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Abstract: Shrub encroachment in grassland environments is observed in many regions worldwide. However, 
in New Zealand, there is no consensus on the trend and magnitude of this phenomenon, and we lack empirical 
data to determine what environmental variables may promote shrub invasion. Here, we present a comprehensive 
study evaluating shrub cover change in a tussock water catchment in eastern Otago, New Zealand. Specifically, 
we aim to quantify shrub cover change in the catchment between 1980 and 2015, to identify the shrub species 
involved and to determine the environmental variables that promote shrub cover change in the studied area. 
Using aerial photographic records over a 35-year period, we found a 29% increase in shrub cover (from 
10.5% in 1980 to 39.5% in 2015 – a 3.8-fold increase in 35 years). According to ground truthing, this shrub 
expansion was mainly associated with an increase in mānuka (Leptospermum scoparium) cover. Using model 
selection with Akaike Information Criterion, we found that the best model explaining shrub cover change in 
the studied tussock catchment included multiple environmental variables. Among these, initial shrub cover 
and elevation negatively impacted shrub cover increase within the study area, whereas slope had a positive 
influence, especially on the north- and east-facing aspects. Overall, shrub cover change was mostly observed 
in low-elevation gullies (< 500 metres elevation) with steep slopes, where mānuka is known to have optimal 
growth conditions. However, further shrub cover expansion may be slow as most of the available space is now 
restricted to poorly drained spurs at higher elevation (> 650 metres elevation).

Keywords aerial photographs; Glendhu State Forest; grasslands; Leptospermum scoparium; model selection; 
shrub expansion; topography

Introduction

Many open ecosystems worldwide have seen an increase 
in woody cover over the last decades (Eldridge et al. 2011; 
Myers-Smith et al. 2011; Naito & Cairns 2011; Sala & Maestre 
2014). This phenomenon is observed across continents (North 
and South America: Van Auken 2000; Ghersa et al. 2002; Tape 
et al. 2006, Africa: Roques et al. 2001; Skowno et al. 2017, 
Eurasia: Maestre et al. 2009; Forbes et al. 2010; Hallinger 
et al. 2010, Australia: Hugues 2003; Fensham et al. 2005, 
New Zealand: Wilmshurst et al. 2004, McGlone et al. 2007), 
in different biomes (tundra: Tape et al. 2006; Myers-Smith 
et al. 2011; Ropars & Boudreau 2012, savannas: Jeltsch et 
al. 1997; Ansley et al. 2001, desert grasslands: Goslee et al. 
2003; Gibbens et al. 2005, mesic grasslands: Lett & Knapp 
2005) and is driven by the increased recruitment, growth and 
survival of a wide array of shrub and tree taxa (Cupressaceae, 
e.g. Juniperus sp.: McKinley & Blair 2008; Hallinger et al. 
2010, Betulaceae, e.g. Alnus sp., Betula sp., Salix sp.: Ropars 
& Boudreau 2012; Myers-Smith et al. 2011, Fabaceae, e.g. 
Dichrostachys sp., Prosopis sp., Acacia sp.: Jeltsch et al. 1997; 
Van Auken 2000; Roques et al. 2001, Zygophyllaceae, e.g. 
Larrea sp.: Peters et al. 2006).

Even if they occur naturally worldwide, grasslands have 
often been created and maintained by human activities such 

as prescribed burning and pastoralism. In New Zealand for 
instance, the woody component of these ecosystems have been 
removed in many places by successive fires and mammalian 
grazing, and resulted in the transition of many tall-tussock 
grasslands to short-tussock grasslands dominated by less 
palatable native species and a larger exotic component (Walker 
et al. 2009). These montane grasslands are therefore indigenous 
but induced, which creates challenges and continuing debates, 
particularly regarding the management of their woody 
component, its impacts on indigenous biodiversity and the 
relevant conservation objectives (Calder et al. 1992; Walker 
et al. 2004; Mark & Dickinson 2008; Walker et al. 2014a). 
The widespread cessation of burning and pastoralism in 
recent decades, following the setting aside of more areas for 
the protection of biodiversity, have promoted the return of 
woody species in these grasslands through natural succession, a 
phenomenon probably assisted by milder climate conditions in 
recent decades (e.g. Campbell Island; Wilmshurst et al. 2004). 

