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Abstract

Seabirds are extreme examples of income breeders whereby chick growth is entirely dependent
on the foraging skills of the parents and the availability of food. It has consequently been
proposed that prey availability can be assessed by examining chick growth rates. For this to be
verified, studies need to compare chick growth with a parental ‘Catch per Unit Effort’ (CPUE)
metric as a measure of prey abundance. However, there is limited research on how CPUE
affects chick growth and what it might mean in terms of parental quality and food abundance.
I examined chick growth in Magellanic penguins (Spheniscus magellanicus) and compared it
to CPUE using animal-attached accelerometer metrics assuming prey capture and time spent
underwater as effort and showed that there is no significant relationship between CPUE and
chick growth rates, in part due to high inter-individual variability. However, the growth rate of
chicks was significantly affected by both the number of chicks within the nest (one and two
chicks) and by the year (2015 and 2016), with the highest rate of growth in one-chick broods
in 2016 (73.9 g/day) and the lowest in two-chick broods in 2015 (32.8 g/day). Variability of
growth rates and CPUE can be caused by the size and species of prey that penguins catch during
a foraging trip, whether the birds choose to allocate food accrued to themselves or their chicks,
where and when the prey are found, and on prey aggregation size. Variability of food delivery
on a day-to-day basis can cause misrepresented relationships between CPUE and chick growth
rate. Therefore, chick growth rate and CPUE should be used with careful consideration as
proxies for prey abundance in the area.

Keywords: Income breeder, CPUE, VeDBA, Prey capture, Foraging ability, Parental quality,
Seabird, Food abundance, Variability



Lay summary

Animals which care for their young need an effective transfer of food between parents and offspring,
which is achieved by them being either capital or income breeders. Seabirds are income breeders as
food is collected by the parents during foraging trips and is fed directly to the chicks, rather than being
stored as fat or milk. Chick growth and survival is thus entirely dependent on food availability and the
parent’s ability to catch prey. Determination of bird success at acquiring prey can help us understand
the impact of food availability on seabird populations and how they respond to environmental change.
However, because many seabirds feed underwater and far from land, it is difficult to assess foraging
success. As chicks rely entirely on provided food to grow, it has been suggested that prey availability
can be monitored using chick growth because fast growing chicks are assumed to have been fed lots of
food and vice versa. To see if chick growth can be used to tell us about prey availability, I needed to
see whether parents successful at foraging also have chicks with high growth. I used data from a
Magellanic penguin (Spheniscus magellanicus) colony in Argentina where foraging of parent birds was
monitored with animal-attached tags recording time and acceleration. ‘Catch per Unit Effort” (CPUE)
was used to assess the parents’ foraging success by dividing the total prey caught by the total time spent
underwater (a single prey capture event was identified by a sudden increase in acceleration). The chicks
were weighed every two days from the day they hatched, up to 25 days old to see how much weight
they gained (or lost) per day (growth rate). The CPUE and growth rate were analysed along with the
total prey caught by the parent in one foraging trip. This showed that CPUE and the total catch had no
effect on chick growth rate, mainly because there was huge variability in how successful parents were.
This may be due to the different size and species of prey caught (not indicated by the tags), whether the
parents are lucky enough to find a good patch of prey, if they travelled in the right direction to find
prey, or whether they fed for themselves or chose to feed their chicks. This changing rate of food
delivery indicates a constant change of prey availability and accessibility, which can cause low or
decreased growth rates even if, on average, the parents bring back lots of food in a short time. As there
are many factors affecting the foraging performance of the parents, even if food is abundant, chick
growth should be used with careful consideration as an indicator of prey abundance. This research is
important as it has highlighted future and better ways of monitoring prey abundance using chick growth
which can be useful to help with the conservation of seabird species in terms of their supply of food.
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Figure 1. An example of the study’s methodology including a summary of the outcome of the study
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Definition of Abbreviations

CPUE - “Catch per Unit Effort’
e The indirect measurement of the abundance of prey caught by the penguin

e CPUE = Total prey caught / Total time spent underwater (h)

PPCE — Putative prey capture event

e An assumed capture of a single item of prey by the penguin

DBA — Dynamic Body Acceleration
e Uses tri-axial accelerometers to detect overall body acceleration to deem energy

expenditure of the animal from muscle contraction

VeDBA — Vectorial Dynamic Body Acceleration
e A proxy for energy expenditure derived from an approach that uses DBA to
quantify the vibrance of animal movement, normally due to movement of the

limbs

12



1 Introduction

The life history of animals shows that an effective energy and matter transfer between parents
and progeny is vitally important to the fitness and survival of the population (Giordano et al.,
2014; Jonsson, 1997; Roff, 2002). For this, animals are often deemed to be capital or income
breeders (Houston et al., 2006; Stephens et al., 2009). Capital breeders are species which store
energy as body reserves which are used for reproduction later on (Crocker et al., 2001; Lourdais
etal., 2015; Madsen and Shine, 1999). This is seen in female elephant seals (Mirounga leonine)
where they store reserves prior to birth, after which they supply their offspring with milk for
weeks of their initial growth despite not feeding (Crocker et al., 2001; Oosthuizen et al., 2019).
Income breeders, such as the European roe deer (Capreolus capreolus) (Andersen et al., 2000),
effectively transfer nutrients using current energetic income directly from the environment
(Sainmont et al., 2015). In mammals, this may still take the form of lactating, although in
income breeders, body reserves of the lactating females are considered minimal (e.g. Antarctic
fur seal (Arctocephalus gazella)) (Boyd, 2003).

Birds are known to be an extreme example of income breeders, such as the rockhopper
penguin (Eudyptes chrysocome) and common diving petrels (Pelecanoides urinatrix), where
the young are provisioned by the parents and the food accumulated during foraging trips is
transferred directly from the environment to the brood (Chastel et al., 1995; Hull et al., 2004)
without passing as milk, an exception being pigeons where both parents regurgitate milk from
their crops, an organ which produces pigeon milk, in addition to storing food (Gillespie et al.,
2011; Luo et al., 2017). For birds, this means that chick growth is entirely dependent on the
foraging skills of the parents and the availability of the food (Drent and Daan, 1980; Jonsson,
1997). In this, it is notable that the closer and more abundant the food is to the nest, the less
energy and time the parents have to invest to acquire it, generally resulting in increased
provisioning rates, increasing the chicks chance of survival (Green et al., 2007; Sherley et al.,
2013).

