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Abstract: Understanding trends or changes in biomass and biodiversity around conservation areas
in Africa is important and has economic and societal impacts on the surrounding communities.
Gorongosa National Park, Mozambique was established under unique conditions due to its complex
history. In this study, we used a time-series of Normalized Difference Vegetation Index (NDVI)
to explore seasonal trends in biomass between 2000 and 2016. In addition, vegetation directional
persistence was created. This product is derived from the seasonal NDVI time series-based analysis
and represents the accumulation of directional change in NDVI relative to a fixed benchmark
(2000-2004). Trends in precipitation from Climate Hazards Group InfraRed Precipitation with
Station data (CHIRPS) was explored from 2000-2016. Different vegetation covers are also considered
across various landscapes, including a comparison between the Lower Gorongosa (savanna), Mount
Gorongosa (rainforest), and surrounding buffer zones. Important findings include a decline in
precipitation over the time of study, which most likely drives the observed decrease in NDVI. In terms
of vegetation persistence, Lower Gorongosa had stronger positive trends than the buffer zone,
and Mount Gorongosa had higher negative persistence overall. Directional persistence also varied by
vegetation type. These are valuable findings for park managers and conservationists across the world.

Keywords: remote sensing; vegetation dynamics; vegetation persistence; conservation;
savannas; Africa

1. Introduction

Savannas are commonly defined as grassland with scattered trees, but in practice are a mix of grass,
shrub, and trees [1-3] which comprise over 55% of the southern African landscape, and approximately
20% of Earth’s landcover [1]. Savannas are controlled by key factors: precipitation, herbivory,
fire, and humans [4-7]. Savannas are water-limited systems, therefore precipitation is the main
driving factor for the ecosystem [5,8]. Up to a precipitation threshold of 750 mm/year, grasses
dominate, between 750-950 mm/year, more mixed systems occur, and above 950 mm/year, woodlands
dominate [5,7-9]. Decreases in precipitation alone can lead to declines in vegetation, and when
coupled with rising temperatures the resulting lower availability of soil moisture causes even further
declines in vegetation [10-12]. Savannas are an important conservation landscape in southern Africa.
Understanding and conserving these systems is vital as they support high faunal and floral biodiversity.
Savannas are also an important biome affecting the carbon cycle, supporting high human populations,
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and contributing 14% of global net primary productivity [8,13-17]. Conservation areas are a key
resource in southern Africa both in terms of their ecological importance (biodiversity, biomass, carbon,
etc.) and as socioeconomic drivers for the surrounding communities [18].

Remote sensing of these savanna systems is a challenge due to the heterogeneity of savanna
landscapes, but given their ecological and socioeconomic importance, they are a target for development
of innovative image analysis techniques. One such approach to evaluating savannas with imagery
includes continuous time series analysis [19,20]. The normalized difference vegetation index (NDVI)
can be used as a proxy for vegetation biomass, health, and abundance [20-26]. The value of this
vegetation index may be enhanced with new time series measures to provide better understanding of
trends in vegetation health over time and space [19]. One such measure, derived from NDV], is that
of vegetation persistence, which has demonstrated its usefulness in drylands globally [20]. This is
an NDVI-based time series approach to compare vegetation greenness in a given season and year
to a baseline period. This methodology allows the user to detect inter-annual changes of NDVI in
a spatially explicit manner and identify key trends on the landscape, with a statistical significance
attached to each pixel [19,20].

Gorongosa National Park (GNP) in central Mozambique contains two important ecosystem
types—savanna and montane rainforest. This paper examines the complex savanna system of the lower
part of GNP (herein referred to as “Lower Gorongosa”) and compares it to the montane rainforest of
Mount Gorongosa [27]. Like many mountainous areas [28], the latter provides a haven for biodiversity
much of which remains to be discovered, as evidenced by the extraordinary discoveries from the rapid
biodiversity collection event held by E.O. Wilson in 2011 [29]. GNP is chosen for analysis because of the
interesting conditions under which it was established and also due to the fact that it has been restored
in the last decade. GNP was originally established in 1920 under Portuguese colonial rule, and the park
served as headquarters for both sides at some point during both the War for Independence and the
Civil War, which lasted from 1964 to 1994. As a result, between 90% and 99% of all mammals in the park
were extirpated by crossfire, lack of sustenance, and poaching, and this lack of mammals over time may
affect vegetation [30]. Following peace, a variety of illegal hunting activities continued for years in the
park, pressuring already drastically decreased populations. In 2004, a relationship developed between
the Mozambican government and an American NGO initiating the Gorongosa Restoration Project,
the first conservation collaboration of its kind in the world. This project has three main goals: science
and conservation, sustainable tourism, and human development. These goals include the restoration
of the ecosystem to a pre-war baseline of wildlife [31]. A significant management presence began in
the park in 2008 with the aim to restock animals, which might then affect vegetation. The park is a
natural experiment for the impact of herbivores on vegetation. Several studies note that the absence of
large herbivores enables trees to attain maturity here in GNP, unlike other places in southern Africa
where bush densification has been the trend [32,33]. The primary focus of restoration has been wildlife,
however, a healthy park also needs healthy vegetation to sustain its wildlife populations. Therefore,
the purpose of this paper is to evaluate trends in vegetation biomass during pre- (2000-2008) and post-
(2009-2016) management periods in GNP.

