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Variation with Land Use of Immune Function and
Prevalence of Avian Pox in Galapagos Finches
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Abstract: Introduced disease has been implicated in recent wildlife extinctions and population declines
worldwide. Both anthropogenic-induced change and natural environmental features can affect pathogen
spread. Furthermore, environmental disturbance can result in changes in stress physiology, nutrition, and
social structure, which in turn can suppress immune system function. However, it remains unknown whether
landscape variation resulls in beterogeneity in bost resistance to pathogens. Avian pox virus, a pathogen
implicated in avian declines and extinctions in Hawaii, was introduced to the Galapagos in the 1890s, and
prevalence (total number of current infections) has increased recently in finches. We tested whetber prevalence
and recovery trends in 7 species of Galapagos finches varied by elevation or buman land use. To do so, we used
infection data obtained from 545 wild-caught birds. In addition, we determined whether annual changes in
4 aspects of innate immune function (complement protein activity, natural antibody activity, concentration
of PIT54 protein, and beterophil:lymphbocyte ratio) varied by elevation or land use. Prevalence and recovery
rates did not vary by elevation from 2008 to 2009. Avian pox prevalence and proportion of recovered
individuals in undeveloped and urban areas did not change from 2008 to 2009. In agricultural areas, avian
pox prevalence increased S-fold (from 2% to 17% of 234 individuals sampled) and proportion of recovered
individuals increased (11% to 19%) from 2008 to 2009. These results suggest bigh disease-related mortality.
Variation in immune function across buman land-use types correlated with variation in both increased
prevalence and susceptibility, which indicates changes in innate immune function may underlie changes in
disease susceptibility. Our resulls suggest anthropogenic disturbance, in particular agricultural practices, may
underlie immunological changes in bost species that themselves contribute to pathogen emergence.

Keywords: Camarbynchus, Certhidea, ecoimmunology, Geospiza, innate immune function, introduced
pathogen, passerine

Variacion con el Uso de Suelo de la Funcion Inmune y la Prevalencia de la Varicela Aviar en Pinzones de las
Galapagos

Resumen: Las enfermedades introducidas ban sido implicadas en extinciones y declinaciones poblacionales
recientes en todo el mundo. Tanto el cambio inducido antropogénicamente como los atributos ambientales
naturales pueden afectar la dispersion de la enfermedad. Mds aun, la perturbacion ambiental puede resultar
en cambios en la fisiologia del estrés, la nutricion y estructura social, que a su vez puede suprimir el
Juncionamiento del sistema inmune. Sin embargo, no se conoce si la variacion del paisaje resulta en betero-
geneidad de la resistencia del buésped a patogenos. El virus de la varicela aviar, un patogeno implicado en
declinaciones y extinciones de aves en Hawdi, fue introducido a las Galapagos en la década de 1890, y la
prevalencia (nimero total de infecciones actuales) ha incrementado en los pinzones recientemente. Probamos
si la prevalencia y las tendencias de recuperacion en 7 especies de pinzones de las Galdpagos variaron con
la elevacion y el uso de suelo por bhumanos. Para ello, usamos datos de infeccion obtenidos de 545 aves
silvestres capturadas. Adicionalmente, determinamos si los cambios anuales en 4 aspectos de la funcion
inmune innata (actividad de la proteina complementaria, actividad de anticuerpo natural, concentracion
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de la proteina PIT54, y la relacion beterofilo:linfocito) variaron con la elevacion o el uso de suelo. La
prevalencia y las tasas de recuperacion no variaron con la elevacion de 2008 a 2009. La prevalencia de
viruela aviar y la proporcion de individuos recuperados en dreas no desarrolladas y urbanas no cambio
de 2008 a 2009. En dreas agricolas, la prevalencia de viruela aviar incremento 8 veces (de 2% a 17% de
234 individuos muestreados) y la proporcion de individuos recuperados incremento (11% a 19%) de 2008
a 2009. Estos resultados sugieren una alta mortalidad relacionada con la enfermedad. La variacion en la
JSuncion inmune en los diferentes tipos de uso de suelo por bumanos se correlacioné con la variacion del
incremento de prevalencia y susceptibilidad, lo cual indica que cambios en la funcion inmune innata pueden
subyacer en cambios en la susceptibilidad a la enfermedad. Nuestros resultados sugieren que la perturbacion
antropogénica, particularmente las prdcticas agricolas, puede comprender cambios inmunologicos en las
especies buésped que a su vez contribuyen surgimiento de patogenos.

