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Restoration of damaged ecosystems through invasive species removal and native species conservation is an in-
creasingly common practice in biodiversity conservation. Estimating the degree of ecosystem response attribut-
able specifically to eradication of exotic herbivores versus restoration of native herbivores is often difficult and is
complicated by concurrent temporal changes in other factors, especially climate.We investigated the interactive
impacts of native mega-herbivores (giant tortoises) and the eradication of large alien herbivores (goats) on veg-
etation productivity across the Galapagos Archipelago. We examined archipelago-wide patterns of Normalized
DifferenceVegetation Index (NDVI) as a proxy for vegetation productivity between 2001 and 2015 and evaluated
how goat and historical and current tortoise occurrence influenced productivity. We used a breakpoint analysis
to detect change in trends in productivity fromfive targeted areas following goat eradication.We found a positive
association between tortoise occurrence and vegetation productivity and a negative association with goat occur-
rence. We also documented an increase in plant productivity following goat removal with recovery higher in
moister regions than in arid region, potentially indicating an alternate stable state has been created in the latter.
Climate variation also contributed to the detected improvement in productivity following goat eradication, some-
times obscuring the effect of eradication but more usually magnifying it by up to 300%. Our work offers perspec-
tives regarding the effectiveness and outcomes of eradicating introduced herbivores and re-introducing native
herbivores, and the merits of staging them simultaneously in order to restore critical ecosystem processes such
as vegetation productivity.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Biodiversity is under serious threat as a result of human activities
that include over-exploitation of natural resources, the spread of
invasive alien species, and climatic change (Brook et al., 2008). These
activities are altering the distribution and abundance of myriad species,
communities and ecosystems, often leading to local and global extinc-
tion (Clavero et al., 2009) and to the loss of key species interactions
(e.g. loss of predators, ecological engineer, seed dispersal, and
ental and Forest Biology, State
ce and Forestry, Syracuse, NY

).
herbivory; Dirzo et al., 2014; Neuschulz et al., 2016). Such changes
have led to profound transformation of ecosystems worldwide,
resulting in functional changes in ecological processes, and potential re-
duction in the maintenance of planetary ecosystem services (Balvanera
et al., 2006).

Restoration of ecosystems to their historic state is a recurrent
(Swetnam et al., 1999) and often challenging (Hobbs et al., 2006) prob-
lem in conservation ecology. Altered ecosystems are frequently resilient
to change and often require drastic measures to even partially restore
them to their original states (Hobbs et al., 2006). Examples include
the complete removal of invasive species and the conservation or re-
introduction of keystone species (Hunter et al., 2013). Given the cost
involved in restoration measures, efficient monitoring and assessment of
their effectiveness is critical to assess the success of current management

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2017.02.015&domain=pdf
http://dx.doi.org/10.1016/j.biocon.2017.02.015
mailto:gbastill@esf.edu
Journal logo
http://dx.doi.org/10.1016/j.biocon.2017.02.015
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/bioc


2 G. Bastille-Rousseau et al. / Biological Conservation 209 (2017) 1–10
and to inform future restoration efforts (Yoccoz et al., 2001). Yet
restoration programs are often conducted without robust monitoring
plans and rigorous controls (Block et al., 2001) leading to the majority of
restoration programs being poorly documented (Schweizer et al., 2016).
It follows that disentangling the contribution of restoration measures
from spurious temporal changes in other abiotic factors (e.g. climate) is
difficult and can potentially lead to erroneous conclusions regarding the
effectiveness of specific management actions.

In the absence of field-based monitoring data to address responses
of restoration targets to management, satellite-generated, remotely
sensed data may provide useful indicators of ecosystem change in re-
sponse to large-scale conservation efforts (Pettorelli et al., 2014; see re-
view byWang et al., 2010), including those that involve herbivores that
“engineer” terrestrial vegetation, either through eradication of undesir-
able, non-native species or restoration of desirable, native species of
herbivores. The utility of satellite remote sensing includes repeatable,
standardized and large-extent information on trends of numerous eco-
logical indicators. A frequently used indicator of the status of terrestrial
vegetation is primary productivity, which reflects critical aspects of eco-
system functioning (McNaughton et al., 1989). Many satellite-based
vegetation indices have been shown to relate to primary productivity,
among these, the Normalized Difference Vegetation Index (NDVI) is
used in thewidest variety of applications (Pettorelli et al., 2005). For ex-
ample, remotely sensed NDVI has been used to show a decrease in pro-
ductivity following the introduction and spread of a herbivore (Ali and
Pelkey, 2013) and an increase in productivity following the eradication
of different herbivores (Lohr et al., 2014; Ortíz-Alcaraz et al., 2016), and
a decrease in productivity following socio-politically-driven increases in
grazing pressure (Sankey et al., 2009).