Seabirds must cope with a heterogenous environment in which prey abundance and
availability vary greatly across temporal and spatial scales due to abiotic (e.g. frontal systems,
upwelling) and biotic factors (e.g. fisheries) (Hennicke and Culik, 2005; Ramirez et al., 2014;
Weimerskirch, 2007). Workers examining seabird populations have identified that prey
availability can impact seabird survival, especially during breeding seasons, when central
placed foraging limitations are present (Crawford et al., 2006; Orians and Pearson, 1979), and

acquiring the right amount of food at the time the chicks hatch is critical (Saraux et al., 2012).
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Indeed, it has been suggested that identifying prey capture events can help us understand the
impact of food availability on seabird populations and their response to environmental change
(Carroll et al., 2018). However, it is particularly challenging to assess foraging success in
seabirds as they often feed underwater and far from land (Petersen et al., 2006; Thaxter et al.,
2012). Noting the assumed link between prey abundance and seabird reproductive performance
(Crawford et al., 2006; Sherley et al., 2013), it has been proposed that prey availability can be
assessed through looking at chick growth rates (Williams and Croxall, 1990). If chicks are
provisioned poorly then growth rates will be lower than chicks with high levels of provisioning
(Ballard et al., 2010; Salihoglu et al., 2001; Wanless et al., 2005; Williams and Croxall, 1990).

While it is clear that fast-growing chicks will have been well provisioned, which can
only occur when food is easily accessible to seabirds (Salihoglu et al., 2001), the reverse is not
necessarily the case. For example, food may be abundant but inaccessible (e.g., located under
ice in the Arctic/Antarctic) (Ancel et al., 2017; Irvine et al., 2000), or foraging may be
precluded or disadvantaged by other factors, such as the presence of competitors (Ainley et al.,
2006; Trivelpiece et al., 2011), or simply poorly acquired by first-time breeders which have a
lack of experience in foraging and reproduction (Angelier et al., 2007; Lecomte et al., 2010;
Olsson, 1997).

Several studies have examined foraging success and chick growth alongside each other.
This has been done by comparing different colonies foraging successes using temperature-
depth and stomach-temperature recorders and then comparing their relative chick growths as a
separate entity (Hennicke and Culik, 2005). Other studies have used time-depth recorders to
assess foraging effort (as time spent diving) and looked at the relationship of this to chick
growth (Takahashi et al., 2003). Critically though, studies need to examine both prey capture
success and foraging effort to put foraging success into perspective because the energy used by
provisioning adults to forage must be deducted from the overall energy capture (Cavallo et al.,
2020; Grémillet, 1997), with the difference being given to the broods (Grémillet, 1997).
Specifically, in order to compare ‘foraging success’ with chick growth, studies should elect
some ‘Catch per Unit Effort” (CPUE) metric (Wilson, 1992), as do commercial fisheries
(Bannerot and Austin, 1983) as the measure of prey abundance. There is, however, limited
research on how it affects chick growth and what it might mean in terms of parental quality
and food abundance of the area.

This thesis examines this issue and seeks to try and disentangle the effect of hunting
effort/activity on chick growth in a monomorphic seabird, the Magellanic penguin (Spheniscus

magellanicus). The aim of the work is specifically to see if it is possible to correlate Magellanic
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penguin catch per unit effort (CPUE) indices with chick growth and to discuss the implications
of success or failure in this for our understanding of how seabird food abundance relates to
breeding success.

The Magellanic penguin is the most widespread and abundant seabird breeding on
Argentina’s Patagonian coast, with 900,000 monogamous breeding pairs (Falabella et al.,
2019). The breeding season lasts from September to February, with breeding females being at
least four years old and males being at least five years old (Davis et al., 2010; Boersma et al.,
2013). Once the chicks have hatched after the 40-day incubation period, both parents take it in
turns to feed them approximately once a day for the first 30 days, with feeding becoming more
infrequent afterwards, until they fledge at around 60 days old (Otley et al., 2004; Boersma et
al., 2013). Magellanic penguins primary food source is pelagic schooling fish such as
Argentine anchovy (Engraulid anchoita) which accounts for 60-100% of their stomach
contents and Argentine hake (Merluccius hubbsi) accounting up to 40% (Frere et al., 1996;
Gandini et al., 1999; Gosztonyi, 1984; Wilson et al., 2005), whereas squid (Loligo spp., Illex
argentinus) are a subsidiary food source, accounting for 1-19% of their stomach contents
(Boersma et al., 2009; Fernandez et al., 2019; Gandini et al., 1999; Gosztonyi, 1984; Wilson et
al., 2005). One of the key threats to Magellanic penguins is the reduction of their prey resources
from fisheries (Boersma et al., 2013; Gandini et al., 1999). This can either be directly, through
the already exploited hake fishery (Alemany et al., 2013; Vaz-dos-Santos et al., 2010) or the
developing anchovy fishery (Skewgar et al., 2014, 2007) or through bycatch of anchovy and
juvenile hake by northern Argentine Patagonia fisheries (BirdLife, 2020). Magellanic penguins
were classed as ‘Near Threatened’ (from 2004 to 2018) due to their declining populations, but
since 2020 they have been classified as ‘Least Concern’, although their populations are still in
decline (BirdLife, 2020). This seeming inconsistency needs data. Thus, anything that helps
monitor penguin reproductive success through the analysis of chick growth and foraging
success can provide useful statistics to inform policy and potentially help conservation
measures.

Currently, there is not a clear and detailed idea of how parental foraging effort affects
the growth rate of chicks of seabirds in general and Magellanic penguins in particular. In order
to fulfil the aim for this study, I used previously collected chick growth and foraging effort data
from a Magellanic penguin colony in Argentina. Tag data from parent penguins was analysed
to identify prey captures and to derive CPUE metrics, and effort was considered to be the total
time spent underwater. Chick growth was measured during the period their parents were

equipped with tags.
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2 Materials and methods

2.1 Study site
Fieldwork was conducted during the early chick-rearing period at the Cabo dos Bahias
(44°54’S, 65°32"W) Magellanic penguin colony by Gabriella Blanca, Flavio Quintana and

team. This was carried out between November 23 and December 19", 2015, and November

27" and January 27", 2016.

2.2 Deployment of devices
Fifty-three Magellanic penguins (29 in 2015 and 24 in 2016), brooding at least one chick (less

than 14 days old), were fitted with multichannel data loggers with relevant channels including
tri-axial (orthogonal) acceleration and pressure (depth) as well as GPS (Axy-Trek Marine, 40
x 20 x 8§ mm [L x W x H], 14-59 g (TechnoSmart — https://www.technosmart.eu/axy-trek-
marine/)). The data loggers were programmed to record acceleration at 25 Hz and depth at 1
Hz.

Each bird was carefully removed from their nest and equipped with devices on their
lower back, to minimise hydrodynamic drag, with overlapping strips of Tesa® tape (Wilson et
al., 1997). The procedure took less than five minutes, which minimised the stress caused, after
which the birds were immediately returned to their nest. Each penguin was left to forage for a
single trip before the devices were retrieved when the birds returned to the nest. As a result, no
individual penguin contributed more data than any other.

Due to an error in programming with some of the tags, a total of 41 penguins (21 in
2015 [13 female and 8 male] and 20 in 2016 [9 female, 4 male, 7 unknown]) contributed to the
data set (the age of the tagged penguins was not known).

