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Abstract The Falkland Islands currently supports one of

the largest Southern Rockhopper Penguin (Eudyptes c.

chrysocome) populations. Archipelago-wide censuses

conducted in 2000 and 2005 revealed that the number of

breeding pairs had declined by 30 % during this period. To

establish whether the breeding population continued to

decline, an archipelago-wide census was conducted in

2010. We report a conservative estimate of 319,163 ±SD

24,820 pairs breeding at the Falkland Islands in 2010. This

represents a 51 % increase when compared with the

number counted in 2005. A simple stochastic population

model was developed to investigate the extent to which

changes in demographic parameters between 2005 and

2010 could account for the increase in breeding pairs. The

population model predicted a 38 % increase in the number

of breeding pairs over a 5-year period (289,431 ±SD

24,615). The increase in the number of breeding pairs was

therefore probably attributed to improved vital rates in the

period between the 2005 and 2010 archipelago-wide cen-

suses in combination with other factors such as a reduction

in the proportion of adult birds that abstained from

breeding. Based on the 2010 Falkland Islands estimate, the

global population of the subspecies E. c. chrysocome is

now closer to 870,000 breeding pairs of which the Falkland

Islands accounts for approximately 36 %, the second

largest proportion after Chile. We conclude that despite

fluctuations, the number of Southern Rockhopper Penguins

breeding at the Falkland Islands has increased over the last

15 years and suggest that the ‘Vulnerable’ conservation

status of the species be re-assessed.

Keywords South Atlantic � Seabirds � Population census �
Long-term monitoring � Breeding success � GAMs

Introduction

Penguin populations have undergone significant changes in

recent decades (Woehler et al. 2001). Whereas several

species are increasing, most have declined rapidly and as a

result are listed as threatened based on International Union

for Conservation of Nature (IUCN) Red List criteria

(Woehler et al. 2001; IUCN 2012). Indeed, only three of

the 18 penguin species are listed as ‘Least Concern’. The

remaining species are currently listed as ‘Near Threatened’

(four species), ‘Vulnerable’ (six species) or ‘Endangered’

(five species) due to declining population numbers and/or

limited breeding ranges (IUCN 2012). Reasons for recent

population declines are generally poorly understood,

although in some species broad-scale ecosystem changes
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have been implicated where populations have declined

across large spatial scales (Weimerskirch et al. 2003; Hil-

ton et al. 2006; Croxall et al. 2012; Lynch et al. 2012a).

Accordingly, regular and ongoing monitoring of popula-

tions is neccessary to facilitate informed assessments of

population status and trends, for ascribing causes to pop-

ulation change, and in the development of effective con-

servation measures.

Southern Rockhopper Penguins (Eudyptes chrysocome)

are currently listed as ‘Vulnerable’ due to substantial pop-

ulation declines at almost all breeding sites throughout their

range (Moors 1986; Cunningham and Moors 1994; Cooper

et al. 1997; Ellis et al. 1998; Pütz et al. 2003a; Birdlife

International 2010). There are two subspecies of Southern

Rockhopper Penguins. The subspecies E. c. filholi breeds in

the sub-Antarctic at the Prince Edward Islands, Crozet

Islands, Kerguelen Islands, Heard Island, Macquarie Island

and Campbell, Auckland and Antipodes Islands (BirdLife

International 2010). The subspecies E. c. chrysocome

(hereafter referred to as Southern Rockhopper Penguin)

breeds at offshore islands in southern Chile, Argentina and

at the Falkland Islands (BirdLife International 2010).

The Falkland Islands currently supports one of the

highest numbers of Southern Rockhopper Penguins, but has

also experienced one of the largest declines. In the 1930s,

three million Southern Rockhopper Penguins were esti-

mated to breed at the Falkland Islands (Bennett 1933),

although a re-evaluation by Pütz et al. (2003a) suggests the

number was closer to 1.5 million breeding pairs. No further

censuses were conducted until 1995, the results of which

revealed a decline of more than 80 % over this period (to

288,000 breeding pairs) (Bingham 1998; Huin 2006), mir-

roring E. c. filholi population declines at Campbell and

Marion Islands (Cunningham and Moors 1994; Crawford

et al. 2003). Due to the lack of population data between 1932

and 1995, the temporal pattern in the decline of Southern

Rockhopper Penguins at the Falkland Islands is unknown.