The objective of this study is to understand the trends in vegetation in Lower Gorongosa and to
compare them to the buffer zone and Mount Gorongosa. The questions we addressed are: 1. Is there a
difference in the precipitation between the period since restoration management has been imposed
and the prior period? 2. Has there been a trend in the seasonal precipitation time period between 2000
and 2016? 3. Can trends in vegetation density and biomass be detected in the period 2000 to 20167 4.
Does the vegetation directional persistence methodology detect significant changes in NDVI as an
indicator of vegetation change, in the period 2000 to 2016?
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2. Materials and Methods

2.1. Study Area

The GNP occupies approximately 4000 km? in central Mozambique (18.2°S and 34.0°E) (Figure 1).
Annual minimum and maximum temperatures on average range between 15 °C and 30 °C, in the
dry and wet seasons respectively. The ecosystem of the original area of the park, Lower Gorongosa
(LG), is markedly different to that of the more newly incorporated Mount Gorongosa (MG), which
lies to the northwest at 700 m elevation. Based on the park management report, LG contains various
savannas ranging from “open” savanna (floodplain grassland, 21% of LG) in the central part of the
park, to “mixed” savanna (grass-shrub-open tree, 44% of LG), and “closed” savanna (thick woodlands
dominated by several different tree species, 35% of LG). Montane rain forest vegetation dominates
the flanks of MG, while short grassland/rock covers the summit. The protected area on MG is critical
to the health of both LG and people living in the surrounding area, as it constitutes the dominant
source of stream flow. The areas surrounding parks, known as buffer zones, provide a comparison
to vegetation trends occurring inside the park because they are not as protected as parks, but have
similar environmental conditions affecting them. They therefore help better understand how the park
is functioning in the larger context of the landscape. Based on literature indicating that a buffer zone
analysis should encompass approximately 3—4 times the size of the park [34], a 20 km buffer zone
around the park was considered in this work. There is some limited human activity in this zone where
communities live. Six study areas are addressed: (1) LG (first as a whole), and then further divided
into land cover types- (2) open savanna, (3) mixed savanna, and (4) closed savanna, (5) a 20 km buffer
zone around LG and (6) MG.
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Savanna Cover Type

- Closed
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Mixed

0 125 25 50 Kilometers / ¢

Figure 1. Study area map of low Lower Gorongosa, Mount Gorongosa and buffer area shown on a
true color composite Landsat image. In the top inset map, open savanna, mixed savanna, and closed
savanna are shown.
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2.2. Vegetation Change Characteristics

This section addresses factors used to measure vegetation change and related drivers.

2.2.1. Mean NDVI

The Normalized Difference Vegetation Index (NDVI) is used to establish trends in vegetation
health and density over time. The metric is a band ratio between red (R) (highly absorptive in healthy
vegetation) and near infrared (NIR) (highly reflective in healthy vegetation) energy [35]:

NDVI = —— (1)