2.3 Chick growth

Each chick corresponding with the tagged parent penguin was weighed approximately every
two days, from the day it hatched, up to 25 days old. For this, each chick was placed in a bag
and weighed (in g) with a Pesola spring balance before being returned to their nest. The number
of chicks in the nest on weighing days was also recorded, allowing the hatching or loss (by

predation or other natural causes) of a chick to be documented.
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N.B. The terms, “one and two chicks” and “one- and two-chick broods” (both having the same

definition — the number of chicks in the brood) will be interchanged throughout this manuscript.

2.4 Data analysis of diving behaviour
The diving behaviour of penguins was analysed using bespoke software (DDMT; Wildbyte
Technologies, http://www.wildbytetechnologies.com/). The ‘behaviour builder’ option (a
Boolean approach for identifying events) (Wilson et al., 2018a) within DDMT is specially
designed, using algorithms, to detect specific behaviours. Based on Del Caiio et al (2021), who
used video footage to show that prey capture by Magellanic Penguins is accompanied by high-
speed swimming and corresponding acceleration metrics from bird-attached accelerometers,
putative prey capture events (PPCE) were identified based on depth and Vectorial Dynamic
Body Acceleration (VeDBA). VeDBA is a proxy for energy expenditure derived from an
approach that uses dynamic body acceleration (DBA) to quantify the ‘vibrancy’ of animal
movement, normally due to movement of the limbs (Wilson et al., 2020).

DBA is based on the concept that contracting muscles produce a change in overall body
(trunk) acceleration and that this can occur in any, or all, of the three dimensions of space
(Gleiss et al., 2011; Wilson et al., 2020). The more muscles contract, in terms of the frequency
of contraction, extent- and speed of contraction (all of which relate directly to energy
expenditure), the greater the trunk acceleration over a given time. Thus, if accelerometers are
placed on an animal’s trunk and set to record at high frequencies, they should provide
information that codes for the rate at which energy is expended (Wilson et al., 2020, 2006).
However, data loggers fitted with tri-axial accelerometers record both muscle contraction-
derived acceleration and gravitational acceleration (due to the Earth’s gravity) in the three
orthogonal axes: surge, heave and sway (Wilson et al., 2020). To access the muscle contraction
component, the gravitational acceleration component needs to be subtracted (Gleiss et al.,
2011). For this, each raw acceleration data stream is smoothed (nominally over two seconds -
(Shepard et al., 2008)), which provides the gravitational component in the acceleration signal
(Gleiss et al., 2011). This is then subtracted from the raw data stream for each acceleration axis

to provide the acceleration signal due to muscle contraction (Gleiss et al., 2011).
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These ‘dynamic’ muscle-linked acceleration data streams, one for each of the
orthogonal axes, are then added together, vectorially, to provide VeDBA (Vectorial sum of the

Dynamic Body Acceleration) via:

VeDBA = /DA%x + DA%y + DA?z

where “D” is the dynamic acceleration resulting from the subtraction of the smoothed
acceleration data from the raw and X, y and z axes, representing the three orthogonal
acceleration axes, respectively (Wilson et al., 2020). This metric quantifies total body
acceleration in all directions about the animal’s trunk and acts as a powerful proxy for total
energy expenditure (Gleiss et al., 2011;Wilson et al., 2020).

VeDBA was used, within the ‘behaviour builder’ option within DDMT, to isolate prey
capture events for each tagged penguin. Here, I assume that prey capture occurred when the
depth was greater than 2 m and when VeDBA was greater than 0.4 g. I make this assumption
based on research that has shown that penguins typically only catch prey at depths deeper than
2 m (Del Catfio et al., 2021) and that prey pursuit in Magellanic Penguins requires more power
than normal swimming (Wilson et al., 2002), and normal swimming and diving does not exceed

VeDBA values of 0.4 g (Wilson et al., 2010). The algorithm took the form;

If (SM (VeDBA smoothed | 25) > 0.4 AND SM (Pressure smoothed | 25) > 2), then Mark

Events

where the numbers after the SM (smoothed) term refer to the smoothing window (which, at 25
Hz, equated to 1 s). Periods when the algorithm was found to be true were marked within
DDMT and exported to an Excel spreadsheet along with the duration of each event and
considered to be a PPCE.

A second algorithm was created to identify the Catch per Unit Effort (CPUE) for each
penguin. This approach considered that each identified prey pursuit (see above) resulted in the
capture of a single prey (Simeone and Wilson, 2003) and that the total number of prey could
be determined by summing these events. The overall cost of the foraging effort could be
approximated by either summing the total VeDBA of the foraging trip or by determining the
total time spend underwater. An algorithm in ‘behaviour builder’ was used to determine the

time underwater when the depth exceeded 1 m, with these ‘marked events’ being exported to
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an Excel spreadsheet along with the duration and the sum of the VeDBA for each dive. The

algorithm took the form:

If (SM (Pressure smoothed | 25) > 1), then Mark Events

Since a simple linear regression graph and Spearman’s Rank Correlation Coefficient showed
that both VeDBA and time underwater were very closely correlated (Figure 2) (R?=0.97, P <

0.001), time underwater was subsequently used as the effort metric in the CPUE equation.

150+

125+

-—
o
o

75+

Total time underwater (h)
(63}
o

N
[6)]

0.001 0002 0003 0004 0.005 0.006
Summed VeDBA (g)

Figure 2. Simple linear regression graph showing the trend between total time underwater (h)
and summed VeDBA (g) during single foraging trips as an effort metric for the CPUE equation.

Each point shows the results from a single individual penguin for one foraging trip.

With the data from these two algorithms, CPUE was calculated for each tagged penguin to

define the overall rate at which prey were caught per hour of their foraging trip according to:

Total prey caught

CPUE =
Total time spent underwater (h)
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2.5 Data analysis of chick growth
Using the chick weight data, linear correlation graphs were constructed to provide regression

equations which allowed determination of the average weight gain (g) of each chick per day,
both for nests with one and two chicks for the complete chick monitoring period. Rate of weight
gain from the chicks was combined with the CPUE data in a spreadsheet for each penguin for

further analysis in R.

N.B Chick weight data from individuals less than two days old and more than 22 days old was
disregarded as it was considered to have occurred during the non-linear phase of growth

(Ricklefs, 1967; Tjeorve and Tjerve, 2010).

2.6 Statistical analysis
Statistical analysis was conducted within R studio (version 4.1.0, “Camp Pontanezen”,

https://www.R-project.org/). A two-way ANOVA was carried out to consider all possible
interactions between the number of chicks and the year to see if either factor had a significant
effect on the mean growth rate of the chicks. This was followed by a stepwise back-deletion of
non-significant interaction terms. An AIC (Akaike information criterion) determined that there
was minimal difference between the models, so if the model with the interaction effect was
insignificant then the model without the interaction effect was used.