In addition to the increase in woodiness occurring during 
natural succession, shrub expansion is often associated 
with changes in disturbance regimes and/or environmental 
conditions (Eldridge et al. 2011; Naito & Cairns 2011; 
D’Odorico et al. 2012). For example, shrub expansion has 
been accelerated by fire control in southwestern North America 
(Van Auken 2000) and Africa (Roques et al. 2001). Along 
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with reduction in fire frequency and amplitude, livestock 
grazing can contribute to shrub expansion by altering grass 
and herbaceous species biomass (Van Auken 2000) and by 
lowering available grass fuels for fire (Naito & Cairns 2011). 
Herbivory on shrubs is also known to lower their performance in 
different environments and to limit their expansion (reindeers: 
Olofsson et al. 2009; Plante et al. 2014; ptarmigans: Christie 
et al. 2014, antelopes: Augustine & McNaughton 2004, 
prairie dogs: Weltzin et al. 1997). At higher latitudes (i.e. 
arctic and subarctic regions), improved climatic conditions, 
especially in summer, are generally cited as the main driver 
of shrub expansion (Naito & Cairns 2011; Myers-Smith et al. 
2015; Ropars et al. 2015). Other processes involved in shrub 
expansion include increase in CO2 levels (Morgan et al. 2007) 
and change in rainfall regimes (Fensham et al. 2005).

One of the main concerns over the transition of grassland 
to shrubland arises from the associated changes in ecosystem 
goods and services, often with serious implications for local 
pastoral economies. Increase in shrub cover is, for example, 
associated with lower plant species richness in grasslands and 
savannas worldwide (Knapp et al. 2008; Eldridge et al. 2011; 
Ratajczak et al. 2012) and with the decline in lichen abundance 
in Arctic regions (Elmendorf et al. 2012). The loss of grass 
cover and the increase in bare soil due to shading by shrubs 
typically leads to the intensification of water and wind erosion 
and to the loss of nutrient-rich soil particles (Parsons et al. 1996; 
Schlesinger et al. 1999; Wainwright et al. 2000; Li et al. 2007, 
2008). The transition from grasslands to woody vegetation 
is also known to reduce water yield, causing or intensifying 
water shortage in many regions of the world (Farley et al. 
2005), decreasing albedo (Chapin et al. 2005) and altering 
surface energy exchange and soil temperature (Liston et al. 
2002; Pomeroy et al. 2006; Marsh et al. 2010). Maintaining 
a mosaic of grasslands and shrublands at the landscape scale 
can however sustain complementary biodiversity (Walker et 
al. 2014b).

Grasslands management, particularly regarding their 
woody component and its impacts on indigenous biodiversity 
and ecosystem services, generates continuing debate as many 
grasslands, even if indigenous, have originated and been 
maintained in the landscape through anthropogenic activities 
(Calder et al. 1992; Mark & Dickinson 2008; Walker et al. 
2014a). The decrease in grassland cover at the global scale 
has accelerated since the early 1900s (Archer 2010), and is 
believed to affect more than two billion people worldwide 
by reducing rangelands available for livestock (Adeel 2008). 
In the United States and southern Africa, for instance, 330 
million and 13 million hectares of grasslands and savannas 
are undergoing shrub expansion, respectively (Trollope et al. 
1989; Pacala et al. 2001; Knapp et al. 2008). In New Zealand, 
indigenous grasslands have shrunk by 40% since 1840 
(Weeks et al. 2013) due to the expansion and intensification 
of agriculture. Moreover, the increasing demand for lumber 
in many countries has led to extensive forestry plantations, 
further impacting grassland cover.

Shrub expansion into grasslands has generated great 
scientific interest over the past decades, but the actual trend 
and magnitude of this phenomenon is still under debate in 
New Zealand (Mark & Dickinson 2003). Here, we present 
a comprehensive study evaluating shrub cover change in a 
tussock water catchment in eastern Otago, New Zealand, 
using aerial photographic records over a 35-year period. 
Specifically, we aim (1) to quantify shrub cover change in the 
catchment between 1980 and 2015, (2) to identify the shrub 

species responsible for this phenomenon and (3) to identify 
the environmental variables that promote shrub cover change 
in the studied area.

