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Abstract

Albedo, i.e., the fraction of the incoming sunlight that a surface reflects, has been
previously shown to play a key role on the climate system by influencing the energy
balance of the Earth’s ecosystems. Shifts in land cover, such as deforestation for
agriculture, or the creation of grazing lawns by grazers, are likely to alter albedo,
which, in turn, can influence the local climate - higher albedos are associated with a
net cooling effect, while lower albedos can lead to surface temperature increases.
Raises in temperature have been previously linked to woody encroachment, process
that can further lead to a warmer effect due to the reduced albedo of woody plants
in comparison with grass. In the present study, I investigated how albedo differed
between three distinct savanna vegetation types: grazing lawns, tall bunch grassland
and woody encroached tall grassland. I showed that grazing lawns have a signifi-
cantly higher albedo than woody encroached tall grass. Albedo decreased with the
amount of bare soil, and increased with the amount of grass. However, it was not
affected by woody cover. I also investigated the likelihood of shrub encroachment
to happen in lawns and tall bunch grass, and found that it happens more easily in
tall bunch grass. This study supports that grazers, particularly megaherbivores, as
main drivers of grazing lawns formation and maintenance, can affect the local cli-
mate of African savannas. By creating grazing lawns, herbivores also prevent shrub
encroachment and the changes in albedo (and consequently, in local climate) that
this process provokes. Another important aspect of this study is to supply more
empirical data on the importance of a megaherbivore, such as white rhino, to the
ecosystem and the possible consequences of its removal, which in light of the recent
poaching crisis might be a reality not so far away.



1 Introduction

Changes in ecosystems, such as alterations in land cover, can strongly impact the
climate system (Foley et al., 2003, Hoffmann and Jackson, 2000, Syktus and
McAlpine, 2016). Vegetation interacts with climate through a variety of mecha-
nisms - biochemical feedbacks (carbon cycle) and biophysical feedbacks (water
and energy cycles) (Chapin et al., 2008). Carbon dioxide released by human activi-
ties has been regarded as a major contributor to the greenhouse effect and conse-
quently as the main responsible driver of climate change. Forests are known for
their capacity to sequester carbon from the atmosphere, which can potentially
countervail fossil fuel emissions (Alkama and Cescatti, 2016), and forest man-
agement is a frequently proposed strategy to decelerate global warming (Naudts et
al., 2016). However, the biophysical feedbacks should also be taken into consider-
ation when developing climate change mitigation protocols (Syktus and
McAlpine, 2016, Foley et al., 2003, Bonan, 2008). In fact, using climate models,
Bala et al. (2007) demonstrated that global-scale deforestation had a net cooling,
not warming, effect on climate — although the loss of carbon dioxide due to the
loss of trees exerted a warming effect, this effect was counteracted by the net cool-
ing effect provoked by changes in evapotranspiration and albedo (Betts, 2000,
Bonan, 2008).

An increasing number of studies shows that not only carbon dynamics are im-
portant for climate change. Albedo, i.e., the fraction of the incoming sunlight that
a surface reflects (A Coakley, 2003), also plays a key role by influencing the ener-
gy balance of the Earth’s ecosystems (Cohen et al., 2013, Foley et al., 2003, Betts,
2000, Alkama and Cescatti, 2016). The relevance of the biochemical and biophys-
ical effects seems to be different according to latitude, with the effect of albedo
being larger at higher latitudes, while the transpiration and carbon feedbacks are
more important in the tropics (Bala et al., 2007, Chapin et al., 2008). Albedo is not
an intrinsic and static property of a surface since it depends on the atmospheric
composition (e.g. presence of clouds), the direction and the touching surface of the
incoming light (A Coakley, 2003). Hence it varies between surfaces, with oceans
and forests having a relatively lower albedo than deserts and grasslands (Bala et
al., 2007, Allen et al., 1994, Beringer et al., 2005), which means more energy is
absorbed by wooded systems than by grasslands. Because the fraction of light
which is not reflected is then absorbed by the surface, it leads, among other pro-
cesses, to surface temperature increases (A Coakley, 2003). The lower albedo in
forests can be attributed to the more complex canopies of trees and shrubs that are
able to trap a higher percentage of shortwave radiation (Chapin lii et al., 2000,



Beringer et al., 2005). An implication of this would be that (short) grass patches
without woody components should reflect more radiation and therefore reduce
warming. Raises in temperature have previously been linked to woody expan-
sion (Auken, 2000, Tape et al., 2006, Sturm et al., 2001), which according
to Stevens et al. (2017) has been increasing since the 1970s in savannas across the
world.

Herbivores can contribute to variation in albedo by modifying land cover. As
shown by Cohen et al (2013) and te Beest et al. (2016), grazing pressure by
reindeer in the tundra led to a decrease in shrub density, which consequently
delayed snowmelt and increased surface albedo. Similarly, Doughty et al. (2010)
suggested that the collapse of mammoth populations during the Pleistocene led to
the expansion of dwarf shrubs, which led to decreased albedo and increased
warming. Megaherbivores may play a similar role in extant ecosystems.
Megaherbivores are those herbivores whose body mass exceeds 1000 kgs as
adults, including elephants, hippopotamus and white rhinoceros (Owen-Smith,
1988). According to Paine (1995), megaherbivores are keystone species, because
they have a disproportionate impact on their habitats. Previous studies recognized
their importance in shaping the structure of savanna ecosystems (Cromsigt and te
Beest, 2014), by influencing the abundance of different vegetation states.

One important feature of savanna landscapes is the existence of grazing lawns,
defined by McNaughton (1984) as ‘areas created and maintained by grazers’.
These areas support a high diversity of grazers (Archibald et al., 2005), because
they offer high resource availability, with a higher number of palatable grass
species, and this high forage quality is what promotes recurrent grazing (Cromsigt
and Kuiper 2011). At the same time, regular grazing is an essential component of
grazing lawns dynamics since it prevents the colonization by tall bunch grass
species (Hempson et al., 2015). In Kruger National Park, Cromsigt and te Beest
(2014) found that grazing lawns were mostly absent in areas with low white rhino
densities, and the proportion of short grass was 60 to 80 % lower than in areas
with high white rhino densities. Similarly, Waldram et al. (2008) identified white
rhinos as an important driver of grazing lawns abundance in Hluhluwe-iMfolozi
Park, showing that, in the absence of rhinos, other grazers species were unable to
maintain patches of lawn in mesic Hluhluwe. Furthermore, by maintaining these
patches of grazing lawns, white rhino may prevent shrub encroachment of savanna
grassland (Stevens et al., 2017). It has been suggested that woody recruitment was
more constrained in grazing lawns, because herbivores are better able to find and
eat up the seedlings in lawns. Also, the soil is drier in grazing lawns than in tall
bunch grassland, which can also dificult woody plants recruitment (van der Waal
et al., 2011). Since shrub encroachment, as mentioned before, could lead to



decreases in albedo and subsequently to surface temperature increases (te Beest et
al., 2016), white rhino might play an important role in cooling the local climate.
The purpose of this study is to investigate how different white rhino-mediated
vegetation states in Hluhluwe-iMfolozi Park, South Africa, differ in albedo
(Figure 1). By creating grazing lawns, rhinos might also be preventing shrub
encroachment. Therefore, I predict shrub encroachment happens more easily in tall
bunch grass. I hypothesized that grazing lawns will have a higher albedo than tall
bunch grass and woody encroached tall grassland. I also hypothesized that the
presence of woody plants encroached in tall bunch grassland will be higher than in
grazing lawns.
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Figure 1. Schematic representation of vegetation shifts and energy feedbacks: white rhino-mediated
vegetation states influence albedo, with grazing lawns reflecting more radiation than tall bunch
grassland and woody encroached tall grassland.



2 Materials & Methods

2.1 Study area

The study was conducted in Hluhluwe iMfolozi Park (HiP), KwaZulu-Natal,
South Africa (Figure 2). This fenced park, located on the east coast of South
Africa between 28°00'S and 28°26'S; 31°43'E and 32°09'E, today includes a total
area of around 90,000 ha. Initially, this area was split in Hluhluwe Game Reserve
and Umfolozi Game Reserve, which were among the first protected areas in
Africa, and a corridor connecting both reserves. Several changes occurred
throughout the years, and the two reserves were eventually united with the
incorporation of the corridor, forming in 1985 the Hluhluwe-iMfolozi Park that we
know today (Brooks and Macdonald, 1983). This region has a coastally modified
climate with a wet summer (October to March) and dry winter (April to
September) (Boundja and Midgley, 2010, Cromsigt, 2006). The mean annual
rainfall varies between 635 mm and 990 mm depending on altitude, which spans a
gradient of 60-750 m (Balfour and Howison, 2002). The northern, Hluhluwe, and
the southern, iMfolozi, parts vary significantly in climate and topography
(Boundja and Midgley, 2010). Hluhluwe is mostly covered by mesic savanna with
steep hills and mean annual rainfall of 985 mm, while iMfolozi is dominated by
semi-arid savanna with less pronounced elevational gradients, with broad flood
plains, and a mean annual rainfall of 650 mm (Cromsigt and OIff, 2006, Waldram
et al., 2008, Linklater and Hutcheson, 2010). The temperature within HiP ranges
from 13°C to 35°C.