A linear model was constructed to consider all possible interactions between CPUE,
year, number of chicks and total catch, to see which had a significant effect on the mean growth
rate of chicks. Again, this was followed by a stepwise back-deletion of non-significant
interaction terms. An AIC determined that there was minimal difference between the models,
so the model without the interaction effects was used for statistical analysis. A two-sample t-
test was carried out to see if there was a significant difference of the total catch between the
years. Spearman’s Rank Correlation Coefficient test was used to see if there was a relationship
between CPUE and total time underwater and CPUE and total time at sea (Appendix 1, Table
4). Statistical differences were considered significant when P < 0.05. Graphs were constructed
within Excel and R studio using GG plot. A Bartlett test was undertaken for the two-way
ANOVA and a Shapiro test for the two-way ANOVA, linear models and two-sample t-test to
check that assumptions for homogeneity of variance and normality were met. The Shapiro test
for the two-sample t-test did not meet the assumptions so the non-parametric Mann-Whitney

U-test was carried out instead.
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3 Results

A total of 41 birds and 67 chicks (41 broods) provided complete data amounting to 41 foraging
trips totalling 977 h at sea with 416 h of that time spent underwater. Nest 164 for 2015 and
Nests 29, 105A and 57A for 2016 were excluded from the CPUE linear model as their tags

recorded less than six hours of a foraging trip due to an error with programming.

3.1 Effects of brood size on chick growth
In both 2015 and 2016, nests with one chick had a higher mean and median mean growth rate

than nests with two chicks (Figure 3; Table 1).
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Figure 3. Violin- and boxplots (indicating median and quartiles with whiskers reaching up to
1.5 times the interquartile range) depicting the mean growth rate (g/day) for nests with one-
and two-chick broods and for each year presented. The violin plot outlines the kernel
probability density where the width of the violin plot represents the proportion of the data
located there (One chick 2015: N = 8, Two chicks 2015: N = 13; One chick 2016: N =7, Two
chicks 2016: N = 13).
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Table 1. Mean of mean growth rate (g/day) for Magellanic penguin nests with one and two

chicks in 2015 and 2016 with standard deviation and error.

Year Number of Mean Standard Standard Number of
chicks (g/day) deviation error samples
2015 1 42.5 19.3 6.84 8
2015 2 32.8 14.8 4.11 13
2016 1 73.9 9.35 3.54 7
2016 2 54.4 13.0 3.60 13

Overall, 2016 had a significantly higher mean (+ SE) chick growth rate of 61.2 + 3.35 g/day
compared to 2015 with a mean growth rate of 36.5 + 3.69 g/day (Table 2a) although there was

considerable interindividual variability (Figure 4).
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Figure 4. Frequency distribution of the mean growth rate (g/day) for Magellanic penguin chicks
in 2015 and 2016. Bin width = 5 g/day. (2015: N =21; 2016: N = 20).
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The number of chicks (either one- or two-chick broods) and the difference of years (2015 and
2016) had a statistically significant effect on the mean growth rate of the chicks (Two-way
ANOVA: P < 0.05) (Table 2a), but there was no significant interaction effect between the
number of chicks and year (P > 0.05) (Table 2b).

Table 2a. The outcome of the two-way ANOVA to examine the effects of the number of chicks

and year on Magellanic penguin chick mean growth rate (g/day), without the interaction effect.

Factor d.f. F-value P-value
No. chicks 1 8.311 <0.01
Year 1 30.780 <0.001
Residuals 38

Table 2b. The outcome of the two-way ANOVA to examine the effects of the number of chicks

and year on Magellanic penguin chick mean growth rate (g/day), with the interaction effect.

Factor d.f. F-value P-value
No. chicks 1 8.311 <0.01
Year 1 30.780 <0.001
No. chicks*Year 1 1.067 0.308
Residuals 37

Thus, nests with one chick in 2016 showed significantly greater mean growth per day than any

other nest in either year.

3.2 Parent foraging ability
In 2015 and 2016, most birds’ foraging trips (2015: 70%; 2016: 58%) lasted between 18 and

26 hours with an average (+ SD) foraging trip of 23.86 + 8.47 h (this becomes 25.24 = 11.85 h
if Nest 81A for 2016 is included). In 2015 and 2016, most penguins (2015: 70%; 2016: 82%)
took six hours to catch less than 200 items of prey (Figure 5 & 6). In 2015, the mean total
putative catch was 564 + 361, which was higher than 2016 which was 516 + 334. There was
no significant difference between the medians of the years (Two-Sample Mann-Whitney U-
test: W = 185.5, P = 0.648; 2015 median: 514; 2016 median: 456). The highest total putative
catch in 2015 was 1346 (Nest 56) and this also occurred over the longest foraging period of 36
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Cumulative prey capture (number of items)

hours (Figure 5). Against this, the lowest total putative catch for 2015 was 63 after the shortest
foraging time of six hours (Nest 150) (Figure 5). In 2016, Nest 79 had the highest total putative
catch of 1546 and Nest 81A had the longest foraging time of 75 hours (Figure 6). Nest 82A
had the lowest total putative catch of 197 and Nest 4A had the shortest foraging time of six

hours (Figure 6).
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Figure 5. Cumulative putative prey capture of tagged breeding Magellanic Penguins during a
single foraging trip in 2015 with corresponding nest ID, excluding trips under six hours. (N =

20).
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Figure 6. Cumulative putative prey capture of tagged breeding Magellanic Penguins during a

single foraging trip in 2016 with corresponding nest ID, excluding trips under six hours. (N =

17).
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3.3 Effects of CPUE on chick growth

CPUE varied between a minimum of 12 prey items per h (Nest 195, 2016) and a maximum of
120 (Nest 4A, 2016) prey items per h. Linear regression lines for 2015 apparently indicated
that as CPUE increased from 18 to 106 prey items caught/h, mean chick growth rate increased
slightly from 35 g/day to 38 g/day (Figure 7). In 2016, as CPUE increased from 12 to 120 prey
items caught/h, mean growth rate decreased from 62 g/day to 58 g/day (Figure 7). Linear
regression lines for nests with one chick apparently indicated that as CPUE increased from 12
to 120 prey items caught/h, mean growth rate decreased from 70 g/day to 40 g/day (Figure 8).
For nests with two chicks, as CPUE increased from 18 to 115 prey items caught/h, mean growth
rate increased from 38 g/day to 50 g/day (Figure 8). Despite showing an apparent positive
relationship in 2015 and for two-chick broods, and a negative relationship in 2016 and for one-
chick broods, a linear model showed that CPUE and total catch had no significant effect on
mean chick growth rate (P = 0.7; P = 0.239), but the difference of years and the number of
chicks had a significant effect on mean chick growth rate (P < 0.001; P <0.001) (Table 3).
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Figure 7. The effect of CPUE (putative prey items caught/h) on mean growth rate (g/day) on
Magellanic penguin chicks in 2015 and 2016 with linear regression lines and 95% confidence

intervals (2015: N =21; 2016: N = 20).
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Figure 8. The effect of CPUE (putative prey items caught/h) on mean growth rate (g/day) of

Magellanic penguin chicks between nests with one- and two-chick broods with linear

regression lines and 95% confidence intervals. (One chick: N = 15; Two chicks: N = 26).

