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The parental food compensation hypothesis suggests that parents may compensate for
the negative effects of parasites on chicks by increased food provisioning. However, this
ability differs widely among host species and may also depend on ecological factors such
as adverse weather conditions and habitat quality. Although weed management can
improve habitat quality, management measures can bring about a temporary decrease in
food availability and thus may reduce parents’ ability to provide their nestlings with
enough energy. In our study we investigated the interaction of parasitism and weed man-
agement, and the influence of climate on feeding rates in a Darwin’s tree finch species,
which is negatively impacted by two invasive species. The larvae of the invasive parasitic
fly Philornis downsi ingest the blood and body tissues of tree finch nestlings, and the inva-
sive Blackberry Rubus niveus affects one of the main habitats of Darwin’s tree finches.
We compared parental food provisioning of the Small Tree Finch Camarhynchus parvu-
lus in parasitized and parasite-free nests in three different areas, which differed in inva-
sive weed management (no management, short-term and long-term management). In a
parasite reduction experiment, we investigated whether the Small Tree Finch increases
food provisioning rates to nestlings when parasitized and whether this ability depends on
weed management conditions and precipitation. Our results provide no evidence that
Small Tree Finches can compensate with additional food provisioning when parasitized
with P. downsi. However, we found an increase in male effort in the short-term manage-
ment area, which might indicate that males compensate for lower food quality with
increased provisioning effort. Furthermore, parental food provisioning was lower during
rainfall, which provides an explanation for the negative influence of rain on breeding suc-
cess found in earlier studies. Like other Darwin’s finches, the Small Tree Finch seems to
lack the ability to compensate for the negative effects of P. downsi parasitism, which is
one explanation for why this invasive parasite has such a devastating effect on this host
species.

Keywords: compensation hypothesis, Darwin’s finches, food provisioning, insecticidal treatment,
Philornis downsi, rain, weed management.

Parasites impose strong selection on their hosts by
impairing their growth, survival and/or reproduc-
tion (Price 1980, Loye & Zuk 1991, Lehmann
1993, Clayton & Moore 1997, Tschirren et al.
2009). This selective pressure will favour the

evolution of effective counterstrategies in their
host (Tschirren et al. 2009), including strategies to
compensate for the damage caused by the parasite
(Clayton & Moore 1997, Lemoine et al. 2011).
Chicks of altricial birds have limited defences
against parasites, which in turn selects for parental
parasite control or compensation (Agrawal et al.
1999, Tschirren et al. 2009). One option to com-
pensate for the energy loss of the chicks is to
increase food provisioning (Johnson & Albrecht
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1993, Tripet & Richner 1997, reviewed in Tschir-
ren et al. 2009).

The parental food compensation hypothesis sug-
gests that parents may increase their food provi-
sioning rates to compensate for energy loss caused
by parasites (Tripet & Richner 1997, Knutie et al.
2016). Empirical studies that have tested the par-
ental food compensation hypothesis provide con-
flicting results, with supporting evidence in some
species, e.g. Great Tits Parus major (Christe et al.
1996), Eurasian Blue Tits Cyanistes caeruleus (Tri-
pet & Richner 1997, Hurtrez-Bouss�es et al., 1998)
and the Galapagos Mockingbird Mimus parvulus
(Knutie et al. 2016), but not in others, e.g. House
Wrens Troglodytes aedon (Morrison & Johnson
2002), Darwin’s ground finches: Small Ground
Finches Geospiza fuliginosa, Medium Ground
Finches Geospiza fortis (Koop et al. 2013, O’Con-
nor et al. 2014, Knutie et al. 2016), and Eurasian
Penduline Tits Remiz pendulinus (Darolov�a et al.
1997).

One reason for these conflicting results could
be that food provisioning depends on food avail-
ability, and thus when food is scarce, parents can-
not compensate for the effect of parasites by
increasing the rate at which chicks are fed. Food
availability is influenced by environmental factors
such as habitat quality and weather conditions
(Mason 1944, Hollander et al. 2015, McNew et al.
2019). Management measures that improve food
availability may help parents to counteract energy
loss caused by parasitism. However, management
measures can sometimes also temporally decrease
food availability and thus reduce parents’ ability to
provide their nestlings with sufficient energy
(Chiverton & Sotherton 1991, Moreby & South-
way 1999, Boatman et al. 2004, Morris et al.
2005, Giuliano et al. 2018, Cimadom et al. 2019).

In the Gal�apagos Islands, long-term habitat
restoration programmes have been implemented to
help recover the original habitat of Darwin’s
finches endemic to the Gal�apagos Islands. One of
the long-term management programmes on Santa
Cruz Island includes habitat restoration for arbo-
real Darwin’s finches (Woodpecker Finch Camar-
hynchus pallidus, Large Tree Finch Camarhynchus
psittacula, Small Tree Finch Camarhynchus parvu-
lus and the Green Warbler-Finch Certhidea oli-
vacea). This species group faces habitat changes
due to invasive plant species and also is strongly
affected by the invasive parasitic fly Philornis
downsi. The parasitic larvae of this fly feed on