However, a mass mortality event in 1986 (attributed to the

starvation of adult birds during moult) probably resulted in a

pronounced decline between the late 1980s and early 1990s

(Ellis et al. 1998; Keymer et al. 2001).

Since 1995 censuses of Southern Rockhopper Penguins

breeding at the Falkland Islands have been conducted every

5 years (Clausen and Huin 2003; Huin 2006). The census

conducted in 2005 revealed that numbers had declined by a

further 90,000 breeding pairs between 2000 and 2005 (to

210,000 breeding pairs), primarily attributed to a Harmful

Algal Bloom (HAB) in 2002 (Uhart et al. 2004; Huin

2006). The current global conservation status of the species

(Vulnerable) has been driven largely by the decline in

numbers breeding at the Falklands Islands (1995–2005),

which in addition to being one of the largest populations, is

also one of the better studied (Birdlife International 2012).

In order to establish whether the breeding population has

continued to decline, we compare the results of the most

recent archipelago-wide census conducted in 2010 with

previous censuses. In addition we review trends in breeding

numbers and breeding success from annually monitored

study colonies to assess the population status and trends of

Southern Rockhopper Penguins breeding at the Falkland

Islands.

Methods

The Falkland Islands are located approximately 600 km

east of mainland South America, in the south-west Atlantic

Ocean between 51 to 53�S and 57 to 62�W (Fig. 1). In

2010, the fourth archipelago-wide census of Southern

Rockhopper Penguins was conducted from 24 October to

18 November 2010. The census was conducted over an

extended period due to logistical constraints. However, the

timing of the census was consistent with previous censuses

(24 October to 15 December 1995; 21 October to 30

November 2000; 2 November to 30 November 2005)

(Bingham 1998; Clausen and Huin 2003; Huin 2006).

Southern Rockhopper Penguins show a high degree of

breeding synchrony. At New Island (in the west of the

archipelago), 95 % of birds in study colonies laid their first

‘A’ egg by 5 November (Poisbleau et al. 2008). Ideally, the

archipelago-wide census should take place soon after the

majority of Southern Rockhopper Penguins have laid their

eggs. However, the Southern Rockhopper Penguin census

was part of a larger survey that is timed to coincide with

peak egg laying in Black-browed Albatrosses (Thalassar-

che melanophrys), rather than Southern Rockhopper Pen-

guins (Huin and Reid 2006). Therefore, the archipelago-

wide census typically starts in late October (23 October in

2010), when some Southern Rockhopper Penguin pairs

have yet to lay their first ‘A’ egg (Clausen and Huin 2003).

Consistent with methods used in the previous three cen-

suses, active nests were defined as any nest site with a pair

defending it, regardless of whether birds were incubating

egg(s) or not. All active nests were counted.

Depending on the size and accessibility of the colony,

we used three standardised count methods to estimate the

number of breeding pairs: direct counts, counts from pho-

tographs, and density-area measurements from transects

(Table 1). All values are presented as ±SD, unless other-

wise stated.

Direct counts

Accessible colonies of less than 10,000 breeding pairs were

directly counted with the aid of tally counters (Table 1).

Three direct counts of nests occupied by adults were made
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by a minimum of two observers, with the exception of two

colonies that were counted by a single observer due to time

constraints (Table 1). Counts were repeated if they differed

by more than 5 % and were averaged once within this

range (Pütz et al. 2001). We considered these counts

accurate to within 10 % based on the five-point scale

outlined in Woehler and Croxall (1997).

Photographs

Photographs were taken of Southern Rockhopper Penguins

nesting on cliffs or colonies that were difficult to access

(Table 1). These colonies were sequentially photographed

from the best vantage point possible (ensuring overlap

between each photograph) and then counted on screen. To

reduce error we did not stitch photographs (e.g. Robertson

et al. 2008) but rather selected natural features present in

any two photographs and used these features to delineate

start and end points. Three counts were conducted, and

once the counts were within 5 % of each other, the mean

value was used as the estimate.

Area-density method

An area-density method was used to estimate the number

of breeding pairs at the large Steeple Jason Island and

Beauchêne Island breeding colonies. At Steeple Jason

Island, transects were undertaken at three distinct colony

areas, while at Beauchêne Island, transects were conducted

at four distinct colony areas (Table 1). The remaining areas

at these islands were counted using direct counts and

photographs and account for less than 10 % of the total

colony estimate.