Palabras Clave: Camarbynchus, Certhidea, ecoinmunologia, funcion inmune innata, Geospiza, paseriforme,

patogeno introducido

Introduction

Introduced diseases have been implicated as a decisive
factor in recent wildlife extinctions and population de-
clines (Diamond 1994; Wikelski et al. 2004), and varia-
tion in habitat use often plays a key role in determining
wildlife exposure to pathogens (e.g., Nunn & Heymann
2005). Furthermore, anthropogenic ecosystem change,
such as conversion of undisturbed areas to agriculture,
can change the ecology, distribution, and effect of par-
asites or pathogens within their host species and can
lead to disease emergence (i.e., an increase in preva-
lence of a disease) (Patz et al. 2000; Chasar et al. 2009).
For example, anthropogenic changes can increase vector
abundance by providing resources necessary for vector
survival (i.e., fresh water; Whiteman et al. 2005), which
in turn can affect pathogen spread through host popu-
lations. Mosquitoes are a ubiquitous class of vector and
have played a decisive role in the introduction, establish-
ment, and spread of pathogens such as avian pox virus
(APV) in island ecosystems (van Riper et al. 2002). In
addition to anthropogenic-induced changes, natural fea-
tures, such as elevation gradients, can affect the spread
of introduced pathogens. For example, the prevalence
(total number of current infections in a population) of in-
troduced APV in Hawaii is highest in midelevation areas,
where there is the most overlap between native birds and
introduced mosquitoes (van Riper et al. 2002). Similarly,
in the Galapagos, wet highland areas are thought to pro-
vide more favorable conditions for at least one introduced
parasite, the fly Philornis downsi (O’Connor et al. 2010).
However, it remains unknown whether landscape varia-
tion results in differences in host resistance to pathogens
through variation in immune-system function. The Gala-
pagos islands, and the Galapagos finches, in particular,
are ideal for examining anthropogenic and elevation ef-
fects on the spread of avian pathogens and the relation be-
tween disease and interannual variation in immune func-
tion for several reasons. First, the habitat of Galapagos
finches spans relatively undisturbed areas to areas that
have been heavily affected by human use. Although only

3.3% of Galapagos lands are developed, multiple islands
have extensive urban (populations over 30,000 people)
and agricultural areas (Wiedenfeld & Jiménez-Uzcategui
2008). The importance of anthropogenic change is high-
lighted by the recent introduction of 2 potential mosquito
vectors of APV, Aedes aegypti and Culex quinquefascia-
tus. These mosquitoes currently are localized in devel-
oped areas (Whiteman et al. 2005; Bataille et al. 2009).

Second, Galapagos finches are host to APV, a pathogen
that causes the avian pox disease (AP), which is charac-
terized by distinctive cutaneous lesions. Avian pox has
been implicated as a major factor in avian declines and
extinctions in Hawaii (van Riper et al. 2002). APV was
introduced to the Galapagos in the 1890s (Parker et al.
2011). It spread through the Galapagos avifauna and,
along with other introduced pathogens, is thought to
be driving population declines and range contractions
(Wikelski et al. 2004). Furthermore, the proportion of
Galapagos finches affected by AP increased from 2000
to 2009 (Kleindorfer & Dudaniec 2006; Zylberberg et al.
2012). However, evidence suggests that APV infection
and recovery rates are not homogeneous across finch
populations and that they vary by elevation and species
(Kleindorfer & Dudaniec 2006; Zylberberg et al. 2012).

Third, immune function varies among conspecific Gala-
pagos finch populations (Lindstrom et al. 2004). This
phenotypic heterogeneity among groups provides the
potential for geographic variation in immune function
and an ideal opportunity to examine how immune func-
tion varies with different landscape features. Just as vari-
ation in exposure to vectors may help determine the
level of pathogen exposure for distinct social groups,
populations, or species, the strength of innate (nonspe-
cific) immunity at an individual or group level will help
determine whether and how a novel pathogen spreads
through a population.

