the impacts of irrigation frequency, intensity, and timing on grass

50



biomass, belowground productivity, and tree-grass root niche partitioning. We focus this
discussion on three main findings: (1) savanna saplings exhibit plasticity in depth of water
uptake based on soil moisture availability, (2) this plasticity in water uptake varied among tree
species, and (3) grass aboveground biomass was more sensitive to irrigation than belowground
root biomass.

Grasses are considered superior competitors for water and nutrients in the surface soils
(Nippert and Knapp, 2007; February et al., 2013). Here, Ca grasses had high root productivity in
the top 30 cm of soil, with 65% of grass roots concentrated in the upper 15 cm (Fig. 3.3).
Concentrating fine root biomass in surface soils largely makes grasses reliant on surface soil
water, which can dry out quickly via evapotranspiration. However, high fine root biomass also
allows grasses to respond quickly to pulses in water availability (Sala and Lauenroth, 1982). In
semi-arid systems, most precipitation events are small (<5 mm) and quick uptake by grass roots
can prevent water from infiltrating into deeper soil layers (Schinning and Sala, 2004; Holdo and
Brocato, 2015). In contrast, large and/or compounding precipitation events infiltrate deeper into
the soil profile and tree saplings should benefit from access to deeper soil water to reduce
competition with grasses (Schwinning and Sala, 2004; Yu et al., 2017). In our study, water
uptake by C. mopane was consistently deeper than grass water uptake, but A. nigrescens showed
evidence of plasticity in depth of water uptake between years — this plasticity has been
previously observed in A. nigrescens saplings in response to changes in soil water availability
(Kulmatiski et al., 2013b). On the days we sampled for water isotopes, VWC in 2023 was, on
average, 27% higher than in 2022. These results corroborate studies from several grassland
systems that showed woody species tend to use shallow soil water when it is readily available but

have the capacity to shift to deeper water uptake when surface soil water declines (Eggemeyer et
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al., 2009; Wang et al., 2017; Keen, 2023). While we detected relatively little C3 root productivity
in the surface soils, this plastic water-use strategy highlights the importance of fine root
investment in both shallow and deep soil layers for savanna trees (February et al., 2010).
Furthermore, early research posited that variation in rainfall predominately drives vegetation
growth by limiting the time for growth, rather than increasing plant growth rate itself (Scholes
and Walker, 1993). We now recognize savanna tree growth rates are determined by complex
interactions involving resource availability, competition, and above vs. belowground carbon
allocation (Tomlinson et al., 2014, 2019). Nonetheless, plasticity in depth of water uptake should
extend the growth window for savanna trees, as deeper soil layers retain water for longer than
shallow layers.

Grasses are known to have higher water-use and higher relative growth rates compared to
savanna trees under a wide range of soil moisture conditions (February et al., 2013; Belovitch et
al., 2023). Our results here (in combination with Chapter 2), support the idea that savanna tree
species that can capitalize on resource pulses, similar to the grasses, have an advantage in semi-
arid savannas with high resource variability (Chesson et al., 2004; Synodinos et al., 2018; Cory
et al., 2022). A. nigrescens has a number of traits that facilitate rapid water uptake and
aboveground growth, including plasticity in depth of water uptake (Kulmatiski et al., 2013b),
high stomatal conductance (Chapter 2), and high hydraulic conductivity (Wargowsky et al.,
2021). In contrast, species like C. mopane with traits that favor drought tolerance — low hydraulic
conductivity (Wargowsky et al., 2021) and stomatal conductance (Chapter 2), and consistent use
of deep soil water (Holdo et al. 2018; Fig. 3.5) — may have slower overall growth rates but are

able to function over a wider range of soil water potentials (Chesson et al., 2004). Together,
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these results demonstrate two contrasting growth and resource acquisition strategies for savanna
tree species.

Some studies have argued that the primary influence of water on tree growth is through
mediating N availability via N mineralization and mass flow (Scholes and Walker, 1993). Under
this argument, N is the primary driver of tree-grass competition, not water, and tree fine root
biomass primarily correlates with N concentrations rather than soil water content (February and
Higgins, 2010). In our study, we found no change in total inorganic N availability or shifts in
foliar C:N ratios across treatments (Figs. B.2). Still, N is a limiting resource in savannas
(Huntley et al., 1982), and increased water availability in irrigated plots could stimulate
increased N-fixation by N-fixing tree species (A. nigrescens, D. cinerea, and P. violacea). N-
fixation is energetically expensive, and alleviation of water stress may increase photosynthate
supply to support N-fixing bacteria (Cramer et al., 2010). While the degree of N fixation in this
experiment is unknown, we did observe evidence of N-fixation, including nodules in multiple
root ingrowth cores and lower foliar §°N in N-fixing species (Fig. B.3; Cramer et al., 2007,
2010). Finally, we found lower NOs™ : NH4" ratios in the surface treatment compared to plots
without surface irrigation. This response could reflect increased mobility of NH4*, plant uptake
of NOg', or altered N transformations by soil microbes — though we lack the required data to
determine the exact mechanisms. Together, these results suggest that the impacts of the irrigation
treatments on vegetation growth are primarily driven by the direct effects of water, and less so
through the indirect effects of water on soil inorganic N availability.

Aboveground grass biomass appeared to be more sensitive to irrigation treatments than
belowground biomass. We saw higher total BNPP in 2022 than 2023, a dry year, mostly due to

reduced BNPP in the top 15 cm of soil, suggesting that precipitation does have some influence
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on belowground productivity. However, we did not see differences in BNPP among irrigation
treatments within each year (Fig. 3.2b). BNPP has been shown to be more sensitive to extreme
precipitation events than ANPP (Post and Knapp, 2020), but many studies have shown little or
no response of belowground productivity to rainfall addition treatments (Wilcox et al., 2015;
Zhang et al., 2021). Here, control plots had lower grass biomass and above:belowground
biomass ratios compared to all of the irrigation treatments. These results support other studies
that suggest BNPP responses may be buffered to rainfall additions by increasing carbon
allocation aboveground rather than to root production (Wilcox et al., 2016; Zhang et al., 2021).
Generally, the ability to capitalize on resource pulses is described as a trait that makes
grasses highly competitive in savanna systems. However, many studies have predicted that
increased rainfall variability is expected to benefit trees over grasses in semi-arid savannas
(D’Onofrio et al., 2015; Kulmatiski et al., 2013a; Yu et al., 2017). In our study, we found
evidence of plasticity in depth of water uptake in a rapidly growing tree species, A. nigrescens.
This plasticity is likely most advantageous in years with high rainfall intermittency, where trees
can shift depth of water uptake to deeper soil water as the surface soils dry. In combination with
a water-spending strategy, plasticity in source water makes savanna trees more competitive with
the grass layer (Cory et al., 2022). Differences in water-use and rooting-depth strategies among
tree species suggests that ecohydrological differences may explain differential responses of
dominant species to changes in rainfall regimes. While changes in rainfall regimes may affect
trees competitive dynamics belowground, we found little change in herbaceous BNPP across
irrigation treatments. These results suggest the primary impact of precipitation regimes on
grasses may be altered aboveground growth, which has ecosystem-level consequences for fire

frequency and intensity and, ultimately, tree cover in savannas (D’Onofrio et al., 2018).
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Table 3.1 Description of each irrigation treatment. All irrigated treatments received a total of

~350 mm additional water over the irrigation period.

Treatment Irrigation Irrigation location Irrigation # of water  Duration of
period frequency events yr!  each event
control (ambient)  none none none none none
surface Oct - April  soil surface 3x per week 90 23 minutes
depth Oct - April 30 cm below soil surface 3x per week 90 23 minutes
pulse Oct - April  soil surface 1x per month 7 5 hours
season May - July  soil surface 3X per week 40 46 minutes
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Figure 3.1 Mean daily volumetric water content at 10 and 50 cm soil depths for each treatment
from August 2021 — April 2022. Bottom panel shows total daily precipitation for this period.

Inset shows total growing season precipitation (October — April) for the 2021 and 2022 growing
seasons.
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Figure 3.2 (a) Grass biomass, (b) belowground primary productivity, and (c) above:belowground
biomass ratio for each treatment in 2022 and 2023. Bars represent mean + 1 SE. (a) Insets show
log response ratio (mean + 1SE) and asterisks represent means were statistically different from 0
(P < 0.01). Points represent the log response ratio of each treatment block. (b) Asterisks represent
significant different between shallow (0 -15 cm) and deep (15 - 30 cm) soil depths in each
treatment. Insets show mean shallow:deep BNPP in each year. Points represent the value for one
ingrowth core. (¢) Aboveground:belowground biomass ratio. Letters represent significant
differences between treatments in each year (P < 0.05).
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Figure 3.3 Estimated belowground net primary productivity (g m2) for Cs (triangle) and Cs3
(circle) roots at 0-15 cm (closed) and 15-30 cm (open) soil depths in each treatment (mean £+ 1
SE). Root cores were deployed in May 2021 and harvested in March 2022. Asterisks represent
significant differences between surface and deep roots for C4 grasses (P < 0.05).
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Figure 3.4 §%H and 580 values for grasses (red), trees (blue), and soil (yellow) in 2022 and
2023. Black circles represent the mean + 1SE for each species and soil depth. Species codes for
grasses are panmax = Panicum maximum and hypdis = Hyperthelia dissoluta. Species codes for
trees are acanig = Acacia nigrescens and colmop = Colophospermum mopane.
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Figure 3.5 Boxplot of PC1 isotope scores for tree saplings, Acacia nigrescens and
Colophospermum mopane, and Ca grasses, Hyperthelia dissoluta and Panicum maximum, in the
experimental plots in 2022 (left) and 2023 (right). PC1 axis represents both §2H and 8§80 values,
where lower PC1 values correspond with deeper soil water uptake. Color of points represent
individual samples in each irrigation treatment. Letters represent significant differences among
species within each year (P < 0.05).
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Figure 3.6 Estimated concentrations of (a) NOs—N and (b) NH4*-N sorbed to resin bags buried
in each plot for 1 year (March — March). (c) ratio of NOs—N : NH4*-N. Bars represent mean +
1SE. Letters represent significant differences among treatments within each year (P < 0.05).
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Chapter 4 - Repeated bush clearing as a mechanism for savanna

recovery following bush encroachment

Authors: Emily R. Wedel, Jesse B. Nippert, Rory C. O’Connor, Peace Nkuna, Anthony M.

Swemmer.
Introduction

Woody plants in African savannas provide beneficial services for human livelihoods
including timber and fuelwood, food sources for domestic and wild browsers and carbon storage
(Makhado et al., 2014). While woody plants are integral components of savanna ecosystems, tree
and shrub cover has increased over the past century in savannas worldwide, a process known as
bush encroachment (Venter et al., 2018). Bush encroachment often results in negative economic
and ecological shifts including decreased grass biomass used for livestock production (Archer
and Predick 2014), decreased biodiversity (Ratajczak et al., 2012; Wieczorkowski & Lehmann,
2022), and depleted soil moisture via increased rainfall interception and transpiration (Honda &
Durigan, 2016). In southern African savannas, bush encroachment is associated with a shift from
tall trees to short-statured shrubs (Zhou et al., 2021), which can make it difficult to see the
charismatic animals that attract tourists, possibly resulting in a loss of tourism revenue for
protected areas (Gray & Bond, 2013; Luvuno et al., 2022).