Here, we study how the historical and current occurrence of a native
mega-herbivore and the eradication of large alien herbivores affect
vegetation productivity estimated from NDVI across the Galapagos
Archipelago. A wide variety of alien, often invasive species have been
introduced to the Galapagos Islands over the last several centuries
(Carrion et al., 2007; Cruz et al., 2005; Eckhardt, 1972). Among the
most destructive alien vertebrates are feral goats, which pose a threat
to island biota worldwide because of their important browsing of
shrubs and trees (Campbell and Donlan, 2005). On several islands
goat abundance has caused declines in vegetative cover and productiv-
ity (Desender et al., 2006; Henderson and Dawson, 2009). On
Galapagos, the consequences of introduced herbivores such as goats
on vegetation had indirect impacts across trophic levels, including pop-
ulations and communities of terrestrial invertebrates (Desender et al.,
1999) and birds (Donlan et al., 2007). Giant tortoises (Chelonoidis
spp.) were also affected (Márquez et al., 2013), a concern at both the
species and ecosystem levels, because these tortoises are important eco-
system engineers and seed dispersers (Heleno et al., 2011; Blake et al.,
2012) that also have measurable consequences on vegetation by
trampling and grazing (Gibbs et al., 2008). Moreover, giant tortoise re-
introduction on some islands of the Galapagos has been shown to posi-
tively affect vegetation diversity and productivity (Gibbs et al., 2010,
2008). On Isabela and Santiago Islands, the intensity of goat impacts
on vegetation and resulting ecosystem degradation led conservationists
to mount a successful goat eradication project (Carrion et al., 2011),
which was later implemented on other Galapagos islands.

Here, we assess the interacting effects of endemic giant tortoises and
introduced large herbivores on vegetation productivity in the Galapagos
Archipelago. First, we characterize archipelago-widepatterns of NDVI as
a proxy for vegetation productivity from2001 to 2015 and evaluate how
the historical and current occurrence of tortoises and large introduced
herbivores influence productivity. Based on the “grazing optimization
hypothesis” (Milchunas and Lauenroth, 1993), we predicted that both
historical and current occurrence of giant tortoises would have a posi-
tive effect on vegetation productivity through their roles as herbivores
and seed dispersers but that introduced herbivores would reduce pro-
ductivity. Second, we focus on five sentinel areas where introduced
herbivores with different initial densities had been eradicated during
the monitoring period. We use breakpoint (piecewise) analyses to
detect potential change in trends in productivity estimated from the
NDVI time-series following eradication while also controlling for
external variation in abiotic factors including topography and climate.
We predicted an increase in vegetation productivity following the erad-
ication of introduced herbivores with the magnitude of the increase
proportional to initial density of introduced herbivores. Our work offers
perspectives regarding the effectiveness of both introduced herbivore
eradication and conservation and re-introduction of native herbivores
to restore fundamental ecosystem processes.

2. Methods

2.1. Study area

The Galapagos Archipelago (1°40″N–1°36″S, 89°16″–92°01″W) is
comprised of 21 volcanic islands and over 100 rocks and islets situated
in the eastern Pacific Ocean some 1000 kmwest of the Ecuadorian coast
(Snell et al., 1996). Our study focused on the 15 largest islands (Fig. 1).
Interactions between shifting ocean currents, wind direction and
topography create extensive spatiotemporal gradients in temperature,
precipitation and, by extension, vegetation (Trueman and D'Ozouville,
2010). The islands are comprised of several vegetation types including,
tree-, shrub-, and herb-dominated communities (Trueman and
D'Ozouville, 2010). Lava fields and other barren areas are also found
on most islands while agricultural areas are present at intermediate
elevations on islands with permanent human settlement (Isabela,
Santa Cruz, Floreana and San Cristobal, with the exception of Baltra).

2.2. Spatial data

To quantify spatio-temporal change in vegetation productivity, we
used the MODIS (Moderate Resolution Imaging Spectroradiometer)
NDVI product. The MOD13Q1 data product was retrieved from the on-
line Data Pool, courtesy of the NASA Land Processes Distributed Active
Archive Center (LPDAAC), USGeological Survey/Earth Resources Obser-
vation and Science (EROS) Center, Sioux Falls, South Dakota, https://
lpdaac.usgs.gov/data_access/data_pool. NDVI has been shown to reli-
ably capture variation in vegetation growth, productivity, and resources
available to herbivores (Pettorelli et al., 2005). MODIS vegetation indi-
ces, which span the years 2000–2015, are provided at 250 m by 250 m
resolution every 16 days, yielding 23 composites per year.