We examined APV prevalence in 7 species of finch on
Santa Cruz Island from 2008 to 2009: Small Ground Finch
(Geospiza fuliginosa), Medium Ground Finch (Geospiza

Sfortis), Large Ground Finch (Geospiza magnirostris),
Common Cactus Finch (Geospiza scandens), Small Tree



Finch (Camarbynchus parvulus), Woodpecker Finch
(Camarbynchus pallida), and Warbler Finch (Certhidea
olivacea). We tested 2 hypotheses regarding geographic
variation and temporal patterns in disease prevalence
(proportion of actively infected individuals at a point
in time). Specifically, we tested whether AP prevalence
and recovery trends varied by elevation (as suggested
by Kleindorfer and Dudaniec [2006]) or according to
human land-use patterns. We also tested the hypothesis
that species-specific factors (e.g., nutrition, exposure to
stressors, or exposure to other pathogens) result in vari-
ation in body condition, which in turn alters susceptibil-
ity to APV. This hypothesis predicts body condition will
vary indirectly with prevalence. An alternate hypothesis
is that variation in immune function underlies observed
geographic variation in changes in AP prevalence and
recovery rates. It is the constitutive immune function of
healthy (not yet infected) individuals in a particular group
that determines susceptibility to infection on exposure
and initial success in coping with infection. Therefore,
this hypothesis predicts a decrease in innate immune
function of healthy individuals only in those species that
show an increase in AP prevalence over time. It is possi-
ble, but not necessary, that body condition and immune
function are linked; therefore, for simplicity, we consid-
ered them separately.

Methods

Study Site

Santa Cruz Island, Galapagos, Ecuador, is approxi-
mately 1000 km from the Ecuadorian mainland (00°38’S
90°22°W). To examine the effect of land-use patterns
and elevation on AP prevalence, we sampled birds at 6
sites (Fig. 1) in 3 different land-use types (urban, agricul-
tural, and undeveloped sites) and 2 elevation categories
(lowland, 0-200 m; highland, 300-500 m) as defined by
Kleindorfer and Dudaniec (2006) (Table 1). We selected
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Figure 1. Location of the 6 study sites on Santa Cruz
Island, Galapagos: Puerto Ayora, lowland urban, Los
Gemelos, bighland undeveloped; Garrapatero, low-
land undeveloped; El Chato, lowland agricultural;
Finca, bighland agricultural; Media Luna, bighland
agricultural (lowland, 0-200 m elevation, bighland,
300-500 m elevation; lines, roads; triangles, elevation
peaks).

the study sites to represent the range of vegetation types
and precipitation present in each land-use and elevation
category. The single urban site was in Puerto Ayora (pop-
ulation > 30,000) in the lowland arid zone. Because there
was only one urban area on Santa Cruz Island, we could
not sample birds from a second urban site. Three sites
were in the agricultural zone of the island, which con-
tained a combination of small farms, fruit plantations,
and cattle ranches. One agricultural site was in the low-
lands and 2 were in the highlands. Two sites were in
undeveloped areas (1 arid lowland and 1 wet highland).
The Galapagos is well known for extreme fluctuations in

Table 1. Number of individuals of each Galapagos finch species sampled by location and year.”

Location
urban agricultural undeveloped
low low bigh 1 high 2 low high
Puerto Ayora El Chato La Finca Media Luna Garrapatero Los Gemelos

Small ground finch 28, 25 16, 31 9, 43 16, 18 12, 30 9,22
Medium ground finch 41, 26 5,4 19, 15 0,1 6, 23 1,8
Large ground finch 1,2 1,0 5,0 0,0 2,0 0,1
Cactus finch 6,8 0,0 0,0 0,0 1,7 0,0
Small tree finch 0,0 16, 2 8, 16 0,0 0,6 21, 21
Warbler finch 0,0 0,0 0,0 9,0 0,0 2,0
Woodpecker finch 0,0 0,0 0,0 0,0 0,0 2,0
Total 76, 61 38, 37 41,74 25,19 21, 66 35,52

4 First number, 2008; second number, 2009; low, lowland; bigh, bighland.
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precipitation as a result of the El Nino weather pattern.
However, 2008 and 2009 were neither particularly wet
nor particularly dry years on average (Fig. 2a). There was
little variation in precipitation between 2008 and 2009
from 3 months prior to the start of sampling through 1
week prior to the end of sampling (Fig. 2b), the time
during which individuals infected with APV when sam-
pled would likely have become infected (van Riper &
Forrester 2007).