Frequent or high intensity fire is often proposed as the most effective way to prevent bush
encroachment at large scales (Smit et al., 2016; Scholtz et al., 2022). However, historical fire
frequencies may no longer limit the expansion of woody species (Case & Staver, 2017), and fire
is infrequent in semi-arid savannas. As an alternative, bush clearing has become a common
management technique to mitigate the negative effects of bush encroachment (Smit, 2005; Ding

& Eldridge, 2019). This typically involves the removal of small-statured trees and shrubs while
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maintaining large trees to preserve habitat heterogeneity, shade for livestock and wildlife, and
the gradients of nutrient and water availability associated with large trees (Schmitt et al., 2022;
Treydte et al., 2010). Bush clearing is labor intensive and expensive (Luvuno et al., 2022) and
has variable ecosystem effects dependent on functional traits and management goals of the
woody species to be removed (Ding & Eldridge, 2019; Eldridge & Ding, 2021).

Long-term reductions in tree and shrub cover require either the use of herbicide or
repeated clearing efforts, as most savanna woody species are well-adapted to disturbance and
resprout following the loss of their above-ground parts (Bond & Midgley, 2001). These species
use nonstructural carbohydrates (NSC) stored in their trunks and belowground organs to regrow
aboveground tissues following disturbance (Wigley et al., 2019). Single or infrequent
disturbances only have short-term effects on tree size and cover because these species typically
have sufficient NSC stores to recover. In addition, resprouting often results in the transformation
of tall, single-stemmed trees into short, multi-stemmed shrubs which can make game viewing
more difficult and contradict the initial goals of bush clearing efforts (Fisher et al., 2014).
Repeated cutting has the potential to deplete NSC reserves in woody species to the point of
mortality — especially in conjunction with other pressures like fire or browsing — leading to long-
term reductions in woody plant cover (Smit, 2004).

In this study, we assessed the consequences of repeated bush clearing on grass biomass,
herbivore presence, and woody plant physiology in a South African savanna dominated by
Colophospermum mopane (Kirk ex Benth.) J. Léonard (hereafter ‘mopane’). Mopane covers
~35% of Southern African savannas and is often reported as a woody encroaching species
(O’Connor et al., 2014; Stevens, 2021) and the proportion of short-statured mopane shrubs has

increased within the study region over the past several decades (Zhou et al. 2021). Mopane can
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grow as a tall tree, but often grows as a short multi-stemmed shrub (< 4 m) after top-kill by
elephants or fire (Stevens, 2021). Given the widespread dominance of mopane across Southern
Africa, it is necessary to assess the potential costs and benefits of clearing this species,
particularly in protected areas as most research on the effects of bush clearing have been
conducted in rangelands (Smit et al., 2013).

For this experiment, mopane shrubs < 4 m tall were cut repeatedly for 7 years. We
assessed the effects of cutting on grass biomass and monitored herbivore presence via dung
counts. We predicted that repeated clearing would increase grass biomass, due to reduced
competition between mopane and grasses, and increased grazers abundances, due to both
increased forage and predator avoidance (Burkepile et al., 2013). We also examined the effects
of cutting on mopane belowground NSC storage and functional rooting depth, to assess the
mechanisms by which repeated cutting may eventually lead to mortality and long-term alteration
of woody plant abundance. We predicted that repeated bush clearing would deplete belowground
NSC storage, reducing the energy available for resprouting and shifting water uptake to

shallower soils due to reduced investment in deeper roots.

Methods
Study site
Mthimkhulu Game Reserve is a rural 7500-hectare community-owned reserve that shares

an open border with Kruger National Park, South Africa (23°31°46” S; 31°06°12” E). The reserve

is managed by the Mthimkhulu Tribal Authority. Since 2016, the South African Environmental
Observation Network has been working with this authority on long-term, socio-ecological

research that can both improve ecosystem services and create employment for rural people living
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adjacent to the reserve. The tribal authority identified eco-tourism as the most desirable land use
for the reserve, and bush clearing was suggested to enhance tourism, as has typically been done
in privately-owned game reserves in the region.

The site receives 467 mm mean annual rainfall, most of which falls between November
and April (Mahlangeni Ranger station, 14 km south of the site, 1968 — 2010). Summers are hot
and humid, with maximum temperatures typically above 30 °C, while minimum temperatures in
winter rarely fall below 10 °C. The region has granite-derived, nutrient poor soils but the
experimental plots were located on an old alluvial terrace of the Klein Letaba River with soils at
least 1 m deep. Soil texture is approximately 62% sand, 20% clay, and 17% silt (Table C.1). The
site falls within the Lowveld Mopaneveld vegetation type of Mucina and Rutherford (2006), a
semi-arid savanna characterized by a dense cover of mopane shrubs, sparsely scattered trees, and
low grass cover. The plots contained dense monotypic mopane stands with occasional
Combretum imberbe Wawra and Vachellia tortilis (Forssk.) Gallaso & Banfi trees and Grewia
bicolor Juss. shrubs. The grass layer was sparse and consisted mostly of annual Aristida species,
with scattered tufts of perennial grasses Urochloa mosambicensis (Hack.) Dandy and Panicum
maximum Jacq. Most of the ground cover consisted of bare soil and mopane leaf litter. Fire is
infrequent in the region (~10 years; Smit et al., 2013), but the site burned in 2014, the year

before our study began, resulting in top-kill of most mopane shrubs <2 m (personal observation).

Experimental design and community sampling

In 2015, we established three pairs of 60 x 60 m plots, spread equidistant across an
alluvial terrace, with specific locations selected to ensure that tree and shrub cover was similar in

each pair. One plot of each pair was randomly assigned to a repeated mopane clearing treatment
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(n = 3 cleared and 3 control plots). From 2015-2022, mopane shrubs < 4 m tall were cut at the
base 2-3 times per year and cut material removed from the plots (Fig. 4.1). For most response
variables, sampling began in 2017 at the end of the growing season. In every plot, volumetric
soil water content (VWC) was measured every hour (Oct. 18, 2017 — June 13, 2022) using
CS655 time-domain reflectometry probes (Campbell Scientific Inc., Logan, UT, USA) at 10, 30
and 80 cm depths. To assess the effects of mopane clearing on the plant and animal community,
we randomly established two 50 m transects within each plot. Transects were nonoverlapping
and at least 20 m apart and 10 m from the nearest plot boundary. Grass and shrub cover were
estimated using the point-step method (Evans & Love, 1957; Hardy & Tainton, 1993). At each 1
m point along each transect we measured the distance to the nearest perennial grass tuft, the
width of the tuft, and the presence of mopane cover directly above each 1 m point. Mopane
individuals were categorized into four height classes: < 0.5 m, 0.5-2 m, 2-5m, and >5 m. The
number of mopanes in each height class was summed across the two transects in each plot.
Frequency of each height class was calculated as the percentage of points with tree or shrub
cover directly overhead. At the end of each growing season, herbaceous biomass (g m-2) was
clipped in four — six 0.5 x 0.5 m quadrats randomly located in each plot. Biomass samples were
dried at 80 °C for two days, sorted into current and past season material, and weighed. We used
each transect line as a 4 m wide belt transect to estimate animal visitation by counting species

dung piles approximately every 1-2 months from April 2016 — August 2022.

Mopane physiology

At the end of each growing season, mopane mortality was surveyed in each treatment

plot by walking from a random cut mopane to its nearest dead or alive neighbor until 100-250
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mopane individuals were recorded. Individuals were considered dead if no green resprouting
tissue was present. As the stumps of dead individuals persisted for many years, this provided a
viable means of estimating mortality over time.

To assess the effects of repeated clearing on depth of water uptake, we used stable water
isotopes to measure mopane functional rooting depth (Holdo et al., 2018). In March of 2015,
2017, and 2018, we collected non-photosynthetic tissue from mopane and dominant grass species
within each plot to collect xylem water. We collected soil samples from 10, 30, and 50 cm depths
from soil pits. All samples were placed in exetainer vials, placed on ice, and frozen until
processing. We used cryogenic vacuum distillation to extract water from plant and soil samples
for isotopic analysis. Extracted water was analyzed on the Picarro L1102-1 CRDS analyzer
(Picarro, Inc., Santa Clara, CA) at Kansas State University. Samples were referenced to V-

SMOW and converted to delta notation using:

R
6:<M— 1>x1000

Rstandar—

Where R is the ratio of the heavy to light isotope. ChemCorrect software was used to flag

samples that had organic contamination, which were removed from any subsequent analyses.

We measured NSC concentrations of mopane belowground stems to assess changes in
carbon storage. Sections of mopane stems/boles were collected 10-20 cm below the surface at
the same time as samples for isotopic analysis. Samples were washed to remove soil,
microwaved for 90 sec to stop enzymatic activity, dried for 72 h, and ground to a fine powder.

NSC extraction and analysis followed the procedure outlined in O’Connor et al. (2020).
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Statistical analysis

We used R V4.2.1 (R Core Team, 2022) for all statistical analyses. Repeated measures
ANOVAs using the Ime4 and car packages (Bates et al., 2015; Fox & Weisburg, 2019) were
used to test the effects of mopane clearing on soil VWC, mopane and grass responses, and
mopane NSC concentrations, and the package emmeans (Lenth, 2022) for Tukey’s HSD pairwise
comparisons. For soil VWC, distance to perennial grass tuft, width of grass tuft, and mopane
NSC analyses we included an interaction between treatment and year as fixed effects and plot as
a random effect. For soil VWC, we only included data during the growing season (November —
April). We ran the same model for grass biomass, but included quadrat nested within plot as a
random effect to account for variability due to multiple quadrats taken within each plot (n = 4-6
quadrats per plot). For the frequency of mopane size classes, we included an interaction between
treatment and size class as fixed effects, with plot nested within year as random effects. We used
a (log+1) transformation for mopane frequency, distance to the nearest perennial grass tuft, and

the width of the grass tuft to meet the assumptions of normality and homogeneity of variance.

Dung counts were analyzed following the protocol used in Voysey et al. (2021). Since the
length of transects used for dung counts varied from 50 — 100 m, we standardized dung counts by
transect length and summed the number of dung piles per species across the two transects within
each plot. We then divided the number of dung piles by the number of days between sampling
dates. For each species, we averaged the standardized dung counts across all sampling dates to
estimate an average deposition per day. To assess if this dung metric significantly differed for
each species between cleared and control plots, we used a generalized mixed effects model with
a Tweedie distribution using the glmmTMB function with a log link function in the gimmTMB

package (Brooks et al., 2017). The Tweedie distribution can account for zero-inflated data
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common in herbivore dung surveys. We calculated herbivore preference for cleared vs. control
plots by dividing the number of dung piles in cleared plots by the total number of dung piles in
cleared and control plots for each sampling date, where 1 is complete preference for cleared plots
and 0 is complete preference for control plots (Voysey et al., 2021; Donaldson et al., 2018).

To assess differences in functional rooting depth among grasses and mopane in the
cleared and control treatments, we analyzed each year (2015, 2017, and 2018) separately. Since
5D and &80 were collinear and varied similarly with soil depth (Figs S1-S2), we collapsed 6D
and 6%0 into a single axis using PCA to analyze both water isotopes in a single analysis (sensu
Holdo et al., 2018 and Case et al., 2020). The PCA approach is a useful alternative to isotope
mixing models when plant isotopic signatures fall outside of the range of sampled soil isotopic

signatures, indicating plants are using water from deeper sources than the soil sampled.

Results

Soil moisture

Differences in soil moisture between cleared and control treatments were greatest in the
surface soils, where cleared plots had significantly higher VWC than control plots at 10 cm soil
depth during the growing seasons of 2017 — 2022 (P < 0.001; Fig. 4.2a; Table C.2). The mean of
differences in mean daily VWC was 39% higher at 10 cm, 10% at 30 cm, and 18% at 80 cm.
From 2020-2021, when rainfall was above-average (Fig. 4.2b), the difference at 10 cm was

nearly 60%.