blood and body tissues of the nestlings (Dudaniec
& Kleindorfer 2006, Fessl et al. 2006b, O’Connor
et al. 2010), causing significant mortality in Dar-
win’s finch chicks ranging from 16% to 100% in
some years, with strong variation within and
between host species (Cimadom et al. 2014,
reviewed in Kleindorfer & Dudaniec 2016). Fitness
loss of the hosts depends on parasite load, body
size and brood size (Dudaniec et al. 2007).
P. downsi abundance per chick decreases with
increasing brood size, indicating a parasite dilution
effect (Dudaniec et al. 2007). Compared with
other Darwin’s finches, the arboreal finches are
especially affected by P. downsi due to smaller
brood sizes. A study by Cimadom et al. (2014)
suggests that the high mortality in the Green War-
bler-Finch may also be explained by reduced food
availability due to weed management. The main
habitat of arboreal Darwin’s finches on Santa Cruz
Island is a cloud forest (Dvorak et al. 2012) that
has been heavily invaded by introduced plant spe-
cies (Renter�ıa et al. 2012). The Gal�apagos National
Park Directorate (GNPD) controls invasive plants,
leading to the temporary removal of the entire
understorey (Filek et al. 2018). One year after this
management measure, the breeding success of the
Green Warbler-Finch was significantly lower in
areas that had been controlled recently than in
areas without weed management (Cimadom et al.
2014). Cimadom et al. hypothesized that the con-
trol of invasive plants led to decreased food avail-
ability, thus reducing parents’ ability to provide
their chicks with sufficient energy (Chiverton &
Sotherton 1991, Moreby & Southway 1999, Boat-
man et al. 2004, Morris et al. 2005, Giuliano et al.
2018, Cimadom et al. 2019). An experimental
study that aimed to test whether there is an inter-
action between habitat quality and parasitism
revealed that Green Warbler-Finches were able to
compensate for parasitism when arthropod abun-
dance was high but not when arthropod abun-
dance was reduced due to control of invasive
plants. In contrast, in the Small Tree Finch, breed-
ing success was very low independent of weed
management; only about 17% of the nests with
chicks were successful, a rate considerably lower
than in the Green Warbler-Finch (53% of nests
with chicks were successful, Cimadom et al.
2019). Breeding success in the Small Tree Finch
only increased when nests were experimentally
freed from parasites (Cimadom et al. 2019), indi-
cating high virulence of P. downsi in this species.
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Moreover, Cimadom et al. (2014) found that nests
of Green Warbler-Finches and Small Tree Finches
that experienced more intensive rainfall during
chick-rearing were less likely to produce fledglings.
The authors hypothesized that parents are less
active during intense rain and/or less efficient in
foraging, which may lead to lower food provision-
ing rates. A negative influence of rain on food pro-
visioning has been found in Great Tits (Radford
et al. 2001).

Previous studies by Cimadom et al. (2014,
2019) could not explain why the breeding success
of the Small Tree Finch was consistently extremely
low between 2012 and 2014–2017 and why this
species is particularly vulnerable to P. downsi para-
sitism. The focus of the current study was to
investigate the role of food provisioning in relation
to parasitism, weed management, arthropod abun-
dance and weather condition, and thus provide a
new angle to explain variation in fitness loss due to
parasitism.

One explanation for why Cimadom et al.
(2019) found an interaction between weed man-
agement and parasitism in the Green Warbler-
Finch but not in the Small Tree Finch is that the
latter is more of a generalist, providing arthropods
and plant food (mainly seeds of the dominant
tree species Scalesia pedunculata) for their chicks
(Tebbich et al. 2004, Filek et al. 2018). As the
seeds of S. pedunculata are found in the canopy,
which is not affected by weed management, a
reduction in arthropod biomass is expected to
affect the generalist feeder less than the specialist
insectivorous species. Alternatively, arthropod
food abundance or food quality are affected by
weed management, but Small Tree Finches are
able to compensate for it by adjusting food provi-
sioning rates. Van Balen (2002) showed that
there is a trade-off between the quality and quan-
tity of food provided by the parents, and that
lower food quality (lower prey weight) results in
higher feeding frequency.

In a parasite reduction experiment, we investi-
gated whether Small Tree Finches increase food
provisioning rates when parasitized, and whether
the ability to compensate for parasitism depends
on habitat quality in areas of different weed man-
agement regimens (no management, short-term
and long-term management). We measured arthro-
pod biomass in these three areas to establish
whether food availability was still lower in the
short-term management area 2 years after the

removal of the understorey. To test the influence
of rain on food provisioning behaviour, we com-
pared food provisioning rates during rainfall and in
periods without rain.

We predicted that if Small Tree Finches com-
pensate for parasitism, parents would show higher
food provisioning rates in nests that are parasitized
than in parasite-free nests. If Small Tree Finches
are affected by arthropod biomass, we would
expect higher food provisioning rates in parasitized
nests but only in areas with higher food availabil-
ity. Additionally, we predicted that food provision-
ing rates would be reduced during rainfall.

METHODS

Study site

The data for this study were collected during the
breeding season of the Small Tree Finch from 31
January to 26 April 2017. The study was con-
ducted in a Scalesia forest located at Los Gemelos
in the highlands of Santa Cruz Island, Gal�apagos
(0°37’34”S, 90°23’10”W). Scalesia. pedunculata is
an endemic tree on the island and is the dominant
tree species in the 24.5-ha study site. Invasive
plant species such as Rubus niveus are spreading in
the understorey.

The GNPD is controlling invasive species
expansion by manually cutting down invasive
plants and subsequently applying herbicide. In the
course of a larger experimental study on the
impact of weed management on the ecosystem,
we set up three management areas that differed in
the degree and timing of invasive plant manage-
ment (Cimadom et al. 2019):

1 ‘no management’ (8 ha), an area in which no
control measures against invasive plant species
have been taken;

2 ‘long-term management’ (9.7 ha), an area in
which the GNPD started rigorous weed man-
agement by cutting down the understorey and
applying herbicides on a large scale in 2012
and thereafter followed up with localized her-
bicide applications on the invasive species’
regrowth;

3 ‘short-term management’ (6.8 ha), an area in
which the GNPD has been administering weed
management since August 2014.

In addition, a 50 9 50-m grid trail system was
developed in the understorey vegetation in the no
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management area by National Park rangers (Cima-
dom et al. 2019).