Trapping and Sample Collection

To obtain immune function, body condition, and AP
prevalence data, we caught birds in mist nets during the
breeding season (January-February) in 2008 and 2009.
For each captured bird, we measured mass and tarsus
length, attached a leg band, and collected blood sam-
ples in heparinized microcapillary tubes within 30 min
of capture. We used one drop of each blood sample to
make a blood smear, preserved another drop on filter
paper (Whatman) infused with 0.5M EDTA, and kept the
remainder of each sample on ice until we could cen-
trifuge it. After centrifugation, we collected and froze
the plasma. We kept samples on ice for 4-6 h before
centrifugation. We air dried blood smears, fixed them
for 1 min with 100% methanol and later stained them
with the Hema 3 staining system (Fisher Scientific, Pitts-
burgh, PA, U.S.A.). We used the ratio of mass to tarsus
length cubed as a measure of body condition (Freeman &
Jackson 1990).

We examined each individual for evidence of current
or past infection with APV (Lindstrom et al. 2004). Work-

Figure 2. Precipitation on Santa
Cruz Island, Galapagos: (a) total
annual precipitation in Puerto Ayora
in 1965-2012 and Bellavista in
1987-2012 (circle size increases
proportional to the amount of
precipitation; black circles, study
years) and (b) total daily
precipitation from approximately

3 months prior to sampling until 1
week prior to the end of sampling
(reflects period during which infected
individuals may bave become
infected) during 2008 (gray lines)
and 2009 (black lines) in the city of
Puerto Ayora in the arid lowlands
(dasbed lines) and the village of
Bellavista in the wet bighlands (solid
lines).
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ers who scored lesions received instruction on identi-
fication of active and healed pox lesions from Gustavo
Jiménez-Uzcategui, DVM, Charles Darwin Research Sta-
tion, Galapagos. We classified individuals with active,
swollen lesions as currently infected with APV (hereafter
infected) and birds with lesion-induced scarring and miss-
ing digits as recovered (hereafter recovered). Although
confirmation of APV as the cause of cutaneous lesions
can be done via histology, we considered this step un-
necessary due to the well-documented presence of APV
in the Galapagos and lack of other pathogens resulting
in similar symptoms (Duffy & Harcourt 1981; Lindstrom
et al. 2004). We processed all birds with the approval of
University of California, Davis Institutional Animal Care,
and Use Committee protocol 13171.

Immune Function

We measured 4 aspects of innate immune function in our
study species: (1) complement activity (defined later),
(2) natural antibody activity, (3) concentration of PIT54
acute phase protein, and (4) heterophil:lymphocyte ratio.
Each of these aspects of the innate immune system plays
an integral and complementary role in the first line of
defense against novel pathogens. Complement is a system
of proteins that activates the lysis of foreign cells, alters
the molecular structure of viruses, enhances antibody-
mediated viral neutralization, and destroys viruses di-
rectly through virolysis (Hirsch 1982; Janeway et al.
2001). Natural antibodies are immunoglobins that bind
novel pathogens, such as bacteria and viruses, facili-
tate hagocytosis, and initiate the complement cascade



resulting in cell lysis (Casali & Schettino 1996; Caroll
& Prodeus 1998). The PIT54 protein performs a simi-
lar function in birds as haptoglobin in mammals G.e.,
minimizes damage to the host during inflammation asso-
ciated with viral, bacterial, and parasitic infections, and
stimulates white blood cell response on exposure to a
pathogen) (Wicher & Fries 20006; Quaye 2008). Lympho-
cytes play an important role in the acquired antibody
and cell-mediated immune responses, and heterophils
are phagocytic cells that engulf and digest pathogens.
The heterophil:lymphocyte ratio is used as a measure of
the acute phase response to an infectious challenge and
a measure of stress and general health (Gross & Siegel
1983). Together, these measures afford a broad view of
the innate immune system by providing information on
both inducible and constitutive components of innate
immunity.

Although immune parameters change with infection
status, when recorded in healthy individuals these mea-
sures provide information on investment in both innate
and adaptive immunity (as described earlier). Therefore,
to simplify interpretation of our results, we limited our
analyses of immune parameters to individuals with no
signs of AP, infection with another pathogen, or other
illnesses (hereafter healthy individuals). For example, we
excluded individuals with abnormal crusts, growths, or
excessive lethargy and those with any sign of AP.