NDVI ranges from —1 to +1. Higher values indicate the presence of higher vegetation density,
and values below 0 indicate no vegetation [35]. NDVI composite products from the Moderate
Resolution Imaging Spectroradiometer (MODIS) sensor, i.e., MOD13Q1.006 Terra Vegetation Index,
were used in this research due to their fine temporal resolution. The data span March 2000 to
November 2016, have a spatial resolution of 250 m, and are a 16-day composite of the highest NDVI
value per pixel. The data are atmospherically corrected and masked for clouds, cloud shadows,
water, and heavy aerosols. Furthermore, as water produces negative NDVI values, the Lake Urema
system in LG is also masked out and removed from further analysis. Data are aggregated into
seasonal composites based on per-pixel seasonal mean values for the following seasons; December,
January, February (wet), March, April, May (wet), June, July, August (dry), and September, October,
November (dry). Data are further aggregated by mean pixel value for the seasons into different periods
corresponding to different on-the-ground management practices in GNP: 2000-2004 (no management),
2005-2008 (management contracts negotiated), 2009-2012 (beginning of on the ground management),
and 2013-2016 (fully implemented on the ground management). These can be grouped broadly into
2000-2008, pre-management and 2009-2016, post-management [29]. The analysis is separated into
each of the six study areas. Spatial extents of the three savanna types in LG (open, mixed, and closed)
were provided by the park management team.

2.2.2. Seasonal Precipitation Totals

As savannas are water limited systems, monitoring trends in precipitation is critical in
understanding changes in vegetation. Estimates of monthly precipitation totals from 2000 to 2016 were
extracted from the Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) gridded
dataset (0.05° resolution). Given the coarse spatial resolution of the data and the relatively small study
area, a mean value for each time period was extracted over the whole study area [36]. Total seasonal
precipitation for the park is created for each year from the monthly estimates observations. The annual
migration of the Intertropical Convergence Zone (ITCZ) is considered to be the principal driver of
intra-annual precipitation [37,38]. Given the delay between the arrival of precipitation and green up of
vegetation, seasonal estimates of vegetation are lagged by one month [39]. Therefore, the seasonal
precipitation-vegetation pairs are respectively as follows: (NDJ-DJF; FMA-MAM; MJJ-JJA; ASO-SON).
Mean annual precipitation (2000-2016) is 1075 mm, and individual annual totals range from 665 mm in
2015 to 1415 mm in 2001.

Analysis of seasonal precipitation totals proceeds in several ways. Totals are expressed as
being above or below the long-term (2000-2016) mean and the subsequent counts of the number of
above/below mean years in each time period recorded. To investigate if total seasonal precipitation
has increased/decreased between the two management periods, a hypergeometric test was used. The
hypergeometric distribution determines the probability of experiencing a given number of years
with values above (or below) mean characteristic at random [40]. It therefore highlights whether
the observed number of years (above/below mean) is significantly greater than/less than, would be
expected at random. Years during which a seasonal total fall above the mean are considered “successes”
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and during which it falls below the mean are considered “failures.” The probability distribution of the

k\( N-k
()= @
X) = —"""—"—
P N
n
where N is the number of years in the record (i.e., N = 17 during 2000-2016), 7 is the sample size
(the number of years in a particular period during which a set of management practices is followed),

number of successes (failures) is given as:

and k is the total number of observations in the entire record with the desired property (success or
failure) [40]. The sample time periods for the hypergeometric distribution was chosen based on the
main management time frame of 2000-2008, where there was not a management presence on the
ground, and 2009-2016, where there was a heavy management presence on the ground.

Precipitation values were also graphed as a time series, normalized for seasonality, anomalies
were determined, and linear trends were added. Precipitation is also quantitatively compared to mean
NDV], as savanna vegetation-precipitation association is well established [5,7-9,12,20-26].

2.2.3. Vegetation Directional Persistence

Newly developed directional persistence (DP), a continuous time series metric, is calculated on a
per-pixel basis and is the cumulative direction of change over time in NDVI calculated in comparison to
a benchmark value [19,20]. This approach illuminates trends in vegetation over time and space [19,20].
We implemented the DP analysis using the time-series data from the MOD13Q1.006 Terra Vegetation
Index products outlined above in Section 2.2.1. To calculate DP, per-pixel seasonal mean NDVI over the
period 2000-2004 was calculated as the benchmark. Then, all subsequent seasonal values 2005-2016
(N = 12) were compared to it at a pixel level, generating the equivalent of a random walk in each
pixel. Under the null hypothesis of persistent vegetation, i.e., no change in vegetation, there is an
equal chance of an observation above the benchmark (success) or below it (failure) [19]. For a “success”
in a particular year the pixel receives a value of +1, if a “failure”, it receives a —1. These values are
accumulated through time, resulting in a net value of DP in each pixel. In the case of a N of 12, a pixel
value of +12 would indicate that every year had a NDVI value higher than the benchmark. Likewise,
a pixel value of —12 would indicate that every year had a NDVI value lower than the benchmark. The
DP values can be assigned to statistical significance levels based on the hypergeometric distribution.
Given the preliminary nature of this exploration and the comparatively short (2005-2016) period of
evaluation, a 0.10 level of significance, or critical DP of +/—6, is chosen for testing. The respective
mean directional persistence, and the percentage of pixels returning significant (positive or negative)
persistence are calculated for each of the six study areas.