To correct for NDVI errors induced by clouds and other sources, we
performed iterative interpolation data reconstruction following Julien
and Sobrino (2010). This approach was deemed more appropriate
than a parametric fit, such as the double logistic approach (e.g. see
Hird and McDermid, 2009), given that we did not have strong a priori
expectations for seasonal and symmetrical variation in vegetation de-
velopment in some areas.Most of our analyseswere focused on produc-
tivity in three vegetation categories (trees, shrubs and herbs) that
herbivores could impact. Clirsen (2006) delineated these land cover
types using unsupervised classification of a series of SPOT and Landsat
imageries.We also used a digital elevationmodel (DEM) of the archipel-
ago to generate raster layers of elevation, slope and aspect.

2.3. Distribution and abundance of giant tortoises and introduced large
herbivores

Before humans discovered the Galapagos Islands in 1535, tortoises
were likely present on ten different islands (Caccone et al., 2002,
Table 1; MacFarland et al., 1974). Today, tortoises occur on just six
islands (Table 1). Areas occupied currently and historically by giant tor-
toises were delineated through participatory mapping by 30 experts fa-
miliar with tortoise populations. Their knowledge was captured during
an international planning workshop held in 2012 (see Supplementary
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Fig. 1.Map of theGalapagos Islands displaying spatial pattern inNDVI.We focused our analyses on the 15 biggest islands. Note that Isabela Islandwas divided into smaller areas associated
with individual volcanoes (names in white) to better account for spatial and temporal change in goat density.

Table 1
Distribution and abundance of giant tortoises and introduced large herbivores (goat, don-
key and cattle) on 15 islands in the Galapagos Archipelago. Range in abundance of intro-
duced herbivore was provided for 2001–2015 when MODIS satellite data were available.
See also Fig. 1.

Island Area
(km2)

Tortoise
current
density
(ind/km2)

Tortoise
historical
occurrence

Introduced
herbivores
density
(ind/km2)

% of goat at
maximum
density

Baltra 25.3 0 No 0–2.5 100
Espanola 60.9 14.1 Yes 0 0
Fernandina 644.8 0 No 0 0
Floreana 172.7 0 Yes 0–11.2
Genovesa 13.8 0 No 0 0
Isabela

Alcedo 792.6 8.0 Yes 0–51.6 99.8
Ecuador 100.1 0 No 0–0.04 100
Darwin 639.6 1.3 Yes 0–10.3 100
South Isabela 2649.9 1.2 Yes 0.002–1.2 66.5
Wolf 636.0 9.4 Yes 0–11.3 100

Marchena 131.4 0 No 0–0.04 100
Pinta 59.47 0 Yes 0–0.03 100
Pinzon 17.97 29.6 Yes 0 0
Rabida 4.95 0 No 0 0
San Cristobal 559.48 3.3 Yes 0.43–12.1 96.3
Santa Cruz 983.93 3.6 Yes 0.53–2.3 88.9
Santa Fe 24.50 0 Yes 0 0
Santiago 575.22 2.0 Yes 0–156.1 99.9
Seymour 1.91 0 No 0 0

3G. Bastille-Rousseau et al. / Biological Conservation 209 (2017) 1–10
material, Fig. S1 and S2 for a depiction of the historical and current tor-
toise distribution). For occupied zones, we estimated current tortoise
density for each island based on published literature.We summarize in-
formation relative to the distribution and abundance of tortoises and in-
troduced herbivores in Table 1.

We estimated an annual time series of density of introduced large
herbivores (goats, donkeys and cattle) on each island based on pub-
lished literature (Campbell et al., 2004; Carrion et al., 2011; Cruz et al.,
2009, 2006). Donkey and cattle numbers were extremely low in com-
parison to those of goats, so we assumed that any detected effects of in-
troduced herbivores on vegetation originated predominantly due to
goats (Table 1). For Isabela Island, we used spatial data from the actual
removal effort (ground and aerial hunting) to estimate introduced her-
bivore density for each volcano for the northern part of the island while
we consider the southern section of the island with two adjacent volca-
noes as a single zone (Fig. 1).