Vegetation responses

Mopane mortality was low in the first few years of clearing, then increased steadily up to

80% after 7 years (Table 4.1). The frequency of mopane taller than 0.5 m was significantly lower
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in cleared plots than control plots (Fig. 4.3; Table C.3). In cleared plots, most mopane were less
than 0.5 m tall, while most mopane in control plots were between 2-5 m tall with few small trees.
Grass biomass was higher in cleared plots than control plots in 2020-2022 (Fig. 4.4a;
Table C.4). The mean distance to the nearest perennial grass tuft was shorter in the cleared
treatment in 2021, suggesting higher average grass density in cleared plots (Fig. 4.4b). The
widths of perennial grass tufts did not differ among treatments, except in 2017, where tufts in the
cleared plots were larger than those in the control plots (Fig. 4.4c). Differences in distance to
perennial grass tufts and widths of grass tufts among years were variable and likely due to
differences in precipitation (Fig. 4.2b), where 2018 was an unusually dry year resulting in larger

distances to grass tufts and smaller tufts compared to 2021, a wet year.

Animal dung counts

Between April 2016 and August 2022, dung from 11 herbivore species were recorded
(Table C.5). Dung of impala, buffalo, elephant (Loxodonta africana), and giraffe (Giraffa
camelopardalis) were the most common and present in all years, while many herbivores had low
dung counts and were not present in all years (Fig. C.3). Total dung counts across years were
higher in cleared than control plots, mostly driven by buffalo (Syncerus caffer) and impala
(Aepyceros melampus; Table C.5). These species had significantly higher dung deposition per

day in the cleared plots than control plots (Fig. 4.5; Table C.6).

Mopane physiology

Glucose concentrations were unaffected by cutting, as were sucrose concentrations in

most years (Fig 7a, b). In contrast, stem starch concentrations were significantly lower in cut
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than control mopane in 2016-2018 (Fig. 4.7c; Table C.7). This difference increased with
repeated cutting, with average starch concentrations 1.8, 2.6, and 7.8 times greater in control than
cut shrubs in 2016, 2017 and 2018, respectively.

Soil water isotopic composition represented by PC1 declined with depth in all years
where shallow soil layers had isotopically enriched signatures (Fig. C.4). Mopane used deeper
soil water than grasses in cleared and control plots (Fig. 4.8; Table C.8). In 2017 and 2018,
cleared mopane shrubs tended to use shallower soil water on average than control shrubs, but

these differences were not significant (Fig. 4.8).

Discussion

Repeated clearing of a dominant woody species initially appeared to have only minor
effects on reversing bush encroachment, resulting in top-kill but minimal mortality of shrubs (5%
after 2-3 years of clearing). However, eventually clearing resulted in high shrub mortality (80%
after 6-7 years of clearing) and altered ecosystem functioning, with increased surface soil water
availability, greater grass biomass, and altered herbivore activity. This experiment demonstrates
that bush clearing through repeated cutting can be an effective management tool for mitigating
the negative effects of bush encroachment, at least in mopane-dominated, semi-arid savannas.
While some ecological responses occurred rapidly (after only a few cuts), multiple cuttings over
many years were required to induce significant mortality and long-term reductions in woody
cover.

Woody plants have been hypothesized to have facilitative effects on grass growth and
biodiversity in semi-arid savannas through amelioration of heat and water stress and nutrient
enrichment under canopies (Dohn et al., 2013; Moustakas et al., 2013). However, woody plants

in high densities can reduce grass biomass and diversity through shading (Pilon et al., 2020). Our
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results indicate that mopane trees have strong competitive effect on the grass layer, and that
reducing soil water in in the upper soil layers is likely to be a mechanism of competition. Higher
woody cover can lead to decreased soil moisture at surface and deep soil layers through
increased transpiration, canopy interception of rainfall, and reduced infiltration (Smit &
Rethman, 2000; Aldworth et al., 2022). There appeared to be a lagged responses of 5 years after
initial clearing before grass biomass increased significantly in the cleared plots, although this
was confounded with differences in annual rainfall (the 1% three years of the study period had
below-average rainfall, and the 2" three years above-average). Changes in perennial grass tuft
size and ‘point-to-tuft’ distance over time suggest that while perennial tufts in the cleared
treatment were able to increase in size after the initial cuts, they only began to increase in density
after two years of cutting. This increase in density presumably created substantial increases in
biomass over the entire sward. The large interannual fluctuations in ‘point-to-tuft’ distances
suggest that the dominant perennial species (i.e., Urochloa mossambicensis) had population
fluctuations in response to changes in annual rainfall, but with greater recruitment in the cleared
plots. This is consistent with the results of Wilcox et al (2020) who found a rapid recolonization
by this species following a severe drought at a nearby site.

The opening of the canopy that facilitated increased grass biomass also created areas of
preferred habitat for impala and buffalo that utilize open spaces to mitigate predation risk by
increasing visibility (Burkepile et al., 2013). We saw few differences in habitat preferences of
other herbivore species, which was not surprising as predator avoidance is unlikely to affect
feeding behavior in large species such as elephant and giraffe, while mesobrowsers such as kudu
may not find sufficient forage in the cleared plots. For other species, low dung counts also

limited our ability to draw general conclusions on herbivore feeding guilds (Table C.5). Further
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research is needed to test whether these patterns would hold if clearing were implemented over
larger scales. However, at landscape scales, it is likely that the density of grazers would either be
unaffected or increase, given the greater supply of forage, provided that sufficient areas of high
woody cover remained for herbivores that require shade, such as buffalo. Browser density could
decline if vast areas were cleared, and ideally the management of the reserve should aim to
create a mosaic of cleared and uncleared landscapes. This is also suggested by Schmitt et al.
(2022), who found herbivore species richness and abundance were highest in areas of
intermediate woody cover, and lowest in areas of low habitat heterogeneity (similar to the
monodominant mopane stands in the control plots of this study).

In addition to creating open areas that increase habitat heterogeneity, resprouting shrubs
from cleared areas may be more attractive to browsers and even increase browse availability for
small to medium-sized herbivores (e.g., impala). Resprouting mopane shrubs are shorter and tend
to have lower C:N than un-damaged trees (Kohi et al., 2010). Adult mopane trees tend to have
high tannin concentrations, but repeated browsing and clearing may reduce investment in tannins
(Kohi et al., 2010), making resprouts more attractive and more susceptible to lower NSC
concentrations, growth rates, and seed production associated with browsing (Staver et al., 2009;
Stevens, 2021).

Despite repeated loss of all above-ground parts, most mopane individuals persisted for
many years. This demonstrates the remarkable resprouting ability of mopane and highlights the
difficulty of creating long-term reductions in shrub density. The cut shrubs used substantial
starch reserves to maintain adequate supplies of glucose and sucrose. This likely allowed shrubs
to maintain deep roots, and access to deeper soil water than grasses. The continued use of deep

soil water by repeatedly cut shrubs suggests that this source of water is critical for their survival.
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Mopane invests most fine roots in in the top 40 cm and coarse roots between 40-60 cm of soil
(Smit & Rethman, 1998). This shallow and sprawling root system suggests differences in water
uptake depth between trees and grasses may be small when water is available (Kulmatiski et al.,
2020) and hydrological niche partitioning exists even when shrubs have been depleted of
belowground reserves. Reduced starch reserves weaken the ability of mopane shrubs to recover
following disturbance and the combination of multiple disturbances (e.qg, cutting with drought,
fire, or herbivory) may increase shrub mortality and long-term, large-scale reductions of woody
cover (O’Connor et al 2020; Staver et al., 2009).

A transition of a savanna ecosystem to a stable open state requires internal feedbacks to
maintain that state after ceasing removal treatments (Ratajczak et al., 2018) and would likely
require bush clearing at large scales. Scholes (1990) found that mopane stands cut and treated
with herbicide returned to their pre-cleared density within 14 years, suggesting that one-time
bush clearing is unlikely to reduce mopane cover over decadal time scales, and clearing is
required about every 10 years. However, in that study, the application of herbicide was estimated
to cause only 40% mortality. We found 80% mortality after 7 years of repeated cutting, and
return to original densities may therefore take much longer. While the method used for this study
is labour-intensive and requires greater short-term investment, it may prove to be more cost-
effective in the long term. Rates of seedling recruitment will play a key role in determining
effective control, as seed sources from uncleared areas could facilitate large recruitment events in
years with ideal environmental conditions. Clearing larger areas, with lower perimeter:area ratios
could be beneficial in reducing seed establishment from surrounding areas. In our study, no cut
mopane were observed to flower and substantial recruitment from shrubs inside repeatedly

cleared areas seems unlikely if starch reserves are reduced enough to prevent flowering.
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Additionally, recruitment events may be limited by increases in grass biomass that limits woody
plant establishment and growth rates, particularly in wet years when grass biomass is high
(February et al., 2013; Riginos, 2009).

The economic value of bush clearing encroached savannas in South Africa has been
estimated to be US $2.1 billion (Stafford et al., 2017). This estimate included the potential
benefits of restoring soil water recharge and grazing capacity and using harvested wood for
electricity, fuel, and wood composite products. This presents potential industrial economic
benefits of clearing bush encroached areas on a large scale. Additionally, bush clearing may
benefit local individuals at smaller scales by using targeted woody biomass for firewood and
fencing. However, we recognize bush clearing has variable effects dependent on climate and the
woody species to be removed, and proper ecosystem management will vary depending on the
goals of local communities, ecologists, and economists. The method used in this study was
notably more expensive (~US $22,000 ha* for seven years of repeat cutting or ~US $3,100 ha!
yr1) than the widely used method of a one-off cut followed by herbicide application (~US
$4,300 ha* for one year). However, the use of herbicides may be undesirable due to the toxicity
of the chemicals to humans and wildlife and the potential effects on non-target plant species.
Furthermore, our method created regular employment in an area where poverty and
unemployment are high. The social benefits must therefore outweigh financial costs, particularly
if donor funding can be used to support management objectives. Finally, more intensive clearing
methods may be necessary in the future, if the drivers of encroachment, such as elevated
atmospheric COz2, continue to increase. Targeted and frequent management practices are

increasingly necessary in a changing climate and fragmented landscapes where the return of
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disturbance (fire or browsers) to the system is insufficient to limit bush encroachment (Case et
al., 2017; Collins et al., 2021).

In summary, our results highlight that repeated, targeted bush clearing can increase soil
moisture, grass biomass, and ungulate habitat in semi-arid savannas. Crucially, repeated clearing
was necessary to reduce starch reserves to levels that prevent resprouting and induce tree
mortality. While this approach was more expensive than conventional methods, it had positive
ecological effects, created social benefits in the form of temporary employment, and may
produce longer-lasting reductions in shrub densities. We recommend bush-clearing projects need
to have decadal-scale management plans that include repeated clearing to increase the return on
investment and successfully mitigate the negative impacts of bush encroachment in the long

term.
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Table 4.1 Average percent mortality (+ 1SE) of mopane shrubs in cleared plots (n = 3). Bush
clearing began in 2015. In each plot, we recorded whether the nearest neighbor of a randomly
selected mopane was dead or alive until 100-250 shrubs were recorded.