The area-density method involved three steps:

1. Mapping the colony perimeter using a hand-held GPS

to calculate colony area. The colony perimeters that

were measured related to the boundaries of Black-

browed Albatross breeding colonies, rather than the

boundaries of the Southern Rockhopper Penguin

colonies. However, Southern Rockhopper Penguins

do not breed outside of the Black-browed albatross

colony, and therefore, the albatross colony area

provides an outer limit to Southern Rockhopper

Penguin distribution.

2. Conducting line transects at random to estimate the

densities of nests within colonies (Croxall and Prince

1979; Clausen and Huin 2003; Robson et al. 2011).

The number of transects was dependent on the size and

configuration of the colony. Each transect line was five

metres wide and was divided into a succession of

adjacent five metre squares (individual area of 25 m2).

Densities were sampled along the entire length of the

Fig. 1 Locations of Southern

Rockhopper Penguin breeding

colonies at the Falkland Islands,

including annually monitored

study colonies and the two

largest breeding colonies,

Steeple Jason Island and

Beauchêne Island
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Table 1 Estimates of the number of Southern Rockhopper Penguin

breeding pairs between 1995 and 2010 from breeding sites around the

Falkland Islands. The percent change in the number of breeding pairs

between 2005 and 2010 and the census methods used to derive

estimates are also presented. D = direct estimates, T = area-density

measurements, P = counts from photographs (see text for further

details)

Islands Change 2005–2010 2010 2005 2000 1995 Method

Mean (%)

59 ± 107

319,163

±a 15,190

210,418

±a 13,584

298,496c

±a 18,976

287,799c

±b 24,820 ±b 25,647 ±b 37,993 ±b 20,444

Arch Islande 41 650 462 698 411 D

Beauchêne Islande 48 105,778 71,343 62,218 69,227 D-T-P

A 68 79,567 47,373 40,243 T

B 30 2,553 1,960 3,679 D

C -6 12,957 13,798 9,418 T

D -9 1,927 2,123 1,948 D

E 43 8,439 5,888 6,782 T-D

Pond -18 166 202 150 D

Cliff 169 P

Bird Islandd,e 39 10,254 7,365 7,858 10,600 D

Bleaker Island -30 536 766 746 700 D

Clump Islande 5 225 214 209 83 D

Cochon Island 44 552 384 264 515 D

Elephant Jason 59 1,363 859 844 100 D

Hummock Island 530 460 73 871 540 D

Keppel Island 34 1,404 1,047 782 1,168 D

Kidney Island 17 297 253 257 100 D

North Islandd,e 44 4,763 3,314 3,462 3,472 D

Passage Islandse 64 446 272 456 392 D

Pebble Island -1 8,513 8,583 6,778 6,702 D-P

Rabbit Islande 183 853 301 793 600 D

Saunders Island 16 10,560 9,126 6,912 5,781 D

Sea Lion Island 11 401 360 484 504 D

South Jason 187 1,301 453 889 300 P

Steeple Jason Islande 106 121,396 59,033 108,954 111,171 D-T-P

S1 123 32,995 14,828 13,779 T

S2 ? S3 68 39,954 23,803 42,740 T

S4 15 3,642 3,175 5,876 D

S5 185 38,691 13,576 40,011 T

S6 67 6,114 3,652 6,549 P

West Point Island 8 2,249 2,085 5,004 4,042 P-D

East Falklands

Fanning Head -36 837 1,317 1,273 1,071 D

Cape Bougainville 7 1,487 1,385 1,723 1,943 D

Berkeley Sound South 47 2,131 1,445 2,455 1,910 D

Diamond Cove 13 167 148 152 155 D

Berkeley Sound North 39 2,648 1,909 2,334 2,460 D

West Falklands

Stephens Peak 135 2,933 1,250 2,574 2,504 D

Tamar Point 37 3,141 2,300 1,988 2,566 D

Penguin Point 32 288 219 242 93 D

Hope Harbour -23 2,114 2,736 2,778 2,243 D
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transect and included zero counts where no Southern

Rockhopper Penguins were recorded. As such, density

estimates are lower and their variance greater than if

the survey was limited to the penguin colony area.