2.4. Statistical analyses

2.4.1. Archipelago-wide analysis of herbivore impact on vegetation while
controlling for environmental co-variates

We first estimated the relationship between themeanNDVI value of
a 250m× 250m pixel on a given year as a function of abiotic and biotic
variables. We performed the analysis separately for pixels in each land
cover type (herb, shrub and tree). Abiotic variables included elevation,
slope and aspect (dummy coded variables with eastern aspect being
the reference level, and northern, southern and western being the
other levels) found at the center of the pixel.We considered three biotic
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variables: 1)whether the pixel was historically occupied by tortoises, 2)
whether it was currently occupied by tortoises, and 3) whether the
pixel was currently occupied by introduced herbivores. We also consid-
ered two-way interactions between historic and current tortoise occu-
pancy and current occupancy by tortoises and introduced herbivores
(Table 2). Given that some areas had extremely low densities of
introduced herbivores, we tested different cut-offs to consider an area
as occupied by introduced herbivores (0.5, 1, 5 and 10 introduced herbi-
vores/km2). Akaike Information Criteria (AIC; Burnham and Anderson,
2002)was used to select the best combination of biotic variables includ-
ing the best cut-off for introduced herbivore occupancy. In all instances,
ΔAICwas N10 between the top and secondmodel, sowe present results
only from the top-rankedmodel.We performed the analysis using a lin-
earmixed effectmodel with two independent random effects: pixel and
year nested within island. These random effects allowed us to estimate
unaccounted variation attributable to these factors. The random effect
associated to pixel is particularly useful given the resolution of our
data as it allows each pixel to have its ownNDVI signature and therefore
account for variation in species composition and other elements that
may influence local NDVI values. We also scaled and centered continu-
ous variables to improve comparability of regression coefficients
(Schielzeth, 2010). We verified for multicollinearity in our top model
using the variance inflation factor (Graham, 2003). Models were fitted
using the package lme4 in R v.3.2.3 using maximum likelihood when
comparing fixed effects and then using restricted maximum likelihood
forfinal estimation ofmodel parameters (Zuur et al., 2009).Weestimat-
ed a marginal and conditional R2 (Nakagawa and Schielzeth, 2013) for
the top model as well as the marginal R2 for the model excluding all
biotic variables. We did not include a spatial correlation structure in
the models because the residuals of the top models where not spatially
autocorrelated (R b 0.1 for spatial lags 1 to 30 pixels).

We then repeated the above analysis but used other NDVI statistics
rather than mean annual NDVI: the maximum annual NDVI, the mini-
mum annual NDVI, the mean of the five highest annual NDVI values,
the annual amplitude, the annual coefficient of variation, and the maxi-
mum annual rate of change estimated between two composites. Results
for these analyses are presented in Supplementary material, Table S1.
Table 2
Parameters of mixed-effects linear regression between mean annual Normalized Difference Ve
Archipelago, 2001–2015. Regression coefficients for fixed effects (with confidence intervals), s
Interaction terms can be reconstructed by adding the two single term coefficient with the coe
occurrence on productivity in herb cover type is: 0.1172 − 0.0262 − 0.0091 = 0.0819). Resul

Parameters Herb

Fixed effects
Intercept 0.3631 (0.3216, 0.4036)
Elevation 0.0614 (0.0588, 0.0639)
Elevation2 −0.0236 (−0.0245, −0.0226
Slope 0.013 (0.0107, 0.0153)
Slope2 0.0009 (0.0002, 0.0016)
North −0.026 (−0.0298, −0.0223)
South 0.0628 (0.0592, 0.0664)
West 0.0312 (0.0272, 0.0352)
Tortoise historical 0.109 (0.1047, 0.1134)
Tortoise current 0.1172 (0.1016, 0.1328)
Tortoise historical: current −0.0555 (−0.0714, −0.0396
Introduced herbivore presence −0.0262 (−0.0466, −0.0054
Tortoise current: introduced herbivore presence −0.0091 (−0.0098, −0.0084
Introduced herbivore cut-off (x/km2) 0.5

Random effects (σ)
Pixel ID 0.1027 (0.1018, 0.1036)
Island: year 0.0508 (0.0462, 0.0558)
Island 0.0814 (0.0567, 0.1166)
Residuals 0.0416 (0.0415, 0.0417)

R2

Marginal R2 abiotic model 0.2909
Marginal R2 biotic model 0.4165
Conditional R2 biotic model 0.9500
2.4.2. Effect of island-specific introduced herbivore eradication programs on
vegetation