Nest monitoring and experimental
treatment

Nest monitoring took place between January and
April 2017 and followed the method of Cimadom
et al. (2014). Data on breeding outcome and para-
site abundance were part of the dataset published
in Cimadom et al. (2019). Nests of the Small Tree
Finch were monitored at regular intervals, using
behavioural observations to determine the current
breeding status: building – a male building a nest
alone, building with female – already paired male
and female building a nest together, egg-laying, in-
cubation and feeding. As soon as incubation began,
a pole-mounted endoscopic camera (dnt Findoo
3.6) was used to record clutch and brood size, as
well as the age of the chicks. With the help of
images of nestlings and dead chicks of known age,
chick age in days could be estimated for nests
where hatching date was unknown. In all
instances, parents resumed parental care activities
after we inspected the nests. We could therefore
exclude nest desertion due to filming. Nests that
produced at least one fledgling were defined as
successful nests in accordance with Cimadom et al.
(2014). Small Tree Finch chicks fledge at
14 � 2 days (Cimadom et al. 2014). If chicks
were more than 12 days old and the nest was
found empty, chicks were considered to have
fledged. Additionally, fledgling success was con-
firmed in all but one nest by observing the fledg-
lings in the nest area. After nest failure or success,
nests were collected and taken to the laboratory.
Parasite intensity (as defined in Bush et al., 1997)
was determined as the total number of P. downsi
larvae, pupae and empty puparia found per nest.

In 30 nests chosen randomly from a total of 61
nests, parasite infection was experimentally
reduced through the injection of 10 mL of a 1%
permethrin solution (PermectrinTM II) into the
nest bottom with the help of a pole-mounted syr-
inge a maximum of 3 days before or after hatch-
ing. Permethrin is non-toxic to birds and has been
shown significantly to reduce parasite load and
increase breeding success in the Small Ground
Finch and the Medium Ground Finch (Fessl et al.
2006a, Koop et al. 2013, O’Connor et al. 2014,
Knutie et al. 2016). After the treatment applica-
tion, parents returned to the nest in all instances.

Nest observations and food provisioning

For 61 Small Tree Finch nests, 121 nest observations
of 1 h each were conducted during the nestling per-
iod. The observations were carried out between
06:00 and 14:35 h in random order. The frequency
of feeding visits of females and males, males feeding
females, and females feeding chicks directly after
receiving food from the males was recorded. Feeding
events that occurred completely inside the dome-
shaped nest could not be recorded. As the Small
Tree Finch is a crop feeder, food was not visible,
and the quality and quantity of the food could not
be assessed. The expected feeding behaviour, i.e.
storing food in the crop and leaning into the nest to
regurgitate the food to the chicks, was observed.
The duration of time females spent inside the nest
was measured in minutes and was defined as the
time the female spent completely inside the nest.
As we did not have in-nest cameras, we cannot
specify the activities of the females inside the nests.
However, it is likely that the females spent their
time inside the nest brooding, preening, allopreening
or just standing erect on the nest.

A feeding visit was defined as a parent feeding
the chicks from outside the nest or half entering
the nest to feed the chicks. Parental food provi-
sioning was defined as the number of feeding visits
to chicks per hour by both the male and the
female. Male effort was defined as the sum of
feeding visits of males, male feeding the female,
and female feeding chicks directly after receiving
food of the male per hour. Female effort was
defined as the number of feeding visits of females
per hour.

When possible, first observations were con-
ducted at an early chick age (approximately 2 days
old) and a second observation was carried out at
chick age of 4 or 5 days. A second observation
could not be conducted for all nests due to early
nest failure. For 15 nests, we made a third 1-h
observation during rainfall. Rain and non-rain nest
observations occurred randomly in order.

Sampling of arthropod biomass

Data on arthropod biomass were collected from a
study on the impact of weed management on the
breeding success of Darwin’s finches (Cimadom
et al. 2019) from 2015 to 2017. For the present
study, we re-analysed the arthropod data from
2017.
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We sampled arthropod biomass in the canopy,
understorey and tree trunk moss, as Small Tree
Finches mainly use these three micro-habitats for
foraging (Filek et al. 2018). Canopy samples were
extracted by branch-clipping, and arthropods
within the moss were collected from the same
trees from which the corresponding canopy sam-
ples were taken (for all details see Cimadom et al.
2019). The understorey samples were taken along
a 5-m-long crosscut with a buffer of 1 m width in
each direction, amounting to a total area of 10 m2.
Arthropods discovered on vegetation of up to
1.7 m above ground were collected by visually
searching or manual extraction, or by means of an
aspirator for 15 min by one person. In each of the
three study areas (no management, long-term
management and short-term management), a
canopy, understorey and moss sample were col-
lected from 10 randomly selected sampling points
in February and April of 2017. In total, 60 samples
were taken.

All collected arthropods were identified to
order, and their body length was measured (accu-
racy: � 0.5 mm). We only considered Lepi-
doptera, Coleoptera, Orthoptera, Hymenoptera,
Hemiptera, Diptera and Arachnida in analyses, as
they represent the main food source for the Small
Tree Finch (Filek et al. 2018). We calculated the
dry weight for all sampled specimens of the rele-
vant orders using specific length–weight regressions
for each order (for details see Cimadom et al.
2019). Finally, we standardized the arthropod bio-
mass per sampled canopy or moss plant material.
Total arthropod biomass per sample was divided
by the dry mass of the corresponding sampled
plant material (mg arthropods/g plant material).
As it was not feasible to collect the understorey
vegetation, understorey samples were not stan-
dardized for the quantity of sampled vegetation.

Statistical analyses

For all models, only observations of nests with
chicks at the age of 6 days or younger were used
and observations of nests with missing data were
excluded. This resulted in a sample size of 59
nests and 100 observations of nests for the parental
food provisioning model as well as the male effort
model and the female duration inside the nest
model. For the female effort model, the sample
size was 59 nests and 99 observations of nests. For
the breeding success model, we used 57 nests and

97 observations of nests. All statistical analyses
were calculated with R, version 3.3.1 (R Core
Team 2016), within R STUDIO, version 1.1.456
(R Studio Team 2016), using the packages lme4
(Bates et al. 2015) and MuMin (Barton 2016).