3. Results

3.1. Precipitation Anomolies and Trends

Figure 2 highlights trends in seasonal precipitation, with the blue and red bars indicating the years
with precipitation above and below the overall mean, respectively. Each season except ASO, returns
approximately equal numbers of years above and below the long-term mean. However, it appears
that there are more below-mean years later in the time series. Additionally, the magnitude of the
negative anomalies are high compared to those of the positive anomalies. There were some periods of
consecutive seasonal rainfall below the mean, such as in ASO from 2004 to 2010, however application
of the hypergeometric test revealed no statistically significant differences at the 0.1 level in the number
of positive and negative anomalies in any season or time period. This means that the number of years
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with rainfall above or below the mean were not statistically different from what we might expect at
random when we compare the pre and post management periods.
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Figure 2. Seasonal precipitation anomalies 2000-2016 for November, December, January (NDJ), mean

550 mm; February, March, April (FMA), mean 384 mm; May, June, July (M]]), mean 80 mm; August,

September, October (ASO), mean 61 mm. The numbers in the graphs are count data for above and

below mean precipitation years in the time period.

The time series in Figure 3 suggests a decreasing trend in precipitation over time, particularly in the
latter part of the time series. In Figure 3a, when seasonal anomalies are represented by their standard
deviates, there is a statistically significant decline over this time period at the 0.1 level of significance.

In Figure 3b, where seasonal totals were separated out, there was a statistically significant decline over

time in February, March, April (FMA) and May, June, July (MJ]) at the 0.05 significance level.
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Figure 3. Precipitation time series 2000-2016 for (a) continuous raw seasonal totals, seasonal anomalies
(mm), and seasonal anomalies expressed as standard deviates (z) and (b) separated seasonal anomalies
for November, December, January (NDJ), February, March, April (FMA), May, June, July (MJ]]),
and August, September, October (ASO).

3.2. Changes of NDVI

Mean NDVI values computed by season (MAM, JJA, SON, DJF) and time period (2000-2004,
2005-2008, 2009-2012, and 2013-2016) are mapped across the LG and MG (Figure 4). This clearly
shows the role of seasonality, with higher NDVI values in the wet season than in the dry season.
Even within the wet/dry seasons the impact of soil moisture accumulation (MAM is greener than
DJF), and depletion (JJA is greener than SON) is apparent. Each season also appears to have some
variability of NDVI during the time periods. In general, the first period (2000-2004) had the highest
NDVI across the study areas, the most recent period (2013-2016) had the lowest NDVI across the study
areas, and the two periods between (2005-2008 and 2009-2012) were variable.

Daily NDVI values, extracted by pixel from MODIS data from 2000-2016, are examined to give
further insight into the vegetation dynamics of LG, revealing several important findings, including
notable shifts in both the magnitude and timing of anomalies in each period (Figure 5a). There was
an overall decline in dry season NDVI after the first time period (2000-2004), which may have even
greater negative effects on flora and fauna as this is already the most difficult part of the year for them
to survive. In Figure 5a, during the initial period (2000-2004), the data supports that the landscape was
greener than the long-term mean during the dry season. During the second period (2005-2008), which
was a time of less precipitation, the data shows that it was much less green during the dry season than
the long-term mean. During the third time period (2009-2012), NDVI was greener than the long-term
mean during the wet season. In the fourth time period (2013-2016), it was less green in the first half
of the wet season, and greener during the second half of the wet season than the long-term mean.
Figure 5b highlights the magnitude of the positive and negative anomalies (seen in Figure 5a) in both
absolute number and percentage.
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Figure 4. Mean NDVI in Lower Gorongosa and Mount Gorongosa by season: March, April, May
(MAM), June, July, August (JJA), September, October, November (SON), December, January, February
(DJF) and time periods: 2000-2004, 2005-2008, 2009-2012, 2013-2016.