Table 3. ANOVA output of the linear model to examine the effects of CPUE, year, number of

chicks and total catch on Magellanic penguin chick mean growth rate (g/day), excluding trips

under six hours.

Factor d.f. F-value P-value
CPUE 1 0.229 0.636
Year 1 27.327 <0.001
No. Chicks 1 11.642 <0.01
Total catch 1 1.438 0.239
Residuals 32
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4 Discussion

4.1 Effects of brood size, year and CPUE on chick growth rate

The major significant finding, that there was a difference in growth rates between both
one- and two-chick broods is expected and has been documented many times in the literature
for seabird species in general (Ricklefs, 1990; Robinson and Hamer, 2000; Spaans, 1971) and
penguins in particular (Heezik and Davis, 1990; Meyer et al., 1997; Wagner and Boersma,
2019). The conventional explanation is simply that, when food is limited, the more young have
to be fed, the less food there is per individual (Lack, 1947; Meyer et al., 1997). Indeed, there
is a whole sub-field of research that looks at the causes and consequences of brood reduction
linked to this (Forbes and Mock, 1996; Lack, 1947; Ploger, 1997; Royle and Hamer, 1998).
Certainly, the results of my study indicate that food is limiting to some degree, otherwise there
would have been no growth rate differences between one- and two-chick broods.

The foraging trips of penguins in both years is consistent with Ashmole’s halo hypothesis
(Ashmole, 1963). The hypothesis states that large seabird colonies deplete their food resources
in the vicinity of their breeding colonies first, before venturing further to find more prey. This
would explain why when the birds left the colony, only a few caught prey immediately, such
as Nest 79 in 2016, which caught 320 items of prey within the first two hours of the foraging
trip, whereas most penguins (2015: 70%; 2016: 82%) took six hours to catch less than 200
items of prey, a seemingly low amount (Figure 6). Although the patchy nature of the prey of
seabirds that feed on aggregating species (Clode, 1993; Ramirez et al., 2014; Wilson, 2003)
means that there is always a chance that even individuals travelling through/over Ashmole’s
halo might be ‘lucky’ enough to find a patch (Wilson et al., 2018b), models have shown that
several seabird species (murres, puffins, shearwaters and petrels) have increased foraging
ranges as their colony size increases (Gaston et al., 2007). All this provides evidence for
Ashmole’s halo and helps explain the foraging success patterns that I observed. Having said
that, once my study birds began capturing prey, it was clear that there were still great
differences in the rate at which the birds acquired putative prey over the course of the foraging
trip, both within and between years (Figure 5 & 6). Although there was no significant difference
in the actual medians of total putative prey catch between the years (P = 0.648), there was
greater visible variability within 2015 (Figure 5). This could clarify why-the overall mean (+
SE) chick growth rate was almost twice as high in 2016 as in 2015 (61.2 £+ 3.35 g/day vs 36.5
+ 3.69 g/day), which would be difficult to explain if not in terms of prey capture variability.
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There was no significant relationship between CPUE and Magellanic penguin chick
growth rates and no obvious relationship with foraging duration, possibly due to the
considerable inter-individual variability of these three metrics (Table 3; Appendix 1) (Ropert-
Coudert et al., 2004). This suggests that perhaps neither (or both) chick growth rates and my
derivation for CPUE are appropriate simple proxies for foraging success and thus prey

availability in Magellanic penguins (see limitations).

4.2 CPUE in relation to parent foraging ability and prey abundance
Variability in CPUE would imply variability in prey abundance or at least the rate at which

prey is encountered or accumulated. Variability in CPUE can translate to day-to-day variation
in how much food chicks receive, with high variability in food delivery not being conducive to
rapid, sustained growth (Boersma et al., 1990; Piatt et al., 2007; Weimerskirch et al., 2001). In
the case of penguins, for example, both provisioning adults can incur periods of low food
abundance, during which chicks starve but then, suddenly, from one day to the next, arrive
back at the nest with much food in rapid successions, satiating the brood’s ability to process
the food (Wilson et al., 1989). This effectively alternates periods of starvation with over-
feeding. Thus, variation per se may cause low and even decreased growth rates even if
mean/median amounts show no differences in the amount of food brought back.

When competition for food is high (e.g. due to low prey availability), seabirds may feed
closer to the colony on lower quality prey (Forero et al., 2002b) or alternatively expand their
foraging range to acquire the normal higher quality prey (Burke and Montevecchi, 2009;
Kitaysky et al., 2000; Monaghan et al., 1992). The difference in prey qualities (Jackson and
Ryan, 1986; Wilson et al., 1985), and the ease with which they can be acquired makes
understanding foraging ‘success’, either in terms of CPUE or brood growth, difficult to
standardise. Although some birds’ CPUEs may have been higher in 2015 due to shorter trips
and a higher prey count, they may have caught less nutritious prey than birds which ventured
further, stayed out longer, and caught less prey. As squid has a lower energy content than fish
(Cherel and Ridoux, 1992; Herling et al., 2005), Magellanic penguins chicks that feed on a
higher quality diet (anchovy, hake) have a better body condition at fledging than chicks fed on
a lower quality diet of squid (Forero et al., 2002b; Heath and Randall, 1985). As a result, birds
with a high CPUE in 2015 may have had chicks exhibiting a lower overall growth rate due to
them being fed lower quality prey. Conversely, birds that chose to undergo longer foraging
trips in order to obtain higher quality prey, could have incurred lower growth rates due to lower

rates of provisioning (Burke and Montevecchi, 2009; Horswill et al., 2017). In short, the
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general variability in 2015 may have been due to low prey availability, with different penguins’
strategies affecting chick growths variously. However, with the information available it is
impossible to say what really happened.

In 2015, 55% of the birds and 29% of the birds in 2016 had at least one period lasting more
than three hours where no prey was ingested, causing a plateau (Figure 5 & 6). This is not
necessarily due to poor foraging success. Nesting penguins must feed both themselves and their
chicks (Ballard et al., 2010; Booth and McQuaid, 2013). Most birds eat for themselves first,
then pause to digest the food, before beginning to acquire prey for their chicks by delaying
digestion in their stomachs so that they can transfer it to their chicks when they return to the
colony (Boersma et al., 2009; Kirkwood and Robertson, 1997). When seabirds, including
penguins, are exposed to prey abundance that is critically low, they tend to focus on keeping
themselves alive and/or keep one chick alive while sacrificing the other in order to continue
reproducing in the future when food availability is more stable (Croll et al., 2006; Furness and
Monaghan, 2012; Lack, 1954). This could explain why a greater proportion of birds
encountered more plateaus (periods of digestion) and why the growth rate of chicks in 2015
was lower than in 2016: i.e. because penguins in 2015 prioritised feeding themselves over their

chicks due to reduced prey availability.