Hemolysis—Hemagglutination and PIT54 Assays

We carried out the hemolysis-hemagglutination assay,
which measures levels of complement activity and natu-
ral antibody activity, as described in Matson et al. (2005).
We modified the original protocol and used 10 uL of
plasma, rather than 25 pL because our sample size was
small; we scaled the quantity of all reagents accordingly.

The PIT54 protein present in avian plasma can be
measured with the same commercially available kit used
to measure mammalian haptoglobin. This kit has been
used successfully with a variety of songbirds, including
sparrows and finches (Matson 2006; Millet et al. 2007).
As in Millet et al. (2007), we used a commercial kit (Tri-
delta Diagnostics, Morris Plains, NJ, U.S.A.) to determine
the concentration of this acute phase protein in plasma
samples. We modified the protocol and used 5 pL of
plasma rather than the 10 pL that the kit protocol sug-
gests and also halved the amount of each reagent added
to samples. We diluted the kit-provided standard and ran
it in duplicate on each plate. We used the average of
the 2 standard curves to calculate the concentrations of
PIT54 in experimental samples on the basis of the amount
of color change they exhibited. We ran adult chicken
plasma in triplicate on each plate as a positive control.
We read plates at an absorbance of 650 nm 5 min after
the second reagent was added.
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Heterophil:Lymphocyte Ratio

To evaluate the heterophil:lymphocyte ratio, we exam-
ined smears under an oil immersion lens (1000x mag-
nification). For each smear, we examined 10,000 ery-
throcytes and counted and identified the white blood
cells occurring within the area of these erythrocytes on
the basis of morphological characteristics as described in
Avian Hematology and Cytology (Campbell 1995). The
microscope fields we examined were evenly distributed
over the entire surface of the smear to avoid oversampling
a single area.

Statistical Analyses

To determine whether the change in proportion of in-
fected and recovered individuals varied by elevation or
land-use type (covered above), we constructed 4 logistic-
regression models that examined (1) change in infection
rates by elevation, (2) change in recovery rates by eleva-
tion, (3) change in infection rates by land-use type, and
(4) change in recovery rates by land-use type. The first
and third models had infection rate as the dependent
variable, whereas the second and fourth had recovery
rate as the dependent variable. The independent variables
for the first and second model were year, elevation, and
the interaction between year and elevation. The inde-
pendent variables for the third and fourth model were
year, land-use type, and the interaction between year
and land-use type. Categorical variable coefficients are
often calculated using an arbitrary base. However, for
the purposes of this analysis the grand mean of all land-
use effects was used as the base value, which allowed us
to estimate all measured land-use effects with a post hoc
calculation method. This calculation allowed us to inter-
pret the estimates directly, rather than having to compare
them with a base value. To avoid bias resulting from
nonindependence of samples within study sites, we also
ran mixed-effects logistic-regression models with either
elevation or land use as random effects grouping factors
and compared these models with the Akaike information
criterion. The results of this analysis were comparable
to those with logistic-regression models, so we present
the logistic model output because it is easier to evaluate
and interpret R? than the Akaike information criterion.
When there was a categorical difference (specifically,
by land-use type) in change in proportion of infected
and recovered individuals over time, we tested for differ-
ences in body condition and immune function. We used
2-tailed ¢ tests to test for differences in body condition
(mass/tarsus’) within each land-use type between 2008
and 2009. Before testing for differences in immune func-
tion by land-use type, we used 2-way analysis of variance
to test for differences in immune function among species
and among breeding-condition males (presence of an en-
larged cloacal protuberance), breeding-condition females



108

Table 2. Results of logistic-regression model of variation in avian pox infection rates in Galapagos finches by year (2008, 2009) and land-use type

on Santa Cruz Island, Galapagos.

Term Estimate SE x° D
Intercept —3.610 0.414 76.2 <0.0001
Year 0.797 0.554 2.06 0.15
Land use (agricultural)” —0.319 0.584 0.30 0.59
Land use (undeveloped) 0.317 0.587 0.29 0.59
Land use (urban) 0.002 0.585 0.00 0.10
Land use (agricultural) x year (2008 to 2009) 1.540 0.704 4.81 0.03
Land use (undeveloped) x year (2008 to 2009) —0.264 0.728 0.13 0.72
Land use (urban) x year (2008 to 2009) —1.280 0.904 2.00 0.16

“The overall model was significant and explained 10% of variation in infection rates (n = 545, df = 5, p < 0.0001, R®> = 0.1006).