In order to identify any shifts in the timing of the highest and lowest values of NDVI, the dates
during which the seasonally averaged NDVI exceeds (or falls below) the value of the upper (or lower)
10% of long-term NDVI values are recorded (Figure 5c) as an objective indicator of green-up and
brown-down. Both the upper and lower limits have moved later in the season, indicating that shifts
in climate (precipitation coming later) are already noticeable across this region. Several differences
emerge in comparison to long-term characteristics: (a) high levels of greening are attained earlier in
the first and second periods (by as much as 30 days), and later in the fourth period (by about 10 days);
(b) high levels of NDVI persist until the end of May, except in the second period when declines are
noted about half a month earlier; (c) the timing of the lowest values of NDVI show considerably
less inter-period variability than those of high levels; (d) the lowest values of NDVI are generally
experienced in mid-September, starting slightly earlier in the first and second periods; and (e) the
landscape starts to return NDVI values higher at the end of October in all periods. Post management
(2009-2016) there seems to have been less variability in these dates (Figure 5c). Shifts in season length
are important for future vegetation response and health, with related implications on wildlife and
people on this landscape. Specifically, they can have very real consequences for people’s livelihood
and wildlife health.
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Figure 5. Daily NDVI (2000-04, 2005-08, 2009-12, 2013-16) of Lower Gorongosa (a) positive and negative
anomalies compared to the long term mean (b). NDVI anomalies displaying the frequency of anomaly
both as an absolute count and as a percentage of days exhibiting negative and positive anomalies from
the long term mean in each of the four periods (left to right and top to bottom 2000-2004, 20052008,
2009-2012, 2013-2016), and histograms of the distribution of the magnitudes of those anomalies.
(c) The dates on which the uppermost (0.732) and lowermost (0.343) 10% of NDVI values occurred
during the entire period of study and period of interest. The day count on the x-axis starts on 1
March, given our seasons for the year start with March—April-May, then June-July-August, then
September—October-November, then December into January-February of the following year.

Time series of mean NDVI across the six study areas highlight several important findings. All
data reveal decreasing trends, though not all are statistically significant (Figure 6). There are also some
similarities between the LG and the 20 km buffer zone. However, the rate of decline within the buffer
zone is steeper than that of LG, suggesting that the conservation and management practices within the
park have been effective in mitigating some potential decline [34].

The overall higher NDVI exhibited by MG than LG is attributable to the differing land cover.
LG contains varying types of drier savanna, and MG supports montane rainforest. There is a more
pronounced and significant decline in NDVI on MG (Figure 6a). This may be due in part to the rainforest
of MG supporting higher NDVI and the impacts of human-driven processes such as deforestation being
particularly pronounced. Given the land cover types, there is also much less interannual variability in
MG when compared to LG. Regardless, the same trends of declining NDVI and precipitation are seen
across this landscape.

NDVI was also graphed by land cover type within LG and MG. All land cover types were clearly
separable by mean NDVI values. The lowest NDVI values occur in the open savanna vegetation
class (0.36-0.69). These increase to 0.41-0.76 in mixed savanna and 0.51-0.81 in closed savanna. The
highest NDVI occurs in the heavily forested landscape on MG (0.62-0.82) even though there is a
significant decline over time (Figure 6a). Given that these three savanna land cover classes within
LG are respectively dominated by grassland, shrubland, and woodland, this separation of vegetation
abundance (NDVI) makes sense biologically. There is a significant decline in the NDVI of open
grassland savanna in LG (Figure 6b) and greater interannual variability than in closed woodland
because grasslands are more dependent, in the short term, on precipitation than woodlands are. The
smallest and non-significant decline is found in the closed savanna land cover class in LG (Figure 6c) as
woody plants tend to be hardier/less vulnerable, which is also supported by the literature [5,8,20,41].
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Figure 6. Time series of mean NDVI seasonally (December-January-February (DJF); March-April-May
(MAM); June-July-August (JJA); September—October-November (SON)) from 2000-2016 for (a) Mount
Gorongosa (significant trend), (b) open savanna (significant trend), (c) and closed savanna (no significant
trend) other non-significant trends (in mixed savanna, LG, and the buffer) are not shown.