4.3 Using chick growth rate as an indicator of prey availability
This evidence of the varying level of parental quality could be why there was no significant

link between CPUE and chick growth rate, and why using chick growth rate as an indicator of
prey availability could be naive. In the first instance, seabird prey can be abundant but
inaccessible: For example, Patagonian sprat (Sprattus fuegensis) is concentrated within the first
5 m of the water column at night and descends deeper into the water column at dawn where it
is found within a few meters of the seabed (Sanchez et al., 1995), while anchovies form
compact shoals at different depths during the day (Hansen et al. 2001; Gudmundsson and
Gamberale 1972), and scatter close to the water surface at night (Hansen and Madirolas, 1996).
This variable distribution with respect to depth has consequences for the energy invested to
acquire prey in air-breathing predators operating from the surface depending on when they
forage, with birds taking deeper prey having to pay more energy to commute between the
surface and depths where prey are found (Peters et al., 1998). Thus, prey can be plentiful, but
energetically expensive to exploit.

Secondly, the birds might travel north but prey could be more available in the south and

vice versa. One presumes that the term ‘abundance’ refers to ‘within the foraging area of the
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birds’ but the birds might not travel in the right direction. Anchovy is typically located north
of 44°S whereas sprat is located south of 50°S (Frere et al., 1996) and Magellanic penguins are
known to exclusively consume anchovy in the north (Frere et al., 1996; Scolaro et al., 1999;
Scolaro and Badano, 1986) and sprat in the south (Clausen and Piitz, 2002; Forero et al., 2002a;
Frere et al., 1996; Scolaro et al., 1999). Prey densities can be higher in the south resulting in
shorter foraging trips (Wilson et al., 2005), but whether the birds decide to forage for their
preferred but less abundant prey of anchovy, or more abundant sprat may depend on individual
choice. In this, it is notable that there is good evidence that colonial seabirds carry out group-
based foraging trips (G6tmark et al., 1986; McInnes et al., 2017; Sutton et al., 2015), so if the
first early departed bird(s) travels in the direction of the less abundant prey, this might set a
precedent for birds leaving later.

Finally, varying school size of seabird’s prey (pelagic fish) can affect the likelihood that
they will be encountered. Large schools of fish have a lower surface area to volume ratio than
smaller schools, so the mean surface area exposed to predators of individual fish decreases as
the school size expands, lowering the predator-prey encounter rate (The Selfish Herd
Hypothesis - Hamilton 1971) (Cushing and Jones, 1968). So, one would suggest that smaller
schools are more beneficial to foraging birds. However, small schools of fish at depth are harder
to be relocated than a larger school after the penguin has resurfaced to breathe (Wilson and
Wilson, 1990), so that birds may have to travel further to relocate another fish school once they
have surfaced to breath. Therefore, predator-prey encounter rates can be highly variable,
depending on whether the birds get ‘lucky’ by either quickly finding a large school or several
patches of small schools or unlucky by taking longer to find a large school or being unable to
relocate smaller schools (Wilson, 1985; Wilson and Wilson, 1990). Thus, prey may be
abundant but difficult to find according to school size. In short, the expectation that there should
be a link between chick growth and prey abundance is naive due to the varying factors

mentioned.

4.4 Limitations/considerations of the data
The current study’s findings are subject to several limitations. The dive metrics used in the

algorithm to determine a PPCE was based on extensive research carried out by Del Cafio et al
(2021) and Wilson et al (2010) to determine that prey capture events are carried out when the
VeDBA value is greater than 0.4 g and depth greater than 2 m. However, there is a chance that
the algorithm could be marking behaviour as a prey capture event with these criteria when no

prey capture occurred. For example, a penguin could be fleeing from a predator at high speeds
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which could cause the algorithm to determine this as a prey capture event or there is a chance
that the penguin might have failed to secure fish during its prey capture attempt. Therefore, the
values for prey capture should be taken as an assumed/attempted prey capture event and not an
actual prey capture event, with values presented possibly being overestimates.

Only one foraging trip from one parent was recorded throughout the study which is not
enough to summarise the events during the chick growth weighing period of up to 25 days.
During this time, each parent typically undergoes an average of four to five foraging trips each,
eight to ten trips in total (Miller et al., 2009; Stokes and Boersma, 1999; Williams and Rothery,
1990) which means that the data available only covers a small portion of what typically occurs
during that time frame. This assumes that the unrecorded foraging trips and those of the other
parent are similar. However, as shown, there is high variability between tagged penguins, so
this is unlikely to be the case. As a result, this limitation is likely to have skewed the study’s
results.

The size and species of prey were not recorded and therefore were assumed to be
constant. Magellanic penguins are monomorphic and typically only eat anchovies, although
there is a possibility that on some occasions (as discussed), penguins could have caught
different species or sizes of prey depending on the availability of their preferred prey. This
means that some penguins could have caught fewer prey but of larger sizes (e.g. squid),
resulting in a lower CPUE, which could be no different to birds catching more, but smaller
prey, resulting in a higher CPUE.

The data from the foraging trips may not have matched the measurements of chick
growth because not enough of them were recorded. For example, the chick in Nest 107 (2015)
had a very low growth rate and began to lose weight from 28/11/2015 to 10/12/2015, but the
foraging trip recorded is from 12/12/2015, during which the parent caught 1161 items of prey
and had a CPUE of 106, one of the highest in 2015, resulting in the chick weighing 120 g more
on 13/12/2015 than the previous weigh in on 10/12/2015. This shows that, based on the data
from the foraging trip, the parent could have found a good patch of prey or was simply a better
forager than the other parent which was previously feeding the chick. However, due to previous
measurements, the mean growth weight was 14 g/day, indicating that a high CPUE had no
effect on growth rate. This demonstrates that the relationship between CPUE and chick growth
rate could have been misrepresented by only recording one foraging trip.

Finally, the data loggers attached to the penguins could have affected its foraging ability
as it has been documented in the past (Saraux et al., 2011). Externally placed tags can cause

penguins to perform almost twice as many shallow dives (Ropert-Coudert et al., 2000) and
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encounter longer foraging trips (Taylor et al., 2001) than birds without external tags. Although
the tags were attached and shaped to minimise hydrodynamic drag, it could have still affected
the birds foraging performance, and since this was not measured it is unknown on the effects
the tag had on the penguin.