The park predominantly consists of mudstone soils, but granite-, arenite- and
basalt-derived soils can also be found in high altitude areas (Whateley and Porter,
1983, Cromsigt, 2006). Vegetation in the park is very heterogeneous, ranging from
open grasslands to closed Acacia woodlands and thickets of dense broadleaf
species (Owen-Smith, 2004, Whateley and Porter, 1983). Grasslands are a mix of
tall bunch grasses (mainly Themeda triandra, Sporobolus pyramidalis, Eragrostis
curvula, and Panicum maximum communities) and short stoloniferous grazing
lawns (mainly Digitaria longiflora, Urochloa mosambicensis, Dactyloctenium
australe and Sporobolus nitens (Cromsigt and OIff, 2008, Waldram et al., 2008).
The park is home to a very diverse mammal community, including herbivores and
carnivores. The herbivore community has fluctuated markedly over the years, due
to disease outbreaks and management interventions, such as culling operations.
There have been two massive culling operations, one during the 1930s and 1940s



for disease control as part of an anti-Tsetse fly campaign, and a second during the
1960s to 1980s to reduce perceived overgrazing during a period of severe drought
(Brooks and Macdonald, 1983). White rhinos were protected during these
campaigns, and with the start of the so-called ‘Operation rhino’ in 1969, rhinos
were removed from the park through live removal and reintroduced in other
protected areas . Since the park was one of the last places hosting individuals of
this species, this operation arose to prevent white rhino extinction (Le Roux et al.,
2017). Hluhluwe-iMfolozi Park has since played a key role in rhino conservation,
allowing, for example, the reintroduction of rhinos to the Kruger National Park
(Pienaar 1970). According to Gaisford and Swart (2010), ‘every single Southern
white rhino population in the world has its genetic origin in the Hluhluwe-
iMfolozi Park’. In HiP, white-rhinos play a central role in grazing, consuming over
one third of the grass eaten by all large herbivores (Cromsigt et al., 2017). Since
the 1980s herbivore management practices have changed and allowed herbivore
populations to grow, so that nowadays a vast diversity of native herbivores reaches
a total herbivore biomass exceeding 10 000 kg/km? (Le Roux et al., 2017), which
is twice the biomass in Kruger National Park. Common species are impala
(Aepyceros melampus), common warthog (Phacochoerus africanus), blue
wildebeest (Connochaetes taurinus), common zebra (Equus burchellii), African
buffalo (Syncerus caffer), African elephant (Loxodonta Africana), giraffe (Giraffa
camelopardalis) and white rhino (Ceratotherium simum simum) (Cromsigt 2006).
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Figure 2. Outline of the Hluhluwe-iMfolozi Park map showing the position of the albedo
measurement plots and the transects’ areas. Every site includes three plots. Due to the zoom, some
plots are clustered together, so they show as one or two points on the map. The seventy-nine
transects were not represented individually but rather as areas for better clarity. The size of the
circles represents the density of transects in each area.



2.2 Data Sampling
2.2.1 Study I: linking albedo to vegetation states

Study design

I selected a total of 20 sites distributed over the northern part of the park (Figure
2). Six of these sites had been previously established in another study (Vedin,
2016) and will from now on be referred to as ‘fixed sites’. The purpose of the
fixed sites was to measure variation in albedo over time and to see whether
differences among vegetation types in albedo varied over time. The remaining 14
sites, from here on called ‘extra sites’, were chosen particularly for the present
study to look at albedo variation among plots with a clear contrast in vegetation
types for a larger number of sites. The extra sites were chosen following the same
criteria as for the fixed sites and the only difference between fixed and extra sites
was the frequency of measurement — the latter were only visited once, while the
former were visited every month between October 2016 and May 2017.
Otherwise, the measurements and protocols were the same for both. In each site,
there were 3 plots, at least 100 meters apart from one another, representing three
different grassland types: grazing lawn, tall bunch grassland and woody
encroached tall grassland (Figure 3). A grazing lawn plot was characterized by the
dominant presence of short prostrate-growing lawn-type grass species, such as
Digitaria longiflora, Sporobolus nitens and Urochloa mosambicensis. Tall
grassland plots were defined by grass growing in tall grass tufts, including
dominant species such as Panicum maximum, Themeda triandra and Sporobolus
pyramidalis. The third type of plot was defined as tall grassland plots that were
encroached by woody plants such as Dichrostachys cinerea and Maytenus
senegalensis. Due to the fact that the albedometer range of measurement is
circular, plots were defined as circles of 2.6 meters radius.

Figure 3. The three vegetation types assessed during this study. From left to right: grazing lawn, tall
grassland and woody encroached tall grassland.



Albedo measurements

I used an albedometer (upward and downward facing CMP11 pyranometers,
CMAL11, Kipp & Zonen, Delft, the Netherlands) that was sensitive to short wave
radiation between 285 and 2800 nm and positioned it one meter above the ground
using a tripod at the center of each plot following Williamson et al. (2016) (Figure
4A). Measurements were taken between 9 am and 3 pm, since there is minor varia-
tion in albedo values during this period (see Vedin, 2016). Moreover, within each
site all plots were measured within one hour of each other to avoid any potential
influence of the solar angle on albedo. I started to record albedo for 10 minutes, as
Vedin (2016) did in her study, but since there was no variation in albedo over that
period neither in Vedin’s data or mine, I shortened the measurement time to 5
minutes. The logger recorded albedo every 30 second during this period. Within a
site I always tried to measure all three plots under the same sky conditions, to
avoid potential differences emerging from the presence of clouds.

In my study, for the fixed sites, albedo was measured in 5 rounds, with approxi-
mately 4 weeks in between each round, except for the 5" round that was 2 weeks
and a half apart from the 4™ round due to logistic reasons. During the 1st round,
only 2 of the 6 sites, and on the 2™ round only 4 of the 6 six sites were meas-
ured due to weather constraints. On the other three rounds I measured all fixed
sites without disturbance. I added data from Vedin’s (2016) study, who performed
measurements in the same sites using the same methodology as I did in my study,
to increase the sampling period. Vedin (2016) measured albedo between October
2016 and December 2016, and I performed my measurements between January
2017 and May 2017, to record the variation in albedo of the different vegetation
types over time. Prior to the statistical analysis, January and February 2017 rounds
had to be excluded since the number of sites measured was different from the oth-
er rounds. Similarly, Vedin’s (2016) third measurement round was removed from
the analysis, since site Nombali could not be measured due to the presence of two
poached rhinos. Thus, I only used in the analysis the rounds where all the six sites
were measured: October and November 2016, March, April and May 2017.

Vegetation measurements

I recorded vegetation for each plot, using a point intercept method, where I laid
out 2.6 m transects in the eight wind directions from the fixed middle point of each
plot till the edges (Figure 4B). Every 20 centimeters along a transect I recorded
species and, using a wooden stick with a centimeter scale, the maximum
vegetation height of the vegetation and the number of times all living parts of each
plant species touched the stick at that point (up to a maximum of 5 hits per species
per point). The middle point was measured last and only on one of the eight
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transects. With this design the central part of a plot is sampled more intensely
compared to the rest, but this is compatible with the fact that the measurement
taken by the albedometer is influenced the most by the vegetation directly
underneath the sensor. In total, this gives 105 distinct points per plot.

Figure 4. A shows the albedometer on one of the plots; B represents a plot with the central point and
the eight transects.

2.2.2 Study llI: linking vegetation states and woody recruitment

To test if woody recruitment is more limited in grazing lawns than in tall bunch
grassland, I walked an equal number of transects in grazing lawns and tall bunch
grassland and recorded the number of woody i

plants of different height classes present in
each vegetation type. The transects were
walked both in Hluhluwe and Imfolozi (Figure
2) at the end of March 2017 and end of May
2017, respectively. Transects had a maximum
length of 20 meters and I always paired a lawn
transect with a tall bunch grass transect. When
it was not possible to lay a 20 meters long
transect, I would use the maximum length of
the limiting vegetation type as transect length
for both grassland types, i.e., if the maximum
length for a grazing lawn transect possible in

an area was 15 meters, then I would also limit

Figure 5. Biomass measurement on a
transect using the DPM.
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the tall bunch grass transect to 15 meters. Every meter along each transect, |
recorded grass biomass using a Disc Pasture Meter (DPM) (Figure 5) and the
predominant vegetation state under the disc (= 50%) was recorded according to
one of the following four categories: maintained or unmaintained grazing lawn,
forbs, or tall bunch grass. Subsequently, I walked the transect again and counted
the number of woody plants per meter plot according to four different height
classes: < 0.10, < 0.50, < 1.00, and > 1.00 meters. A total number of 39 paired
lawn-bunch grass transects was assessed, 20 in Hluhluwe and 19 in iMfolozi.