In Figure 7a, seasonal precipitation and lagged NDVI are shown. Dry season NDVI is much more
sensitive (steeper slope) to small increments in precipitation than the rainy season NDVI. In Figure 7b,
there is a significant relationship between precipitation and vegetation in terms of interannual variability
(e.g., if there was a wetter than normal wet season versus an unusually high NDVI). This relationship
was significant across all seasons of comparison (precipitation to NDVI respectively): FMA to MAM
(r-squared = 0.466, slope = 0.000416, and is significant at the 0.01 level); MJ] to JJA (r-squared = 0.146,
slope = 0.002981, and is significant at the 0.10 level); ASO to SON (r-squared = 0.570, slope = 0.005185,
and is significant at the 0.01 level); and NDJ to DJF (r-squared = 0.247, slope = 0.000441, and is
significant at the 0.05 level), thus supporting the notion of savanna as a water limited system and
precipitation as the main driver of vegetation growth [5].
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Figure 7. Precipitation and lagged NDVI (respectively) (a) plotted by season together with different
colors for: February, March, April (FMA) to March, April, May (MAM); May, June, July (MJ])
to June, July, August (JJA); August, September, October (ASO) to September, October, November
(SON); and November, December, January (NDJ) to December, January, February (DJF) (b) by season
individually with fitted regression lines.

3.3. Tendencies in Vegetation Directional Persistence

Maps of DP for these study areas (Figure 8) show declines in vegetation, particularly during
the dry season and in central LG (which is the open savanna cover, Figure 1) relative to the initial
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baseline period. This area corresponds with open savanna (grassland/floodplain) land cover. There is
a dominating negative trend in vegetation persistence during the dry season, particularly in the central
part of LG and on MG. During the wet season fewer significant values (positive or negative) of DP
prevail. Again similar tendencies are found both inside LG and in the buffer area, though the buffer
area has greater negative values of DP.

MAM | JIA

CJLower Gorongosa |

CIMount Gorongosa
[—1Buffer 20 km

Directional Persistence
pw High : 12

B Low: -12

DJF

0 12.5 25 Kilometers

SON
Figure 8. Directional persistence (2005-2016 compared to initial baseline period 2000-2004 at a pixel
level) in Lower Gorongosa (including the three savanna types, open, mixed, and closed), Mount
Gorongosa, and the buffer zone highlighted by season (MAM = March, April, May, JJA = June, July,
August, SON = September, October, November, DJF = December, January, February).

The seasonal properties of mean directional persistence of all six study areas are presented in
Figure 9. Across all study areas, the absolute value of mean persistence is larger during the dry season
(more negatively deviated from zero), than the wet season (less positively deviated from zero). This
suggests the tendency for NDVI in the dry season to be more negative through time than the baseline
value to a greater magnitude than in the wet season. When comparing LG, the buffer zone, and MG,
LG had the most positive/least negative mean DP values across seasons. This indicates that, of the
six study areas, LG had higher percentages of positive vegetation persistence over time. MG with
negative mean DP values across all seasons, shows the most marked decline in vegetation persistence
over time. Within the three land cover types in LG, closed savanna had the most positive/least negative
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mean DP values, whereas open savanna had the most negative DP values (Figure 9). OS appears to
suffer most in terms of vegetation declines, as found elsewhere in the literature.

LG B MG O M C
P O W B O WY o wL®Y O WK o LY oW
DJF 1 -DJF
MAM- -MAM
JJA- FJJA
SON- LSON

T

Mean Seasonal Directional Persistence

Figure 9. Mean directional persistence values for Lower Gorongosa (LG), the buffer zone (B), Mount
Gorongosa (MG), and the three Lower Gorongosa land cover types: open savanna (O), mixed savanna
(M), and closed savanna (C) by season (December-January-February (DJF); March-April-May (MAM);
June-July-August (JJA); September-October-November (SON)).

Percentage significant positive and negative DP (+/-6) is also calculated for each study area
(Figure 10). LG has higher percentages of significant positive DP and lower percentages of significant
negative DP than the buffer zone. MG returns higher percentages of significant negative DP and lower
percentages of significant positive DP than any other study area. In the dry season, as much as 70% of
the MG landscape has a significant negative DP value. Of the three LG land cover types, open savanna
exhibits the highest percentages of significant negative DP. In the dry season, as much as 75% of the
OS landscape has a significant negative DP value. OS also has the lowest percentages of significant
positive DP across all seasons.
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Figure 10. Percentages of significant directional persistence (positive and negative) across the
landscapes for: Lower Gorongosa (LG), the buffer zone (B), Mount Gorongosa (MG), and the three
Lower Gorongosa land cover types: open savanna (O), mixed savanna (M), and closed savanna (C)
by season (December-January—February (DJF); March-April-May (MAM); June-July-August (JJA);
September—October-November (SON)).