Parental effort
To analyse the relationship between parental food
provisioning and influencing factors, we calculated
a generalized linear mixed model (GLMM) with
Poisson error structure and individual nest as
a random effect (random intercept). For fixed
effects, we used management area, treatment, the
interaction of management area * treatment, age of
chicks at observation, number of chicks and rain
(yes/no). Additional GLMMs (family Poisson) with
individual nest as a random effect (random inter-
cept) were performed to analyse the effect of man-
agement area, treatment, the interaction of
management area * treatment, age of chicks at
observation, number of chicks and rain on male
and female effort separately. We did not include
an interaction term treatment * rain in the models
as it made them less stable because of limited sam-
ple size of observations under rainy conditions.

To investigate the relationship between female
duration inside the nest and influencing factors, we
calculated a linear mixed model (LMM) with indi-
vidual nest as a random effect (random intercept).
As fixed effects, we used treatment, rain, age of
chicks at observation and number of chicks.

For each of the above-described models, a set of
models containing no factors (null model), single
factors or all possible combinations of factors was
calculated. All models within a set were ranked
according to their Akaike information criterion
with adjustment for small sample size (AICc).
Models with a delta-AICc < 2.0 from the top
ranked model were used to calculate model-aver-
aged estimates (full average), standard errors and
95% confidence intervals for each factor (Burnham
& Anderson 2002). Model averaged predicted val-
ues for each set of observed values of the indepen-
dent variables were used for graphical
presentation.

Breeding success
To test how management area, P. downsi treat-
ment and parental food provisioning influence
breeding success, we first calculated a GLMM
(Poisson error structure) with parental food provi-
sioning as a dependent variable, where rain, age of
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chicks at observation and number of chicks were
considered fixed effects and individual nest a ran-
dom effect (random intercept). We then used the
Pearson residuals of this model (feeding rate resid-
uals) as a predictor in the breeding success model.
For nests with more than one observation, we used
the mean of the respective feeding rate residuals.
For the breeding success (yes/no) model, we con-
structed a GLM (binomial family and logit link
function) and used management area, treatment
and feeding rate residuals as fixed effects. The sig-
nificance of individual model terms was tested
with Type II tests using the ANOVA procedure in
the car package (Fox & Weisberg 2011).

Philornis abundance
To test whether the permethrin treatment reduced
the parasite numbers in the nests and whether para-
site abundance differed between management areas,
we calculated a GLM with negative binomial error
structure (because of overdispersion), with the num-
ber of P. downsi as the dependent variable and man-
agement area and treatment as fixed effects. We
also included age of chicks at failure or fledgling as a
co-variable, as it was shown that parasite number
increases with chick age (Cimadom et al. 2019).
The significance of individual model terms was
tested with Type II tests using the ANOVA proce-
dure in the car package (Fox & Weisberg 2011).

Arthropod biomass
To test for differences in arthropod biomass among
the areas, we calculated separate LMMs for the
canopy, understorey and moss samples. We
applied a log(x + 1) transformation to fulfil the
criterion of normally distributed residuals. Manage-
ment area was considered a fixed effect, and indi-
vidual sampling points were entered as random
effects (random intercept). P-values were obtained
by likelihood-ratio tests of the full model against
the null-model without the effect in question.

RESULTS

Parental food provisioning

All top models investigating parental food provision-
ing included the factors age of chicks and rain (rela-
tive variable importance = 1.00); none included the
factor management area or the interaction term
management area * treatment. Parental food provi-
sioning increased with age of chicks (Table 1, Fig. 1)

and was lower during rainy periods (Table 1,
Fig. 1). The number of chicks being provisioned
gained moderate importance in the models (relative
variable importance = 0.36; Table 1). Treatment
received only weak support (relative variable impor-
tance = 0.20; Table 1, Fig. 2).

Male effort

All top models investigating male effort included the
factor rain (relative variable importance = 1.00).
Male effort was lower during rainy periods (Table 1).
Management area also showed strong importance
(relative variable importance = 0.85). Male effort
was higher in the short-term management area than
in the long-term and no management areas (Table 1,
Fig. 3). Treatment, the interaction of management
area * treatment, age of chicks and number of chicks
received very weak support in the models (relative
variable importance = 0.39, 0.23, 0.11 and 0.10,
respectively; Table 1).

Female effort

All top models investigating female effort included
the factors age of chicks and rain (relative variable
importance = 1.00) and none of the models
included the interaction term management area *
treatment. Female effort increased with age of
chicks and was reduced during rainy periods
(Table 1). Number of chicks, treatment and man-
agement area were all of low importance in the
models (relative variable importance = 0.28, 0.17
and 0.15, respectively; Table 1).

Duration of females inside the nest

All top models investigating the duration of the
female inside the nest included the factor age of
chicks and treatment (relative variable impor-
tance = 1.00). The time females spent inside the
nest decreased with age of the chicks and was
higher in untreated nests (time spent in nests,
mean � se: untreated 30 � 3 min; treated
23 � 3 min; Table 1). Rain and number of chicks
received very weak support in the models (relative
variable importance = 0.31 and 0.19; Table 1).

Nest success

Treatment had a significant influence on breeding
success (v2 = 6.05, P < 0.014), whereas
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management area (v2 = 0.80, P = 0.669) and feed-
ing rate residuals (v2 = 0.18, P = 0.668) had no
significant influence. Treated nests had significantly
higher breeding success than untreated nests.