(presence of a brood patch), and nonbreeding adults.
Because our study was conducted at the beginning of the
breeding season, no juveniles were present in the sample
population, but nonbreeding adults are likely to account
for a higher proportion of yearlings than breeding adults.
We found no differences in immune function among
species or among breeding-condition males, breeding-
condition females, and nonbreeding adults, so we lumped
all individuals for analyses of immune function by land-
use type. We used 2-way ANOVA to test whether immune
function varied between 2008 and 2009 by land-use type.
Statistical tests for differences in body condition and im-
mune function included only healthy individuals (defined
earlier). All statistical analyses were conducted using JMP
7.0.1.

Results

We sampled 545 individuals for pox infection status
(Table 1). Of these, we obtained and analyzed blood
samples from 403 individuals (185 Small Ground Finches,
118 Medium Ground Finches, 84 Small Tree Finches,
16 Cactus Finches). When the blood sample was not
large enough to run each immune test, we randomly
assigned samples to a test type. Smears were examined
for a random subset of individuals.

The model of change in infection rates by elevation
from 2008 to 2009 was significant, but had low ex-
planatory power (n = 545, df = 3, p = 0.0045, R* =
0.049). Within this model, year had a significant effect
(» = 0.0021); prevalence increased over time. Neither
elevation nor the interaction of elevation and year were
significant. This result indicates the increase in preva-
lence did not vary between highland and lowland sites.
The model of change in recovery rates by elevation was
neither significant (n = 545, df = 3, p = 0.65, R*> =
0.0037), nor were any of the input terms significant.
Thus, recovery rate did not change overtime overall or
within highland or lowland sites. Over time infection
rates increased from 2.2% to 8.5% in the lowlands and
from 2.9% to 11% in the highlands, and proportion of

recovered individuals increased from 14.8% to 16.5% in
the lowlands and 10.9% to 14.5% in the highlands.

The model of change in infection rates by land-use type
was significant and explained just over 10% of observed
variation (n = 545, df = 5, p < 0.0001, R*> = 0.106)
(Table 2). In this model, the interaction term between
year and agricultural areas was significant (p = 0.02), and
prevalence increased in agricultural areas from 2008 to
2009. No other terms were significant, which indicates
prevalence did not increase significantly overall from
2008 to 2009 and did not increase in urban or unde-
veloped areas.

The model of change in recovery rates by land-use
type was neither significant (n = 545, df = 5, p = 0.49,
R? =0.0097), nor were any of the input terms significant.
Thus, recovery rate did not change over time overall or
within agricultural, undeveloped, or urban areas. When
we examined change in AP prevalence by land-use type,
we found there was no difference between 2008 and
2009 in undeveloped or urban areas (x% = 0.46, n = 174,
df = 172, p = 0.49 and x? = 0.16, n = 137, df = 135,
P =0.69, respectively) (Fig. 3). In contrast, AP prevalence
in agricultural areas increased significantly from 1.9% in
200810 16.9%1in 2009 (x2 =16.78,n =234, df =232, p <
0.0001 [covered in Methods]). There was also no change
in the proportion of recovered birds in undeveloped and
urban areas from 2008 to 2009, whereas in agricultural
areas there was a significant increase in the proportion
of recovered birds from 10.6% in 2008 to 18.5% in 2009
(x*> =29, n =234, df = 232, p = 0.089).

There was no difference in immune function by species
(PIT54: n = 288, df = 287, p = 0.56; natural antibodies:
n = 362, df = 361, p = 0.74; complement: n = 329,
df = 328, p = 0.34; H:L: n = 242, df = 241, p = 0.69).
Nor was there a difference, after Holm-Bonferroni ad-
justment for multiple comparisons, in immune function
between breeding-condition males, breeding-condition
females, and nonbreeding adults (PIT54: n = 288, df =
287, p = 0.31; natural antibodies: n = 362, df = 361, p =
0.45; complement: 7 = 329, df =328, p =0.92; H:L: n =
242, df = 241, p = 0.038). Therefore, to examine differ-
ences in immune function by land-use type, we lumped
all healthy finches sampled.
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Figure 3. Proportion of all Galapagos finches sampled
in each land-use type (urban, agricultural, and
undeveloped) infected with or recovered from avian
pox in 2008 and 2009 (proportions above bars; +,

D < 0.1; ™, p < 0.0001) and significant differences in
proportion of infected individuals or recovered
individuals from 2008 to 2009 (likelibood-ratio
chi-square tests).