Methods

Study site
The study area is a 216-ha water catchment located in the 
former Glendhu State Forest in the upper Waipori basin in the 
Lammerlaw Range, 60 km west of Dunedin, eastern Otago, New 
Zealand (Fig. 1). The catchment is north-facing, underlain by 
schist bedrock, and has rolling-to-steep topography supporting 
acidic brown soils. With an elevational range of 480–690 m 
a.s.l., the area is below the regional treeline (c. 850 m) and was 
covered by forests and tall shrublands of Lophozonia menziesii 
(Hook.f.) Heenan & Smissen, Prumnopitys taxifolia (Sol. ex 
D.Don) de Laub., Podocarpus spp., Halocarpus bidwillii (Kirk) 
Quinn and Phyllocladus alpinus Hook.f. in pre-human times 
(McGlone & Wilmshurst 1999; McGlone 2001; Leathwick et 
al. 2004). The frequent Polynesian fires destroyed the forest 
and induced an indigenous tall-tussock grassland from the 
13th century, whereas the European pastoralism fostered the 
opening of the landscape, converting this tall-tussock canopy 
into pastures (McGlone & Wilmhurst 1999). Narrow-leaved 
snow tussock (Chionochloa rigida (Raoul) Zotov ssp. rigida) is 
the dominant herbaceous species, while C. rubra (Zotov) ssp. 
cuprea (Connor) is observed on wetter soils. Inter-tussock areas 
support the small tussocks Poa colensoi (Hook f.) and Festuca 
novae-zelandiae (Hack. Cockayne) among now an extensive 
cover of introduced grasses including Agrostis capillaris  
L. and Anthoxanthum odoratum L. Mānuka, Leptospermum 
scoparium (JR Forst & G Forst), is the most widely distributed 
shrub species, but Coprosma dumosa (Cheeseman) G.T. Jane 

Figure 1. Study site location on New Zealand’s South Island. 
The studied water catchment (in red) is part of the Glendhu State 
Forest (delimited with a white dotted line).
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and Ozothamnus leptophyllus (G. Forst.) Breitw & JM Ward 
are also found in the grassland. A more detailed site description 
can be found in Fahey & Watson (1991) and Fahey & Payne 
(2015).

The Glendhu region has a long fire history, with the first 
records dating back from the 12 000–9580 yr BP period. From 
9580 to c. 1000 yr BP, fires appear infrequent, with only 4 major 
fires recorded. Pollen analyses showed an important reduction 
in tree species following these events, whereas shrubs and 
grasses became more abundant. Fire regime changed markedly 
in the 13th century, with the arrival of Māori. During this 
period, it is thought that the catchment could have been burnt 
as much as several times a decade. Fires frequency increased 
also with the European settlements (c. 1860) in the region, 
but then decreased afterward (McGlone & Wilmshurst 1999).

The catchment of interest is part of the Glendhu paired-
catchment watershed experiment established in 1979 
(O’Loughlin et al. 1984). It has been designed to assess the 
effect of the afforestation of tussock grassland on water yield 
(for a recent account see Fahey & Payne 2017), which is of 
particular concern in eastern grasslands used for urban water 
supply. One of the two experimental catchments was planted 
with Pinus radiata (D. Don) while the second one (our study 
site) served as control and was fenced in 1982 and left as 
a tussock grassland. The tussock catchment was grazed by 
sheep until 1982, lightly grazed from 1982 to 2002 (< 1 sheep 
ha–1) and left ungrazed afterwards, following sheep exclusion 
(Fahey & Payne 2015). Feral deer (Cervus elaphus) and hares 
(Lepus europaeus) have been seen in the catchment, but grazing 
intensity is likely low.

Climate conditions, as summarised by Fahey & Payne 
(2017), are derived from a combination of local records and 
data from a meteorological station located at Lake Mahinerangi, 
20 km away from the study area. Mean annual precipitation is 
approximately 1300 mm with little seasonality, while snow falls 
between 10–20 days per year. Mean annual temperature is c. 
8.6°C, with the highest and lowest mean monthly temperatures 
recorded in January (12.7°C) and July (3.6°C), respectively. 