Year % Mortality  Total shrubs
surveyed

February 2018 4+2 442

July 2019 18+5 631

May 2020 45+5 537

May 2021 50+5 411

March 2022 80+8 449
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(b) Cleared (c) Resprouting mopane tree

Figure 4.1 (a) Control plots at Mthimkhulu Game Reserve. Colophospermum mopane forms
thick, monodominant stands. (b) Plots cleared of all mopane trees and shrubs < 4 m tall. (c)
resprouting mopane shrub. Photos taken in March 2020.
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Figure 4.2 (a) Mean daily volumetric water content for cleared and control treatments at 10, 30,
and 80 cm soil depths for November 2017 — July 2022. Growing season spans November —
April. (b) Total monthly precipitation (mm) from November 2017 — July 2022. Inset shows total
precipitation (mm) for each hydrological year (July 1 — June 30).
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Figure 4.3 Mean (x 1SE) frequency (%) of mopane tree size classes averaged across years
(2017-2022). Bush clearing began in 2015. The height of every mopane tree at each meter along
two 50 m long transects was measured and categorized into one of four size classes: < 0.5 m,
0.5-2 m, 2-5m, or >5 m. Mopane frequency was summed across transects. * P < 0.05, ** P <
0.01, *** P < 0.001.
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Figure 4.4 Mean (+ 1SE) (a) grass biomass (g m?), (b) distance from transect to nearest
perennial grass tuft (cm), and (c) width of nearest perennial grass tuft (cm) in cleared and control
plots. * P <0.05, ** P < 0.01, *** P < 0.001. Grass data from 2020 and 2022 are missing due to
sampling constraints.
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Figure 4.5 Boxplot of estimated dung deposition per day for various herbivore species (a-h).
Species are ordered from the highest total dung counts recorded during the study to the lowest.
Standardized dung counts were averaged for each species in each plot across all sampling dates
(n = 3). Note panels (b-d) are an order of magnitude higher than panels (e-i). Panel (a) has a
unique scale. * P < 0.05, ** P < 0.01.
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Figure 4.6 Habitat preference ratio of various herbivores (mean = 1SE). Preference ratio was
calculated from the total standardized dung counts for each species in each plot across all
sampling dates. Preference ratio ranges between 0 and 1, where 1 is complete preference for
cleared plots and 0 is complete preference for control plots. Grey points are the preference ratio
for each plot (n = 3).
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Chapter 5 - Woody encroaching shrubs show divergent resource-use

strategies in tallgrass prairie

Authors: Emily R. Wedel, Zak Ratajczak, E. Greg Tooley, Jesse B. Nippert

Introduction

Grasslands often contain diverse assemblages of non-grassy species that coexist with
highly abundant grasses. These non-grassy species contribute to plant diversity, and ecosystem
heterogeneity, and support a diversity of pollinators and supplemental food for livestock
(Brathen et al., 2021). Over the past half-century, woody species native to grasslands have
increased in abundance, replacing herbaceous species (Wieczorkowski & Lehmann, 2022). The
encroachment of native woody plants has resulted in reduced grassland biodiversity, altered
ecosystem water and carbon cycling, and billions of dollars in lost revenue for the cattle ranching
industry (Archer & Predick, 2014; Ratajczak et al., 2012; Morford et al., 2022). Woody
encroachment is driven by complex interactions among changes to local disturbance regimes
(e.g., suppression of fire and browsing) and global change drivers (e.g., increased atmospheric
CO2 concentrations) that favor Cs woody plants over the Ca4 grasses that dominate warm
temperate to tropical grasslands (Venter et al., 2018). Despite the common drivers that favor
woody plants, some woody species native to grasslands have rapidly increased in abundance,
while other coexisting woody species have not (Ratajczak et al., 2014a; Zhou et al., 2021). In
this study, we characterized the growth and resource-use strategies of encroaching woody
species in tallgrass prairie (eastern Kansas, USA) that span an order of magnitude in abundance
to determine if rapidly encroaching shrubs have unique carbon and water-use strategies

compared to coexisting native shrubs that are not changing in abundance.
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Many combinations of traits determine resource-use strategies that may promote the
expansion of some encroaching woody species over others. Land use changes that favor woody
species may select for particular traits and promote the encroachment of functionally similar
species. If environmental filtering or competition with herbaceous plants selects for certain suites
of traits, then the most abundant woody encroaching species should occupy similar niches
(Grime, 2006; Scheffer and Van Nes, 2006; Mason et al., 2011). When niche overlap is
substantial, species can still coexist if fitness differences between species are small (Godoy and
Levine, 2014). For example, encroaching shrubs are often clonal and have high belowground
nonstructural carbohydrate storage, facilitating rapid resprouting after top-kill due to fire or
mechanical removal (Bond & Midgely, 2003; O’Connor et al., 2020, 2022). Alternatively,
limiting similarity predicts that coexistence among species requires resource partitioning, and the
most abundant encroaching species should occupy different niches (MacArthur and Levins,
1967). High functional trait diversity among encroaching species would suggest that niche
complementarity drives the coexistence of multiple encroaching woody species.

Both filtering (i.e., similar niches) and niche complementarity (i.e., different niches) are
mechanisms of species coexistence that interact through environmental variability and species
functional tradeoffs (Angert et al., 2009; Hallett et al., 2019). We might expect that a community
shows filtering on one niche axis (e.g., disturbance traits) and complementarity on another (e.g.,
resource acquisition traits; Mason et al., 2011). For example, fast-growing woody species can
quickly grow above the grass canopy to size classes less susceptible to fire and browsing
(Higgins et al., 2000; Staver et al., 2009). However, species that are shallow-rooted or have
“risky”” water use strategies (i.e., anisohydric) may be more susceptible to drought-induced

mortality than slower-growing species (Case et al. 2020). Woody species with similar or
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different niches can be characterized using physiological and functional traits that reflect
interspecific carbon and water-use strategies.

For several decades, trait-based ecology has focused on characterizing resource-use
strategies using easily measured functional traits to draw inferences on conservative vs.
acquisitive plant growth strategies and describe vegetation dynamics from communities to
landscape scales (Lavorel & Garnier, 2002; Wright et al., 2004; Funk et al., 2017). Leaf-level
functional traits can strongly correlate with growth and environmental variables, but the
mechanisms driving these relationships can be difficult to identify, particularly in grasslands
where frequent disturbance increases inter- and intraspecific trait variability (Wigley et al.,
2016). Coupling functional traits with detailed leaf-level physiological measurements can give
more mechanistic insight into species' carbon and water-use strategies related to growth-
tolerance tradeoffs and, ultimately, abundance across landscapes (Cornwell and Ackerly, 2010;
Higgins et al., 2012; Poorter et al., 2012). Understanding the traits and physiology of the most
abundant encroaching species can help identify the mechanisms driving shifts in ecosystem-level
carbon and water cycles because the traits of the most abundant woody encroaching species will
likely have the largest impacts on these fluxes (Grime 1998; Eldridge & Ding 2021). For
instance, in African savannas, encroachment by the N-fixing species Dichrostachys cinerea
increases soil N content and accelerates litter decomposition rates, causing altered soil C
dynamics (Blaser et al., 2014; Mogashoa et al., 2021). In tallgrass prairie, encroachment by a
deeply rooted shrub with high transpiration rates (Cornus drummondii) has led to increased
evapotranspiration and depletion of soil water stores (O'Keefe et al., 2020; Keen et al., 2023),
which probably would not be the case if these same shrubs were shallow rooted or had

conservative water use.
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Like many mesic grasslands and savannas, fire suppression is the primary driver of
woody encroachment in the tallgrass prairie of the Central Great Plains (USA), and clonal shrubs
are the primary species driving woody encroachment (Ratajczak et al., 2014a; Charles-
Dominique et al., 2015; Case et al., 2017, 2020). Some clonal shrubs, but not all, have dense
growth forms that shade out herbaceous species and alter ecosystem fire dynamics, further
promoting their growth (Ratajczak et al., 2011; Tooley et al., 2022). Past research in this system
has focused on functional type differences between woody plants and grasses to understand
different physiological strategies that drive shrub-grass competition (O’Keefe et al., 2020; Keen,
2023), but little work has been done to identify interspecific variation in shrub physiology and
biomass allocation (e.g., leaf:stem ratios) or to link functional traits with the expansion of
encroaching species.

Here, we assessed whether clonal shrubs encroaching in tallgrass prairie have common
physiological and functional traits or unique traits that differentiate species' carbon and water-use
strategies. We measured a suite of physiological and functional traits related to carbon capture
and drought tolerance (Table 5.1) of six encroaching clonal shrub species (Cornus drummondii,
Prunus americana, Rhus aromatica, Rhus glabra, Rubus pensilvanicus, and Zanthoxylum
americanum) and one encroaching tree species (Gleditsia triacanthos) at Konza Prairie
Biological Station (KPBS, Manhattan, KS, USA). These species were chosen because they grow
above the grass canopy and, as a group, comprise over 63% of woody cover across the entire site
(excluding sub-shrubs; Fig. D.1). All the measured woody species have increased in abundance
at KPBS over the past four decades but are encroaching at vastly different rates, and only three
species have become dominant species on the landscape. This study has three parts: First, we

identified the trends in relative cover, frequency, and dominance of the focal woody species
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using a 34-year species composition dataset (1988-2022). Second, we used allometry data to
summarize leaf:stem mass ratios and leaf area of the focal woody species to understand
aboveground carbon allocation. Finally, we compared traits related to gas exchange and drought
tolerance among species to determine if the most abundant encroaching shrubs have unique

carbon and water-use strategies compared to more slowly encroaching shrubs.

Methods

Study Site

Konza Prairie Biological Station (KPBS) is a 3,487-ha native tallgrass prairie site located
in the Flint Hills of eastern Kansas (39°05' N, 96°35" W). The site is an experimental landscape
divided into areas with various fire frequencies (1, 2, 4, or 20-yr fire return intervals) and grazing
regimes (bison, cattle, or no large mammalian grazers). KPBS has rocky uplands with shallow
soils, steep slopes, and lowlands with deeper soils (~2 m). Mean annual precipitation is 846 mm
(1982-2022), 75% of which falls from April — September. Areas with a 4-yr fire return were
historically dominated by Ca grasses but have undergone significant encroachment by clonal

woody shrubs in the past three decades (Briggs et al., 2005; Ratajczak et al., 2014).

Long-term species cover

We assessed long-term woody cover for seven focal species using permanent community
composition plots at KPBS (Hartnett et al., 2023). These species included six encroaching clonal
shrubs (Cornus drummondii C.A. Mey, Prunus americana Marshall, Rhus aromatica Aiton,
Rhus glabra L., Rubus pensilvanicus Poir., and Zanthoxylum americanum Mill.) and one

nonclonal tree (Gledistsia triacanthos L.). We focused on two watersheds with a 4-year burn
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frequency, one grazed by bison and one ungrazed. Plots were established in 1983, and bison
were introduced into the grazed area between 1987 and 1991. Each watershed included four 50
m long transects with five 10 m? plots (n = 20 plots per watershed). Species cover was estimated
in each plot using a modified Daubenmire scale (1 = 0-1% cover, 2 = 2-5% cover, 3 = 6-25%
cover, 4 = 26-50% cover, 5 = 51-75% cover, 6 = 76-95% cover, 7 = 96-100% cover). For this
study, all Daubenmire scale values were converted to the midpoint values for analysis (0%,
0.5%, 3.5%, 15%, 32.5%, 62.5%, 85%, or 97.5% cover). We only used cover in the lowlands
because woody cover is limited in the uplands. We calculated relative cover for the focal species
as the cover of each species was divided by the total cover of species in the watershed, including
shrubs, trees, and herbaceous species. We calculated species frequency as the percentage of plots
where each species occurred. We then used the average relative cover and frequency to calculate
a species dominance indicator index, where higher values indicate a species has a high relative
cover and is distributed across the sampling plots (Avolio et al., 2019). We used the average
species dominance indicator index over the last 10 years (2012 — 2022) to rank the shrub species

from the most to least abundant in all the figures.