2.2 Statistical Analysis

Microsoft Excel 2010 was used to organize and process all the data before the
analysis. All data was then analyzed using the software package R (version 3.3.3,
R Core Team, 2017), together with the program RStudio (Version 1.0.153,
RStudio Team, 2017). To build my models I used the package nlme (Pinheiro et al
2016).

Extra Sites Albedo Analysis

For the extra sites, to test the effect of the different variables in albedo, I used a
linear mixed-effects model with various fixed effects: vegetation type, time,
percentage of woody plants cover, percentage of bare soil and vegetation height. |
used two measurements of time: month and day of year (DOY). I used DOY as a
covariate to test if there is a directional change in albedo over time, while I used
month as an ordinal factor to test if there is any difference in albedo among
months (directional or not), caused by random events such as rainfall. I decided to
initially include both in my full model, but neither of these variables explained
enough variation to end up in the final model. Due to the fact that my vegetation
types were grouped within sites, I included site as a random effect to correct for
this spatial autocorrelation. Although the residual variance and the variance for the
random intercept were very small, and the estimates and p-values for the fixed
effects did not change considerably when the random effect was removed (see
Appendix II G), I decided to keep the random parameter in the final model to
reflect my experimental design. The percentage of woody plants cover was
calculated as the total number of vegetation hits divided by the number of woody
plant’s hits, per plot. Similarly, the percentage of bare soil was first calculated as
the total number of vegetation hits divided by the number of bare soil hits, per
plot, and then compared to the visually estimated percentage cover to obtain the
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most accurate estimation for this parameter. Vegetation height was averaged per
plot per site. In my final analysis, I added one measurement round of three of the
fixed sites, with a strong contrast between vegetation types, to the 14 extra sites to
increase the sample size: round 2 of ‘Halfway’, round 3 of ‘Crossroads’ and round
3 of ‘AIPO’. To get to my final model, I simplified the full model by removing
non-significant variables and testing with ANOVA whether the removal of
variables was acceptable. My decisions were made based on the p-values of the
different fixed effects and the Akaike Information Criterion (AIC) of the various
models tested (see Appendix II A-I for details on model selection). I also tested for
interactions between vegetation type and the following variables: woody plants
cover, percentage of bare soil, vegetation height and DOY (see Appendix III).

Fixed Sites Albedo Analysis

Similarly to the extra sites analysis, to test the effect of the different variables in
albedo on my fixed sites, I also used a linear mixed-effects model. However, to
reflect the spatial dependency of my experimental design, I nested vegetation type
within site as a random effect. I also added to the full model an interaction
between the type of vegetation and month. I used the same procedure for model
selection as for the extra sites (see Appendix IV A-H for details on model
selection). I used simple linear regressions to test if albedo correlates with the
number of bare soil, grass, woody plants and total vegetation hits.

Woody Recruitment Analysis

Since not all transects were of the same length, I calculated the density of woody
plants per meter by dividing the number of woody plants individuals found by the
full transect length. 1 did that for the four height classes separately. Similarly, I
also calculated the percentage of lawn, bunch, forbs and bare soil per transect,
since even grazing lawn transects had some tall grass patches and vice versa with
tall grassland transects. To test for differences in woody recruitment between the
different grassland types, I used linear mixed-effects models, with various fixed
factors: grassland type, height class, area, DPM, percentage of lawn, percentage of
tall bunch grass, percentage of forbs and percentage of bare soil. I added site as
random factor to correct for the fact that transects were always paired. To answer
the question whether the effect of grassland type depended on height class I also
added an interaction between these two variables to my model. See Appendix V
for model selection.
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3. Results

3.1. Extra Sites

3.1.1. Vegetation

Different vegetation types differed in canopy height, with vegetation in lawn plots
being shorter than in tall grass plots, and woody plots (Figure 6A). Over time, the
expected vegetation height pattern (lawn < tall < woody) was not always constant

(Figure 6B). In March, tall bunch grass height surpassed woody plants plots’
height.

Hlawn HETall ®Woody

E 60
2
= 40
=
.80
o 20
I
0
Lawn Tall Woody February March April May
Vegetation Type Month

Figure 6. A represents the average vegetation height over each vegetation type over time; B
represents the average vegetation height per plot over time.

3.1.2. Albedo

Albedo differed among vegetation types (F232= 8.0271, p-value = 0.0015, Table 1,
Figure 7). Bare soil, percentage of woody plants cover, DOY, month and
vegetation height did not significantly influence albedo (Figure 8; Appendix II A-
H). Albedo values varied between 0.1 and 0.20, except for the tall grass plot of the
site. Thyeni 1, which stands out as an outlier with an albedo value of 0.23
(Appendix I).
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Table 1. Anova output of the final fitted linear mixed-effects model used to test the effect of
vegetation type on albedo. Significant values are in bold.

numDF denDF F-value p-value
(Intercept) 1 32 1442.0135 <.0001
Type of Vegetation 2 32 8.0271 0.0015

Albedo of grazing lawn plots was higher than of woody encroached tall grassland
plots (beta = -0.02235294, SD = 0.006528263, p-value = 0.0017), but did not
differ between lawn and tall grassland plots (Table 2). To see if there was a
difference between tall bunch grassland and woody encroached tall grassland
plots, the same model was run changing the intercept to the tall grassland plots.
The albedo of tall grassland plots was higher than that of woody encroached tall
grassland plots (beta = -0.02294118, SD = 0.006528263, p-value = 0.0013).

Table 2. Summary table of the final fitted linear mixed-effects model used to test the effect of
vegetation type on albedo. Intercept represents lawn vegetation. Significant values are in bold.

Value Std.Error DF t-value p-value
(Intercept) 0.17529412 0.004616179 32 37.97385 0.0000
Type of Vegetation Tall 0.00058824 0.006528263 32 0.09011 0.9288
Type of Vegetation Woody - 0.02235294 0.006528263 32 -3.42403 0.0017

Table 3. Summary table of the final fitted linear mixed-effects model used to test the effect of
vegetation type on albedo. Intercept represents tall grass vegetation. Significant values are in bold.

Value Std.Error DF t-value p-value
(Intercept) 0.17588235 0.004616179 32 38.10128 0.0000
Type of Vegetation Lawn - 0.00058824 0.006528263 32 -0.09011 0.9288
Type of Vegetation Woody -0.02294118 0.006528263 32 -3.51413 0.0013
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No significant interactions were found between type of vegetation and percentage
of woody plants cover (F220 = 0.4222, p-value = 0.6596), vegetation height (F220 =
0.20868, p-value = 0.8129), percentage of bare soil (F220 = 1.9454, p-value =
0.1611), month (Fs26= 0.5400, p-value = 0.7729), or DOY (F230= 1.24949, p-value
= 0.3011) (see Appendix III A-E for detailed statistics). This indicates that there
was little variation in the difference in albedo among the three vegetation types
over time.
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Figure 7. Mean albedo for the different vegetation types.
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Figure 8. Graph A shows the albedo for every plot on each measurement day; B shows the relation
between albedo and the percentage of bare soil, per plot; C shows the relation between albedo and
the percentage of woody cover, per plot; D shows the relation between albedo and vegetation height,

per plot.
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3.2. Fixed Sites

3.2.1. Vegetation

Similarly to the extra sites, there was a difference in canopy height between the
three types of vegetation (Figure 9A). During October and November, vegetation
was much shorter for the three distinct types of vegetation studied, compared to
March, April and May. After March, the average canopy height for each
vegetation started to decrease (Figure 9B).

A B

70 Hlawn m®Tall ®Woody

Height (cm)
N W B U
o O o o

[any
o

o

Lawn Tall Woody October November March April
Type of Vegetation Month

Figure 9. A represents the average vegetation height per plot over time; B represents the average
vegetation height over each vegetation type over time.

3.2.2. Albedo

Woody plants cover did not affect albedo (Appendix IV for detailed statistics).
Month and the type of vegetation, as well as the interaction between these two
factors, did not have a significant effect on albedo, but were still kept in the final
model (Table 4). The percentage of bare soil (Fi1,67= 12.38513, p-value = 0.0008)
and vegetation height (Fi,67= 6.92395, p-value = 0.0105) had a significant negative
and positive effect on albedo, respectively (Table 4, Table 5).

