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ABSTRACT

In the early 1990’s, reserves adjacent to Kruger

National Park (KNP) removed their fences to create

a continuous landscape within the Kruger to Can-

yons Biosphere Reserve. Understanding how these

interconnected multi-management systems re-

sponded to changes in environmental factors and

management regimes can help to maintain natural

large-scale landscape heterogeneity and ecological

resilience. Our objective was to analyze remote

sensing-derived vegetation metric changes be-

tween the different management types pre- and

post-fence removal. The study area included four-

teen reserves and the central section of KNP. We

calculated the residuals between TIMESAT-derived

metrics (from AVHRR NDVI time series) and rain-

fall to analyze changes in vegetation from 1985 to

2006. We then compared vegetation-rainfall

residuals between different management types pre-

and post-fence removal using mean–variance plots,

nonmetric multidimensional scaling plots, and

permutational multivariate analysis of variance to

statistically identify and analyze changes. All

management types experienced increased green-

ness. Reserves that removed their fences had

greater changes in vegetation post-fence removal

compared to reserves that remained fenced and

KNP. Our findings suggest managers may need to

address landscape changes by implementing man-

agement regimes such as reducing artificial surface

water to counterbalance increased grazing pressure

as a result of increased animal mobility across

artificially created resource gradients. Habitat con-

nectivity within and between protected area net-

works can be achieved by removing fences across
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adjacent conservation areas thus potentially

increasing ecological resilience, which is vital to

effective long-term conservation.

Key words: habitat connectivity; protected area

network; fence removal; vegetation dynamics;

rainfall; wildlife management; surface water; graz-

ing pressure.

HIGHLIGHTS

● Greenness increased in all protected areas in the

Kruger to Canyons Biosphere Reserve.

● Reserves that restored connectivity via fence

removal had the greatest change in greenness.

● Managers may need to counterbalance increased

grazing pressure post-fence removal.

INTRODUCTION

Advancing large-scale ecological connectivity be-

tween core habitat areas is a major focus within the

conservation community (CBD 2011; CBD 2020;

Hilty and others 2020; Secretariat of the Conven-

tion on Biological Diversity 2020) and is a key

component for rewilding ecosystems to regain their

natural ecological processes (Soulé and Reed 1998;

Carver and others 2021). Habitat connectivity

conserves metapopulations by promoting organism

dispersal, genetic variation, seasonal migration, and

response to climate change through migration and

refugia (Boone and Hobbs 2004; Hayward and

Kerley 2009; Lindsey and others 2009; Smit and

others 2020). Although global conservation area

connectivity has increased slightly over the past

decade (Saura and others 2019), international

conservation efforts have not met the 2020 goal set

by the Convention of Biological Diversity (Secre-

tariat of the Convention on Biological Diversity

2020; Carrasco and others 2021). In many regions,

conservation has shifted from individual protected

areas to large-scale ecological networks for con-

servation (Fitzsimons and Wescott 2008; Santini

and others 2016; Guzmán Wolfhard and Raedig

2019; Hilty and others 2020). Protected area net-

works can improve ecological connectivity by

removing fences between adjacent conservation

areas (Hayward and Kerley 2009; Lindsey and

others 2009; Durant and others 2015), which has

become an increasingly common practice in

southern Africa (Newmark 2008; Peel and Smit

2020; Smit and others 2020). Conservation areas

experiencing different management regimes will

need to be connected to meet future conservation

goals, including but not limited to Other Effective

Area-based Conservation Measures (OECMs) (for

example, Territories and Areas Conserved by

Indigenous Peoples and Local Communities, Bio-

diversity Partnership Areas), lands managed under

biodiversity stewardship arrangements, ecological

corridors, private nature reserves, contractual

parks, and national parks (Reid 2001; Ramutsin-

dela 2003; Peel and others 2005; Kreuter and oth-

ers 2010; Dudley and others 2018; Mitchell and

others 2018; IUCN-WDPA 2019; Hilty and others

2020). Protected area network designs will directly

influence their management (Margules and Pressey

2000), making successful systematic conservation

planning vital to conserving these landscapes.