To evaluate the impact of the removal of introduced herbivores on
vegetation productivity, we performed a finer scale analysis of five
areas before and after introduced herbivores had been removed: Santi-
ago Island, Floreana Island, and three volcanoes on northern Isabela Is-
land (Alcedo, Darwin, and Wolf, Fig. 1). Only Floreana Island does not
currently host giant tortoises (Table 1). These areas varied in terms of
habitat structure and the initial density of introduced herbivores in
2000 at the beginning of the MODIS NDVI monitoring period. Initial
density was ca. 10 introduced herbivores/km2 for Floreana Island, and
Darwin and Wolf volcanoes, ca. 50 introduced herbivores/km2 on
Alcedo Volcano and ca. 150 introduced herbivores/km2 on Santiago Is-
land (Carrion et al., 2011). Between 2002 and 2006 introduced herbi-
vores were removed from these areas (Carrion et al., 2011) with most
of the removal happening in 2003 and 2004 for Santiago and the second
half of 2004 for Alcedo, Darwin and Wolf Volcanoes. Removal occurred
between 2006 and 2009 on Floreana Island. Based on “known” eradica-
tion events we testedwhether the removal of introduced herbivores led
to a change in vegetation trends for land cover type in each area. To do
so, we fitted a piecewise generalized least square (GLS) regression to
detect a continuous change in trend in time-series of mean annual
NDVI values averaged for each land cover type and area. We used GLS
to account for temporal autocorrelation by adding a first-order auto-re-
gressive correlation matrix (AR1; Zuur et al., 2009). We compared the
piecewise regression with an intercept only GLS and compared the
two models based on likelihood ratio-test (LRT). We compared differ-
ences between detected breaks and expected breaks associatedwith in-
troduced herbivore eradication. These analyses were conducted using
the package “nlme” in R v.3.2.3.

In order to robustly evaluate whether estimated breaks in time-se-
ries were the consequence of spurious annual variation or goat removal
we first developed a permutation exercise which tested the probability
of observing a smaller or equal delay between the expected break based
on eradication for each area and the detected break based on the intrin-
sic variability present in each time series. For a time-series from a given
area and land cover type, we randomly resampled with replacement
getation Index (NDVI) and covariates for three habitat types in 15 islands of the Galapagos
tandard deviation of random effects, as well as marginal and conditional R2 are presented.
fficient of the interaction (e.g. overall impact of current tortoise occurrence and herbivore
ts for other annual statistics are presented in Table S1, Supplementary material.

Shrub Tree

0.3968 (0.3605, 0.4328) 0.4223 (0.3732, 0.4714)
0.1098 (0.1059, 0.1137) 0.1162 (0.114, 0.1184)

) −0.0225 (−0.0239, −0.0211) −0.0323 (−0.0331, −0.0315)
0.0131 (0.0105, 0.0158) 0.0092 (0.0073, 0.0111)
−0.0068 (−0.0077, −0.006) 0.0003 (−0.0004, 0.0011)
−0.022 (−0.0254, −0.0186) −0.0315 (−0.0343, −0.0288)
0.0301 (0.0268, 0.0334) 0.0554 (0.0528, 0.058)
−0.003 (−0.0071, 0.0011) 0.0105 (0.0078, 0.0133)
0.1554 (0.1514, 0.1593) 0.1426 (0.1393, 0.1459)
0.2543 (0.1595, 0.349) 0.2053 (0.1462, 0.2644)

) −0.1925 (−0.2872, −0.0976) −0.1362 (−0.1953, −0.077)
) −0.0401 (−0.0597, −0.0203) −0.0197 (−0.0427, 0.0033)
) 0.0067 (0.0052, 0.0082) 0.0034 (0.0022, 0.0045)

1 10

0.0941 (0.0932, 0.095) 0.0895 (0.0889, 0.0901)
0.0491 (0.045, 0.0536) 0.0462 (0.042, 0.0509)
0.0736 (0.052, 0.1046) 0.093 (0.0645, 0.1355)
0.041 (0.0409, 0.0411) 0.0419 (0.0419, 0.042)

0.2775 0.1510
0.3781 0.2743
0.9430 0.9416
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each time-series 10,000 times. For each of the simulated time-series, we
fitted the piecewise GLS regression and an intercept-only GLS and esti-
mated the breakpoints.We compared the percentage of the simulations
that had a smaller estimated lag between the observed and expected
break point than the values estimated from the analysis of the actual
data. We assert that the percentage estimated from this permutation
exercise represents the probability of observing the detected break by
chance given variability in our data. We considered the detected break
as significantwhen p-values for the LRTwas N0.05 and b5% of permuta-
tions had smaller estimated lag. We also identified “potential” breaks in
trend when b10% of permutations had smaller estimated lags than the
estimated lag.