Nevertheless, this study’s attempt was a useful one and has covered a wide range of
topics, adding to the evidence linking foraging success, prey availability and chick growth in
Magellanic penguins. In the future, and to improve the listed limitations, both parents should
be tagged for at least three foraging trips each so that an average can be calculated to get a
better representation of foraging ability. Having foraging trip data for both parents from the
beginning, middle, and end of the chick growth measurement period would allow for a better
comparison and determination of a link between foraging success and chick growth. As well
as this, to find out more about prey capture and whether or not a successful prey capture event
has taken place, video cameras (Del Cafio et al., 2021) should be attached to the foraging birds
in tandem with tri-axial acceleration tags to show if the birds have caught anything and what

they have caught in terms of prey size and type.

5 Conclusion

This study has shown that there is high inter-individual variability between chick growth rates
and CPUE and why there was no relationship between the two. The difference of growth rates
between both the years and within one- and two-chick broods demonstrated the varying
foraging success, prey abundance and encounter between individuals. Variability can be caused
by the size and species of prey penguins catch during a foraging trip, whether the birds choose
to feed for themselves or their chicks, inaccessible prey, travelling in the wrong direction or
the varying school size of their prey and whether they are ‘lucky’ enough to find one big prey
patch or numerous smaller patches of prey. Variability of food delivery on a day-to-day basis
can cause low and even decreased growth rates even if mean/median amounts show no
difference in food delivery. This does not mean that chick growth rate cannot be used as a
proxy for food abundance, but it should be used with careful consideration alongside CPUE,
which has been measured for a substantial amount of the chick growth phase, with cameras as

well as tags to determine the size and species of the prey.
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6 Appendices

Appendix 1: Table 4

Table 4. Outcome of the Spearkman’s rank correlation coefficient between total time
underwater (h) and total time at sea (h) with CPUE (putative prey caught/h), with and without
the outlier (Nest 81A)

Spearman’s rank correlation coefficient P-value R?
Total time underwater x CPUE 0.027 -0.36
Total time underwater x CPUE (without Nest 81A) 0.059 -0.32
Total time at sea x CPUE 0.161 -0.24
Total time at sea x CPUE (without Nest 81A) 0.230 -0.19
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Appendix 2: Correlation Coefficient R script (Figure 2)
# Correlation coefficient
install.packages("ggplot2")
library("ggplot2")
# Attach data and check if variables are correct
attach(correlation_coefficient)
str(correlation_coefficient)
R
# Scatter graph
pl <- ggplot(correlation_coefficient, aes(x = CPUE_vedba, y = CPUE _time)) +

geom_point(shape = 16) + geom_smooth(method = Im) +

xlab(expression(paste("Summed VeDBA (", italic("g"), ")"))) +

ylab("Total time underwater (h)") + coord_cartesian(xlim=c(0.001, 0.007)) +

scale x continuous(breaks = seq(0.001, 0.007, 0.001)) +

coord_cartesian(ylim=c(0, 150)) + scale_y continuous(breaks = seq(0, 150, 25))
pl + theme bw() + theme(panel.grid.major = element_blank(),

panel.grid.minor = element blank()) +
theme(axis.text = element_text(size=14)) +
theme(axis.title = element_text(size=18))

R
# Correlation Coefficient
# Check assumptions
shapiro.test(CPUE_vedba)
shapiro.test(CPUE _time)
# CPUE _time assumptions not met so non-parametric correlation test will be used
corl <- cor.test(CPUE _time, CPUE_vedba, method = "spearman")
corl
R

detach(correlation_coefficient)
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Appendix 3: Chick growth histogram R script (Figure 4)
# Chick growth histogram
# Install required packages
install.packages("ggplot2")
library(ggplot2)
# Attach data and check if variables are correct
attach(chick growth histogram)
str(chick growth histogram)
# change year into a factor
chick growth histogram$Y ear<- factor(chick growth histogram$Year,
levels = ¢("2015", "2016"))
R
# Histogram
pl <- ggplot(chick growth histogram, aes (x = growth rate)) +
geom_histogram(aes(fill = Year), binwidth =5,
colour = "black", show.legend = FALSE) +
facet grid(Year ~ .) + labs(x = "Growth rate (g/day)", y = "Frequency") +
theme classic()
pl
R
detach(chick growth histogram)
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Appendix 4: R script for main statistical analysis, including correlation
coefficient (Appendix 1)

# Chick growth and foraging success data analysis
# Install required packages
install.packages("boot")
install.packages("ggplot2")
install.packages("tidyverse")
install.packages("dplyr")
library(ggplot2)
library(tidyverse)
library(dplyr)
require(boot)
# Attach the data and check if variables are correct
attach(combined chick)
str(combined_chick)
# Nest 79, 150 and 174 in 2016 changed name to 79A 150A and 174A due to
# duplicated names in 2015
# Change variables into factors
combined chick$no_chicks<- factor(combined chick$no chicks,
levels = c("1", "2"))
combined chick$year<- factor(combined chick$year, levels = c("2015", "2016"))
combined chick$nest<-factor(combined chick$nest)
R

# Difference between GR and no. chicks with year interaction
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# Violin plot with +/- SD
pl <- ggplot(combined chick, aes(x =no_chicks, y = mean_growth rate)) +
xlab("No. Chicks") + ylab("Mean growth rate (g/day)") + labs(fill = "Year")
pl + geom_violin(aes(fill = year), trim = FALSE,
position = position_dodge(0.9))+ geom_boxplot(aes(fill = year),
width = 0.15, position = position_dodge(0.9)) + theme bw() +

theme(panel.grid.major = element_blank(), panel.grid.minor = element_blank())

# Stats for boxplot in violin plot to find median values
stats.1 <- boxplot(mean growth rate ~no_chicks + year)
stats. 1
# Mean, SD, SE of data
stats.2 <- combined_chick %>% group by(no_chicks, year) %>%
summarise(mean = mean(mean_growth_rate), sd = sd(mean_growth_rate), n = n(),
se = sd/sqrt(n))
stats.2
stats.3 <- combined_chick %>% group by(year) %>%
summarise(mean = mean(mean_growth_rate), sd = sd(mean_growth_rate), n = n(),
se = sd/sqrt(n))

stats.3

# Check assumptions
YearChick <- interaction(no_chicks, year)

bartlett.test(mean_growth rate ~ YearChick)
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# Assumptions met

# Two-way ANOVA

ml <- aov(mean growth rate ~no_chicks*year)
summary(ml)

m?2 = update(m1,~.-no_chicks:year)
summary(m?2)