Although multiple types of conservation areas

are integrated across protected area networks,

understanding how different management regimes

influence the landscape is important to provide

effective conservation at large spatiotemporal

scales. Historically, managers have used the equi-

librium and non-equilibrium approaches to pre-

vent degradation to land or vegetation, with these

approaches having different underlying philoso-

phies. In systems where managers subscribe to the

equilibrium approach, the underlying premise is

that plant biomass is controlled by herbivores,

where grazing pressure, in combination with fire,

maintains a relative constant amount of forage

(Ellis and Swift 1988; Westoby and others 1989). In

these equilibrium systems, managers place an

emphasis on controlling herbivore numbers to

maintain safe stocking rates below the ecological

carrying capacity and retain a functional ecosystem

during dry years, thereby reducing drought mor-

tality (Ellis and Swift 1988; Vetter 2005). In con-

trast, a non-equilibrium management approach

allows plant biomass to be controlled by fluctuating

biotic and abiotic factors, such as rainfall, fire,

herbivory, and predation, and assumes a system

has discrete states of alternative persistent vegeta-

tion communities with transitions occurring be-

tween states (Ellis and Swift 1988; Westoby and

others 1989; Stringham and others 2003). Man-

agers subscribing to the non-equilibrium approach

will allow herbivore populations to fluctuate with

rainfall, with animal numbers increasing during

wet years due to increased fecundity and decreas-

ing due to high mortality during dry years (Ellis
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and Swift 1988; Vetter 2005). Mobility is key for

non-equilibrium and large-scale systems, as it al-

lows herbivores to move across the landscape in

response to resource availability (Vetter 2005;

Staver and others 2019; Smit and others 2020).

When possible, rangeland management, especially

in larger protected areas, has shifted toward the

non-equilibrium approach to allow greater spa-

tiotemporal flexibility, which in turn fosters land-

scape heterogeneity and ecological resilience (du

Toit and others 2003; Cumming 2004; Vetter

2005).

Promoting landscape heterogeneity benefits bio-

diversity and ecological processes within conser-

vation areas. Heterogeneous landscapes containing

different vegetation types provide multiple niches

that can be exploited by various organisms, pro-

viding the means to maintain high levels of biodi-

versity and ecological resilience (Lindenmayer and

Fischer 2006; Fuhlendorf and others 2017). Her-

bivory in savannas influences ecosystem hetero-

geneity by modifying vegetation biomass (van

Coller and Siebert 2015) and the structure and

composition of woody and herbaceous vegetation

(Scholes and Archer 1997; Levick and Rogers 2008;

Hempson and others 2015). In order to maintain

habitat diversity, surface water needs to be spaced

far enough apart across the landscape to control

overgrazing and homogenous grazing regimes

(Smit and others 2007; Child and others 2013),

which may be a factor that increases bush

encroachment (Sinclair and Fryxell 1985), erosion

risk, and starvation-induced mortality (Walker and

others 1987) and may ultimately trigger an unfa-

vorable alternative stable state (Scheffer and others

2001; Vetter 2005). Changes in ecosystem resi-

lience can be interpreted using system states, which

are considered resistant and resilient domains of

ecological processes (for more information, see

Supplementary Information 1).

In the early 1990’s, reserves adjacent to Kruger

National Park (KNP) began to remove their fences

to create a continuous landscape known as the

“Greater Kruger Ecosystem” (Peel and others

2005). The Kruger to Canyons Biosphere Reserve

(K2C) protected areas are managed across a spec-

trum of the equilibrium and non-equilibrium ap-

proaches, with fenced reserves aiming to contain

herbivore numbers at or below ecological carrying

capacity, reserves open to KNP embracing animal

mobility over larger scales, and KNP acting as a

larger natural ecosystem with the goal of main-

taining natural biodiversity and heterogeneity (Peel

and others 1998; du Toit and others 2003). Al-

though the reserves adjacent to KNP aim to incor-

porate the national park’s management goals, they

operate at smaller spatial extents and encounter

various management challenges due to their size

and varied management regimes (Peel and others

1998, 2005). Our goal was to determine whether

fence removal between the reserves and KNP

influenced the vegetation within the K2C protected

area network. To answer this question, we ana-

lyzed how vegetation changed between 1985 and

2006 across three broad management types:

