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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 from five 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 Published by Elsevier Ltd.
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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

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
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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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