Albedo values varied between 0.11 and 0.21, except for Nombali’s first
measurement of the lawn plot that produced a very low albedo value of 0.08
(Figure 10A). There was no significant difference in albedo between lawn and tall
grass vegetation plots (Table 5), between lawn and woody vegetation plots (Table
5), or between tall and woody vegetation plots (Table 6). This is graphically
shown in Figure 10B. Albedo values increased between October and November,
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and November and March, but this trend was not followed during April and May

measurement rounds (Figure 10C). During October and November, albedo was

higher in lawn, followed by tall grass and then woody vegetation plots. March,

April and May exhibited a slightly different pattern, with tall grass plots having

higher albedo than lawn plots (Figure 10D). However, as stated above, month did

not significantly influenced albedo.

Table 4. Anova output of the final fitted linear mixed-effects model. Significant values are in bold.

numDF denDF F-value p-value
(Intercept) 1 67 274.99546 <.0001
Type of Vegetation 2 10 0.71467 0.5127
Month 1 67 3.80681 0.0552
Bare Soil 1 67 12.38513 0.0008
Vegetation Height 1 67 6.92395 0.0105
Vegetation Type : Month 2 67 2.00463 0.1427

Table 5. Summary table of the final fitted linear mixed-effects model. Intercept represents lawn
vegetation. Significant values are in bold.

Value

Std. Error DF

t-value

p-value

(Intercept)

Type of Vegetation Tall

Type of Vegetation Woody

Month
Bare Soil

Vegetation Height

Type of Vegetation Tall : Month

Type of Vegetation Woody : Month

0.15467857

- 0.00261908

-0.01323305

0.00406708

- 0.00077683

0.00044090

- 0.00209088

- 0.00576299

0.009327546 67

0.010371466 10

0.011630469 10

0.002084500 67

0.000220738 67

0.000167559 67

0.002888166 67

0.002962016 67

16.582987 0.0000

- 0.252528 0.8057

- 1.137792 0.2817

1.951106 0.0552

-3.519251 0.0008

2.631340 0.0105

- 0.723947 0.4716

- 1.945631 0.0559
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Table 6. Summary table of the final fitted linear mixed-effects model. Intercept represents tall grass
vegetation. Significant values are in bold.

Value Std. Error DF t-value p-value
(Intercept) 0.15205949 0.010469411 67 14.524168 0.0000
Type of Vegetation Lawn 0.00261908 0.010371466 10 0.252528 0.8057
Type of Vegetation Woody -0.01061397 0.011042235 10 -0.961216 0.3591
Month 0.00197620 0.002450269 67 0.806524 0.4228
Bare Soil - 0.00077683 0.000220738 67 -3.519251 0.0008
Vegetation Height 0.00044090 0.000167559 67 2.631340 0.0105
Type of Vegetation Lawn : Month 0.00209088 0.002888166 67 0.723947 0.4716
Type of Vegetation Woody : Month - 0.00367211 0.002708378 67 - 1.355834 0.1797
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Figure 10. Graph A shows the mean albedo of all sites for the different vegetation types over time; B
shows the mean albedo over vegetation type and time; C shows the mean albedo for the 5
measurement rounds; D shows the mean albedo for each vegetation type for each measurement
round.

3.2.3. Vegetation — Albedo Interaction

The number of woody plants hits, similarly to the number of bare soil hits, had a
negative correlation with albedo (Figure 11A and 11C). Albedo increased with the
number of grass hits and the total number of vegetation hits (Figure 11B and 11D).
Bare soil hits and grass hits explained much of the variability — approximately
49% and 42%, respectively. Table 7 summarizes the result of the regressions with
the respective r-squared value. The number of hits was higher in March, April and
May 2017, than in October and November 2016. Figure 12 presents an overview
of these variables over time.
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Table 7. Results from the regressions between albedo and bare soil, grass, woody plants and total
vegetation hits. Significant values are in bold.

Intercept Estimate T-value p-value r?
Bare soil Hits 0.1724875 -0.0012712 -9.15 <0.001 0.4875533
Woody Plants Hits 0.1611 - 0.0001645 -2.879 0.00501 0.0860596
Grass Hits 0.1322 0.0001065 7.911 <0.001 0.4155996
Total Vegetation Hits ~ 0.1309 0.00009158 6.008 <0.001 0.2908506
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Figure 11. Graph A shows the correlation between albedo and number of bare soil hits, B the
correlation between albedo and number of grass hits, C the correlation between albedo and woody
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Figure 12. Bare soil, woody plants, grass and total vegetation hits over time.

3.3. Woody Recruitment

There was a significant difference between grassland types (Fi.266 = 19.05821, p-
value = <.0001, Table 8), with a higher prevalence of woody plants in bunch grass
transects (Figure 13A). Woody plants height (F3,266 = 12.66983, p-value = <.0001)
negatively influenced the number of woodies (Table 8), with number of woody
plants decreasing as height increased (Figure 13B). The interaction between
grassland type and woody plants’ height (F3266 = 2.80177, p-value = 0.0404, Table
8) was also significant, indicating that grassland type negatively interacted with
the height of woody plants individuals (Table 9, Table 10).

Table 8. Anova output of the final fitted linear mixed-effects model used to test the effect of grassland
type and height class on the number of woody plants. Intercept represents bunch grassland.
Significant values are in bold.

numDF denDF F-value p-value
(Intercept) 1 266 50.34482 <.0001
Grassland Type 1 266 19.05821 <.0001
Height Class 3 266 12.66983 <.0001
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Grassland Type : Height Class 3

266

2.80177

0.0404

The height classes < 0.10 cm, < 0.50 cm and < 100 cm were significant for the
bunch grass type of vegetation (Table 9), but not for lawn grassland (Table 10).
The difference between grassland type was more notorious in Hluhluwe than
iMfolozi (Figure 13C), but still it was not significant (see Appendix V for detailed
statistics). No woody plants higher than 1 m were found in lawn transects, and the
majority of woody individuals in both type of transect belonged to the class height

between 10 and 50 cm (Figure 13B).

Table 9. Summary table of the final fitted linear mixed-effects model used to test the effect of
grassland type and height class on the number of woody plants. Intercept represents bunch

grassland. Significant values are in bold.

Value Std. Error DF t-value p-value
(Intercept) 0.13538462 0.01908060 266 7.095408 0.0000
Grassland.TypeLawn - 0.09461538 0.02167308 266 -4.365571 0.0000
Height.Class.L (< 0.10 cm) -0.11123005 0.03065037 266 - 3.628996 0.0003
Height.Class.Q (< 0.50 cm) -0.11948718 0.03065037 266 -3.898393 0.0001
Height.Class.C (< 100 cm) 0.09517623 0.03065037 266 3.105223 0.0021
Grassland. TypeLawn:Height.Class.L ~ 0.05962848 0.04334617 266 1.375634 0.1701
Grassland. TypeLawn:Height.Class.Q ~ 0.09205128 0.04334617 266 2.123632 0.0346
Grassland. TypeLawn:Height.Class.C - 0.06134853 0.04334617 266 - 1.415316 0.1581

Table 10. Summary table of the final fitted linear mixed-effects model used to test the effect of
grassland type and height class on the number of woody plants. Intercept represents lawn grassland.

Significant values are in bold.