# Check to see which model is the better fit
AIC(ml, m2)

# Both models are very similar

# Check residuals
shapiro.test(m1S$residuals)
hist(m1$residuals)
shapiro.test(m2$residuals)
hist(m2$residuals)

# Doesn't deviate from normal distribution

HHHHHHHHH

# If CPUE has a significant effect on growth rate

# Scatter graph for both years with trend line and 95% confidence intervals
p2 <- ggplot(combined chick, aes(x = cpue, y = mean_growth_rate,
colour = year)) + geom_point(shape = 16) + geom_smooth(method=Im) +
xlab("CPUE (putative prey items caught/h)") + ylab("Mean growth rate (g/day)")

p2 + labs(col="Year")+ theme bw/() + theme(panel.grid.major = element blank(),
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panel.grid.minor = element blank())

# Scatter graph for no. chicks with trend line and 95% confidence intervals
p3 <- ggplot(combined chick, aes(x = cpue, y = mean_growth_rate,
colour =no_chicks)) + geom_point(shape = 16) + geom smooth(method=Im) +
xlab("CPUE (putative prey items caught/h)") + ylab("Mean growth rate (g/day)")
p3 + labs(col="No. Chicks")+ theme bw() +

theme(panel.grid.major = element_blank(), panel.grid.minor = element_blank())

# Linear model to show the effects of CPUE, year, no. chicks and total catch on
# mean growth rate

m3 <- Im(mean_growth_rate ~ cpue*year*no_chicks*total catch)
summary(m3)

# Deletion of non-significant interaction terms

m3A = update(m3,~ .-cpue:year:no_chicks:total catch)
summary(m3A)

m3B = update(m3A,~ .-year:no_chicks:total catch)
summary(m3B)

m3C=update(m3B,~ .-cpue:no_chicks:total catch)
summary(m3C)

m3D=update(m3C,~ .-cpue:year:total catch)

summary(m3D)

m3E=update(m3D,~ .-cpue:year:no_chicks)

summary(m3E)
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m3F=update(m3E,~ .-no_chicks:total catch)
summary(m3F)

m3G=update(m3F,~ .-year:total catch)
summary(m3G)

m3H=update(m3G,~ .-cpue:total catch)
summary(m3H)

m3I=update(m3H,~ .-year:no_chicks)
summary(m3I)

m3J=update(m31,~ .-cpue:no_chicks)
summary(m3J)

m3K=update(m3J,~ .-cpue:year)
summary(m3K)

# Check which model is the better fit
AIC(m3, m3A, m3B, m3C, m3D, m3E, m3F, m3G, m3H, m3I, m3J, m3K)

# All models are similar

# Final reduced model
m4 <- Im(mean_growth_rate ~ cpue + year + no_chicks + total catch)
summary(m4)

anova(m4)

# Check residuals
shapiro.test(m4$residuals)

hist(m4$residuals)



R
# The relationship between CPUE and total time underwater
# Plot data
p4 <- ggplot(combined_chick, aes(x = ttu, y = cpue)) +

geom_point(shape = 16) + geom_smooth(method = Im) +

xlab("Total time underwater (h)") +

ylab("CPUE (putative prey iterms/h)")
p4 + theme bw() + theme(panel.grid.major = element blank(),

panel.grid.minor = element blank()) +
theme(axis.text = element_text(size=14)) +

theme(axis.title = element_text(size=18))

# Check assumptions
shapiro.test(cpue)
shapiro.test(ttu)

# Assumptions not met

# Correlation coefficient

_n

corl <- cor.test(ttu, cpue, method = "spearman", use = "complete.obs")

corl

# Test without 81A (outlier)

test <- combined_chick[-c(39),]
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pS <- ggplot(test, aes(x = ttu, y = cpue)) +
geom_point(shape = 16) + geom_smooth(method = Im) +
xlab("Total time underwater (h)") +
ylab("CPUE (putative prey items/h)")
pS + theme bw() + theme(panel.grid.major = element blank(),
panel.grid.minor = element_blank()) +
theme(axis.text = element text(size=14)) +

theme(axis.title = element _text(size=18))

# Correlation coefficient
_n

cor2 <- cor.test(test$ttu, testScpue, method

cor2

spearman", use = "complete.obs")

HHHHHHHHH

# The relationship between CPUE and total time at sea

# Plot data

p6 <- ggplot(combined chick, aes(x = ttas, y = cpue)) +
geom_point(shape = 16) + geom_smooth(method = Im) +
xlab("Total time at sea (h)") +
ylab("CPUE (putative prey iterms/h)")

p6 + theme bw() + theme(panel.grid.major = element blank(),

panel.grid.minor = element blank()) +

theme(axis.text = element_text(size=14)) +

theme(axis.title = element_text(size=18))
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# Check assumptions
shapiro.test(cpue)
shapiro.test(ttas)

# Assumptions not met

# Correlation coefficient

_n

cor3 <- cor.test(ttas, cpue, method = "spearman", use = "complete.obs")

cor3

# Test without 81A (outlier)

test2 <- combined_chick[-c(39),]

p7 <- ggplot(test2, aes(x = ttas, y = cpue)) +
geom_point(shape = 16) + geom_smooth(method = Im) +
xlab("Total time at sea (h)") +
ylab("CPUE (putative prey items/h)")

p7 + theme bw() + theme(panel.grid.major = element blank(),

panel.grid.minor = element_blank()) +
theme(axis.text = element text(size=14)) +

theme(axis.title = element _text(size=18))

# Correlation coefficient

cor4 <- cor.test(test2$ttas, test2$cpue, method = "spearman",
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use = "complete.obs")

cord

T R R R R R
detach(combined chick)

HHHHHHHHHHH
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Appendix 5: Mean, Standard Deviation and Standard Error values for
parent foraging ability (Figure 5 & 6) and t-test / Mann-Whitney test
R script

# Sd for cumualtive data - parent foraging ability
# Download required packages
install.packages("dplyr")
library(dplyr)
# Attach data and check if variables are correct
attach(cumulative_stats)
str(cumulative _stats)
# Change variables into factors
cumulative stats$year<- factor(cumulative stats$year,
levels = ¢("2015", "2016"))
cumulative stats$nest<-factor(cumulative stats$nest)
R
# SD and mean of total foraging time without nest 81 A for 2016
# Get rid of 81A from dataset
cumulative stats 1 <- cumulative_stats[-c(36),]
# stats
cumulative stats 1 %>% summarise(mean = mean(total foraging time),

sd = sd(total foraging time))

# SD and mean of total foraging time with 81 A
cumulative stats %>% summarise(mean = mean(total foraging time),

sd = sd(total foraging time))

# Mean total putative catch & SD
cumulative stats %>% group_by(year) %>% summarise(mean = mean(total catch),

sd = sd(total catch))
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R
# two-sample t test on total catch between years

ml <- t.test(total catch ~ year)

ml

# Normality test on data

shapiro.test(total catch)

# Data does not follow normal distribution so carry out non-parametric

# alternative - 2-sample Mann-Whitney U-test

m2 <- wilcox.test(total catch ~ year)

m?2
R
# Median values for each year

stats <- boxplot(total catch ~ year)

stats
R

detach(cumulative_stats)
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