2.4.3. Disentangling the impact of herbivores versus background annual
variability of environmental factors on vegetation productivity

Annual variation in temperature and precipitation is likely to have
an important role in vegetation productivity and could drive multi-an-
nual trends in NDVI time-series (Fig. S3). Such patterns could potential-
ly facilitate vegetation recovery following eradication, or alternatively,
suppress vegetation recovery. To estimate the contribution of external
environmental annual factors (e.g. precipitation) on yearly NDVI, we
reran the global mixed model explained above on the subset of islands
without introduced herbivores and tortoise (Table 1) keeping the
same random effect structure (pixel and year nested within island).
We averaged the yearly random intercepts for each year and subtracted
the among years average to these values. This difference indicated if a
given year was more productive (positive values) or less productive
(negative) than average based on external elements not accounted for
in our models. Indeed, for each land cover type, these values correlated
strongly with average annual precipitation received in the Galapagos
(all R N 0.78, Fig. S6).

In order to disentangle the contribution of environmental variability
and the removal of introduced herbivores, we performed the piecewise
regression analysis explained above using time-series of NDVI values
thatwere adjusted to account for the annual trend previously estimated.
We performed the same permutation exercise on the “detrended” time-
series and compared outputs with results from the original time-series
to assess the strength of potentially confounding influences of intro-
duced herbivore eradication and annual environmental variation. We
compared the results from this second analysis to estimate the gain in
vegetation attributable due to the eradication of introduced herbivores
versus to annual variability.

3. Results

3.1. Impacts of abiotic and biotic variables on vegetation productivity

The impacts of abiotic and biotic variables on annual mean produc-
tivitywas similar among land cover types (Table 2). Higher productivity
was observed at intermediate elevation for each land cover and on
steeper slopes for tree and herb cover (Table 2 and Fig. S3). Aspect
also influenced productivity: relative to productivity observed in east
oriented zones, south and west facing zones had higher productivity
(except for shrub cover) whereas north orientation had lower produc-
tivity (Table 2). Introduced herbivore presence decreased productivity,
although the impact was detected at different introduced herbivore
densities for each land cover (Table 2). Areas historically occupied by
tortoises had higher productivity while areas occupied currently had
even higher values (Table 2). Areas in herbaceous cover occupied by
both tortoises and introduced herbivores had somewhat lower produc-
tivity while shrub and tree land cover exhibited a small increase in
productivity (Table 2).

Overall, adding variables related to occurrence of introduced herbi-
vores and tortoises considerably improvedmodel fit, increasingmargin-
al R2 by N0.1 for each land cover type (Table 2). Nevertheless, adding
random effects (pixel ID and year nested within island) drastically
improved the model with conditional R2 N 0.90 for each land cover
type. Random variance was higher among pixels and among islands
(Table 2), indicating that most of the unaccounted variation in our
data was attributable to pixel and island. Random intercepts at the
island level indicated inconsistent patterns in productivity across land
cover types; some islands generally displayed higher productivity for
specific land cover relative to other islands, but also displayed lower
productivity for some habitat (Fig. S3). Annual patterns in productivity
were similar among habitat types (Fig. S5).

3.2. The effect of eradication of introduced herbivores

Compared to an intercept-only model, a piecewise regression with
one continuous break fit significantly better to the time-series for
most land cover types and area when using raw time-series. The only
exception was Floreana Island where the intercept-only model provid-
ed better fit (Table S2 and Fig. 2). For most time-series, breaks were es-
timated between 2004 and 2006 and indicated an increase in vegetation
productivity after the breakwas detected (Table S2 and Fig. 2). The per-
mutation exercise indicated that a significant break following the erad-
ication of introduced herbivores was detected on Alcedo Volcano for
each plant community type (herbaceous, shrubs and trees) and also
on Darwin Volcano for the shrub communities. All plant community
types on Santiago Island, herbaceous zones on Darwin Volcano and
shrub and tree zones on Wolf Volcano also potentially displayed a
positive increase in vegetation productivity following the start of their
respective introduced herbivore eradication programs. When the effect
of annual environmental factors such as precipitation was accounted
for, fewer time-series displayed increases in productivity following the
removal of introduced herbivores (Table S3 and Fig. 3). All land cover
types on Alcedo Volcano as well as herb and shrub plant community
types on Darwin Volcano displayed a positive increase after introduced
herbivores were removed, whereas herb and tree plant community
types on Wolf Volcano also potentially increased following introduced
herbivore removal. The magnitude of the increase in productivity
following the removal of introduced herbivores was also not related to
their initial density. Taken altogether, these trends indicate that the re-
moval of introduced herbivores explained the majority of the increase
in productivity for herbaceous land cover but a small portion of the
detected increase for shrub and tree land covers (Fig. 4).