“fenced” reserves remained individually fenced

parcels throughout the whole study period, “re-

cently unfenced” reserves removed the fences be-

tween them and the larger KNP ecosystem around

1993, and “KNP” as the central portion of Kruger

National Park, which is open to the much larger

KNP ecosystem. Our objective was to analyze

changes in remote sensing-derived vegetation

metrics of greenness and heterogeneity in green-

ness between the different management types. We

predicted the recently unfenced reserves would

show marked changes from pre- to post-fence re-

moval, while fenced reserves and KNP would

experience no or more limited change over the

study period.

METHODS

Study Area

The study area was located within the Kruger to

Canyons Biosphere Reserve (K2C) in the eastern

Lowveld of South Africa between 30°35′ E and 30°
40′ E and 24°00′ S and 25°00′ S (Peel and others

2007) (Figure 1). This included fourteen reserves

and the central section of Kruger National Park

(KNP), defined as the area between the Sabie and

Olifants rivers. These managed protected areas fell

within the savanna biome (Peel and others 2007)

and cover an area of about 6,100 km2. The average

annual rainfall varied over the study area, ranging

from about 400 mm to 650 mm with the rainfall

increasing from north to south (Peel and others

2007). Rainfall occurred primarily between the

months of October and April (Venter and others

2003). The geology within the reserves was pre-

dominantly granitic rock, with some sections of

amphibolitic and gabbro rock. The western side of

KNP contained the same types of geology as the

adjacent private and provincial reserves (granitic,

amphibolitic, and gabbro), while the eastern side of

KNP contained high-nutrient geology such as ba-

saltic, rhyolitic, sandstone, and shale (Keyser 1997;

Venter and others 2003). As such, we restricted our

KNP study site to the western part with similar
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geology to the adjacent protected areas. Of the

fourteen reserves, seven removed their fences

within the period 1985 to 2006 therefore becoming

open and connected to the Greater Kruger

Ecosystem, while seven reserves remained fenced

(Figure 1). Although both KNP and the other pro-

tected areas are conservation areas, the objectives

and hence management approaches often differ,

with the private protected areas often more in-

tensely managed (for example, higher density of

artificial water provision; clearing of woody vege-

tation in order to increase tourism viewing and

photographic opportunities; and smaller manage-

ment fires) with a strong focus on high-end tour-

ism, while KNP focuses primarily on biodiversity

conservation (Child and others 2013).

Data

We utilized a historic 1-km2 normalized difference

vegetation index (NDVI) dataset covering South

Africa between 1985 and 2006, which incorporates

National Oceanic and Atmospheric Administration

(NOAA) Advanced Very High Resolution

Radiometer (AVHRR) imagery for the years 1985–

1998 and Satellite Pour L’Observation de la Terre

Figure 1. The area analyzed within the Kruger to Canyons Biosphere Reserve, including fenced reserves, recently un-

fenced reserves, and the central section of Kruger National Park containing nutrient poor geology.

Vegetation changes after large-scale fence removal 771



VEGETATION (SPOT VGT) for the years 1998–2006

(Swinnen and Veroustraete 2008). Although inte-

grated sensors can make it difficult to know whe-

ther detected changes result from ecological shifts

or switching sensors, this was required in order to

obtain a time series that spanned pre- and post-

fence removal. Data from 1994 were unavailable

due to failure of the NOAA-13 satellite, leading to a

year-long gap within the dataset. Swinnen and

Veroustraete (2008) provide details on the pro-

cessing and integration of the NDVI dataset.