Value Std. Error DF t-value p-value
(Intercept) 0.04076923 0.01908059 266 2.136686 0.0335
Grassland. TypeBunch 0.09461538 0.02167308 266 4.365571 0.0000
Height.Class.L (< 0.10 cm) -0.05160157 0.03065037 266 -1.683555 0.0934
Height.Class.Q (< 0.50 cm) -0.02743590 0.03065037 266 -0.895125 0.3715
Height.Class.C (< 100 cm) 0.03382770 0.03065037 266 1.103664 0.2707
Grassland. TypeLawn:Height.Class.L -0.05962848 0.04334617 266 -1.375634 0.1701
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Grassland. TypeLawn:Height.Class.Q -0.09205128 0.04334617 266 -2.123631 0.0346

Grassland. TypeLawn:Height.Class.C 0.06134853 0.04334617 266 1.415316 0.1581
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Figure 13. Graph A shows how the number of woody plants varied between the two grassland types;
B exposes the differences in the number of woody plants between different height classes, both for
lawn and bunch grass transects.; C shows the variation in woody plants between Hluhluwe and
Imfolozi, both for lawn and bunch grass transects.
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4. Discussion

Most of the studies that have been done on albedo were from the boreal and
temperate zone (Beringer et al., 2005, Chapin lii et al., 2000, Euskirchen et al.,
2007, Williamson et al., 2016, Juszak et al., 2014), with fewer studies in the
tropical and sub-tropical zones (Allen et al., 1994, Syktus and McAlpine, 2016,
Knorr and Schnitzler, 2006). When talking about studies that specifically approach
the interaction between grazing and albedo the focus on high latitudes is even
more obvious (Cohen et al., 2013, te Beest et al., 2016, Vowles et al., 2017). Thus,
more studies that better explore the extent of grazing influence in sub-tropical
regions are needed. The present study intended to investigate the influence of the
different vegetation states on the local albedo of Hluhluwe-iMfolozi Park, which
indirectly addresses this gap. As hypothesized, I found that different vegetation
types differ in albedo, with grazing lawns having a significantly higher albedo than
woody encroached tall grassland plots (Table 2). I showed that tall bunch grass
have a significantly higher albedo than woody encroached tall grass, but, contrary
to my prediction, do not significantly differ from grazing lawns plots (Table 3). I
also found that grazing lawns seem to condition woody encroachment over the
landscape, being less prone to it than tall bunch grass (Table 8, Figure 13A). As
expected, albedo was negatively correlated with the amount of bare soil, probably
due to the dark soil coloration. Contrary to what was expected, the regression
between albedo and the amount of woody plants individuals was negative. On the
other hand, albedo increased with more grass and more vegetation hits (Table 7).

Comparing the albedo of all the plots included in this study (both from fixed and
extra sites), lawn had 0.00084 higher albedo than tall grassland, and 0.01797
higher albedo than woody plants plots, while tall grassland had 0.01713 higher
albedo than woody encroached plots. These differences in albedo between
vegetation types may not seem large, but Cohen et al. (2013) showed that even
small differences are able to impact climate locally — a variation between 0 and
0.05 in mean albedo led to a higher solar energy absorption that contributed up to
0.46 W/m? to the energy balance of the year. However, these findings cannot be
directly extrapolated to my study, since biochemical and biophysical effects can be
significantly different according to latitude, meaning that smaller differences in
albedo in a higher latitude might be sufficient to alter local climate, but the same
differences might not be as relevant in tropical and sub-tropical regions. In fact,
Bala et al. (2007) suggested that the effect of albedo is greater in the Northern
Hemisphere mid-latitudes and high latitudes, while the effect of transpiration and
carbon feedbacks are more relevant in the tropics. Several authors argue that
tropical deforestation would lead to an increase in surface temperature and

27



decrease in annual rainfall and evapotranspiration (Foley et al., 2003, Bonan,
2008, Bala et al., 2007). Syktus and McAlpine (2016), using climate models to
assess the effects of restoration of savanna woodlands in Australia, showed that
the warming effect due to the reduced woodland albedo was offset by the cooling
effect of evapotranspiration. This indicates that evapotranspiration might also play
a key role in African savannas. Thus, further studies that investigate its effect for
different vegetation types — particularly differences between grazing lawns, bunch
tall grassland and woody encroached tall grassland — are needed to better
comprehend the interaction between albedo and evapotranspiration in sub-tropical
regions.

When the fixed sites used on this study were set in October 2016 by Vedin (2016),
the area had been through a severe drought, and the contrast between vegetation
types was not always evident. Despite this, Vedin (2016) found clear differences
in albedo between the three types of vegetation, and further hypothesized that
those differences would be greater if the plots had been more representative to
begin with. By adding representative extra sites to my study, I intended to
corroborate the differences between vegetation types - I found that the three
vegetation types did indeed differ in albedo (Figure 7), but only the difference
between lawn and woody encroached tall grassland (Table 2), and the difference
between tall bunch grass and woody encroached tall grassland plots were
significant, while lawn and tall bunch grass plots were not significantly different
(Table 3). Also, from the analysis of the extra sites, the percentage of bare soil, the
percentage of woody cover, the time and the vegetation height did not seem to
influence albedo (Figure 8), which is somehow unexpected.

The two factors that significantly affected the albedo on the long-term sites of this
study were the percentage of bare soil and the vegetation height (Table 4). Vegeta-
tion was much shorter in October and November than in March, April and May
(Figure 9B), which could be explained by the severe drought the area was going
through during that period (Vedin, 2016). After March, the vegetation height
slightly started to decrease on the three vegetation types, which coincides with the
end of the growing season. In March, the average height for the tall grassland plots
was higher than for woody encroached tall grassland plots, which might be a result
of the heavy rainfall during February (personal observation). These shifts in vege-
tation height are relevant, since my results from the fixed sites analysis show vege-
tation height influences albedo. In fact, albedo increased between October and
March, which corresponds to the growing season, and started to decrease after
that. During the October and November measurement rounds, albedo was higher
in grazing lawns, followed by tall grassland and then woody encroached grassland,
but this distinct pattern was not maintained through the remaining measurement
rounds. In March, April and May, tall bunch grassland plots had slightly higher
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albedo than grazing lawns plots. This could be because it was also during that
period that the vegetation height shift occurred - which again might be the result of
the heavy rainfall during previous months. Nonetheless, these differences were
small, and, according to my model, month did not explain much of the variation in
albedo. Possible explanations for why vegetation height had a different effect on
albedo between fixed and extra sites might be due to sample size — the number of
fixed sites was smaller than the number of the extra sites - and to plot vegetation
composition - since extra sites, contrary to the fixed sites, always had a clear con-
trast between vegetation types. Vedin (2016), using the same plots, found a signif-
icant difference in albedo between vegetation types. However, in my data collect-
ed from March to May 2017 I did not find any significant differences. The differ-
ences might be related to differences in plot vegetation composition, since the sites
changed dramatically between the two studies. In 2016, the height difference be-
tween vegetation types was little. Between November 2016 and March 2017, the
average number of vegetation hits more than doubled (Figure 12), and the height
difference between vegetation types was much more obvious in 2017’s measure-
ments than in 2016 (Figure 9B), showing that vegetation was much taller and
denser. Even during the period of my study, vegetation across HiP changed con-
siderably (personal observation), indicating that month should indeed be an im-
portant factor when explaining albedo variation. Perhaps increasing the measure-
ment period and assessing albedo over an entire year would produce clear results
regarding the role of month. Another factor that could explain differences between
Vedin (2016) and my study is the height on which the albedometer was positioned,
which was standardized for both studies. However, vegetation height dramatically
increased from one study to the other, resulting that in some of my sites the albe-
dometer sensor was placed below the vegetation line.

In my study, albedo and bare soil were negatively correlated (Figure 11A). This is
contrary to the results found in other studies. Knorr and Schnitzler (2006) showed
that desert areas in the Sahara had very high albedo values. A possible explanation
for my findings might be the soil colour on the plots, since some of the sites had a
relatively dark bare soil compared with the surrounding vegetation. Furthermore,
soil moisture content seemed to impact soil colour (personal observation), result-
ing in darker soils after rain. Although I tried to avoid it as much as possible, 1
often performed albedo measurements on days after it had been raining, resulting
in darker soil, which would negatively influence albedo. Bare soil decreased over
time, being at its minimum in March, when albedo values were also at its highest.
This could suggest that bare soil was the main driver of albedo variation in this
study. However, these changes might also just be a consequence of the growing
season, since it has been shown before that albedo increases during the growing
season (Williamson et al., 2016). Juszak et al. (2014) proposed that this happens
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due to the higher leaf to branch ratio — leaf area index is likely to increase over the
growing season, reflecting more radiation than branches — that leads to albedo
increase.

According to several studies, more complex surfaces, such as tree canopies, are
able to trap more radiation, leading to decreases in albedo (A Coakley, 2003, Ber-
inger et al., 2005). Thus, I expected that the number of vegetation hits would nega-
tively correlate with albedo. However, the linear regression showed the opposite
(Figure 11D), and I think this could be explained by soil coloration once more.
Bare soil had low albedo values (Vedin, 2016, personal observation, 2017), thus
increases in vegetation hits resulted most likely in a higher albedo, since grass
would have higher albedo than bare soil. Moreover, in some of my plots, the grass
was flowering, and inflorescences’ structure is unlikely to reflect light the same
way as for instance branches and leaves. The presence of inflorescences also made
the plots lighter, which probably increased albedo. Thus, the number of hits might
not always be a good indicator of surface complexity. Furthermore, the fact that [
would only count five hits as the maximum number of vegetation hits per point,
can be sometimes under representative of the actual vegetation structure and com-
position. Another explanation could be that vegetation development created a ho-
mogeneous surface, efficient in reflecting radiation, increasing albedo (Williamson
et al., 2016). However, since the linear regression reflected the interaction between
albedo and vegetation hits from all the different plots, I think this explanation
might not be applicable to this case. Surprisingly, contrary to what I was expect-
ing, the percentage of woody plants cover did not influence albedo in the model
and the linear regression confirmed the low correlation between these two varia-
bles (Figure 11C). A possible explanation is that grass was present in all plots,
while the presence of woody plants was mostly confined to woody encroached tall
grassland plots, which unbalances the correlation (Vedin, 2016).