Shrub aboveground biomass allocation

Leaf area, stem mass, and leaf mass for the focal woody species, excluding G.
triacanthos, were opportunistically sampled in the summer of 2020. These measurements were
sampled across eight watershed units at KPBS, including 2-year and 4-year burn frequencies in
bison grazed and ungrazed areas (see Table D.1 for sample sizes and locations). Stems of each
species were harvested, placed in a bucket of water, and immediately transported to an air-

conditioned lab. Stem height, stem diameter at 0.50 m height, and leaf area were measured for
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each stem within 6 hours of harvest. The cumulative leaf area for each stem was measured using
a Li-3100C (Li-COR Biosciences, Lincoln, NE). A limited number of stems were measured for
Z. americana and R. pensilvanicus because these species have thorns on their leaves, which
could damage the Li-3100C. However, the stems that were measured for these species spanned
the full range of size classes encountered in field surveys. For C. drummondii, we used stems
harvested in a similar way as part of another study (Tooley et al., 2022). Leaves and stems were
dried at 60 °C for at least four days and weighed for stem and leaf dry mass. We used these
measurements to calculate leaf:stem mass ratios, height:diameter ratios, and the ratio of leaf area
to the aboveground biomass.

Statistical analysis — We tested for differences in leaf:stem mass and height:diameter
ratios among species using a Kruskal-Wallis test. We used this non-parametric test because of
the largely unequal sample sizes among species, particularly C. drummondii, for which we had
three times as many stems as the other species (Table D.1). We then used a Dunn's test with a

Bonferroni correction to assess which species had significantly different biomass ratios.

Physiological and functional traits

In 2022, we sampled physiological and functional traits related to carbon gain and
drought tolerance for the seven focal woody species. Precipitation in 2022 was average, with 601
mm between April and September. We sampled individuals in the lowlands of bison grazed and
ungrazed areas with a 4-year fire return interval near the long-term species composition plots.
Bison grazing is not expected to impact shrub growth and physiology directly but can impact soil
compaction and chemistry, which may indirectly affect shrub water-use dynamics (Greenwood

& McKenzie, 2001; O'Keefe and Nippert, 2017). Shrubs of the same species were a minimum of
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10 m from one another to ensure the independence of replicates. Areas were last burned in April
of 2021, resulting in top-kill of most individuals (personal observation), so we sampled
resprouting stems of shrubs 1-yr post fire. G. triacanthos is a tall tree, and not all individuals
were top-killed in 2021.

Measurements included leaf-level physiological traits derived from pressure-volume
curves, A-Cicurves, light response curves, and functional traits that are commonly used as
metrics of plant growth at larger scales (Table 5.1). We measured eight replicates per species for
parameters derived from response curves (n = 4 individuals per watershed) and ten replicates per
species for functional trait measurements (n = 5 individuals per watershed). Functional traits
were measured following the guidelines in Pérez-Harguindeguy et al. (2016). See Appendix E
for detailed methods on how traits were measured.

Statistical analysis — All statistical analyses were performed in R V4.2.1 (R Core Team,
2022). We used Principal Component Analysis (PCA) to summarize trait correlations among
species using the prcomp function in the stats package (R Core Team, 2022). Trait data were
normalized, and log transformed to linearize relationships among variables and to ensure each
trait had equal weight in the analysis. One replicate of wup was missing for Cornus drummondii,
so we used the average of all other replicates to fill in the missing value. We used a type Il one-
way ANOVA to assess if average PC1 and PC2 coordinates differed among species using the car
package (Fox and Weisberg, 2019).

We tested for trait differences among species with linear mixed models using the Imer
function in the Ime4 package (Bates et al., 2015). We included species as a fixed effect and
replicate nested within watershed as a random effect. Light response and A-Ci curves were taken

over multiple days due to time restraints, and we included replicate nested within date as a
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random effect. Asat and SLA were log transformed to meet the assumptions of homogeneity of
variance and normality. We used the emmeans package to test for pairwise comparisons among

species (Lenth, 2023).

Results

Long-term species cover

Over 34 years, the relative cover of the focal woody species — as a community —
increased from approximately 0 to 45% in the ungrazed watershed and O to 20% in the bison-
grazed watershed (Fig. 5.1a-b). This increase was primarily driven by three species: C.
drummondii, P. americana, and R. glabra. Other species, G. triacanthos, R. aromatica, and R.
pensilvanicus had a much lower cover than the other species but are present in up to 20% of the
plots (Fig. 5.1 c-d). The primary encroacher, C. drummondii, has become present in over 80% of
sampled plots in the ungrazed area. Z. americanum did not appear in any plots until 2020, but
this species is present at comparable densities to R. pensilvanicus and R. aromatica across areas

burned every 4-years (Ratajczak, unpublished; Fig. D.2).

Species biomass allocation

C. drummondii had significantly lower leaf:stem mass ratios than all other species, except
for P. americana, indicating a lower investment in leaf mass for a given stem mass than the other
focal species (Table 5.2). C. drummondii also had a higher height:diameter ratio than other
species, except for R. pensilvanicus. Although the maximum height of R. pensilvanicus is much

lower. R. pensilvanicus and R. glabra showed increased leaf investment with the highest
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leaf:stem mass and leaf area:aboveground biomass ratios than the other species, but these were

only significantly higher than C. drummondii and P. americana (P < 0.05; Table 5.2).

Physiological and functional traits

PCA — PC1 and PC2 accounted for 28.55% and 21.56% of the variation in traits,
respectively (Fig. 5.2). Traits related to leaf photosynthetic capacity (Asat, Jmax, and VCmax)
divided species along PC1, where Jmax and Vcmax contributed the most to PC1 (25% for both
variables). Traits related to leaf structure and chemistry (LDMC, foliar C:N , §'3C) divided
species along PC2, with foliar C:N and LDMC contributing the most to PC2 (31% and 19%,
respectively). LCP contributed to 17% of the variation in PC2, which was most likely driven by
G. triacanthos that has a higher LCP than the other species (Fig. 5.3b). Traits related to drought
tolerance (i.e., mup and WD) contributed less to the first two PC axes than traits related to carbon
capture, but wup was associated with C. drummondii, R. pensilvanicus, and Z. americanum, which
have higher mup than other species (Fig. 5.4a). Two of the most abundant encroaching species, C.
drummondii and R. glabra, fell at opposite ends of PC1 and their mean PC1 coordinate value
was significantly different from all other species (P < 0.05). The only nonclonal species, G.
triacanthos, was isolated from the other species on PC2 and had higher variance along both PC1
and PC2 than the other species. The two least abundant species, R. pensilvanicus and Z.
americanum, had different PC2 scores than most other species (C. drummondii, R. aromatica,
and R. glabra), likely driven by their lower foliar C:N than the other species (Fig. 5.5a).

Light response and A-Ci response curves — Parameters from photosynthetic response
curves varied significantly among species. Asat, VCmax, and Jmax were highly correlated and

showed similar trends among species, where the most abundant shrub, C. drummondii, had
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significantly lower values than most other species (Fig. 5.3). The third most abundant shrub, R.
glabra, had the highest Vcmax and Jmax values and were nearly 2-fold higher than C. drummondii
(36.79 £2.03 t0 72.47 + 3.87 and 76.88 + 2.46 to 156.8 + 9.10, respectively). LCP and ¢ did not
differ among species, except G. triacanthos had higher LCP than most other species (Figure 2b-
C).

Water-use / drought tolerance traits — mup, §'3C, and woody density varied significantly
among species. C. drummondii and R. pensilvanicus had higher end of growing season mp than
all other species except for Z. americanum (Figure 3a). Variability for wood density was very
low, and all species differed significantly from one another except for the species with the lowest
wood densities (R. glabra, R. pensilvanicus, and Z. americanum). P. americana, R. aromatica,
and R. glabra had higher §!3C than most other species, but only by ~ 0.5 - 1 %.. The tree, G.
triacanthos, had the lowest §'C, indicating lower leaf-level water-use efficiency.

Leaf functional traits — Foliar C:N ratios varied more among species (on average 19 to
34) than SLA or LDMC, which were similar for most species (80 to 118 cm? g and 303 to 388
mg g%, respectively). G. triacanthos, R. pensilvanicus, and Z. americanum had lower C:N than
all other shrub species. The lower C:N ratio in these species was primarily driven by higher leaf
nitrogen content, typically associated with high photosynthetic and leaf turnover rates. C:N ratios
are reflected in R. pensilvanicus, Z. americanum, and G. triacanthos position on the PCA. C.
drummondii and R. glabra, the two shrub species with the largest differences in photosynthetic
capacity, had similar C:N ratios, but C. drummondii had ~7% lower leaf carbon content than

other species.
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Discussion

After conversion to row crop agriculture, encroachment by trees and shrubs is the greatest
threat to remaining grasslands worldwide (Wiezorkowski & Lehmann, 2022). Woody
encroachment can push grasslands into a woody-dominated alternative stable state that is
difficult to reverse (Staver et al., 2011; Collins et al., 2021). Despite this conservation threat, it is
unclear why some native woody species have increased substantially in abundance while others
have barely increased in abundance. In this study, we provided detailed physiological and
functional trait data for the most common shrub species in tallgrass prairie. Our results show that
encroaching species encompass a spectrum of growth forms and leaf physiology that reflect
differences in resource-use strategies. Some of the most commonly used functional traits, such as
SLA and LDMC, showed very little difference between species. However, for almost all traits
with meaningful variation between species, the dominant encroacher, C. drummondii, had the
most extreme values, such as very high height:diameter ratios and very low leaf-level
photosynthetic capacity. These interspecific differences differentiate the most abundant
encroaching species from the less abundant species and suggest that niche complementarity
promotes the encroachment of multiple woody species in mesic grasslands.

No single characteristic differentiated encroaching vs. non-encroaching species, as the
ability to encroach reflects an amalgamation of physiological tolerances, seed production and
dispersal, phenotypic plasticity, biomass allocation, growth rates, and characteristics of the
environment. The same has been seen in several other open ecosystems (Cornwell and Ackerly,
2010, Higgins et al., 2012, Charles-Dominique et al., 2015b). We found strong clustering by
species in multivariate space, suggesting each species has a unique suite of traits that

differentiate it from other species. Most notably, the most abundant encroaching species, C.
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drummondii, was isolated from all other species along PC1 (Fig. 5.2). PC1 was primarily driven
by differences in photosynthetic response curve parameters, where C. drummondii had the lowest
VCmax, Jmax, and Asat Values. Low leaf-level photosynthetic capacity is reflected in previous
studies showing this species has low instantaneous photosynthetic rates (McCarron & Knapp,
2001; Wedel et al., 2021). This seemingly low leaf-level assimilation capacity is compensated
for by dense canopies (Tooley et al., 2022), high apparent quantum yield (Fig. 5.3c), and deep
root systems (Ratajczak et al., 2011; Keen, 2023). Access to deep soil water likely allows the
species to buffer changes in growth due to environmental variability (Nippert et al., 2013),
resulting in slow but steady carbon capture throughout the growing season.

These results suggest there is a spectrum of woody growth forms: at one end are species
that invest in stems to grow tall above the grass canopy (C. drummondii and P. americana), and
at the other end are shorter species that allocate more aboveground biomass to leaves (R. glabra
and R. pensilvanicus). The two most abundant species, C. drummondii and P. americana, have
an aggregated growth form (i.e., phalanx), where stems grow close together. These species invest
in height and then form dense canopies (LAI = 8), which has been shown to further promote
shrub growth by reducing fuel loads and suppressing fire intensity (Ratajczak et al., 2011;
Tooley et al., 2022). At the other end of the spectrum are species that have high leaf:stem mass
ratios and exhibit a disperse growth strategy (i.e., guerilla), where stems grow further apart.
While shrubs in this category have lower stem densities and relative cover, they have a similar
frequency to P. americana in ungrazed areas (Fig. 5.1c). These opposing strategies are typically
related to nutrient and light acquisition (Fischer & Van Kleunen, 2001; Bittebiere et al., 2020)
but also reflect differences in how these growth forms respond to and alter fire regimes. Short

species with disperse clonal growth forms have lower LAI values (LAI = 2-3), similar to the
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dominant C4 grasses, and are less effective at shading out herbaceous species (Knapp 1986).
Higher leaf:stem mass and greater % foliar carbon suggests that R. glabra invests in fewer but
larger leaves with higher photosynthetic capacity, as reflected in the PCA (Fig. 5.2; Fig. 5.3). R
glabra might also invest more in belowground carbon storage because it thrives in frequent fire
despite having to resprout following most fires (Hajny and Hartnett, 2011).