We used TIMESAT (Jönsson and Eklundh

2002, 2004) to fit a smooth continuous curve for

the AVHRR NDVI time series dataset. We applied

the adaptive Savitsky-Golay filter with the season

cutoff value set to one and used the second spike

method (STL replace) with one envelope iteration

and a spatial window size of three. A higher

threshold percentage is required when defining the

end of the growing season in TIMESAT (Olsen and

others 2015), which led us to define the end of the

growing season as 45% of the seasonal amplitude

as measured from the right minima, and the

beginning of the growing season as 10% of the

seasonal amplitude as measured from the left

minima. We explored trends in two TIMESAT

variables that measure vegetation productivity:

maximum NDVI value (Max NDVI) and seasonal

amplitude (Jönsson and Eklundh 2002, 2004). Al-

though the inability to distinguish greenness as

herbaceous or woody vegetation restricted our

interpretation abilities, Max NDVI and seasonal

amplitude provided robust metrics that maintained

spatiotemporal consistency, which allowed com-

parison across many reserves and over a long per-

iod of time.

Since savanna systems are heavily responsive to

rainfall (Scholes and Archer 1997) and we were

interested in vegetation changes from management

regimes instead of rainfall differences over time, we

calculated the residuals between rainfall and the

vegetation metrics for each year as a measure of

vegetation changes resulting from non-rainfall

causes. We used a historic 1-km2 interpolated

rainfall dataset covering South Africa, depicting

average total rainfall for a 12-month period

beginning in July and ending in June of the next

year (Malherbe and others 2016; Agricultural Re-

search Council Institute for Soil, Climate, and

Water). We resampled the 1-km2 rainfall data to

align with the NDVI dataset and extracted values

for rainfall, Max NDVI, and seasonal amplitude for

each 1 km2 pixel (ESRI 2014). We then used linear

models to calculate the vegetation-rainfall residuals

between the log-transformed rainfall and each

vegetation metrics (Max NDVI and seasonal

amplitude) and summarized by management type

and time period (see Supplementary Information 2

for statistical assumption confirmations).

We compared vegetation pre- and post-fence

removal by splitting the time series data into dis-

tinct time periods. Since most reserves in the study

area started removing fences in 1993 (Supple-

mentary Information 3), the TIMESAT metrics ex-

tracted between 1985 and 1993 corresponded to

pre-fence removal, and the metrics extracted be-

tween 1995 and 2006 corresponded to post-fence

removal. Previous studies found it took time for

animals to adjust to newly connected reserves

(Druce and others 2008), and that 5 years was

roughly the amount of time it took for the vege-

tation to fully respond to the removal of a fence

(Hiscocks 1999; de Boer and others 2015), leading

us to split the data into three time periods: (1)

“Early” defined as the metrics extracted between

1985 and 1993 (pre-fence removal), (2) “Transi-

tion” defined as the metrics extracted between

1995 and 1998 (up to 5 years after fence removal),

and (3) “Late” defined as the metrics extracted

between 1999 and 2006 (more than 5 years after

fence removal). The metrics were also summarized

by protected area management type: (1) “fenced”

reserves retained their fences through the entire

1985–2006 time period, (2) “recently unfenced”

reserves removed their fences around 1993, and (3)

“KNP” represented the central section of Kruger

National Park falling between the Sabie and Oli-

fants rivers. In order to keep the comparison be-

tween KNP and the reserves consistent, we only

analyzed the vegetation that fell on sections of

granitic, amphibolitic, and gabbro rock within the

central sections of KNP, as geology is an important

driver of vegetation patterns (Keyser 1997; Venter

and others 2003). Further, we acknowledge the

unavoidable spatial autocorrelation of recently

unfenced reserves being adjacent to KNP and

fenced reserves being farther from KNP, which is

an artifact of using restored connectivity across a

protected area network as a natural experiment to

better understand the influence of large-scale fence

removal. We calculated the mean and variance of

the vegetation-rainfall residuals for each manage-

ment type per year as a proxy for vegetation

greenness and greenness heterogeneity.

Assessing Changes in Vegetation

We performed a mean–variance analysis in order to

identify and measure changes over time and across

different management types. Washington-Allen
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and others (2008) demonstrated that mean–vari-

ance plots can be used in semi-arid systems to

analyze the ecological resilience of a landscape by

splitting the landscape trajectory into four quad-

rants. Increases along the x-axis depict increased

greenness (as a measure of vegetation biomass and

vigor), and increases along the y-axis represent

increased heterogeneity of greenness. This type of

analysis allowed us to measure changes in two

continuous variables (mean and variance), as well

as to characterize landscape resilience within the

four quadrants (Figure 2). Because we calculated

the mean and variance of the vegetation-rainfall

residuals for Max NDVI and seasonal amplitude, we

assumed movement toward different quadrats

within the mean–variance plots indicated changes

not influenced by rainfall.