The PIT54 levels among healthy finches in agricultural
areas decreased significantly from 2008 to 2009 (Table 3).
This decrease was accompanied by an increase in natural
antibody levels, but this change was not significant af-
ter Holm-Bonferroni correction for multiple tests. In the
same period, PIT54 levels decreased significantly and nat-
ural antibody levels increased significantly among healthy
finches in undeveloped areas. There was no change in any
immune parameter in urban areas. There was no change
in body condition in any land-use type from 2008 to
2009.
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Discussion

Although APV is considered selflimiting in mainland
avian populations, it is a disease of concern in remote is-
land systems (van Riper et al. 2002; van Riper & Forrester
2007). For example, APV is associated with population
declines and species extinctions in Hawaii and decreased
recruitment of juvenile mockingbirds into the adult pop-
ulation in the Galapagos (Vargas 1987; van Riper et al.
2002; Atkinson et al. 2005). APV was first observed in
the Canary Islands in 2000 and has since spread to infect
50% of Short-toed Larks (Calandrella rufescens) (Smits
et al. 2005). However, relatively little is known about
the threat AP poses to endemic island species outside of
Hawaii.

Our results suggest APV may pose the highest risk
to the Galapagos avifauna in agricultural systems. We
observed a change in AP prevalence and proportion of
recovered individuals in agricultural, but not undevel-
oped or urban, areas from 2008 to 2009. In agricultural
areas, there was a more than 8-fold increase in AP preva-
lence (from 2% to 17%) that was accompanied by a much
smaller increase in the proportion of recovered individu-
als. This indicates the rate of survival following APV infec-
tion in agricultural areas is low. The lack of change in the
heterophil:lymphocyte ratio suggests there has not been
a change in the overall health of individuals in agricultural
areas from 2008 to 2009. Instead, reduced survival in
agricultural areas may be due to a decrease in protective
immunity, as indicated by the observed decrease in PIT54
levels in agricultural areas. Possible causes underlying
changes in immune function could include exposure to
endocrine disruptors or immunosuppressive pesticides
and herbicides, consumption of highly available but nu-
tritionally incomplete domestic seeds, or stress from the

Table 3. Results of a 2-way analysis of variance testing for a change in measures of innate immune function of healthy Galapagos finches (no sign of
avian pox infection or other disease) by land-use type from 2008 to 2009 on Santa Cruz Island, Galapagos.

Immune Immune Prevalence
parameter Land-use type F ratio n daf p change® change®
PIT54¢ agricultural 22.05 115 113 <0.0001¢ N 1
undeveloped 8.01 95 93 0.0042* 1 -
urban 0.99 4-3 41 0.32 - -
Natural agricultural 4.98 123 121 0.028 p 0
antibodies undeveloped 17.54 99 97 <0.0001* 0 -
urban 0.12 64 62 0.73 - -
Complement agricultural 1.33 128 126 0.25 - 1
undeveloped 1.79 100 98 0.19 - -
urban 0.055 65 63 0.82 - -
Heterophil: agricultural 2.12 68 66 0.15 - 0
lymphocyte undeveloped 1.84 54 52 0.18 - -
urban 0.019 38 36 0.89 - -

“Arrows indicate directionality of statistically significant change in immune function of bealthy individuals from 2008 to 2009 (p < 0.05).
b Arrows indicate the directionality of statistically significant change in prevalence from 2008 to 2009 (p < 0.05).

“The PIT54 acute phase protein; complement system of immune proteins.

9Values with an asterisk remain significant at the p = 0.05 level after Holm-Bonferroni correction for multiple comparisons.
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presence of domestic animals and human activities (stres-
sors whose effects on wildlife vary between urban and
agricultural areas) (Thomas & House 1989; Fairbrother
et al. 2004; Quinn & Ottinger 2006; Fokidis et al. 2009).
In any case, the rapid increase in prevalence in agricul-
tural areas is a cause for concern. Although a change in
immune function appeared to contribute to the change
in AP prevalence seen in agricultural areas, it is likely only
one factor underlying variation in AP prevalence.