4. Discussion

This study evaluates the relationship between savanna vegetation and precipitation, the role of
protected areas in vegetation conservation, and the importance of distinguishing vegetation type for
evaluation of its health/persistence. We found that there was a decline in precipitation in Gorongosa
National Park over the 2000 to 2016 period, which could be linked to a decline in NDVI. However,
we found that there were differences in decline of NDVI amongst savanna land cover classes within
LG, with OS having the steepest decline. Compared to the buffer zone, inside the protected area of
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LG had less vegetation decline. MG had the greatest decline of all six study areas in terms of NDVI,
as well as the highest negative DP. This may be due to more localized drivers outlined below, but with
further conservation efforts, we hope to see more positive trends in the future.

Degradation has been of concern for several decades in savannas [42,43]. Degradation can include
several phenomena, including a decrease in biomass of vegetation (seen in this study in and around
GNP) and bush encroachment. Bush encroachment is a type of degradation that results in an increase
in lower quality short woody plants [12,44,45]. Important drivers of savanna vegetation and therefore
potential degradation include, decline in precipitation (already seen here), changes in herbivory
(increases to a certain population level may mitigate degradation, but beyond that level, may actually
exacerbate it), decreased fire frequency, and humans [4-7,42-47]. Under continued climate change and
rewilding, these systems will need to be carefully monitored for further degradation [15,48]. One type
of bush encroachment reported in the park, particularly in the vulnerable floodplain grasslands, is that
of Mimosa pigra. This is due to the previous absence of herbivory (almost no herbivores survived the
civil war, allowing encroachers to increase). Now with the heavy reintroduction of herbivores, the park
is seeing a decrease in these woody encroachers [84]. However, given the relatively recent rewilding,
our longer-term study is seeing the trend of degradation in OS. Though a constant fire regime (the fire
regime remains consistent pre- and post-war) has enabled large trees to be able to survive and thrive
here [29,32,33]. A common way to mitigate the effects of some drivers on the savanna protected area
landscape is to implement buffer zones. Buffer zones are areas surrounding parks that act as a more
neutral space for activity than the broader landscape. In buffer zones there may be some human
activity, but generally it is limited [49]. Creation of these areas increases the distance between protected
zones and potential disturbances, limits edge effects, and thereby increases the conservation value of
the protected area [50,51].

Jung et al. (2010) [11] point to a global decline in precipitation leading to reduced soil moisture
and evapotranspiration. This study found some decrease in precipitation in this region of southeastern
Africa during the 21st century [10,44], linked to a decline in vegetation health [10-12], [52,53]. The
observed decline in vegetation health (using NDVI as a proxy) further strengthens the link between
vegetation biomass in savannas and its main driver, precipitation [5,7-9,12,20-26]. Declines in
precipitation and vegetation health suggest that management has not yet had a significant impact on
vegetation [10,53] and is still subordinate to the effects of precipitation.

Global greening has been detected over recent decades by remote sensing [53-60]. The most
important factors influencing greening appears to be an increase in carbon dioxide and nitrogen levels,
land use, temperature, and weather [52,61-63]. Some limited studies have found an opposite trend,
specifically that of forest browning [53,64]. This research matches more with the browning literature,
with decreases in vegetation amount over time. Negative directional persistence in the forests of MG
is consistent with literature on browning hotspots globally, especially in subequatorial Africa [10].
de Jong et al., (2013) stress the importance of the scale of the study, and, at a localized scale, direct
human interventions, such as deforestation in this landscape, may have more effect than climate. Since
rainforests are less climatically driven than savannas [9,54], the significant decline in NDVI on MG
may reflect its recent incorporation into the national park and on-going struggles with deforestation for
conversion to agriculture and timber harvesting [29]. Therefore, this study provides a local exception
to the literature on global greening [53—60]. de Jong et al., (2013) report much less greening in more
open savanna cover types, and Southworth et al., (2015) [20] note significant negative trends in dryland
vegetation of Mozambique from 1982 to 2010.

These results also highlight the importance of understanding specific vegetation types that make
up the heterogeneous savannas [44], whose impacts may otherwise have been masked by contrasting
trends. The various rates of decline of NDVI across differing vegetation types underline the importance
of understanding the vegetation structural groups within LG and MG [31,65-68]. While all vegetation
types examined exhibit declining NDVI, particularly in the dry season, the decline is not equal.
In LG, open grassland shows the greatest and most significant decline, whereas the declines of woody
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vegetation cover types (mixed savanna and closed savanna) are not statistically significant. This
finding further supports the proposal that open grasslands are the most vulnerable type of savanna
because of their strong water-dependence and vulnerability to encroachment [5,8,10,20,41].