Shrub cover change
To quantify the change in indigenous woody cover in the 
tussock catchment, we conducted a comparative analysis 
using a mosaic of vertical aerial photographs from 1980 and 
2015. The 1980 mosaic consisted of four aerial photographs 
of unknown scale and resolution. The 2015 mosaic consisted 
of two aerial photographs taken in winter that have a 0.4 m 
resolution. Hard copies of these photographs were scanned, 
digitised, projected in the New Zealand Transverse Mercator, 
resampled at 1 m resolution and orthorectified with ERDAS 
Imagine version 2011 (Hexagon Geospatial). The spatial 
lag, or spatial difference, between the 1980 and 2015 aerial 
photos is < 2 m. Hereafter, both images will be referred to as 
ortho-photos. 

The study area on each set of ortho-photos was delimited 
with ArcGIS (v.10, ESRI), and a grid consisting of 144 m2-
cells (12 × 12 m) was overlaid (following the methodology 
in Ropars & Boudreau 2012). Shrub-covered areas on the 
ortho-photos can be detected visually by their darker shade 
and distinct foliage texture. Shrub cover was estimated within 
each cell (n = 15 154) and assigned to one of the following 
cover classes: 0% (1), 1–25% (2), 26–50% (3), 51–75% (4) 
and 76–100% (5). Total shrub cover in the catchment was 
calculated by averaging the median value of the cover class 
assigned to each cell. Shrub cover change was calculated as 

the shrub cover difference between 2015 and 1980. We used 
a Digital Elevation Model (resolution 25 m, downloaded from 
http://koordinates.com) to extract the aspect (categorical: N, E, 
S, W), slope (in degrees) and elevation (in m a.s.l.) of each cell.

Ground truthing
Prior to the field season, the catchment was subdivided using 
a 5’-latitude × 5’-longitude grid. In each of the 30 resulting 
cells, we identified one site in each of the following categories, 
when possible: north-, south-, east-, west-facing slopes, and 
hilltops (Fig. 3), with no more than 5 sites in each cell. Overall, 
82 quadrats (north = 16, south = 11, east = 15, west = 14, 
hilltop = 26) were selected and visited in February 2012 in 
order to characterize the shrub cover. At any given sampling 
location, each shrub individual (or patch) was identified to the 
species level and its canopy cover and height were measured. 
The canopy cover was obtained by the following formula:

(1)

where d1 and d2 are two perpendicular diameters of an 
individual. The area covered by shrubs was summed to obtain 
total shrub cover and shrub cover per species for each quadrat.

Statistical analysis
Using the classified ortho-images from the tussock catchment, 
we assessed the effect of elevation, aspect, slope and initial 
shrub cover (i.e. in 1980) on shrub cover change between 1980 
and 2015. Because the dependent variable is categorical and 
ordinal, we used a cumulative link model (clm in package 
ordinal, Christensen 2015) – these fit binary and proportional 
odds ordinal regression using maximum likelihood estimation. 
In our model, aspect was defined as a factor with four levels 
consisting of 90° around the cardinal points (north, east, 
south, and west). The variation inflation factor (VIF) for each 
of the selected variables was verified and were all < 10. As a 
result, no variables were excluded from the analyses. We used  
a 2% subset (303 cells) of the original dataset (15 154 cells) to 
override autocorrelation issues, which can lead to false positive 
correlation (Dale & Fortin 2002).

We built ecologically relevant statistical models that could 
explain shrub cover change between 1980 and 2015 in the 
study area using the environmental variables described above 
(see Table 1). To determine the most plausible model(s), we 
used model selection based on Akaike’s information criterion 
corrected for small sample size (AICc; Sugiura 1978). AICc 
considers the fitting quality and the number of variables 
included in each competing model and ranks them in terms 
of loss of information. The best model, i.e. the one having the 
lowest AICc value, is therefore the one for which the loss of 
information is minimal (Mazerolle 2006). Using the aictab 
function of the AICcmodavg package (Mazerolle 2014), we 
calculated the AICc for each of the 10 competing models. The 
aictab function also calculates delta AICc (ΔAICc), AICc 
weight (wAICc) and the cumulative AICc weight. The ΔAICc 
is calculated as the difference between the AICc of one model 
and the lowest AICc value, the best model therefore having 
a ΔAICc equal to 0. The wAICc is the likelihood of a given 
model to be the best among a set of competing models (Johnson 
& Omland 2004), whereas the cumulative AICc weight 
corresponds to the wAICc of one model plus the wAICc values 
and all better models. Burnham & Anderson (2002) suggest 
basing conclusions on the multimodel inference if wAICc of 
the best model < 0.90. This approach allows us to compute 