4. Discussion

Wequantify the interacting impacts of environmental factors, native
mega-herbivores and introduced large herbivores on vegetation pro-
ductivity. As expected, we observed increased productivity associated
with the occurrence of native mega-herbivores, giant Galapagos tor-
toises, while the occurrence of introduced herbivores had the opposite
effect. Accordingly, we documented an increase in productivity follow-
ing the removal of introduced herbivores, but with variation in the
magnitude of recovery among areas and land cover types. Importantly,
multi-annual variation in climate also contributed to the detected
increase in productivity following eradication, obscuring the effect of
eradication in some instances andmagnifying it in others. In this regard,
our work provides an analytical framework and a set of considerations
to rigorously quantify the contribution of the eradication of invasive
species on vegetation characteristicswhenusing satellite remote sensing
data.

Historical tortoise occurrence was associated with areas of higher
productivity while currently occupied areas have even higher produc-
tivity (Table 2). Overall, current tortoise occurrence is associated with
an increase in vegetation productivity of ca. 20%. Given the structure
of our data, it is difficult to tease apart whether the positive association
between current tortoise occurrence and vegetation productivity is due
to tortoise “engineering” of their habitat, if they are selecting for areas of
higher productivity, or whether the effect is a combination of the two.



Fig. 2. Piecewise generalized least squares regression illustrating breaks in trends of annual NDVI for four areas of the Galapagos where feral introduced herbivores have been eradicated.
Significant detected breaks are indicated by a black circle while marginal breaks are indicated by black squares. Dashed lines represent the raw time-series while the solid lines represent
the detected trends. Vertical lines indicate years during which eradication happened.
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Tortoise abundance data were only available at the island level and be-
cause robust census data are unavailable were of questionable quality,
thus it is difficult to integrate tortoise density within our global analysis
without having this variable confounded by an island effect. Previous
analyses of movement data from tortoises fitted with GPS telemetry
units indicate that tortoises are able to track changes in vegetation pro-
ductivity and select greener areas at a fine scale (Bastille-Rousseau, in
press; Yackulic et al., in review; Blake et al., 2013). However, these anal-
yses also showed that tortoises favor vegetation quality over quantity,
thus they are not always found in the most productive areas. Tortoises

Image of Fig. 2


Fig. 3. Piecewise generalized least squares regression illustrating breaks in trends of annual NDVI for four areas of the Galapagoswhere introduced herbivores have been eradicated. Time-
series have been adjusted to account for variation in productivity caused by annual change in environmental drivers (see Methods). Significant detected breaks are indicated by a black
circle while marginal breaks are indicated by black squares. Dashed lines represent the raw time-series while the solid lines represent the detected trends. Vertical lines indicate years
during which eradication occurred.
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may enhance vegetation productivity, especially through mechanical
impacts on the vegetation of the herbaceous layer and breaking down
woody plants while moving; possibly maintaining grassland associa-
tions through foraging. Notably, increases in tortoise density on Aldabra
Atoll improves the productivity of grassland areas (Hnatiuk, 1978;
Merton et al., 1976) often leading to the development of high diversity
grazing lawns as observed for many grazing ecosystem systems around
the world (Johnson and Matchett, 2001; McNaughton, 1984). These

Image of Fig. 3


Fig. 4. Average predicted increase in NDVI (as a proxy for vegetation productivity) over a 10-year period for three land cover types in five areas of the Galapagos where feral introduced
herbivores were removed. Contribution of introduced herbivore eradication versus annual variation in environmental factors (e.g. precipitation or temperature) was estimated by
performing piecewise generalized least squares regression on raw time-series of NDVI values and on time-series where the potential influence of environmental factors was removed.
Percent contribution of the removal of introduced herbivores to total vegetation gain is also provided (see Methods for partitioning variance).
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studies support the notion that Galapagos tortoises are “gardeners of
the Galapagos” not only via their role as seed dispersers but also by
stimulating vegetation productivity. However, further research is needed
to better understand the differentmechanisms associatedwith goat- and
tortoise-induced changes on plant productivity.