Parasite treatment and management
areas

Treated nests (median = 0, range = 0–59) had a
significantly lower total number of P. downsi than

untreated nests (median = 28, range = 0–86,
v2 = 9.62, df = 1, P = 0.002). Therefore, it can be
assumed that the permethrin treatment was effec-
tive even when treatment was applied at different
dates around the chick-hatching date. There was no
difference in parasite abundance between the three
different management areas (no management:
median = 36, range = 0–86, n = 9; short-term man-
agement: median = 20.5, range = 0–58, n = 8;
long-term management: median = 30, range = 0–

Table 1. Outcomes from the model selection procedure using a subset of models with DAICc < 2.0 (see Table 2), showing relative
variable importance, factor estimates � standard errors (b � se) and 95% confidence intervals (95% CI).

Dependent
variable Factors

Relative
variable
importance b � se 95% CI

Parental food
provisioning

(Intercept) 0.66 � 0.24 0.179–1.135
Age of chicks 1.00 0.10 � 0.04 0.027–0.181
Rain 1.00 –1.02 � 0.33 –1.668 to –0.372
Number of chicks 0.36 0.04 � 0.07 –0.100 to 0.178
Treatment 0.20 0.02 � 0.07 �0.113 to 0.153

Male effort (Intercept) 0.68 � 0.19 0.310–1.053
Rain 1.00 �0.63 � 0.29 �1.212 to �0.053
Management area 0.85

Long-term management – short-term
management

0.40 � 0.28 �0.143 to 0.941

Long-term management – no management 0.20 � 0.24 �0.270 to 0.661
Short-term management – no management �0.20 � 0.21 �0.610 to 0.204

Treatment 0.39 �0.04 � 0.20 �0.336 to 0.426
Management area: treatment 0.23
Long-term management: treated – short-term
management: treated

�0.17 � 0.33 �0.822 to 0.492

Long-term management: treated – no
management: treated

�0.14 � 0.31 �0.749 to 0.473

Short-term management: treated – no
management: treated

�0.20 � 0.21 �0.333 to 0.387

Age of chicks 0.11 �0.004 � 0.02 �0.042 to 0.034
Number of chicks 0.10 �0.005 � 0.03 �0.067 to 0.057

Female effort (Intercept) �0.11 � 0.32 �0.755 to 0.525
Age of chicks 1.00 0.14 � 0.05 0.033–0.251
Rain 1.00 �1.27 � 0.51 �2.282 to �0.252
Number of chicks 0.28 0.04 � 0.09 �0.132 to 0.212
Management area 0.17
Long-term management – short-term
management

�0.02 � 0.10 �0.215 to 0.165

Long-term management – no management 0.04 � 0.12 �0.195 to 0.270
Short-term management – no management 0.06 � 0.16 �0.260 to 0.385
Treatment 0.15 0.01 � 0.07 �0.161 to 0.199

Female duration
in nest

(Intercept) 44.90 � 4.33 36.321–53.474
Age of chicks 1.00 �4.55 � 0.92 �6.385 to �2.714
Treatment 1.00 �6.58 � 2.92 �12.370 to �0.781
Rain 0.31 1.68 � 3.62 �5.461 to 8.823
Number of chicks 0.19 �0.21 � 0.93 �2.055 to 1.638

Only factors that were included in the model averaging procedure are shown in the table.
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69, n = 12; v2 = 5.05, df = 2, P = 0.08). Parasite
abundance was independent of chick age at failure
or fledging (v2 = 0.01, df = 1, P = 0.91). The num-
ber of chicks did not differ between the three areas
(Kruskal–Wallis test: H = 1.97, df = 2, P = 0.37,

no management: median = 2, range = 1–3, n = 18;
short-term management: median = 2, range = 1–4,
n = 22; long-term management: median = 3,
range = 1–4, n = 21).

Arthropod biomass

There was no significant difference in arthropod
biomass among the three management areas in any
of the three sampled strata (canopy: v2 = 4.30,
df = 2, P = 0.12; moss: v2 = 3.20, df = 2, P = 0.20;
understorey: v2 = 0.03, df = 2, P = 0.98; Fig. 4).

DISCUSSION

Effect of parasitism on parental food
provisioning and brooding

We have not found any evidence that parents
compensate with increased parental food provi-
sioning rates when parasitized with P. downsi.
Treatment reduced the intensity of parasitic flies
in the nests; however, treatment had no effect on
parental provisioning rates. This result is consistent
with findings of similar studies on Medium
Ground Finches and Small Ground Finches
(O’Connor et al. 2014, Knutie et al. 2016), in
which parasitism did not affect feeding frequencies
of parents.

Table 2. Model selection procedure based on DAICc and
Akaike weight (x) for each calculated model.

Dependent
variable Fixed effects AICc

D
AICc x

Parental food
provisioning

A + R 385.56 0.00 0.44
A + R + N 385.95 0.39 0.36
A + R + T 387.10 1.54 0.20

Male effort R + Ma 339.07 0.00 0.25
R + Ma + T + Ma:T 339.22 0.15 0.23
R + Ma + T 340.07 1.00 0.15
R 340.10 1.03 0.15
R + Ma + A 340.66 1.59 0.11
R + Ma + N 340.99 1.92 0.10

Female effort A + R 308.38 0.00 0.40
A + R + N 309.05 0.67 0.28
A + R + Ma 310.09 1.71 0.17
A + R + T 310.35 1.97 0.15

Female duration
in nest

A + T 822.90 0.00 0.50
A + T + R 823.85 0.95 0.31
A + T + N 824.83 1.93 0.19

In the analysis, management area (Ma), treatment (T), rain
observation (R), age of chicks (A) and number of chicks (N)
were entered as fixed effects. Only models with a DAICc < 2.0
are shown for each analysis.
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Figure 1. Parental food provisioning per hour dependent on chick age (in days) during dry hours (black) and rainy hours (grey,
n = 100). Values represent model-averaged predicted values of observed values of the independent variables.
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We did find that females spent a greater
amount of time in parasitized nests. Fessl et al.
(2006a) showed that parasitized chicks are devel-
opmentally delayed, which could have caused
extended brooding, but we did not measure
whether chicks were less developed in parasitized
nests. Females could regard the inactivity of the
chicks caused by energy loss due to parasites