We used k-means clustering to further analyze

the locations of clusters within the mean–variance

plots. We used the NbClust package (Charrad and

others 2014) to determine the optimal number of

clusters within each mean–variance plot, and this

value was used to perform the k-means clustering

analysis in RStudio (RStudio Team 2016; R Core

Team 2020).

We performed a permutational multivariate

analysis of variance (PERMANOVA) to detect

whether the Euclidean distances significantly dif-

fered between clusters in the mean–variance plots.

We used the vegan package (Oksanen and others

2019) to determine that Max NDVI-rainfall resid-

uals and seasonal amplitude-rainfall residuals met

the assumption of equal dispersion between clus-

ters (Supplementary Information 2). We then used

the smacof (de Leeuw and Mair 2009) and tidy-

verse (Wickham and others 2019) packages to

visualize how the clusters differed across coordi-

nate space using nonmetric multidimensional

scaling (NMDS) plots and tested for significant

differences between these clusters using the vegan

(Oksanen and others 2019) and RVAideMemoire

(Hervé 2020) packages.

We explored vegetation changes by assessing

how the remote sensing metrics changed across the

mean–variance defined quadrats. Once Max NDVI-

rainfall residuals and seasonal amplitude-rainfall

residuals met statistical assumptions (Supplemen-

tary Information 2), we performed a Tukey Honest

Significant Differences (HSD) post hoc test to ana-

lyze comparisons between all management type

levels and time period levels.

RESULTS

Changes in Vegetation

The mean–variance plots of vegetation greenness

and heterogeneity of greenness and the k-means

cluster analysis identified four and five distinct

clusters within fenced reserves for Max NDVI-

rainfall residuals and seasonal amplitude-rainfall

residuals, respectively, five distinct clusters within

recently unfenced reserves for both Max NDVI-

rainfall residuals and seasonal amplitude-rainfall

residuals, and five and three distinct clusters within

KNP for Max NDVI-rainfall residuals and seasonal

amplitude-rainfall residuals, respectively (Fig-

ure 3). Across all management types, a general

pattern of temporal change along the mean axis,

with Early time period on the left and Late time

period on the right, indicated increased greenness

after accounting for rainfall from 1985 to 2006

throughout the whole landscape (Figure 3). An

exception to this general pattern was in 1998, a

severe drought year, which had low mean and

variance for both vegetation metrics for fenced and

recently unfenced reserves. Since 1998 was an

exception to the pattern, we believe the system

experienced a “reversible change” to increased

greenness. With two or more distinct clusters

identified visually for each management type, we

proceeded with statistical analysis to test for sig-

nificant differences between the clusters.

Overall, the cluster centroids significantly dif-

fered between time periods for the Max NDVI-

rainfall residuals (F=16.41, P<0.001) and seasonal

amplitude-rainfall residuals (F=14.07, P<0.001)

Figure 2. Hypothetical statistical quadrants of the inter-

annual mean–variance dynamics of a savanna land-

scape’s vegetation-rainfall residuals (revised from

Washington-Allen and others 2008).
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Figure 3. Mean–variance plots of the Max NDVI-rainfall residuals (left: a, b, c) and seasonal amplitude-rainfall residuals

(right: d, e, f) for fenced reserves (a, d), recently unfenced reserves (b, e), and KNP (c, f).
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(Table 1). The centroids also significantly differed

between the management types for the Max NDVI-

rainfall residuals (F=3.34, P=0.041) (Table 1). See

Supplementary Information 4 for full PERMANO-

VA statistics on the main level effects for Max NDVI

and seasonal amplitude.