Canopy Cover =  d1     d2
2 2
× × π
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Table 1. Akaike’s information criterion corrected for small sample size (AICc), differences (ΔAICc), weight (wAICc), 
cumulative weight (cumul. wAICc) and number of parameters (K) from the linear mixed models explaining shrub cover 
increase between 1980 and 2015 in the Glendhu tussock water catchment, east Otago, New Zealand. ‘Shrub1980’ refers to 
the shrub cover evaluated from the 1980 aerial photo.
__________________________________________________________________________________________________________________________________________________________________

Models	 K	 AICc	 ΔAICc	 wAICc	 Cumul. wAICc
__________________________________________________________________________________________________________________________________________________________________

Shrub1980+Elevation+Aspect+Slope	 11	 731.58	 0.00	 0.85	 0.85
Elevation+Aspect+Slope	 10	 735.04	 3.46	 0.15	 1.00
Shrub1980+Slope	 7	 744.30	 12.72	 0.00	 1.00
Slope	 6	 745.78	 14.20	 0.00	 1.00
Elevation+Aspect	 9	 768.31	 36.73	 0.00	 1.00
Shrub1980+ Elevation+Aspect	 10	 769.50	 37.92	 0.00	 1.00
Aspect	 8	 776.78	 45.20	 0.00	 1.00
Shrub1980+Aspect	 9	 778.67	 47.09	 0.00	 1.00
Elevation	 6	 781.42	 49.84	 0.00	 1.00
Shrub1980	 6	 788.33	 56.76	 0.00	 1.00
__________________________________________________________________________________________________________________________________________________________________

Figure 2. Shrub cover change in 
the Glendhu water catchment, east 
Otago, New Zealand, from 1980 to 
2015. Figures a) and b) show the 
aerial picture and the shrub cover as 
evaluated from this picture for 1980 
and 2009, respectively; and c) shows 
shrub cover increase from 1980 to 
2015 in shrub cover classes.
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Figure 3. Discrepancy between shrub cover class evaluation based on aerial image analysis and shrub cover measurement in the field 
(ground truthing). The spatial distribution of the discrepancy is shown on the map (a), where dots represent quadrats (n = 82) for which 
there was no difference (white), under (red) and over-estimation (yellow) of the shrub cover between the aerial image evaluation and the 
measurement in the field, respectively. The frequency plot (b) shows the percentage of quadrats for which there was an under, equal and 
over-estimation of the shrub cover based on ground truthing, for each of the cover classes.

a weighted average of estimates of the variables of interest 
instead of relying solely on the estimates of the best model. 
Using the modavg function of the AICcmodavg package, we 
obtain the model-averaged estimate of the parameters, the 
unconditional standard error and the 95% confidence interval. 
We can conclude that one variable has an effect on shrub cover 
change when the confidence interval excludes 0.

The effect of elevation and slope on the cover of the 
four main shrub species was evaluated through generalized 
linear models (GLM). The dependent variables were tested 
for normality using the Shapiro-Wilk test and appropriate 
distribution was assigned to the variables for which we rejected 
the null hypothesis (Poisson distribution for all shrub species). 
We used one-way analysis of variance (ANOVA) to test for 
the effect of aspect on the cover of the 4 main shrub species. If 
significant differences were found, Tukey multiple comparison 
tests were used to determine significant differences between 
aspects. We also calculated the Moran’s index to assess any 
possible autocorrelation in shrub cover change between 1980 
and 2015. All analyses were conducted in the R Environment 
(R Development Core Team, version 3.4.1). 

Results

Shrub cover change
The aerial images analysis showed important shrub cover 
change in the tussock catchment between 1980 and 2015 (Fig. 
2). Shrub cover was estimated at 39.5% in 2015, an increase 
of 29% when compared to 1980 (10.5%), indicating that the 
area covered by shrub increased 3.8-fold in 35 years. In 1980, 
most of the cells (90%) fell into the first two cover classes 
(no shrub = 38% and 1–25% shrub cover = 52%), whereas in 
2015 the majority (59%) of the cells had a shrub cover > 25% 
(Fig. 2c). Overall, an increase in shrub cover was recorded 
for 80% of the analysed cells (12 217/15 154). However, the 
spatial distribution of shrub cover change was highly clustered 

(Moran’s Index = 0.703, z-score = 121.690, p-value < 0.01), 
most occurring in gullies.