Less dominant species, such as R. pensilvanicus and Z. americanum, tended to cluster
together in the PCA and had similar carbon and water-use traits that differentiated them from
other species. These two species had traits associated with a favoring growth over drought
tolerance, including higher SLA and mup and lower wood density and 3*C (Fig. 5.4 and 5.5).
Frequent drought may keep these species at lower relative abundances, particularly if they have
more shallow root systems than other woody species.

The relative advantage of these different growth strategies likely shifts across disturbance
regimes and resource gradients. Rapid growth rates are a key variable predicting species- and
landscape-level woody cover in savanna systems (Wakeling et al., 2011). R. glabra likely
confers an advantage in more frequently burned grasslands because this species can coexist with
grasses and persist at heights similar to the dominant grasses and forbs. This reflects resprouting
woody species in frequently burned savannas (fire every 1-2 years) of the Cerrado and lowveld
savanna, where short growth forms with high belowground storage and bud protection are
common (Charles-Dominique et al., 2015a; Chiminazzo et al., 2023). In contrast, growing tall
has allowed C. drummondii and P. americana to dominate areas burned every 4-years, and any
co-dominance with R. glabra may be transient through time (Fig. 5.1a,e) as dense canopies may
potentially out compete smaller statured shrubs with high light requirements. This mirrors the

thicket forming species in the Coastal United States (Brantley and Young, 2007) and South
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Africa (Charles-Dominique et al., 2015b), which also form dense canopies and typically do not
coexist with herbaceous species. Even within similar growth strategies, species vary in their
resource-use and drought tolerance. Difference in mup between the two most abundant species, C.
drummondii and P. americana, likely reflects differences in drought tolerance (low mp) vs.
avoidance (access to deep soil). C. drummondii is known to rely on deep soil water (> 30 cm),
while P. americana relies more on surface soils (McCarron & Knapp, 2001) and is likely more
sensitive to extended droughts. These two species provide an excellent example of how filtering
and niche complementarity may act on different niche axes, where disturbance and herbaceous
competition has filtered for resprouting species with dense canopies, but these species have
contrasting drought tolerance strategies.

We found surprisingly little variation in the common plant functional traits SLA and
LDMC across species (Fig. 5.5¢-d). While some interspecific differences in these traits were
significant, variation across species was low compared to coexisting woody species in other
systems (Case et al., 2020). These results suggest that these commonly measured leaf traits are
either (1) strongly filtered or (2) do not capture meaningful differences among species growth
strategies for the shrubs in this system. We did not find expected correlations among SLA,
LDMC, and other measured traits. For example, LDMC is a commonly measured trait that is
often linked to mup (Blumenthal et al., 2020; Laughlin et al., 2020). However, in this study,
species showed similar LDMC despite having very different mup. Similarly, SLA is typically
assumed to be positively correlated with assimilation and growth rates (Reich et al., 1992), but
SLA and Asa were orthogonal in multivariate space. While we were limited by the number of
species in this study, we certainly wouldn’t have forecast key interspecific differences in

photosynthetic capacity or leaf-level drought tolerance by examining SLA or LDMC alone.
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We posited that we might see evidence of filtering for some traits (resulting in small trait
differences between) versus niche partitioning for others (resulting in larger trait variation
between species). Based on classic plant functional traits, we would conclude that niche
partitioning plays a limited role and instead community-level filtering occurs, because SLA and
LDMC values showed marginal variation across species. Other traits show more evidence of
niche partitioning, specifically for the most extreme trait values, with C. drummondii and P.
americana on one end of the spectrum, and R. glabra on the other. Two of the most abundant
species (C. drummondii and R. glabra) had the most extreme values for leaf:stem mass,
height:diameter, maximum photosynthetic rate, and wood density. But interestingly, these two
sets of species were extreme in opposite directions, with C. drummondii investing more in
vertical growth at the expense of maximum photosynthetic rate. Others have noted null, linear
and concave down relationships between species traits and species abundance (Cornwell and
Ackerly, 2010; Higgins et al., 2012), but to our knowledge, this might be relatively rare example

of a concave upwards relationship between trait values and abundance.

Conclusion

We suggest that niche complementarity promotes encroachment of several woody
encroaching species in tallgrass prairie. Niche complementarity is a well-cited mechanism
driving grassland diversity-stability relationships by increasing ecosystem productivity and
resistance to perturbations (Isbell et al., 2015). Across large spatial scales, woody species have
been shown to increase plant diversity and productivity, particularly in wetter grasslands
compared to drier grasslands (Soliveres et al., 2014). This positive relationship may, in part, be

driven by wetter grasslands supporting more woody species than drier grasslands through
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increased resource availability and niche complementarity. However, mechanisms maintaining
ecosystem function in an encroached state, such as the portfolio effect, may make finding
management regimes that suppress an entire community of woody encroaching species more
challenging (Loreau et al., 2021). Ultimately, the diversity of encroaching woody species in
mesic grasslands may make it more challenging to reach management goals that aim to combat

encroachment and restore encroached grasslands.
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Table 5.1 Traits and number of replicates per species measured in this study. We measured
seven different woody species in two different watersheds.

Reps (per
Abbreviation Trait Unit watershed)
SLA specific leaf area mg cm-2 10 (5)
LDMC leaf dry matter content mg gt 10 (5)
Functional
Foliar C:N leaf carbon : nitrogen ratio 10 (5)
wd wood density gcm 10 (5)
S13C leaf water use efficiency %o 10 (5)
leaf turgor loss point at
TTLP the end of the growing
season MPa 8 (4)
light saturated
Asat photosynthetic rate pumol m2 st 8 (4)
Physiological . . . P
LCP light compensation point ~ pmol m=s 8 (4)
mol CO2 mol
¢ apparent quantum yield incident photon* 8 (4)
maximum rate of electron
Jmax transport pumol m2 st 8 (4)
maximum rate of
\/Cmax carboxylation umol m2? s 8 (4)

119



99.J] pawIwals
-91buIs

SOUJUBIELI} BISHP3|D

82T BTOFGIT o097 BTOFESY  4p0a€9°0 SGOOFGO0 leIpawIsul  euedLBWE WnjAxoyuez

v'T OT0F67T @07 €20F88E €S0 L00FC90  erelpawlsul BIIRWO.E SNUY

/LT O0T0F¥8T 68°L 190F6V8 pZ0T  LO0F 160 as1adsIp snojueAjisuad snqny

GTT VT0FCET 6LV 0E€0F 667 80T ETOFITT assadsip elqe|6 snyy

95T 2T0F99T @l6€ 9Z0F6SE  oqeb?0 ¥00F ¥ 0 a1eaib0e euRILIBWE SNun.Id

€27 L00FIET V'€ VTOFELE eTE0 TO0F2E0 ayebaibbe lipuoWWNJp SNUI0Y
uelpaw ueawl uelpaw ueawl uelpaw ueaw

Ja18welp : by

ssewiolq punoJiBanoge

- eaJe Jea]

SSeWw Wvjs - JeaT]

W0} LIMOID

sa10ads

Table 5.2 Mean £ 1 SE and median values for leaf : stem mass, leaf area : aboveground biomass,
and height : diameter ratios for each focal species. Letters indicate significant differences (P <

0.05) among species using the Dunn’s test with a Bonferroni correction.
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Figure 5.1 Relative cover (a-b), frequency (c-d), and species dominance index (e-f) of for the
focal woody species from 1989 — 2022. Relative cover of each species was calculated using all
species, woody and herbaceous, present in the plots (n = 20 plots per ungrazed and grazed areas).
The tan line in panels a and b is the total relative cover of all woody species, including all trees
and shrubs that grow above the grass canopy. Frequency was calculated as the percentage of
plots where each species occurred. Species dominance index is calculated as the average relative
cover and frequency, where an index closer to 1 means the species has high cover and is found in
a high number of plots (Avolio et al., 2019).
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Figure 5.3 Parameters from light response (a-c) and A-Ci curves (d-e; mean + 1SE) of the seven
focal shrub species (n = 8 curves per species). (a) light saturated photosynthetic rates, (b) light
compensation point, (c) apparent quantum yield, (d) maximum electron transport rate, and (e)
maximum rate of carboxylation. Letters represent significant differences among species (P <

0.05).
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Figure 5.4 Traits related to water-use and drought tolerance of the seven focal woody species.
(@) turgor loss point, (b) integrated leaf water-use efficiency, and (c) wood density. Letters

represent significant differences among species (P < 0.05).
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Chapter 6 - Conclusion

Grasslands and savannas are highly diverse and heterogeneous ecosystems shaped by
environmental stochasticity and the interactions between trees and grasses (Scholes and Archer,
1997). Trees and grasses are highly divergent growth forms and are often (appropriately)
analyzed as singular functional types to generalize ecological patterns and processes across large
spatial and temporal scales. Nevertheless, woody plants native to grassy ecosystems are diverse
and use various strategies to establish, grow, and persist in these disturbance-prone ecosystems
(Bond and Midgley, 2001; Bond, 2004; Charles-Dominique et al., 2015). For example, variation
in rooting depth and hydraulic architecture can explain species responses to drought and
competition with grasses (Zhou et al., 2020; Wargowsky et al., 2021). Recognizing the diverse
strategies used by woody plants is necessary for understanding the mechanisms driving tree-
grass interactions and predicting the consequences of climate and land-use change across
resource gradients. In this dissertation, | compared the resource-use strategies of common woody
species in lowveld savanna and tallgrass prairie to achieve three main objectives: (1) understand
how rainfall variability impacts savanna tree growth and competition with co-existing grasses
(Chapters 2 and 3), (2) explore the effectiveness and community-level impacts of repeated tree
clearing in response to woody encroachment (Chapter 4) and (3) characterize the growth
strategies of the most abundant encroaching woody species in tallgrass prairie (Chapter 5).

In the first half of my dissertation, | investigated how rainfall distribution impacts above
and belowground savanna dynamics using an in situ irrigation experiment in lowveld savanna
(Limpopo Province, South Africa). In this experiment, irrigation was used to manipulate the
frequency, magnitude, depth, and timing of water availability. | found that irrigation increased

soil water content at 10 and 50 cm soil depths, regardless of how it was distributed. This increase
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in soil water beyond the grass-rooting zone benefited deep-rooted trees and increased tree growth
in all irrigated plots, no matter the frequency or intensity of irrigation. However, when I modeled
tree growth over time, trees that experienced frequent irrigation, representing small but frequent
rainfall events, grew into adult-size classes the fastest in four of six tree species. Additionally, we
found that interspecific differences in leaf-physiology reflected growth differences among tree
species. Most notably, the fastest growing species, A. nigrescens, and the slowest growing
species, C. mopane, had divergent water-use strategies both above and belowground. A.
nigrescens had high stomatal conductance that responded to changes in soil moisture more so
than the rates of other species. Moreover, this species shifted water uptake from deep to shallow
soil depths when soil moisture was higher in surface soils. Together the results from Chapters 2
and 3 suggest that grasses do not ‘get all the water, all the time,’ at least in savannas with sandy
soils. This benefits deep rooted tree saplings and highlights the importance of niche partitioning
in sapling establishment. Finally, the results from these two chapters show that water-spending
tree species are likely to be more competitive for water and confer an advantage in pulse driven
ecosystems, such as semi-arid savannas.