While Figure 3 visually illustrates a shift to

higher greenness from the start to the end of the

study period for all management types, pairwise

comparisons confirmed a statistically significant

shift in the centroids within the NMDS plots for all

reserve types including fenced (Max NDVI: F=8.68,

P=0.015; seasonal amplitude: F=8.10, P=0.014),

recently unfenced (Max NDVI: F=11.63, P=0.009;

seasonal amplitude: F=12.90, P=0.003), and KNP

(Max NDVI: F=5.89, P=0.032; seasonal amplitude:

F=6.05, P=0.035) (Table 2). Although the pairwise

comparisons demonstrated that the centroids dif-

fered between the early and late periods across all

management types for both Max NDVI-rainfall

residuals and seasonal amplitude-rainfall residuals

(Table 2), the amount of overlap between the early

and late polygons in the NMDS plots suggest this

difference may have been more pronounced in

recently unfenced reserves compared to the fenced

reserves and KNP (Figure 4). This indicates that

although the whole protected area network seemed

to experience a large-scale change during the study

period, KNP and fenced reserves may have shifted

less than the recently unfenced reserves.

Vegetation-rainfall residuals in recently un-

fenced reserves were similar to fenced reserves at

the start of the study and became more similar to

KNP during the transition and late time periods

(Figure 5). The Tukey HSD analysis revealed that

Max NDVI-rainfall residuals and seasonal ampli-

tude-rainfall residuals were significantly higher at

the end of the study compared to the start of the

study (P<0.001 in both cases) (Table 3). KNP also

had significantly higher Max NDVI-rainfall residu-

als compared to fenced reserves (P=0.04) (Table 3).

In addition to the significant differences for pair-

wise comparisons for the main effects, there were

also several significant differences for pairwise

comparisons within the Management Type:Time

Period interaction term, although the interaction

term itself was not significant (Table 1). We cau-

tiously interpreted these pairwise comparisons as

Table 1. Permutational Multivariate Analysis of Variance (PERMANOVA) of Euclidean Distances Between
Cluster Centroids for Max NDVI-rainfall Residuals and Seasonal Amplitude-rainfall Residuals

Max NDVI Seasonal amplitude

Model term F P F P

Time period (early, transition, late) 16.41 <0.001 14.07 <0.001

Management type (recently unfenced, fenced, KNP) 3.34 0.041 1.36 0.260

Time period: management type 0.12 0.978 0.09 0.981

Bold values are statistically significant (P ≤ 0.05)

Table 2. Pairwise Comparisons of Euclidean Distances Between Cluster Centroids for Max NDVI-rainfall
Residuals and Seasonal Amplitude-rainfall Residuals Between Time Periods for Each Management Type

Max NDVI Seasonal amplitude

Fenced Recently

unfenced

KNP Fenced Recently

unfenced

KNP

Comparison F P F P F P F P F P F P

Early-late 8.68 0.015 11.63 0.009 5.89 0.032 8.10 0.014 12.90 0.003 6.05 0.035

Early-transition 0.11 0.739 0.01 0.917 0.01 0.951 0.18 0.689 1.39 0.288 0.53 0.484

Late-transition 6.44 0.024 6.86 0.036 3.24 0.089 3.38 0.109 2.96 0.125 1.45 0.256

Bold values are statistically significant (P ≤ 0.05)
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Figure 4. Nonmetric Multidimensional Scaling (NMDS) plots comparing Max NDVI-rainfall residuals (left: a, b, c) and

seasonal amplitude-rainfall residuals (right: d, e, f) between time periods within fenced reserves (a, d), recently unfenced

reserves (b, e), and KNP (c, f).
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follows. Within recently unfenced reserves, both

Max NDVI-rainfall residuals and seasonal ampli-

tude-rainfall residuals increased during the study

period (P=0.03 in both cases) (Table 3, Figure 5).

Recently unfenced reserves also had significantly

higher Max NDVI-rainfall residuals and seasonal

amplitude-rainfall residuals at the end of the study

compared to fenced reserves at the start of the

study (P=0.02 in both cases) (Table 3). Addition-

ally, KNP also had significantly higher Max NDVI-

rainfall residuals and seasonal amplitude-rainfall

residuals at the end of the study than fenced re-

serves (Max NDVI: P<0.001; seasonal amplitude:

P=0.01) and recently unfenced reserves (Max

NDVI: P<0.001; seasonal amplitude: P=0.02) at

the start of the study (Table 3).