Ground truthing
Overall, ground truthing corroborates the results of the 2015 
image analysis and suggests that there was neither general nor 
spatial distribution bias for shrub cover estimation (Fig. 3a, 
b). Shrub cover measured in the field was in concordance with 
the cover class assigned on the 2015 orthophoto for 65 out 
of 82 quadrats (79%, Fig. 3). For the remaining 17 quadrats, 
we observed a difference of one cover class, with shrub cover 
being under- and overestimated 9 and 8 times, respectively.

Mānuka (L. scoparium) was the most abundant species 
recorded in the catchment, being recorded in 47 out of 82 
quadrats. Covering 27.8% of the surveyed area (82 quadrats × 
25 m2), its cover was significantly higher on north- and east-
facing slopes (Tukey multiple comparison, p-values < 0.01; 
Fig. 4) as well as on steeper slopes (F1, 79 = 5.351, P = 0.023), 
where it forms extensive patches largely exceeding the surveyed 
quadrats. Other shrub species found in the tussock catchment in 
2012 were Coprosma dumosa, Ozothamnus leptophyllus, Hebe 
odora (Hook.f.) Cockayne and Dracophyllum longifolium (JR 
Forst & G Forst.), which covered on average 7.6%, 2.6%, 0.9% 
and 0.2% of the surveyed area, respectively. When compared 
to mānuka, these species were rarely encountered on north- 
and east-facing slopes, where their average cover was 5.0%, 
0.4%, 0.5% and 0.1%, respectively. No effect of slope, aspect 
and elevation was found for C. dumosa, O. leptophyllus and  
H. odora. As it was recorded in 5 sites only, these relationships 
were not tested for D. longifolium.

Candidate models to explain shrub cover change
Given the 10 models we built for model selection using 
Akaike’s Information Criterion (AICc), we found that the model 
including all environmental variables was the most plausible 
one (Table 1). This model was 5.7 times more plausible than the 
second-best model (evidence ratio: wAICcbest model/ wAICc2nd 
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Figure 5. Influence of shrub cover in 1980 (a), elevation (b), slope (c) and aspect (d) on shrub cover change between 1980 and 2015 
(shrub cover in 2015 – shrub cover in 1980) in the Glendhu tussock water catchment, east Otago, New Zealand.

Figure 4. Mean shrub cover by aspect as measured in the ground truthing sample plots (n = 82, dimensions = 5 × 5 m), Glendhu, 
east Otago, New Zealand. Significant differences in Leptospermum scoparium cover are represented by different letters. No significant 
differences were found within any other species.

Leptospermum
scoparium

Coprosma
dumosa

Hebe odora Ozothamnus
leptophyllus

Dracophyllum
longifolium
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best model: 0.85/0.15). However, since it had a wAICc < 0.90, 
we calculated the model-averaged estimate of the 4 variables 
included in all plausible models, as suggested by Burnham & 
Anderson (2002). Among them, shrub cover in 1980 (estimate: 
−0.57, unconditional SE: 0.18, 95% confidence interval: 
−0.93, −0.22) and elevation (estimate: −1.91, unconditional 
SE: 0.54, 95% confidence interval: −2.98, 0.84) negatively 
impacted shrub cover increase over the 35yr-period (Fig. 5a 
and b), whereas slope (estimate: 4.64, unconditional SE: 0.77, 
95% confidence interval: 3.12, 6.15) had a positive effect on 
shrub cover change (Fig. 5d). Finally, shrub cover change was 
greater on north (estimate: 1.45, unconditional SE: 0.39, 95% 
confidence interval: 0.68, 2.22) and east-facing (estimate: 1.71, 
unconditional SE: 0.39, 95% confidence interval: 0.94, 2.48) 
slopes (Fig. 5c), when compared to cover change on slopes 
facing south and west (Fig. 5d).

Discussion

Our results indicate important shrub cover change in indigenous 
tussock grassland of eastern Otago (New Zealand) following a 
change in disturbance regime, mainly reduced grazing and fire 
frequency. During the 35-year period covered by our analysis, 
shrub cover increased almost 4-fold, which corroborates the 
findings of other studies in grassland ecosystems (Roger & 
Leathwick 1996; Price & Morgan 2009, but see Mark & 
Dickinson 2003).