In the second half of my dissertation, | focused directly on the expansion of woody plants
into grassy ecosystems (i.e., woody encroachment). Woody encroachment is one of the largest
threats to grassland and savannas worldwide (Venter et al., 2018; Wieczorkowski and Lehmann,
2022). Once established, the traits of the dominant woody encroachers make encroachment
extremely difficult to reverse (Ratajczak et al., 2014; Collins et al., 2021). In Chapter 4, |
assessed the effectiveness of repeated tree clearing as a tool to mitigate bush encroachment in a
semi-arid savanna in South Africa (Mthimkhulu Game Reserve, Limpopo Province). Clearing

reduced tree belowground starch concentrations but had limited effects on tree survival in the
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first 2-3 years after initial clearing. However, 80% of trees were dead after 7 years. In addition,
cleared plots had greater soil moisture and grass biomass than the control treatment and dung
counts showed impala and buffalo visited the cleared treatment more frequently. These results
highlight the resilience of resprouting woody plants to even highly intensive management
practices, and the need for decadal-scale management plans to successfully manage woody cover
and the negative impacts of woody encroachment.

In Chapter 5, | characterized the growth and resource-use strategies of the most
abundant encroaching woody species in tallgrass prairie. | found evidence that these encroaching
species span a spectrum of growth forms and resource-use strategies, with two of the most
abundant species falling at opposite ends of this spectrum. Moreover, the most abundant
encroaching woody species, Cornus drummondii, had the most extreme trait values, with very
high height:diameter ratios and very low leaf-level photosynthetic capacity. These results suggest
that niche complementarity facilitates the encroachment of several woody species in mesic
grasslands, and this diversity of resource-use strategies may make it more challenging to reach
management goals that aim to combat woody encroachment.

Together, the chapters in this dissertation contribute to a growing body of research aimed
at understanding the influence of interspecific differences among woody plants on grassland
vegetation structure responses to climate and land use change. Compared to the herbaceous
species, woody plants in grassy ecosystems respond slowly to environmental change. However,
my research suggests that some woody species respond quickly to environmental variability, a
characteristic likely associated with woody encroaching species. Trees with high growth rates
can capitalize on resource pulses, facilitating rapid growth and long-term persistence on the

landscape. These ‘windows of opportunity’ (as described in Yu et al., 2017) allow for the
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establishment and rapid expansion of woody species, and consequently change disturbance
regimes to promote their growth (Ratajczak et al., 2014; Nackley et al., 2017). In sum,
recognizing the various resource-use strategies of the dominant woody species in grassy
ecosystems will help us understand variations in woody cover across precipitation gradients and

how these ecosystems will respond to global change.
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Appendix A - Chapter 2 supplementary material

Table A.1 Soil volumetric water content linear mixed model results for each treatment at 10 cm
and 50 cm depths. Separate models were run for each year and depth.
Model: VWC ~ Treatment + (1|Block)

2020 2021 2022
Depth  Predictor t P t P t P
intercept  14.959 <0.001 12.102 <0.001 11.583 <0.001
surface 4,978 <0.001 5.476 <0.001 5.427 <0.001
10em  gepth 1.216 0.24406 2296  0.0375 2.339  0.0345
pulse 3.972 0.0013 2.71 0.0168 2.058 0.0585
season 5.212 <0.001 4512 <0.001 0.552 0.5898
intercept  13.694 <0.001 10.358 <0.001 9.839 <0.001
surface 3.626 0.0026 3.521 0.0033 4.41 <0.001
50Cm  enth 3.838 0.0016 3717 0002 4974  <0.001
pulse 3.566 0.003 2.804 0.0138 3.665 0.0024
season 4.295 <0.001 4.188 <0.001 2.616 0.0201

Table A.2 Mean % increase in VWC for each treatment relative to the control plots for each
hydrological year and growing season. % increase was calculated for block and then averaged
across blocks. Hydrological year is missing for 2022 because of missing data from May —
August.

Hydrological Year (%) Growing season (%)

Treatment August 1 —July 31 October 1 — May 1
10 cm 50 cm 10 cm 50 cm

surface 42.5 37.5 47.5 38.8

2020 depth 11.8 41.2 6.0 50.0
pulse 35.4 38.1 40.4 44.0

season 63.0 55.8 1.8 154

surface 50.8 48.2 66.0 55.1

2021 depth 24.1 59.2 30.2 89.2
pulse 30.6 45.0 37.7 62.7

season 56.9 63.8 8.5 23.5

surface -- -- 76.8 71.4

2022 depth -- -- 26.8 100
pulse -- -- 29.3 64.8

season -- -- 55 22.7
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Table A.3 Output for change in height (cm) and diameter (mm) of tree saplings in the irrigation

experiment.
Model: log(change + 2) ~ Species * Treamtent + (1|Block)

Change in height (cm)  Change in diameter (mm)

Predictor F P F P
Intercept 7.55 <0.001 2498 <0.001
Species 31.65 <0.001 76.36 <0.001
Treatment 7.29 <0.001 2.72 0.029
Species*Treatment 1.04 0.403 1.31 0.165

Table A.4 Output for stomatal conductance (gsw) in response to changes in VWC at 10 cm soil

depth.
Model: gsw ~ VWC * Species + (1|DOY :Treatment)
2022 2023

Predictor F P F P
Intercept 3.61 0.058 36.93 <0.001
VWC @ 10 cm 44.66 <0.001 24.84 <0.001
Species 1.11 0.356 7.36 <0.001
VWC*Species 7.34 <0.001 4.67 <0.001

Table A.5 Output for stomatal conductance in response to treatments in 2023.
Model: sqrt(gsw) ~ Species * Treatment + DOY + (Block:TreelD)

2023
Predictor F P
Intercept 429.43 <0.001
Treatment 3.06 0.017
Species 17.73 <0.001
DOY 72.48 <0.001
Treatment*Species 0.96 0.513
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Table A.6 Output for 8*3C and foliar C:N in 2022 and 2023.

Model: Response ~ Species * Treatment + (1|Plot)

2022 2023
Response Predictor F P F P
Intercept 11873 <0.001 17185 <0.001
d13C Species 17.66 <0.001 14.03 <0.001
Treatment 0.920 0.483 0.40 0.802
Species*Treatment 1.19 0.300 1.36 0.161
Intercept 2431 <0.001 38893 <0.001
C:N Species 164.49 <0.001 142.10 <0.001
Treatment 0.64 0.639 0.22 0.919
Species*Treatment 1.25 0.250 1.04 0.421
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Figure A.1 (a) Arial view of irrigation experimental plots taken in 2021. Each plot is 4.2 x 3 m.
(b) Experiment plot setup. Plots were randomly assigned to one of 5 irrigation treatments (N =
25 plots). Irrigation treatments are identified by the color and letter within each plot (B = surface;
C= control; D= depth; P=pulse; S=season). Plots are arranged in 5 blocks identified by the
number in the plot ID. (c) Schematic of an individual plot with 18 trees planted. Three replicates
of six tree species were planted within each plot in 2017 (N = 450 trees). Grasses were seeded
among trees in 2018.
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Figure A.2 (a) Change in height and (b) diameter for each species in each treatment. Bars

represent mean = 1 SE. Values for each individual tree were calculated for each year (2020 —
2021, 2021- 2022, 2022-2023). And then averaged across years. Letters represent significant
differences among treatments for each species (P < 0.05).
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Appendix B - Chapter 3 supplementary material

Table B.1 Output for grass biomass, shallow : deep root biomass ratio, and above : belowground
biomass ratio for 2022 and 2023

Model: log(biomass) ~ Treatment * Year + (1|Plot)

Model: ratio ~ Treatment * Year + (1|Plot)

Grass biomass shallow:deep above:belowground
Predictor F P F P F P
Intercept 6763 <0.001 21.27 0.085 130.31 <0.001
Treatment 5.30 0.002 0.644 0.632 15.46 0.003
Year 14.20 <0.001 8.033 0.005 37.53 <0.001
Treatment*Year 0.34 0.843 1.22 0.307 8.72 0.068

Table B.2 Output for belowground net primary productivity in 2022 and 2023.
Model: BNPP ~ Treatment * Depth * Year + (1|Plot:Replicate)

Predictor F DF P

Intercept 8260 1 <0.001
Treatment 0.9002 4 0.472
Depth 42,7704 1 <0.001
Year 9.6336 1 0.002
Treatment*Depth 0.6402 4 0.634
Treatment*Year 6.0430 4 <0.001
Depth*Year 6.3156 1 0.0132
Treatment*Depth*Year 1.1108 4 0.3543
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Table B.3 Output for Cs and Ca4 root biomass estimated from root ingrowth cores in 2021-2022.
Model: log(biomass+1) ~ treatment * depth + (1|Plot : Replicate)

Cs Cs
Predictor F P F P
Intercept 64.71 <0.001 526.60 <0.001
Treatment 1.47 0.217 1.03 0.396
Depth 10.66 0.002 9.78 0.003
Treatment*Depth 2.14 0.091 0.96 0.439

Table B.4 Output for inorganic N availability (ug g* resin) measured with resin bags in 2021-

2022 and 2022-2023.
Model: log(N) ~ treatment + (1|Plot)

NOs - N NH4* - N NOs : NH4* Total N

Year Predictor F P F P F P F P
Intercept  223.03 <0.001 63.20 <0.001 49.84 <0.001 360.28 <0.001
2021-2022 Tregtment 172 0189 454 001 9.790 <0.001 0.067  0.990
Intercept 309.29 <0.001 45.42 <0.001 61.95 <0.001 704.20 <0.001
2022-2023  Treatment  3.67 0.022 7.87 <0.001 10.95 <0.001 0.806 0.536
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Figure B.1 3D and &80 values for Ca grass species (red and orange), tree saplings (light and
dark blue) from the experimental plots in 2022 and 2023. Shapes represent average + 1SE
isotopic values for each soil depth soils.
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Figure B.2 (a) Foliar C:N concentrations for each species in each treatment in 2022 and 2023
(mean + 1 SE).
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Figure B.3 Foliar §*°N for each species in each treatment in 2022 and 2023 (mean + 1 SE). A.
nigrescens, D. cinerea, and P. violacea are all N-fixing species.
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Appendix C - Chapter 4 supplementary material

Table C.1 Average percent of sand, silt, clay, total inorganic nitrogen, and total organic carbon
in cleared and control plots at 10, 30, 50, and 100 cm soil depths. Samples were taken in March

2020 (n = 3 per plot).

Treatment Depth (cm) Sand Silt Clay N TOC
Cleared 10 70.6 16.6 12.6 0.06 0.58
30 68.0 15.3 16.6 0.06 0.43
50 62.0 18 20 0.04 0.36
100 65.3 14 20.6 0.05 0.29

average 66.9+246 158+10 172+35 0.05+0.008 0.48%+1.42
Control 10 63.3 19.3 17.3 0.06 0.72
30 60.6 18.6 20.6 0.05 0.51
50 52.6 19.3 28.0 0.09 0.42
100 53.3 18.6 28.0 0.04 0.39

average 575+17.2 19.0+05 235+8.2 0.06+0.01 0.45+2.0
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Table C.2 ANOVA output for soil volumetric water content at 10, 30, and 80 cm soil depths.
Models only included data during the growing season (November- April). Growing season refers
to each wet season from November — April. Block refers to paired control and cleared plots and
accounts for spatial variability among blocks.

Model: VWC ~ treatment * growing season + (1|block)

Soil Depth  Predictors Df F P
10 cm
intercept 1 98.32 0.003
treatment 1 10.23 0.001
growing season 4 157.40 <0.001
treatment * growing season 4 14.48 <0.001
30cm
intercept 1 46.15 0.014
treatment 1 2.49 0.114
growing season 4 155.45 <0.001
treatment * growing season 4 15.81 <0.001
80 cm
intercept 1 16.42 0.051
treatment 1 0.56 0.455
growing season 4 104.91 <0.001
treatment * growing season 4 23.53 <0.001
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Table C.3 ANOVA output for frequency of mopane tree size classes.