My results support that the existence of grazing lawn patches can influence albedo
of savanna’s landscapes. As mentioned before, grazers are known for their capaci-
ty of shaping vegetation cover, by inducing vegetation states shifts. Megaherbi-
vores can have a greater impact on these vegetation shifts than smaller herbivores
(Owen-Smith, 1987), since their body size decreases risk of predation. The decline
of mammoth populations during the Pleistocene has been associated with profound
changes in vegetation cover that led to a reduction in albedo (Doughty et al.,
2010). The existent literature on the impact of megaherbivores on vegetation has
mainly focused on browsers, such as the elephant (Asner et al., 2016, Kerley et al.,
2008). However, Boundja and Midgley (2010) found that elephants avoid the tree
species associated with bush encroachment. On the other hand, megagrazers, such
as white rhino, with their capacity of creating grazing lawns (Waldram et al.,
2008), might be of particular relevance, since I showed that this type of vegetation
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has a higher albedo. White rhinos are then able to influence the overall albedo of
the landscape, keeping it higher and, consequently, reducing the temperature local-
ly. Nonetheless, the role of smaller grazers on grazing lawns’ dynamic should not
be underestimated. A study by Cromsigt and OIff (2008) suggested that megaher-
bivores might be the ones initiating the lawn formation process, but smaller spe-
cies, such as impala and warthog, contribute to the maintenance of the lawn by
keeping it short and more prone to lawn species colonization. Furthermore, my
results suggest that grazing lawns are less prone to woody encroachment compared
to tall bunch grass. In Hluhluwe I found a slightly higher number of woody plants
individuals on bunch transects compared to Imfolozi. This might be the result of
the different rainfall patterns, with grass recovering time being shorter in
Hluhluwe due to the higher precipitation rates (Balfour and Howison, 2002). No
woody plants higher than one meter were recorded in lawn transects, which might
be a consequence of grazing pressure. Similarly to other studies (te Beest et al.,
2016, Olofsson et al., 2009), these results are an important indicator of the interac-
tion between grazers and albedo — short grazed grass has higher albedo, and by
further maintaining grass short, grazers prevent woody invasion, keeping albedo
high, and consequently cooling the surface. Thus, my study supports that, as pre-
viously argued by te Beest et al. (2016) te Beest et al. (2016), herbivore manage-
ment could be used to mitigate climate warming.

This study is of particular importance in light of the recent rhino poaching crisis in
South Africa. Poaching events increased exponentially in Kruger National Park
since the year 2006, with 252 white rhinos being poached in 2011 (Ferreira et al.,
2012). According to Biischer (2016), more than a thousand rhinos have been
poached every year since 2013. Maintaining these rates, wild white rhino popula-
tions will disappear in the next 20 years (Ferreira et al., 2012). Despite the clear
negative effects, the cost of removing a large apex consumer such as a megaherbi-
vore from nature - phenomena known as trophic downgrading (Estes et al., 2011) -
is still lacking empirical evidence. Poaching might not only be affecting the rhino
population numbers, but indirectly affecting ecosystems and contributing to cli-
mate changes. Hence, more studies like the present are needed to shed a bit more
light into this subject, focusing on the possible loss of the white rhino in a savanna
ecosystem.
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Il. Extra Sites (plus 3 Fixed Sites) Model Simplification

Table A. Anova output of the fitted linear mixed-effects model with vegetation type, day of year,
month, woody plants cover, bare soil and vegetation height as fixed effects and site as random effect.
Ime(Albedo ~ Type of Vegetation + Day of Year + Month + Woody Plants Cover + Bare Soil +
Vegetation Height, random=~1|Site, method="ML")

Model 1 numDF denDF F-value p-value
(Intercept) 1 29 44.39126 <.0001
Type of Vegetation 2 29 1.18768 0.3193
Day of Year 1 12 2.05314 0.1774
Month 3 12 0.89782 0.4706
Woody Plants Cover 1 29 0.02610 0.8728
Bare Soil 1 29 0.91136 0.3476
Vegetation Height 1 29 0.37874 0.5431

Table B. Anova output of the fitted linear mixed-effects model without woody plants cover.
Ime(Albedo ~ Type of Vegetation + Day of Year + Month + Bare Soil + Vegetation Height,
random=~1|Site, method="ML")

Model 2 numDF denDF F-value p-value
(Intercept) 1 30 46.05129 <.0001
Type of Vegetation 2 30 6.41033 0.0048
Day of Year 1 12 2.18755 0.1649
Month 3 12 1.01011 0.4221
Bare Soil 1 30 0.90763 0.3484
Vegetation Height 1 30 0.52267 0.4753
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Table C. Anova output of the fitted linear mixed-effects model without vegetation height.

Ime(Albedo ~ Type of Vegetation + Day of Year + Month + Bare Soil, random=~1|Site,

method="ML")

Model 3 numDF denDF F-value p-value
(Intercept) 1 31 47.45455 <.0001
Type of Vegetation 2 31 6.68129 0.0039
Day of Year 1 12 2.28238 0.1567
Month 3 12 1.02285 0.4169
Bare Soil 1 31 0.77185 0.3864

Table D. Anova output of the fitted linear mixed-effects model without bare soil. Ime(Albedo ~ Type

of Vegetation + Day of Year + Month, random=~1|Site, method="ML")

Model 4 numDF denDF F-value p-value
(Intercept) 1 32 49.94585 <.0001
Type of Vegetation 2 32 7.85764 0.0017
Day of Year 1 12 2.18363 0.1652
Month 3 12 0.91066 0.4648
Table E. Anova output of the fitted linear mixed-effects model without month. Ime(Albedo ~ Type of
Vegetation + Day of Year, random=~1|Site, method="ML")

Model 5 numDF denDF F-value p-value
(Intercept) 1 32 447.4836 <.0001
Type of Vegetation 2 32 7.9027 0.0016
Day of Year 1 15 0.2563 0.6200
Table F. Anova output of the fitted linear mixed-effects model without month. Ime(Albedo ~ Type of
Vegetation + Day of Year, random=~1|Site, method="ML")

Model 6 numDF denDF F-value p-value
(Intercept) 1 32 1442.0135 <.0001
Type of Vegetation 2 32 8.0271 0.0015
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Table G. Anova output of the generalized least squares model without site as random factor.

gls(Albedo ~ Type of Vegetation, method="ML")

Model 7 numDF  F-value p-value
(Intercept) 1 1442.0135 <.0001
Type of Vegetation 2 8.0271 0.001
Table H. Comparison between all the models using AIC
DF AlIC
Model 1 12 -243.3616
Model 2 11 -245.3291
Model 3 10 -246.6984
Model 4 9 -247.7910
Model 5 6 -250.7188
Model 6 5 -252.4414
Model 7 4 -254.4414
Table I. Summary of the final model
Linear mixed-effects model fit by REML
AIC BIC logLik
- 225.5941 -216.2381 117.797
Random effects:
Formula: ~1 | Site (Intercept) Residual
StdDev 6.257336e-07 0.019033
Fixed Effects: Albedo ~ Type of Vegetation
Value Std.Error DF t-value p-value
(Intercept) 0.17529412 0.004616179 32 37.97385 0.0000
Type of Vegetation Tall 0.00058824 0.006528263 32 0.09011 0.9288
Type of Vegetation Woody ~ -0.02235294 0.006528263 32 -3.42403 0.0017
Correlation:
(Intr) PItTIl
Type of Vegetation Tall -0.707
Type of Vegetation Woody -0.707 0.500
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Standardized Within-Group Residuals:

Min Q1 Med Q3 Max
-2.7815473 -0.8035581 0.2163426 0.7417460 2.8433595
Number of Observations 51

Number of Groups 17

lll. Extra Sites (plus 3 Fixed Sites) tested interactions

Table A. Anova output of the model testing the interaction between vegetation type and woody plants
cover. Ime(Albedo ~ Type of Vegetation + Woody Plants Cover + Plot : Woody Plants Cover,
random=~1|Site)

Model Interaction 1 numDF denDF F-value p-value
(Intercept) 1 29 1128.6347 <.0001
Type of Vegetation 2 29 0.6572 0.5258
Woody Plants Cover 1 29 0.0234 0.8795
Type of Vegetation : Woody Plants Cover 2 29 0.4222 0.6596