(Morrison & Johnson 2002) or begging intensity as
an indicator for the developmental stage of the
chicks. This result contrasts with studies on Gala-
pagos Mockingbirds (Knutie et al. 2016) and Med-
ium Ground Finches (Koop et al. 2013). In both
latter species, females spent less time brooding
their chicks in parasitized nests. Koop et al. (2013)
revealed with the help of in-nest cameras that
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Figure 2. Parental food provisioning per hour at nests with permethrin treatment and nests without permethrin treatment (n = 100).
Values represent model-averaged predicted values of observed values of the independent variables.
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Figure 3. Male effort per hour dependent on the weed management (long-term management, short-term management, no manage-
ment, n = 100). Values represent model-averaged predicted values of observed values of the independent variables.
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female Medium Ground Finches attempted to
avoid contact with the parasite by spending more
time standing erect in the nest. We did not use in-
nest cameras and therefore cannot say if females
spent the time brooding or standing erect in the
nest.

Effect of weed management and
Philornis treatment on parental food
provision

We tested the hypothesis that parents may not be
able to increase food provisioning rates due to
food limitation by comparing feeding frequencies
in three areas with different weed management
practices and their interaction with Philornis treat-
ment. We found no difference in parental food
provisioning among the three management areas
and no interaction with Philornis treatment. One
explanation for the above result is that we did
not find a difference in arthropod biomass among
the three different management areas. Weed man-
agement led to reduced arthropod biomass in
areas with recent (< 2 years) weed management
(Cimadom et al. 2019). In our study, initial weed
management had been conducted more than
2 years before data collection, which could
explain our negative result. However, we found
increased male effort in the short-term manage-
ment area but no increase in breeding success.
One explanation for these results is that in the
short-term management area, food quality was
lower and males were able to compensate for it
by increasing food provisioning rates. In a previ-
ous study we found that removal of the under-
storey resulted in lower arthropod species richness
1 year after treatment (P. Schmidt Y�a~nez diploma
thesis, University of G€ottingen), and it is possible
that the effect on arthropod species composition
is more enduring than the effect on arthropod
abundance. For example, Great Tits compensate
for lower food quality (lower prey weight) by
increasing feeding frequency (Van Balen 2002). In
the crop-feeding Small Tree Finch, we were
unable to assess the quantity and the quality of
the food delivered by the parents. Using different
methodological approaches such as stable isotope
analysis of the chicks’ blood could help to detect
differences in food quality. The relative variable
importance of the interaction between weed man-
agement and Philornis treatment in the male
effort model was low, and thus there is no

indication that increased food provisioning rates
compensate for parasitism.

Interestingly, the effect of the management area
was not found in the female effort model. In the
Black-capped Chickadee Poecile atricapillus, males
alone provide food in the earlier stage of the nest-
ling period and females tend to brood the chicks
(Smith 1997). Therefore, the effects of low food
quality may be better reflected in the male effort
than in the female effort. A study on Great Tits
found that only males increased the feeding fre-
quencies in parasitized nests, suggesting that males
invest more in the current brood rather than in
future reproduction compared with females
(Christe et al. 1996).

Effect of rain on parental food
provisioning

In accordance with our prediction, we found that
rain had a negative effect on the food provisioning
frequency for both males and females. This con-
trasts with findings in Great Tits, where only
females reduced their feeding rates during rain due
to increased brooding activities, while male feeding
rates stayed the same (Radford et al. 2001). We
can think of two possible explanations for why
both sexes of the Small Tree Finch reduced their
feeding visits: (1) birds reduced their foraging
behaviour during rain because of the direct effect
of the rain or (2) they are still foraging, but they
are less efficient because insect activity is reduced
due to heavy rain. More detailed observations of
foraging behaviour are needed to distinguish
between these two potential explanations, but
both lead to a decreased number of feeding events
and can explain the negative effects of rain on
breeding success found by Cimadom et al. (2014).

CONCLUSIONS

Our results suggest that Small Tree Finches cannot
compensate for parasitism but may be able to
compensate for reduced food availability or qual-
ity. The increased effort of males in the short-term
management area indicates that although arthro-
pod abundance recovers 2 years after manage-
ment, species composition may not, and that
removal of the understorey leads to a long-term
reduction in habitat quality. The management
applied by the National Park is currently the only
available method to combat the invasive R. niveus
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and conserve the Scalesia forest until biological
control methods become available (J€ager et al.
2017, Cimadom et al. 2019). To reduce the detri-
mental impact on Small Tree Finch reproduction,
we would suggest that invasive species manage-
ment should be conducted sequentially at a smal-
ler scale in order to preserve sufficient suitable
breeding habitat.
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bottom of the birds’ nests) was granted by the
Gal�apagos National Park Directorate and the Charles
Darwin Research Station (Permit number: PC-02-17).
All other parts of the study were purely descriptive,
strictly non-invasive and based exclusively on beha-
vioural observations, and thus are classified as non-ani-
mal experiments in accordance with the Austrian
Animal Experiments Act (§ 2. Federal Law Gazette No.
501/1989). Logistical support for the project was pro-
vided by the Charles Darwin Station. We would like to
thank L. Bonifacio, W. I~niguez, P. Schmidt Y�a~nez and J.
Zarfl for their field assistance. The study was financially
supported by the FWF (P 26556-B22) and by the short-
term grant abroad offered by the University of Vienna.
This publication is contribution number 2328 of the
Charles Darwin Foundation for the Gal�apagos Islands.

AUTHOR CONTRIBUTIONS

EH, AC and ST conceived and designed the study.
EH, AC and CW conducted the fieldwork. EH
and AC analysed the data. EH, AC and ST wrote
the paper.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study
are openly available in ‘Phaidra’ at https://phaidra.
univie.ac.at/o:1078981.