It is possible that a difference in the risk of exposure
to APV among individuals in the different land-use types
contributed to observed variation in AP prevalence. Intro-
duced 4. aegypti and C. quinquefasciatus, potential APV
vectors, are associated with human settlement (White-
man et al. 2005; Bataille et al. 2009). This suggests that
vector-borne transmission of APV could occur at higher
rates in urban and agricultural areas than in undeveloped
areas. Furthermore, the dramatic fluctuations in precipi-
tation in the Galapagos could increase introduced vector
populations in particularly wet years and thereby increase
APV transmission. Although this variation in precipita-
tion may be important to long-term APV dynamics, it is
unlikely to be a factor in the observed increase of AP in
agricultural areas from 2008 to 2009 because these years
had similar precipitation in the days and months prior to
sampling (Fig. 2b).

In addition to being vector-borne, APV can be trans-
mitted directly through contact between individuals. Ur-
ban and agricultural areas in the Galapagos have unnat-
urally concentrated food and freshwater resources that,
anecdotally, appear to be associated with higher finch
densities and larger feeding flocks. Indeed, provision-
ing by humans tends to increase bird abundance (Fuller
et al. 2008). Furthermore, APV is a density-dependent
pathogen that spreads more rapidly as host and vec-
tor abundance increase (van Riper et al. 2002). Thus,
behavioral factors may underlie variation in exposure
risk by land-use type because density and social-network
size can play a critical role in the direct transmission
of pathogens (e.g., Hosseini et al. 2004; Meyers et al.
2004). We suggest future studies examine variation in
pox prevalence in the nonbreeding as well as breeding
season because host physiology (i.e., body condition and
hormones) and vector abundance (as a result of climactic
variation) vary between seasons and in combination may
result in seasonal variation in disease dynamics that will
in turn affect interannual disease dynamics. A long-term
data set that includes data on vector abundance, host
physiology, density, social structure, and a range of envi-
ronmental characteristics will be critical in developing a
thorough understanding of the interannual dynamics of
this pathogen in the Galapagos avifauna.

Few researchers have investigated whether anthro-
pogenic disturbance affects immune function, although
environmental disturbance is known to result in changes
in stress physiology, nutrition, density, and social struc-

ture, which in turn can suppress immune system func-
tion (Kidd 2004; Suorsa et al. 2004; Hawley et al. 2000;
Matson et al. 2006). The difference we found in change
in immune function between land-use types suggests that
individuals in these different areas may be experiencing
different ecological pressures and adjusting their invest-
ment in physiological processes and life-history strategies
accordingly. Thus, just as anthropogenic disturbance and
changes in land-use can change host-pathogen dynam-
ics, human disturbance could underlie immunological
changes in host species that contribute to pathogen emer-
gence (i.e., increases in disease prevalence).

In comparing AP prevalence and immune function be-
tween land-use types, it is worth noting that on Santa
Cruz Island, as elsewhere, land-use type is linked to other
environmental characteristics such as temperature, pre-
cipitation, and vegetation. Urban and agricultural areas
are in arid and wet areas, respectively, whereas undevel-
oped areas occur in both climate types. Thus, it is possible
that the patterns we observed did not result from land-
use type per se, but that land-use type simply coincided
with some other ecologically important attribute of the
agricultural zone. However, investigators conducting a
study of vectors of avian pathogens in Hawaii suggest
that transmission of avian malaria and APV is higher in
areas of agricultural development than in other locations
because vector densities are higher in agricultural areas
(Reiter & LaPointe 2007). Similarly, in the Galapagos, the
association of key APV vectors with land-use patterns
suggests land-use type may affect pathogen transmission,
as could other ecological factors associated with climate,
elevation, and vegetation. Future studies comparing indi-
vidual Galapagos Islands with varying levels of develop-
ment could further elucidate the relation between envi-
ronmental characteristics, land-use patterns, and immune
function in wild bird populations. Understanding the un-
derlying causes of disease variation among land-use types
will be important for improving models of pathogen dy-
namics and developing recommendations for changes in
agricultural policy and practices that could help improve
population viability in the face of the APV threat.
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