Table B. Anova output of the model testing the interaction between vegetation type and vegetation
height. Ime(Albedo ~ Type of Vegetation + Vegetation Height + Type of Vegetation : Vegetation
Height, random=~1|Site)

Model Interaction 2 numDF denDF F-value p-value
(Intercept) 1 29 249.42178 <.0001
Type of Vegetation 2 29 1.77726 0.1870
Vegetation Height 1 29 0.35288 0.5571
Type of Vegetation : Vegetation Height 2 29 0.20868 0.8129

Table C. Anova output of the model testing the interaction between vegetation type and percentage of
bare soil. Ime(Albedo ~ Type of Vegetation + Bare Soil + Type of Vegetation : Bare Soil,
random=~1|Site)

Model Interaction 3 numDF denDF F-value p-value
(Intercept) 1 29 650.5543 <.0001
Type of Vegetation 2 29 4.8273 0.0155
Bare Soil 1 29 1.3055 0.2626
Type of Vegetation : Bare Soil 2 29 1.9454 0.1611
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Table D. Anova output of the model testing the interaction between vegetation type and month.
Ime(Albedo ~ Type of Vegetation + Month + Type of Vegetation : Month, random=~1|Site)

Model Interaction 4 numDF denDF F-value p-value
(Intercept) 1 26 784.8196 <.0001
Type of Vegetation 2 26 6.3244 0.0058
Month 3 13 0.5686 0.6454
Type of Vegetation : Month 6 26 0.5400 0.7729

Table E. Anova output of the model testing the interaction between vegetation type and day of year.
Ime(Albedo ~ Type of Vegetation + Day of Year + Type of Vegetation : Day of Year,
random=~1|Site)

Model Interaction 5 numDF denDF F-value p-value
(Intercept) 1 30 221.39010 <.0001
Type of Vegetation 2 30 2.43396 0.1048
Day of Year 1 15 2.27967 0.1519
Type of Vegetation : Day of Year 2 30 1.24949 0.3011

IV. Fixed Sites Model Simplification

Table A. Anova output of the fitted linear mixed-effects model with vegetation type, day of year,
month, woody plants cover, bare soil and vegetation height as fixed effects and site as random effect.
Ime(Albedo ~ Type of Vegetation + Month + Woody Plants Cover + Bare Soil + Vegetation Height
+ Type of Vegetation:Month, random=~1|Site/Type of Vegetation , method="ML")

Model 1 numDF denDF F-value p-value
(Intercept) 1 66 288.92681 <.0001
Type of Vegetation 2 10 0.09028 0.9144
Month 1 66 3.71530 0.0582
Woody Plants Cover 1 66 1.61376 0.2084
Bare Soil 1 66 11.85642 0.0010
Vegetation Height 1 66 4.54168 0.0368
Vegetation Type : Month 2 66 2.67909 0.0761
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Table B. Anova output of the fitted linear mixed-effects model without woody plants cover.
Ime(Albedo ~ Type of Vegetation + Month + Bare Soil + Vegetation Height + Type of
Vegetation:Month, random=~1|Site/Type of Vegetation , method="ML")

Model 2 numDF denDF F-value p-value
(Intercept) 1 67 281.34511 <.0001
Type of Vegetation 2 10 0.68708 0.5253
Month 1 67 3.67554 0.0595
Bare Soil 1 67 12.55390 0.0007
Vegetation Height 1 67 6.51469 0.0130
Vegetation Type : Month 2 67 1.92058 0.1545

Table C. Anova output of the fitted linear mixed-effects model without type of vegetation and type of
vegetation : month interaction.

Ime(Albedo ~ Month + Bare Soil + Vegetation Height, random=~1|Site/Type of Vegetation ,
method="ML")

Model 3 numDF  denDF F-value p-value
(Intercept) 1 69 359.4903 <.0001
Month 1 69 1.6787 0.1994
Bare Soil 1 69 24.0025 <.0001
Vegetation Height 1 69 0.0147 0.9039

Table D. Anova output of the fitted linear mixed-effects model without vegetation height.
Ime(Albedo ~ Month + Bare Soil, random=~1|Site/Type of Vegetation , method="ML")

Model 4 numDFdenDF F-value p-value
(Intercept) 1 70 428.0453 <.0001
Month 1 70 1.7307 0.1926
Bare Soil 1 70 28.2999 <.0001

Table E. Anova output of the fitted linear mixed-effects model without month. Ime(Albedo ~ Bare
Soil, random=~1|Site/Type of Vegetation , method="ML")

Model 5 numDFdenDF F-value p-value
(Intercept) 1 71 2242.6951 <.0001
Bare Soil 1 71 88.7082 <.0001
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Table F. Comparison between all the models using AIC

DF AIC

Model 1 12 -466.9818

Model 2 11 -467.7986

Model 3 7 -461.6277

Model 4 6 -463.6187

Model 5 5 -463.8801
Table H. Summary of the final model
Linear mixed-effects model fit by REML
AIC BIC logLik
-378.1373 -351.6634 200.0687
Random effects:
Formula: ~1 | Site (Intercept)
StdDev 0.00665177
Formula: ~1 | Type of Vegetation %in% Site (Intercept) Residual
StdDev 0.008519698 0.0147539

Fixed effects: Albedo ~ Type of Vegetation + Month + Bare Soil + Vegetation Height + Type of
Vegetation : Month

Value Std. Error DF  t-value p-value
(Intercept) 0.15467857 0.009327546 67 16.582987 0.0000
Type of Vegetation Tall -0.00261908 0.010371466 10 -0.252528 0.8057
Type of Vegetation Woody -0.01323305 0.011630469 10 -1.137792 0.2817
Month 0.00406708 0.002084500 67 1.951106 0.0552
Bare Soil -0.00077683 0.000220738 67 -3.519251 0.0008
Vegetation Height 0.00044090 0.000167559 67 2.631340 0.0105
Type of Vegetation Tall : Month -0.00209088 0.002888166 67 -0.723947 0.4716
Type of Vegetation Woody : Month -0.00576299 0.002962016 67 -1.945631 0.0559
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Correlation:

(Intr) Ty.VT Ty.VW  Month Bare Soil  Veg. Height T..VT
Type of Vegetation Tall -0.439
Type of Vegetation Woody -0.226 0.501
Month -0.781 0.430 0.290
Bare Soil -0.561 -0.179 -0.432 0.401
Vegetation Height -0.310 -0.054 -0.389 0.130 0.468
Type of Vegetation Tall : Month 0.389 -0.750 -0.275 -0.555 0.061 -0.286
Type of Vegetation Woody : Month 0.334 -0.393 -0.612 -0.504 0.144 -0.277 0.572
Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-2.18807762 -0.68235798 0.04779991 0.69839814 1.71335649
Number of Observations 90
Site Type.of.Vegetation %in% Site
Number of Groups 6 18
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V. Woody Plants Recruitment Model Simplification

Table A. Anova output of the fitted linear mixed-effects model with grassland type, height class,
area, DPM, % of lawn, % of forbs, % of bunch grass, % of bare soil as fixed effects, an interaction
between grassland type and height class, and site as random effect.

Ime(Woody.Plants ~ Grassland.Type + Height.Class + Area + DPM + Lawn + Bunch + Forbs +
Bare.Soil + Height.Class:Grassland.Type, random=~1|Site, method="ML")

Model 1 numDF denDF F-value p-value
(Intercept) 1 261 1.905040 0.1687
Grassland Type 1 261 4.670234 0.0316
Height Class 3 261 12.621193 <.0001
Area 1 37 2.480943 0.1237
DPM 1 261 0.021967 0.8823
% Lawn 1 261 0.928485 0.3361
% Bunch 1 261 0.120738 0.7285
% Forbs 1 261 0.008476 0.9267
% Bare Soil 1 261 1.817158 0.1788
Grassland Type : Height Class 3 261 2.791012 0.0410

Table B. Anova output of the fitted linear mixed-effects model without % of forbs.
Ime(Woody.Plants ~ Grassland.Type + Height.Class + Area + DPM + Lawn + Bunch + Bare.Soil +
Height.Class:Grassland.Type, random=~1]|Site, method="ML")

Model 2 numDF denDF F-value p-value
(Intercept) 1 262 2.341289 0.1272
Grassland Type 1 262 6.467466 0.0116
Height Class 3 262 12.664129 <.0001
Area 1 37 2.480063 0.1238
DPM 1 262 0.020849 0.8853
% Lawn 1 262 1.839686 0.1762
% Bunch 1 262 0.119868 0.7295
% Bare Soil 1 262 1.940197 0.1648
Grassland Type : Height Class 3 262 2.800506 0.0405