Model: log(frequency+1) ~ treatment * size class + (1|year:plot)

Predictors Df F P
intercept 1 9.89 0.002
treatment 1 2239 <0.001
size class 3 104 0.380
treatment*size class 3 6.10 <0.001

Table C.4 ANOVA output for grass biomass, distance to nearest perennial grass tufts, and width
of perennial grass tuft.

Models: grass biomass ~ treatment * year + (1|plot:quadrat)
log(distance + 1) ~ treatment * year + (1|plot)

log(width + 1) ~ treatment * year + (1|plot)

Response Predictors Df F P
grass biomass
intercept 1 5.30 0.023
treatment 1 0.50 0.480
year 5 29.32 <0.001
treatment*year 5 2.60 0.027
distance to nearest perennial grass tuft
intercept 1 194.14  <0.001
treatment 1 2.45 0.145
year 3 9.91 <0.001
treatment*year 3 5.66 0.003
width of perennial grass tuft
intercept 1 400.99  <0.001
treatment 1 11.82 0.001
year 3 8.79 <0.001
treatment*year 3 3.82 0.018
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Table C.5 Total standardized dung counts of herbivore species. Transects were surveyed
approximately every 1-2 months from 2016-2022. The lengths of the transects varied in a few
control plots and all dung counts were standardized to a 50 m transect.

Species Control Cleared

Elephant 271.8 261.7
Impala 80.3 187.2
Buffalo 79.4 151
Giraffe 82.5 80.5
Kudu 16.8 11.7
Zebra 6.6 9.6
Hippo 7.91 4.3
Duiker 8.08 1.7
Steenbok 2 5.01
Waterbuck 1.78 3.67
Wildebeest 0.76 0
Total 555.39 712.71
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Table C.6 Generalized linear mixed effects model for herbivore dung counts. In each plot, dung
counts were standardized to 50 m transects and summed across two transects. We estimated dung
deposition per day, by dividing the standardized dung counts by the number of days in between
sampling events and then averaged the dung counts across all sampling dates for each plot.

Models: estimated deposition per day ~ treatment + (1|plot), family=tweedie(link= “log”)

Species Predictors Estimate  Std Error Z P
Elephant  intercept -2.354 0.217 -10.842 <0.001
Cleared treatment 0.093 0.306 0.303 0.762
Impala intercept -4.086 0.214 -19.079  <0.001
Cleared treatment 0.879 0.281 3.133 0.0017
Buffalo intercept -4.165 0.244 -17.082 <0.001
Cleared treatment 0.661 0.327 2.023 0.0431
Giraffe intercept -4.076 0.236 -17.291 <0.001
Cleared treatment -0.031 0.329 -0.093 0.926
Kudu intercept -5.585 0.383 -1459 <0.001
Cleared treatment -0.324 0.572 -0.567 0.571
Zebra intercept -6.431 0.585  -10.989 <0.001
Cleared treatment 0.014 0.803 0.018 0.986
Hippo intercept -6.633 0.050 -13.154 <0.001
Cleared treatment -0.688 0.696 -0.988 0.323
Duiker intercept -7.161 1.629 -4.395 <0.001
Cleared treatment -1.582 1.942 -0.815 0.415
Steenbok intercept -7.569 0.655 -11.564 <0.001
Cleared treatment 0.372 0.853 0.437 0.662
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Table C.7 ANOVA output for mopane stem nonstructural carbohydrate concentration, including
glucose, sucrose, and starch.

Model: NSC ~ treatment * year + (1|plot)

Response  Predictors Df F P
glucose
intercept 1 149.383 <0.001
treatment 1 0.173 0.683
year 2 0.406 0.668
treatment*year 2 2.833 0.066
sucrose
intercept 1 93.267 <0.001
treatment 1 0.403 0.532
year 2 15.535 <0.001
treatment*year 2 15.160 <0.001
starch
intercept 1 47.712 <0.001
treatment 1 11.695 0.002
year 2 2.619 0.080
treatment*year 2 12.039 <0.001
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Table C.8 ANOVA output for functional rooting depth of mopane trees and grasses. Years were
analyzed separately.

Model: PC1 ~ treatment * growth form + (1|plot)

Year Predictors Df F P
2015
intercept 1 31.923 <0.001
growth form 1 35.691 <0.001
treatment 1 0.094 0.763
growth form * treatment 1 1.520 0.235
2017
intercept 1 2.038 0.211
growth form 1 9.537 0.004
treatment 1 1.615 0.259
growth form * treatment 1 1.860 0.181
2018
intercept 1 3.726 0.092
growth form 1 5.885 0.021
treatment 1 0.330 0.583
growth form * treatment 1 0.851 0.367
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Figure C.1 8D and 580 values for Cs grasses (open circles), mopane trees (closed squares), and
soil (plus symbols) in 2015, 2017, and 2018. Dashed line represents the meteoric water line, and

the solid line is the regression line for the soil samples.
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Figure C.2 (a) 8D and (b) 580 values for Cs grasses (open circles), mopane trees (closed
squares), and soil (closed circles) by depth in 2015, 2017, and 2018.
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Figure C.3 Habitat preference of various herbivores from 2016-2022. Preference ratio was
calculated from the total standardized dung counts for each species in each plot (n=3). Grey
points are the preference ratio for each plot and black points are the mean + 1SE. Preference ratio
ranges from O to 1, where 1 is complete preference for cleared plots and 0 is complete preference
for control plots.
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Figure C.4 Average PC1 values + 1SE for C4 grasses (open circles), mopane trees (closed
squares) and soil samples (closed circles) in cleared and control plots in 2015, 2017, and 2018.
PC1 of soil samples decreased with depth. PC1 represented 96.76, 92.74, and 92.46% of
variation in 2015, 2017, and 2018, respectively.

150



Appendix D - Chapter 5 supplementary material

Table D.1 Total number of stems and locations for each species sampled for leaf area, stem
mass, and leaf mass. Watershed ID refers to specific watershed names on Konza Prairie, where
the number represents the fire frequency and watersheds that start with “N” are grazed by bison.

Species

# of stems Fire Frequency

Watershed 1D

Cornus drummondii
Prunus americana

Rhus aromatica

Rhus glabra

Rubus pensilvanicus
Zanthoxylum americanum

76
26
23
20
16
11

4
2,4
1,2,4
2
2,4
2,4

K4A, N4D

N2B, 4B, 4F, N4D

N2A, N2B, 4B, N4D, Headquarters
N2B, 4B, N4D, N1A

N2B, 4B, 4F

N2B, 4B

151



30+

20+

Cover (%)

10' @

Figure D.1 Cover of all woody species in the long-term species cover transect across the entire
site. Cover was averaged for each species over the last 10 years (2012 — 2022) across 1-, 4-, and
20-year fire frequencies. Sub-shrubs and vines were removed from the dataset and only woody
species that grow above the grass canopy layer are shown. Gray points represent species present
in the species composition plots that were not measured in this study.
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Figure D.2 Basal area (m? ha1) estimated across watersheds burned every 4 years on Konza
Prairie. Field surveys were performed in 2020 across 48 plots in grazed and ungrazed areas.
Within each plot, three 20 m long transects were walked and every 2 m the diameter of every
woody stem above 0.5 m was measured within a 0.25 m? area.
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Appendix E - Chapter 5 detailed methods

Physiological and functional traits methods

Rapid light response curves — We sampled light response curves in July of 2022 using the
Li-6400XT photosynthesis system (Li-Cor, Inc., Lincoln, NE). We sampled four replicates of
each species in grazed and ungrazed areas (n = 8 per species). Light intensities were set to 2000,
1600, 1200, 800, 400, 200, 100, 50, 30, 15, and 0 pmol m2 s, CO2 inside the chamber was set
to 400 ppm and relative humidity was maintained between 40-50%. Each leaf was allowed 90-
200 seconds to stabilize between light intensities. We derived quantum yield (¢), light
compensation point (LCP), light saturated photosynthetic rate (Amax) using the photosynthesis
package in R (Stinziano et al. 2023).

A-Ci response curves — In July 2022, we sampled A-Ci response curves on the same
shrubs as light response curves using the Li-6800 photosynthesis system (Li-Cor, Inc., Lincoln,
NE). We used the dynamic assimilation response curve method (DAC; Saathoff & Welles,
2021). DAC uses dynamic equations to continuously change CO2 concentrations from 1600 ppm
to 40 ppm. Leaves were allowed to stabilize to chamber conditions before starting each curve.
Initial chamber conditions were set to: CO2 = 400 ppm, temperature = 30 C, relative humidity =
50%, light = 2000 umol m=2 st We derived Jmaxand Vcmax using the plantecophys package in R
(Duursma 2015). Jmaxand Vcmax are parameters that represent maximum electron transport rate
and carboxylation capacity, respectively.

Pressure-volume curves — Pressure-volume curves were sampled in August of 2022 on
the same shrubs used for photosynthetic response curves using the bench dehydration method (n

= 8 curves per species; Tyree & Hammel, 1972; Bartlett et al., 2012). Terminal sections of
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branches were collected before sunrise between 400 and 530 hr, placed in a plastic bag with a
moist paper towel, and stored in a refrigerator until measuring. All branches were collected on
the same morning as they were measured. To start each curve, a portion of the stem with the
youngest developed leaves were cut underwater with a razor blade, placed in a bag, and weighed
(Ohaus Pioneer, Ohaus Corporation, Parsippany, NJ, USA). Leaf water potential was measured
using a Scholander Pressure Chamber (PMS Instrument Company, Albany, OR, USA). The leaf
was weighed again immediately after the water potential measurement, allowed to dry down on
the bench top for 2 minutes, placed in the plastic bag to equilibrate for 20 minutes and then water
potential was measured again. This process was repeated with dry down periods of 2 minutes to
2 hours until a pressure of 3.0 — 3.5 MPa was reached. Each leaf was dried at 60 °C for 48 hours
and weighed. We derived turgor loss point (ree) for each sample.

Leaf functional traits — Specific leaf area (SLA) and leaf dry matter content (LDMC)
were measured in late July of 2022 (sensu Perez-Harguindeguy et al., 2016). Briefly, five leaves
from a total of 10 shrubs per species were used for leaf functional trait measurements (n = 350
leaves). Leaves were collected, placed in a moist plastic bag, and stored in a cooler until
processing. We measured fresh leaf area using imageJ. Leaves were then rehydrated overnight
and measured for water saturated mass. We dried the leaves for 48 h at 60 °C and weighed them
for leaf dried mass. SLA and LDMC were calculated for each individual leaf and then averaged
for each individual shrub. Leaves for each replicate shrub were combined, ground, and measured
for foliar C:N and '3C. C, N, and §'3C were measured at the Stable Isotope Mass Spectrometry
Laboratory at Kansas State University using an Elementar vario Pyro cube coupled to an

Elementar Vision mass spectrometer. Isotopic abundance was converted to 6 notation using:

R
5= [R”ﬂ—quoo

standard
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where R is the ratio of heavy to light isotopes (*3C:2C) for the sample and standard. Standards
were calibrated to the international standard, Vienna Pee-Dee Belemnite for §*C. Within and
across run variability of the working standard was < 0.05 %o.

Woody density — Wood density, a metric of drought tolerance, was measured as described
in Perez-Harguindeguy et al. (2016). Briefly, a 10 cm long section of stem was cut 10 cm above
the ground and measured for fresh volume. Stem sections were then dried at 60 °C for 72 hours

and weighed to calculate stem density (mg cm3; n = 10 per species).
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