Our results illustrate that not all herbivores are “cut from the same
cloth”. In our study, native herbivore—giant tortoises—enhanced plant
productivity whereas the introduced herbivore—goats—did the oppo-
site. The effects may have been amplified in Galapagos, as it would be
in many island systems, because most native island vegetation has not
evolved with such herbivores as goats and the modes and mechanisms
by which they forage. Interestingly, we detected different thresholds of
sensitivity in the density atwhich land coverswere susceptible to intro-
duced herbivores. Herbaceous areas were the most sensitive to herbi-
vore impact while tree areas were the least. Nevertheless, the impact
of introduced herbivores appeared relatively modest with decreases in
NDVI ranging from 2 to 4% depending of land cover types (Table 2). Pre-
vious findings both in Galapagos (Desender et al., 2006; Henderson and
Dawson, 2009) and elsewhere (Campbell and Donlan, 2005; Lohr et al.,
2014) suggest a sharper reduction in productivity occurred in response
to introduced herbivores. Our archipelago-wide study was based on
coarse-grained mean density estimates of introduced herbivores in
occupied areas ranging from 15 to 28 herbivores/km2 which failed to
map the full range of abundances [in some areas and times N50–150
herbivores/km2 (Table 1)]. Thus we captured the global overall effect
of introduced herbivores, but did not illustrate their localized and
often devastating impacts (Brewington, 2013) at smaller spatio-temporal
scales.

By analyzing archipelago-wide pattern in productivity contrasting
where and when introduced herbivores were present, we were able to
isolate the contribution of the removal of introduced herbivores on
change in productivity (Fig. 4). The climate of Galapagos is known for
its multi-annual climatic events, including El Niño and La Niña cycles
that bring respectively more and less annual precipitation (Trueman
and D'Ozouville, 2010). Failure to consider precipitation in our analysis
would have led to overestimation of the impact of the removal of intro-
duced herbivores, especially for shrub and tree land cover types (Fig. 4).
Based on our four focal areas, we predict the eradication of introduced
herbivores resulted in a 5% gain in vegetation productivity over a 10-
year period in herbaceous species land cover with smaller gains
among other vegetation types. Contrary to our expectation, we did not
a find a relationship between the magnitude of the increase in produc-
tivity following the removal of introduced herbivores and their initial
density. Most interesting is the fact that when accounting for annual
variation in external factors, the island with the highest goat density
(Santiago Island) failed to show any productivity increase. We also ob-
served no sign of increased productivity on Floreana Island. In compar-
ison to the three focal areas on Isabela Island, Santiago and Floreana
Islands do not possess high elevation areas and both receive less annual
precipitation than other islands (Snell et al., 1996). The degree of devas-
tation was particularly high on these islands, owing to a longer time
which introduced herbivores have been present, which combined
with greater aridity ultimately may have affected capacity to recover
(resilience) at the relatively short time periods observed. Whether the
outcome of these interactions is an alternate stable state requiring
further intervention in the form of direct vegetation management is a
more complex question depending on a time series of vegetation
cover that extends earlier than the MODIS time series available for
this analysis. Caution is also required as NDVI fluctuations may hide
changes in species communities, including replacement of native spe-
cies by invasive species (Walsh et al., 2008). This can be important
given that goats are expected to slowly transform community to
woody plants while tortoises can assist in the dispersal of invasive spe-
cies. Ground truthing of observations or finer-scale remote sensing

Image of Fig. 4
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products would be required if monitoring of changes in species compo-
sition within plant communities is a central goal.

The absence of reversal in vegetation productivity on Santiago and
Floreana Islands following eradication also raises the question of the
desirability of coupling invasive herbivore eradication with tortoise
restoration in an archipelago where tortoises—the only large native
herbivore—remain at b10% of their original abundance (Marquez et
al., 2004). Simulations based on data from Pinta Island where tortoises
have been recently introduced illustrated that an expanding tortoise
population would ultimately cause a reduction in woody vegetation
but over a very long timescale (Hunter and Gibbs, 2014). On Espanola
Island, where the reintroduction of tortoises began 40 years ago, the
current impact of tortoise is limited to a small fraction of the island
where woody plants do not block tortoise movement, yet woody plant
density is greatly reduced in areas of high movement, e.g., near Opuntia
cactus trees (Gibbs et al., 2014, 2010, 2008). In other words, vegetation
recovery patterns could be substantially different with invasive herbi-
vore removal in the absence of significant tortoise densities (which
characterizes the situation overmuchof Galapagos today). An important
question then is whether eradication of invasive herbivores requires
restoring giant tortoise populations to their historic densities in order
for plant communities and vegetation dynamics to be returned to their
likely original state.

5. Conclusion

Satellite remote sensing has become auseful tool for ecological studies
withwide-ranging applications, especially given the temporal and spatial
availability of these data (Kerr andOstrovsky, 2003; Pettorelli et al., 2014).
We took advantage of the large-extent and multi-annual availability
of these products in combination with well-documented, large-scale
management interventions to investigate patterns in productivity across
the Galapagos Archipelago. Given increasing awareness in optimizing
monetary costs and effectiveness associated to conservation efforts,
satellite remote sensing products offer a retrospective and rigorous
ways of evaluating specific measures.
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