Conversion from grasslands to shrub-dominated 
communities
The invasion of grasslands by shrub species has been observed 
in multiple regions (Australia: Fensham et al. 2005; Price & 
Morgan 2009, Africa: Roques et al. 2001, United States: Van 
Auken 2000; Tape et al. 2006, Mediterranean region: Maestre 
et al. 2009) and is primarily caused by changes in disturbance 
regimes (herbivory, fires, climate, land-use). While evidence 
of shrub expansion has been found in some New Zealand 
grasslands (Roger & Leathwick 1996; Wilmshurst et al. 2004; 
Walker et al. 2009), this appears not to be the case in the Black 
Rock Reserve (Mark & Dickinson 2003), where little evidence 
of shrub invasion in the absence of grazing was found over 
the 1972–2002 period. This result contrasts with our findings, 
which show a clear increase in the extent of woody cover from 
1980. Such differences between the two studies can at least 
partly be explained by their scale and location. The monitored 
transects at Black Rock Reserve recorded plant communities 
located on broad, flat, poorly drained spurs, above 700 m a.s.l. 
and well away from shrub-clad gullies, where expansion may 
be expected. In contrast, increase in shrub cover at Glendhu 
was assessed at the catchment scale using aerial imagery, 
capturing communities on all landforms, all below 700 m a.s.l. 
Our analysis revealed a highly clustered shrub cover change, 
mostly centred on gullies, even if new isolated individuals 
might have become established over the 35-year period. 

Differences in shrub species richness may also partly 
explain the contrasting results observed between Black Rock 
Reserve and Glendhu. Our ground truthing showed that 
the shrub cover increase was mainly driven by mānuka, a 
widespread shrub species with dense branching, native to New 
Zealand, Tasmania and south-eastern Australia (Thompson 
1989) that is absent from the upper areas of Black Rock 
Reserve. Instead, the most obvious expanding shrub species 

at the Black Rock Reserve is D. longifolium, a somewhat rare 
species in the Glendhu tussock catchment. Mānuka is known 
to be an effective invasive species, in part because of its ability 
to become rapidly established in grassland and eventually 
overtop it (Chapman & Bannister 1990). It is responsible for 
woody expansion in grasslands in other regions of New Zealand 
(Roger & Leathwick 1996) and in south-eastern Australia 
(Price & Morgan 2009). Based on dendrochronological 
analysis, Roger & Leathwick (1996) showed a continuous 
increase in the cover of this species over a 75-year period in 
various combinations of slopes, topography and elevation in 
North Island montane tussock grasslands. The persistence and 
spread of mānuka in these grassland landscapes may have been 
facilitated by frequent past burning that reduced the abundance 
of broadleaved forest trees and maintained a relatively open, 
mixed, tall and short tussock grassland. The long Holocene 
fire history in the study area is supported by the presence of 
both serotinous and non-serotinous individuals of mānuka 
(Battersby et al. 2017a).