DISCUSSION

Understanding how vegetation responds to changes

in management (for example, the removal of

fencing or artificial provision of water) can help

guide landscape-scale management to maintain or

enhance ecological resilience and spatial conser-

vation planning. In a first of its kind study of large-

scale fence removal within a protected area net-

work, we found relatively small changes in med-

ium resolution-derived greenness and

heterogeneity within an overall trend of increasing

greenness. Our results suggest that recently un-

fenced reserves experienced greater changes in

vegetation from the start to the end of the study

compared to the fenced reserves and KNP and

those vegetation changes may be associated with

their connectivity to the larger KNP landscape post-

fence removal. Our findings suggest all manage-

ment types within the K2C protected area network

experienced a “reversible change” with a gradual

increase in greenness, although the system did not

cross a threshold into a new state since the fenced,

recently unfenced, and KNP systems all reversed

during the drought in 1998. We postulate recently

unfenced reserves experienced at least three

changes that may have interacted in unknown

ways: (1) the gradual increase in greenness the

whole system encountered, (2) a sudden increase

in animal mobility after the reserves became con-

nected to KNP, and (3) a gradual shift in manage-

ment strategies to account for increased

connectedness with the surrounding landscape.

Vegetation greenness gradually increased across

the entire K2C protected area network during the

study period regardless of management type or

Figure 5. Mean Max NDVI-rainfall residuals (a) and mean seasonal amplitude-rainfall residuals (b) for Early, Transition,

and Late time periods, by management type.
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rainfall levels, representing a large-scale change.

While inconsistent with our prediction, this finding

is supported by other studies that showed global

increases in greenness (Nemani and others 2003;

Zhu and others 2016) as well as increased green-

ness regardless of rainfall in African landscapes

(Fensholt and others 2012; Gibbes and others

2014). Although we cannot be sure what process

drove this pattern in our study system, a possible

ecological explanation is increased woody

encroachment resulting from heightened CO2 le-

vels, which is a documented phenomenon across

the globe (Stevens and others 2016). Woody

encroachment may influence ecosystems by

impacting species richness (Blaum and others 2007;

Sirami and others 2009; Ratajczak and others

2012), decreasing grazing species in turn shifting

predator guilds, and changing fire intervals and

intensity (Smit and Prins 2015), which may require

management intervention to maintain biodiversity

and resilience.

Increased animal mobility within the recently

unfenced reserves may have caused an influx of

water-dependent species due to the higher water-

point densities in the recently unfenced reserves

compared to KNP (Child and others 2013). For

example, de Boer and others (2015) showed a 16-

fold increase in elephant density in a recently un-

fenced reserve and attributed this to a combination

of population growth and movement from KNP.

Artificial waterpoints are known to have a strong

influence on herbivore distribution and can result

in unnaturally high pressure on the surrounding

vegetation (Owen-Smith 1996; Chamaillé-Jammes

and others 2007; Smit and others 2007). Graz and

others (2012) modeled the joint management ac-

tions of fence removal with waterpoint closure and

predicted that removing fences while retaining

high levels of waterpoints would spread grazing

activity across the landscape (thereby expanding

grazing impact), whereas removing fences while

closing some waterpoints resulted in the two

management changes counterbalancing one-an-

other, with some areas experiencing an increase in

herbivory (analogous to recently unfenced reserves

in our study) while other areas experienced a de-

crease in herbivory (analogous to KNP) (Graz and

others 2012). Our empirical findings align with the

Graz and others (2012) models, suggesting that

reserve managers may want to consider reducing

the number or density of artificial waterpoints

simultaneously with fence removal to prevent

sudden animal influx and reduction in vegetation

heterogeneity (Cook and others 2017). Construc-

tive engagement and dialog between private re-

serves and KNP about the strong gradient in

artificial waterpoints, changes in animal mobility,

and conservation objectives may be needed to

continue the mutual benefits of collaborative con-

servation.