REFERENCES

Agrawal, A.A., Laforsch, C. & Tollrian, R. 1999.
Transgenerational induction of defences in animals and
plants. Nature 401: 60.

Balen, J.H.V. 2002. A comparative study of the breeding
ecology of the Great Tit Parus major in different habitats.
Ardea 55: 1–93.

Barton, K. 2016. MuMIn: Multi-Model Inference. R package
version 1.15.6.

Bates, D., M€achler, M., Bolker, B. & Walker, S. 2015. Fitting
linear mixed-effects models using lme4. J. Stat. Softw. 67:
1–48.

Boatman, N.D., Brickle, N.W., Hart, J.D., Milsom, T.P.,
Morris, A.J., Murray, A.W.A., Murray, K.A. & Robertson,

P.A. 2004. Evidence for the indirect effects of pesticides on
farmland birds. Ibis 146: 131–143.

Burnham, K. & Anderson, D. 2002. Model Selection and
Multimodel Inference: A Practical Information-theoretic
Approach, 2nd edn. New York, NY: Springer.

Bush, A.O., Lafferty, K.D., Lotz, J.M., Shostak, A.W. 1997.
Parasitology meets ecology on its own terms: Margolis et al
revisited. J. Parasitol. 83: 575–583.

Chiverton, P.A. & Sotherton, N.W. 1991. The effects of
beneficial arthropods of the exclusion of herbicides from
cereal crop edges. J. Appl. Ecol. 28: 1027–1039.

Christe, P., Richner, H. & Oppliger, A. 1996. Begging, food
provisioning, and nestling competition in Great Tit broods
infested with ectoparasites. Behav. Ecol. 7: 127–131.

Cimadom, A., Ulloa, A., Meidl, P., Z€ottl, M., Z€ottl, E., Fessl,
B., Nemeth, E., Dvorak, M., Cunninghame, F. & Tebbich,
S. 2014. Invasive parasites, habitat change and heavy
rainfall reduce breeding success in Darwin’s Finches. PLoS
ONE 9: e107518.

Cimadom, A., J€ager, H., Schulze, C.H., Hood-Nowotny, R.,
Wappl, C. & Tebbich, S. 2019. Weed management
increases the detrimental effect of an invasive parasite on
arboreal Darwin’s finches. Biol. Conserv. 233: 93–101.

Clayton, D.H. & Moore, J. (eds) 1997. Host-parasite
Evolution: General Principles and Avian Models. Oxford:
Oxford University Press. Available at: http://agris.fao.org/
agris-search/search.do?recordID=XF2015046435.

Darolov�a, A., Hoi, H. & Schleicher, B. 1997. The effect of
ectoparasite nest load on the breeding biology of the
Penduline Tit Remiz pendulinus. Ibis 139: 115–120.

Dudaniec, R.Y. & Kleindorfer, S. 2006. Effects of the
parasitic flies of the genus Philornis (Diptera: Muscidae) on
birds. Emu Austral. Ornithol. 106: 13–20.

Dudaniec, R.Y., Fessl, B. & Kleindorfer, S. 2007.
Interannual and interspecific variation in intensity of the
parasitic fly, Philornis downsi, in Darwin’s finches. Biol.
Conserv. 139: 325–332.

Dvorak, M., Fessl, B., Nemeth, E., Kleindorfer, S. & Tebbich,
S. 2012. Distribution and abundance of Darwin’s finches and
other land birds on Santa Cruz Island, Gal�apagos: evidence
for declining populations. Oryx 46: 78–86.

Fessl, B., Kleindorfer, S. & Tebbich, S. 2006a. An
experimental study on the effects of an introduced parasite
in Darwin’s finches. Biol. Conserv. 127: 55–61.

Fessl, B., Sinclair, B.J. & Kleindorfer, S. 2006b. The life-
cycle of Philornis downsi (Diptera: Muscidae) parasitizing
Darwin’s finches and its impacts on nestling survival.
Parasitology 133: 739–747.

Filek, N., Cimadom, A., Schulze, C.H., J€ager, H. & Tebbich,
S. 2018. The impact of invasive plant management on the
foraging ecology of the Warbler Finch (Certhidea olivacea)
and the Small Tree Finch (Camarhynchus parvulus) on
Gal�apagos. J. Ornithol. 159: 129–140.

Fox, J. & Weisberg, S. 2011. An R Companion to Applied
Regression. Newbury Park, CA: SAGE Publications.

Giuliano, D., Cardarelli, E. & Bogliani, G. 2018. Grass
management intensity affects butterfly and orthopteran
diversity on rice field banks. Agric. Ecosyst. Environ. 267:
147–155.

Hollander, F.A., Titeux, N., Walsdorff, T., Martinage, A. &
Van Dyck, H. 2015. Arthropods and novel bird habitats: do
clear-cuts in spruce plantations provide similar food

© 2020 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

148 E. Heyer et al.

https://phaidra.univie.ac.at/o:1078981
https://phaidra.univie.ac.at/o:1078981
http://agris.fao.org/agris-search/search.do?recordID=XF2015046435
http://agris.fao.org/agris-search/search.do?recordID=XF2015046435


resources for insectivorous birds compared with farmland
habitats? J. Insect Conserv. 19: 1011–1020.

Hurtrez-Bouss�es, S., Blondel, J., Perret, P., Fabreguettes,
J. & Renaud, F.R. 1998. Chick parasitism by blowflies
affects feeding rates in a Mediterranean population of Blue
Tits. Ecol. Lett. 1: 17–20.

J€ager, H., Buchholz, S., Cimadom, A., Tebbich, S.,
Rodr�ıguez, J., Barrera, D., Walentowitz, A., Breuer, M.,
Carri�on, A., Sevilla, C. & Causton, C. 2017. Restoration of
the blackberry-invaded Scalesia forest: impacts on the
vegetation, invertebrates, and birds. Galapagos Rep. 2015–
2016: 142–148.