Heterogeneity at the catchment scale and implication for 
future shrub cover increase
The contrasting performance of shrub species across the 
landscape could limit, or at least slow down further woody 
cover increase in the tussock catchment. Shrub cover has 
increased by 29% in a 35-year period (0.83% per year), and 
consequently, at this rate, shrubs could potentially cover the 
entire catchment by c. 2090. It is however unlikely that this 
rate will remain constant in future, as our results show a clear 
impact of elevation, slope and aspect on shrub cover increase 
at the catchment scale. While extensive increase in shrub 
cover has been observed to date in and around gullies, hilltops 
remained relatively devoid of shrubs. Such interpretation is 
consistent with a study conducted in the Tongariro National 
Park, on the North Island of New Zealand, where woody 
species such as mānuka appear to be much more competitive 
at lower elevation and on steeper slopes, whereas herbaceous 
species dominated on flat to gentle slopes over a 75-year 
period (Roger & Leathwick 1996). It also corroborates the 
Black Rock Reserve monitoring study, where mānuka was 
absent from high elevation grasslands (> 700 m a.s.l.; Mark 
& Dickinson 2003), and the Campbell Island study, where 
another shrub species expanded at different rates across the 
landscape (Wilmshurst et al. 2004). All these results suggest 
that shrub species, such as mānuka, are able to increase in 
abundance following changes to the disturbance regime, but 
only in sites located on steep slopes or at low elevation. On 
flat and boggy terrains with dense grass cover such as hilltops, 
shrubs appear to have difficulties in replacing herbaceous 
species. This assumption is supported by the low frequency of 
shrub recruits observed in the field above general shrubline, but 
would merit further investigation. Shrub cover increase was also 
more important on north and east facing slopes, a pattern that 
could be explained by the positive effect of warmer soils and 
greater insolation on mānuka performance. In the study region, 
increased temperatures has been linked to higher germination 
rates for mānuka (Battersby et al. 2017b), and could in part 
explain the discrepancy in cover increase between north/east 
and south/west facing slopes. Differences in grazing intensity 
between slope aspects is unlikely, as the catchment is fenced 
and herbivory is thought to be low throughout the catchment.
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Implications
Eldridge et al. (2011) showed that the impacts of encroaching 
woody species on ecosystem dynamics is species- and site-
specific. In New Zealand, grasslands have been maintained 
by human activities over the last centuries (McGlone & 
Wilmshurst 1999), and the increase in shrub cover could 
be a first step toward the recovery of a forested ecosystem. 
Whether or not indigenous tree species will recolonize the 
study area will however depend on different factors, including 
the distance to seed sources. In the meantime, maintaining a 
mosaic of grasslands and shrublands at the landscape scale 
can sustain complementary indigenous species resulting in 
greater overall species richness for plants, invertebrates and 
birds (Walker et al. 2014b). Elsewhere however, tall shrub 
species are more likely to impact the structure and functions 
of the ecosystem they encroach, but the magnitude and 
direction of these impacts depend on other environmental 
conditions. For example, the shade provided by tall shrubs 
may promote facilitation in drylands through the reduction of 
soil evaporation (Maestre et al. 2003), but rainfall interception 
by tall and dense shrub canopies could also reduce available 
soil moisture in areas where rainfall is limited (Bellot et al. 
2004). With its tall stature and dense branching, mānuka has 
the potential to impact ecosystem services from indigenous 
grasslands. Expansion of mānuka in herb-rich woodlands in 
southeastern Australia has been associated with reduction in 
plant species richness, in ground-layer biomass and in soil 
seed bank (Price & Morgan 2008).

An increase in shrub cover in a tussock water catchment 
also has the potential to reduce water yield, as has been observed 
for afforestation of grasslands in many regions of the world 
(Farley et al. 2005). The small but steady reduction in water 
yield registered from 1980 to 2013 in the Glendhu tussock 
water catchment (Fahey et al. 2017) could in part be caused 
by the cumulative increase in shrub cover we observed in 
our study. Shrubs have more similarity to trees than grasses 
in terms of total root biomass and maximum rooting depth 
(Jackson et al. 1996). Moreover, shrubs have a longer active 
transpiration period than seasonally dormant grasses and their 
contribution to annual transpiration is more likely to be similar 
to that of trees (Farley et al. 2005). As a result, afforestation 
had a greater impact in water yield for grasslands than for 
shrublands in different regions worldwide (Farley et al. 2005). 
On the other hand, McGlone and Wilmshurst (1999) suggested 
that the initial destruction of the forest in the Glendhu region 
did not alter the water yield. This contrasting result could 
be explained by different transpiration rates between the 
Lophozonia-dominated forest covering the region before Māori 
fires and the current pine plantation (Fahey & Rowe 1992). In 
New Zealand and elsewhere, shrub expansion in grasslands 
could have implications for water yields, especially in eastern 
catchments were precipitation is anticipated to decline and 
temperatures increase under most climate change predictions 
(IPCC 2013). 

Conclusion

This research demonstrates a clear increase in shrub cover in 
a grassland catchment in eastern Otago, New Zealand, over a 
35-year period. Our analysis revealed highly clustered shrub 
cover change centered on gullies, leaving flat terrains such as 
hilltops almost free of shrubs. The extensive ground truthing 
strongly suggests that mānuka, was the main species implicated 

in the recent shrub succession. Differences in topography 
across the landscape were found to promote differences in 
woody cover change, steeper slopes facing north and east 
at low elevation promoting larger increases in shrub cover. 
Further studies are now needed to determine the potential 
future rate of shrub cover change in New Zealand grassland 
ecosystems, as this phenomenon could have strong implications 
for biodiversity and water supply, as well as carbon storage 
and other ecosystem services. 
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