Along with a gradual increase in greenness and

sudden increase in animal mobility, recently un-

fenced reserves may alter management regimes to

account for increased connectedness with the sur-

rounding landscape. Increased mobility may have

shifted management strategies from focusing on

maintaining animal numbers under the carrying

capacity (that is, equilibrium system) to embrace

the natural and spatial heterogeneity of the sa-

vanna landscape (that is, non-equilibrium system)

(Peel and others 1998). Increased mobility may also

motivate bush clearing to increase viewing oppor-

tunities of highly desired species. Given diverse

management goals among reserves, vegetation

changes stemming from fence removal may have

positive and negative effects that may be enhanced

or exacerbated by management actions. In the fu-

ture, reserves planning to remove fences may want

to consider adjusting other aspects of the system

such as limiting wide-scale artificial water provision

to offset a sudden increase in animal mobility (Graz

and others 2012; Cook and others 2017), as well as

coordinating management and monitoring (for

example, fire regimes) across neighboring conser-

vation areas to enable the larger landscape to be

managed cooperatively between multiple managers

(Lindsey and others 2009) and maintain hetero-

geneity across the entire connected landscape (van

Wilgen and others 2022).

Connecting conservation areas managed under

different objectives directly aligns with Goal A in

the post-2020 Global Biodiversity Framework to

increase the “area, connectivity, and integrity of

natural ecosystems” (CBD 2020), making the K2C

protected area network a vital landscape for

learning how increased protected area connectivity

may alter ecosystems. Along with its innovative

large-scale fence removal, the K2C region could be

considered an important case study, providing

valuable lessons for incorporating flexibility while

managing its complex socio-ecological system (du

Toit and others 2003; Holness and Biggs 2011;

Roux and Foxcroft 2011; van Wilgen and Biggs

2011; Biggs and others 2015). In order to maintain

heterogeneity and ecological resilience within

protected savannas effectively, managers need to

incorporate the complexity of spatiotemporal

uncertainties and fluctuations (Scheffer and others

2001; Rogers 2003; Folke and others 2004; Fuh-

lendorf and others 2017), which include biotic and

Vegetation changes after large-scale fence removal 779



abiotic changes that may be gradual or sudden

(Ratajczak and others 2018). Future management

practices will need to cooperatively conserve the

world’s remaining ecosystems which are experi-

encing multiple threats, often have diverse man-

agement goals, and are managed at various spatial

scales. Taking this large-scale ecosystem recovery

approach is the best chance to globally rewilding

ecological networks by integrating core habitat

connectivity, the dynamic changing nature of

ecosystems, and co-existence through local com-

munity conservation (Carver and others 2021).

CONCLUSION

Our study examined vegetation change, by proxy

of moderate resolution remote sensing metrics,

between 1985 and 2006 in a South African pro-

tected area network to determine if landscape

change differed between management types, and

whether fence removal across adjacent protected

areas influenced the vegetation. This is the first

study we are aware of to analyze landscape changes

across a protected area network before and after

large-scale fence removal, which can provide in-

sight for global protected area networks rewilding

ecosystems to improve ecological resilience, restore

ecological processes, and adapt to climate change

(Carver and others 2021). Although the area and

number of parks have grown extensively over the

past century in southern Africa, the average park

size decreased while fencing increased and pro-

tected areas became fragmented “ecological is-

lands” (Cumming 2004). Most reserve boundaries

were created without considering large-scale nat-

ural environmental processes such as seasonal

movements and migration patterns (Cumming

2004), causing serious fragmentation problems

within fenced ecosystems (Boone and Hobbs 2004;

Lindsey and others 2012). Although connecting

different reserves can at least partly resolve some of

these issues (Lindsey and others 2009), new chal-

lenges arise when attempting to manage various

conservation objectives through multiple land

owners and stakeholders at a large scale. Our

findings suggest managers may need to address

landscape changes by counterbalancing manage-

ment regimes such as adapting artificial surface

water provision when increasing animal mobility

through fence removal. It is crucial to better

understand how these interconnected systems re-

spond to gradual and sudden changes in environ-

mental factors and management regimes to

maintain natural landscape heterogeneity and en-

hance ecological resilience.
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