Johnson, L.S. & Albrecht, D.J. 1993. Effects of
Haematophagous ectoparasites on nestling House Wrens,
Troglodytes aedon: who pays the cost of parasitism? Oikos
66: 255–262.

Kleindorfer, S. & Dudaniec, R.Y. 2016. Host-parasite
ecology, behavior and genetics: a review of the introduced
fly parasite Philornis downsi and its Darwin’s finch hosts.
BMC Zool. 1: 1.

Knutie, S.A., Owen, J.P., McNew, S.M., Bartlow, A.W.,
Arriero, E., Herman, J.M., DiBlasi, E., Thompson, M.,
Koop, J.A.H. & Clayton, D.H. 2016. Gal�apagos
mockingbirds tolerate introduced parasites that affect
Darwin’s finches. Ecology 97: 940–950.

Koop, J.A.H., Owen, J.P., Knutie, S.A., Aguilar, M.A. &
Clayton, D.H. 2013. Experimental demonstration of a
parasite-induced immune response in wild birds: Darwin’s
finches and introduced nest flies. Ecol. Evol. 3: 2514–2523.

Lehmann, T. 1993. Ectoparasites: direct impact on host
fitness. Parasitol. Today 9: 8–13.

Lemoine, M., Doligez, B., Passerault, M. & Richner, H.
2011. Influence of host profitability and microenvironmental
conditions on parasite specialization on a main and an
alternative hosts. J. Evol. Biol. 24: 1212–1225.

Loye, J.E. & Zuk, M. (eds) 1991. Bird-parasite interactions:
ecology, evolution and behaviour. In Bird-Parasite
Interactions: Ecology, Evolution and Behaviour: 222–241.
Oxford: Oxford University Press. Retrieved from https://jmie.
pure.elsevier.com/en/publications/bird-parasite-interactions-
ecology-evolution-and-behaviour-2

Mason, E.A. 1944. Parasitism by Protocalliphora and
management of cavity-nesting birds. J. Wildl. Manage. 8:
232–247.

McNew, S.M., Knutie, S.A., Goodman, G.B.,
Theodosopoulos, A., Saulsberry, A., Y�epez, R.J., Bush,
S.E. & Clayton, D.H. 2019. Annual environmental variation
influences host tolerance to parasites. Proc. R. Soc. B 286:
20190049.

Moreby, S.J. & Southway, S.E. 1999. Influence of autumn
applied herbicides on summer and autumn food available to

birds in winter wheat fields in southern England. Agric.
Ecosyst. Environ. 72: 285–297.

Morris, A.J., Wilson, J.D., Whittingham, M.J. & Bradbury,
R.B. 2005. Indirect effects of pesticides on breeding
Yellowhammer (Emberiza citrinella). Agric. Ecosyst. Environ.
106: 1–16.

Morrison, B.L. & Johnson, L.S. 2002. Feeding of House
Wren nestlings afflicted by hematophagous ectoparasites: a
test of the parental compensation hypothesis. Condor 104:
183–187.

O’Connor, J.A., Sulloway, F.J., Robertson, J. &
Kleindorfer, S. 2010. Philornis downsi parasitism is the
primary cause of nestling mortality in the critically
endangered Darwin’s Medium Tree Finch (Camarhynchus
pauper). Biodiver. Conserv. 19: 853–866.

O’Connor, J.A., Robertson, J. & Kleindorfer, S. 2014.
Darwin’s finch begging intensity does not honestly signal
need in parasitised nests. Ethology 120: 228–237.

Price, P.W. 1980. Evolutionary Biology of Parasites, Vol. 15.
Princeton: Princeton University Press.

R Core Team 2016. R: A Language and Environment for
Statistical Computing. Vienna: R Foundation for Statistical
Computing. Available at: https://www.R-project.org/.

R Studio Team 2016. RStudio: Integrated Development
Environment for R. Boston: R Studio Inc. Available at: http://
www.rstudio.org/.

Radford, A.N., McCleery, R.H., Woodburn, R.J.W. &
Morecroft, M.D. 2001. Activity patterns of parent Great Tits
Parus major feeding their young during rainfall. Bird Study
48: 214–220.

Renter�ıa, J.L., Gardener, M.R., Panetta, F.D., Atkinson, R.
& Crawley, M.J. 2012. Possible impacts of the invasive
plant Rubus niveus on the native vegetation of the Scalesia
forest in the Galapagos Islands. PLoS ONE 7: e48106.

Smith, S.M. 1997. Black-Capped Chickadee. Mechanicsburg:
Stackpole Books.

Tebbich, S., Taborsky, M., Fessl, B., Dvorak, M. & Winkler,
H. 2004. Feeding behavior of four arboreal Darwin’s finches:
adaptations to spatial and seasonal variability. Condor 106:
95–105.

Tripet, F. & Richner, H. 1997. Host responses to
ectoparasites: food compensation by parent Blue Tits. Oikos
78: 557–561.

Tschirren, B., Siitari, H., Saladin, V. & Richner, H. 2009.
Transgenerational immunity in a bird–ectoparasite system:
do maternally transferred antibodies affect parasite fecundity
or the offspring’s susceptibility to fleas? Ibis 151: 160–170.

Received 10 January 2019;
revision accepted 28 April 2020.
Associate Editor: Sarah Burthe.

© 2020 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

Parental care in the Small Tree Finch 149

https://jmie.pure.elsevier.com/en/publications/bird-parasite-interactions-ecology-evolution-and-behaviour-2
https://jmie.pure.elsevier.com/en/publications/bird-parasite-interactions-ecology-evolution-and-behaviour-2
https://jmie.pure.elsevier.com/en/publications/bird-parasite-interactions-ecology-evolution-and-behaviour-2
https://www.R-project.org/
http://www.rstudio.org/
http://www.rstudio.org/