45



Table C. Anova output of the fitted linear mixed-effects model without DPM.
Ime(Woody.Plants ~ Grassland.Type + Height.Class + Area + Lawn + Bunch + Bare.Soil +
Height.Class:Grassland.Type, random=~1|Site, method="ML")

Model 3 numDF denDF F-value p-value
(Intercept) 1 263 2.622853 0.1065
Grassland Type 1 263 7.027291 0.0085
Height Class 3 263 12.700159 <.0001
Area 1 37 2.508640 0.1217
% Lawn 1 263 1.828406 0.1775
% Bunch 1 263 0.121401 0.7278
% Bare Soil 1 263 1.930110 0.1659
Grassland Type : Height Class 3 263 2.808474 0.0400

Table D. Anova output of the fitted linear mixed-effects model without % of bunch grass.
Ime(Woody.Plants ~ Grassland.Type + Height.Class + Area + Lawn + Bare.Soil +
Height.Class:Grassland.Type, random=~1]|Site, method="ML")

Model 4 numDF denDF F-value p-value
(Intercept) 1 264 34.63815 <.0001
Grassland Type 1 264 6.93209 0.0090
Height Class 3 264 12.73324 <.0001
Area 1 37 2.65993 0.1114
% Lawn 1 264 3.59689 0.0590
% Bare Soil 1 264 2.80650 0.0951
Grassland Type : Height Class 3 264 2.81579 0.0396
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Table E. Anova output of the fitted linear mixed-effects model without area.
Ime(Woody.Plants ~  Grassland.Type + Height.Class + Lawn + Bare.Soil +
Height.Class:Grassland.Type, random=~1]|Site, method="ML")

Model 5 numDF denDF F-value p-value
(Intercept) 1 264 36.57361 <.0001
Grassland Type 1 264 7.41604 0.0069
Height Class 3 264 12.78212 <.0001
% Lawn 1 264 3.94240 0.0481
% Bare Soil 1 264 3.33439 0.0690
Grassland Type : Height Class 3 264 2.82660 0.0391

Table F. Anova output of the fitted linear mixed-effects model without bare soil.
Ime(Woody.Plants ~ Grassland.Type + Height.Class + Lawn + Height.Class:Grassland.Type,
random=~1|Site, method="ML")

Model 6 numDF denDF F-value p-value
(Intercept) 1 265 44.00082 <0001
Grassland Type 1 265 4.14498 0.0428
Height Class 3 265 12.65754 <.0001
% Lawn 1 265 1.40706 0.2366
Grassland Type : Height Class 3 265 2.79905 0.0405

Table G. Anova output of the fitted linear mixed-effects model without % of lawn.
Ime(Woody.Plants ~ Grassland.Type + Height.Class + Height.Class:Grassland.Type,
random=~1|Site, method="ML")

Model 7 numDF denDF F-value p-value
(Intercept) 1 266 50.34482 <0001
Grassland Type 1 266 19.05821 <.0001
Height Class 3 266 12.66983 <.0001
Grassland Type : Height Class 3 266 2.80177 0.0404
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Table H. Comparison between all the models using AIC

DF AIC
Model 1 16 -101.0961
Model 2 15 -103.0872
Model 3 14 -105.0657
Model 4 13 -106.9396
Model 5 12 -106.2843
Model 6 11 -104.8633
Model 7 10 -105.4235

Table 1. Anova output of the chosen final model. Ime(Woody.Plants ~ Grassland.Type +
Height.Class + Height.Class:Grassland.Type, random=~1|Site, method="REML")

Model 7 numDFdenDF F-value p-value
(Intercept) 1 266 50.34482 <.0001
Grassland Type 1 266 19.05821 <.0001
Height Class 3 266 12.66983 <.0001
Grassland Type : Height Class 3 266 2.80177 0.0404

Table J. Summary of the final model

Linear mixed-effects model fit by REML

AIC BIC logLik
-62.22993 -25.05965 41.11496
Random effects:
Formula: ~1 | Site (Intercept) Residual
StdDev 0.07098667 0.1914115
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Fixed effects: Woody.Plants ~ Grassland.Type + Height.Class + Height.Class:Grassland. Type

Value Std. Error DF t-value p-value
(Intercept) 0.13538462 0.01908060 266 7.095408 0.0000
Grassland. TypeLawn -0.09461538 0.02167308 266 -4.365571 0.0000
Height.Class.L -0.11123005 0.03065037 266 -3.628996 0.0003
Height.Class.Q -0.11948718 0.03065037 266 -3.898393 0.0001
Height.Class.C 0.09517623 0.03065037 266 3.105223 0.0021
Grassland. TypeLawn:Height.Class.1.0.05962848 0.04334617 266 1375634 0.1701
Grassland. TypeLawn:Height.Class.Q0.09205128 0.04334617 266 2.123632 0.0346
Grassland. TypeLawn:Height.Class.C-0.06134853 0.04334617 266 -1.415316 0.1581
Correlation:
(Intr) Grs.TL Hg.C.L Hg.C.Q Hg.C.C
Grassland. TypeLawn -0.568
Height.Class.L 0.000 0.000
Height.Class.Q 0.000 0.000 0.000
Height.Class.C 0.000 0.000 0.000 0.000
Grassland. TypeLawn:Height.Class.L 0.000 0.000 -0.707  0.000 0.000
Grassland. TypeLawn:Height.Class.Q 0.000 0.000 0.000 -0.707  0.000
Grassland. TypeLawn:Height.Class.C 0.000 0.000 0.000 0.000 -0.707
G.TL:H.C.L G.TL:H.C.Q
(Intercept)
Grassland. TypeLawn
Height.Class.L
Height.Class.Q
Height.Class.C

Grassland. TypeLawn:Height.Class.L
Grassland. TypeLawn:Height.Class.Q 0.000

Grassland. TypeLawn:Height.Class.C 0.000 0.000
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Standardized Within-Group Residuals:

Min Q1 Med Q3 Max
-1.63536350 -0.37275842 -0.08451691 0.13523188 8.52532161
Number of Observations 312

Number of Groups 39

Table K. Anova output of the chosen final model, using lawn grassland as intercept.
Ime(Woody.Plants ~ Grassland.Type + Height.Class + Height.Class:Grassland.Type,
random=~1|Site, method="REML")

Model 7 numDFdenDF F-value p-value
(Intercept) 1 266 4.565425 0.0335
Grassland Type 1 266 19.058211 <.0001
Height Class 3 266 1.617893 0.1855
Grassland Type : Height Class 3 266 2.801767 0.0404

Table L. Summary of the final model with lawn as intercept

Linear mixed-effects model fit by REML

AIC BIC logLik

-62.22993 -25.05965 41.11496

Random effects:

Formula: ~1 | Site (Intercept) Residual

StdDev 0.07098666 0.1914115
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Fixed effects: Woody.Plants ~ Grassland.Type + Height.Class + Height.Class:Grassland.Type

Value Std. Error DF  t-value p-value
(Intercept) 0.04076923 0.01908059 266 2.136686 0.0335
Grassland. TypeBunch 0.09461538 0.02167308 266 4.365571 0.0000
Height.Class.L -0.05160157 0.03065037 266 -1.683555 0.0934
Height.Class.Q -0.02743590 0.03065037 266 -0.895125 0.3715
Height.Class.C 0.03382770 0.03065037 266 1.103664 0.2707
Grassland. TypeLawn:Height.Class.L.-0.05962848 0.04334617 266 -1.375634 0.1701
Grassland. TypeLawn:Height.Class.Q-0.09205128 0.04334617 266 -2.123631 0.0346
Grassland. TypeLawn:Height.Class.C0.06134853 0.04334617 266 1.415316 0.1581
Correlation:
(Intr) Grs.TL Hg.C.L Hg.C.Q Hg.C.C
Grassland. TypeLawn -0.568
Height.Class.L 0.000 0.000
Height.Class.Q 0.000 0.000 0.000
Height.Class.C 0.000 0.000 0.000 0.000
Grassland. TypeLawn:Height.Class.L 0.000 0.000 -0.707 0.000 0.000
Grassland. TypeLawn:Height.Class.Q 0.000 0.000 0.000 -0.707 0.000
Grassland. TypeLawn:Height.Class.C 0.000 0.000 0.000 0.000 -0.707
G.TL:H.C.L G.TL:H.C.Q
(Intercept)
Grassland. TypeLawn
Height.Class.L
Height.Class.Q
Height.Class.C

Grassland. TypeLawn:Height.Class.L
Grassland. TypeLawn:Height.Class.Q 0.000

Grassland. TypeLawn:Height.Class.C 0.000 0.000
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Standardized Within-Group Residuals:

Min Q1 Med Q3 Max
-1.63536332 -0.37275839 -0.08451689 0.13523185 8.52532169
Number of Observations 312

Number of Groups 39
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