A principal purpose of protected areas is to conserve vegetation. Placement of the park on the
landscape and proximity to humans can be as important in achieving this goal as biophysical variables,
such as climate and soil [34,69-73]. The NDVI time series and directional persistence demonstrate
that despite evidence of a strong link between precipitation and vegetation [11], protected areas can
be effective in conserving vegetation. Vegetation inside protected areas tends to fare better than
in surrounding areas [34]. Management practices of the LG protected area seem to be conserving
vegetation better than in the buffer zones, as suggested by the smaller declines in NDVI compared
to the surrounding buffer areas. MG is unique in the sense that management practices are not yet
fully implemented and some deforestation persists, with concomitant detrimental impacts on NDVI as
reported globally [20,24,25,74-84].

More locally, this study will help the park management team identify areas for conservation and
those most vulnerable to vegetation decline like the grasslands and MG, both of which are key to
tourism—the socioeconomic driver of this region. While precipitation data correspond very well with
NDVI, a limitation of this study is that the data are resolved at a coarse spatial scale (0.05°) relative to
the study area [36], and that gridded datasets are dependent on the availability of local observations
and satellite data, which may not be robust in this system. Another important note concerning DP
values is that this is an NDVI comparison to the baseline in number of years above or below the
baseline, but this measure does not account for magnitude of difference.

In the context of the broader landscape, this park seems to be maintaining vegetation health,
and proving its effectiveness as a protected area in this respect. There were similar, but more negative
trends detected in the buffer zone. Going forward, the park management team’s work with community
projects should also have a positive effect in the buffer zone. Though, socioeconomically speaking, this
new model of conservation is already mutually beneficial for conservation [29]. One effort to combat
deforestation on MG and stimulate the local economy is the production of shade-grown coffee [29].
This year, the shade-grown coffee being grown on MG is being sold globally. The park is currently
expanding this coffee by 100 hectares per year, and by the year 2025, they will have developed 1000
hectares of coffee plantation. This translates to over 5000 hectares of restored forest cover on and
around MG [29].

Significant mammal restocking, both herbivore (i.e., antelope) and carnivore (i.e., painted wolves),
is also underway in the park, and more is planned in the future. Given the importance of herbivory as
a driver in savanna landscapes and possible bush encroachment, the monitoring and measurement of
vegetation cover change in this region is essential. The park can serve as an interesting comparison
study to many other parks in southern Africa that are already suffering from bush encroachment and
degradation due to overstocking [42—46]. The role of GNP, both as a crucial conservation area in this
landscape, and as an important area for monitoring and research given its unique historical trajectory,
cannot be overstated. Future monitoring and research will be of key importance to the management of
African parks.

5. Conclusions

This study finds a declining trend in precipitation in GNP from 2000-2016, though the pre-
(2000-2008) and post- (2009-2016) management precipitation regimes are not found to be statistically
different. There is a corresponding decrease in NDVI over time across the entire study area. Different
vegetation types display varying rates of decline in NDVI with grasslands and rainforest exhibiting the
steepest (and significant) decline. Woody savanna vegetation experienced the least decline in NDVI
over time.

The directional persistence metric evidences significant declines in vegetation biomass 2005-2016
compared to the 2000-2004 baseline. Negative persistence is strongest on MG, possibly reflecting
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continuing deforestation issues and the area’s recent incorporation under protection. Open grassland
savanna in LG also experienced significant negative persistence. LG experiences smaller declines
in vegetation biomass and smaller values of directional persistence compared to the buffer zone,
suggesting that the park is functioning effectively in conserving vegetation. Overall, there have been
declines in vegetation in and around GNP during the 21st century. These declines may be prompted
by a decline in precipitation, a shift in the seasonal timing of this precipitation, and direct human
action. However, LG fares better than the surrounding area, further strengthening the justification
for protected areas. The “laboratory” provided by this particular park and its unique history will be
useful not only to scientists, but also to managers of protected areas, particularly savannas, as they can
separate out the differing impacts of natural changes (such as precipitation which are outside manager
control) and manmade changes (such as linked to deforestation, management rules etc.).
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