However, the number of estimated breeding pairs

would be comparable to estimates derived from only

sampling densities within the penguin colony. For each

individual colony, transect counts were averaged to

produce an overall estimate of the breeding density.

3. Multiplication of density (pairs per unit area) by

colony area. In addition, to assess how mean density

changed with the addition of more transects, we

computed a cumulative mean density curve. The

inclusion of additional transects was at random and

repeated until all transects were included in the

calculation of mean nest density. Finally, we repeated

the process 10,000 times calculating the mean nest

density of j transects and the associated standard

deviation.

Accounting for uncertainty

A random sampling distribution of nest density was cal-

culated by repeat sub-sampling of the original sample data

such that the mean nest density from j quadrats for each

colony was re-sampled 10,000 times. The randomly gen-

erated bootstrap samples of nest density were then multi-

plied by area.

Errors for the remaining estimates (whether direct or

counted using photographs) were derived using the simu-

lation procedure outlined in Lynch et al. (2012b). This

procedure involved drawing a fractional error from a uni-

form distribution, assuming the uncertainty of the original

count was between 5 and 10 %. A value (count) was then

randomly drawn from a sampling distribution based on the

error. The procedure was then repeated 10,000 times

(Lynch et al. 2012b).

The resulting 10,000 possible estimates of breeding

pairs generated for each breeding colony either via tran-

sects, direct counts and/or photographs were summed and

the 2.5 and 97.5 percentiles calculated as the lower and

upper band of the 95 % CI. Our method of calculating

count errors differs to that of Clausen and Huin (2003) [and

subsequently revised in Huin (2006)], but for consistency

we present both estimates of count error in Table 1.

To test for differences in the number of breeding pairs

between archipelago-wide censuses we first generated

10,000 possible estimates for the 1995, 2000 and 2005

archipelago-wide censuses using the bootstrap methods

described above. Transect data and area measurements for

the 1995 archipelago-wide census were not available for

comparison (Bingham 1998). To estimate a conservative

count error for the 1995 archipelago-wide census, estimates

for Steeple Jason Island and Beauchêne Island were treated

as ‘direct’ counts with an error of 10 %. The difference

between pairwise counts for each of the 10,000 possible

estimates was used to calculate a bootstrapped t-statistic

(Efron and Tibshirani 1993).

Annually monitored study colonies

Annual monitoring of Southern Rockhopper Penguin

breeding pairs and breeding success at selected study

Table 1 continued

Islands Change 2005–2010 2010 2005 2000 1995 Method

Mean (%)

59 ± 107

319,163

±a 15,190

210,418

±a 13,584

298,496c

±a 18,976

287,799c

±b 24,820 ±b 25,647 ±b 37,993 ±b 20,444

Colonies not counted in 2010

Campa Menta 450 482 380

Carcass Point 2,896 3,300f 3,783

Grand Jason 10,496 48,404 34,000

McBride Head 3,073 4,868 4,146

New Island 5,667 7,413 5,500

Seal Bay 8,734 9,931 8,487

White Rock 100f 100 150

a Count error estimated using methods presented in Huin (2006)
b Count error estimated using bootstrap methods presented in the current manuscript
c Huin (2006) revised the archipelago-wide count presented in Clausen and Huin (2003)
d Count made by single observer only
e Count conducted before some birds laid their first egg
f Count extrapolated (Huin 2006)
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colonies commenced in 1993. Breeding pairs were counted

during incubation in November and chicks in January prior

to moulting and fledging by two or more observers using

tally counters (Pütz et al. 2001). When the two counts

differed by more than 10 % for large colonies and 5 % for

small colonies, counts were repeated. These counts (falling

within 5–10 % of each other) were subsequently averaged

(Pütz et al. 2001).

Over the course of the annual monitoring programme, a

total of 10 study colonies have been monitored. Unfortu-

nately, monitoring has been discontinued at some study

colonies, and to compensate, additional study colonies have

been established. Consequently, the total number of study

colonies monitored annually has varied between one and

seven. The most recent subset of annually monitored study

colonies (n = 5) commenced in 2005. The total number of

breeding pairs from these five study colonies was plotted to

illustrate annual trends between 2005 and 2010.

Three of the 10 study colonies have annual census data

that extend for over 10 years. In order to explore annual

trends over a longer temporal scale, we used Generalized

Additive Models (GAMs) following the methods of Few-

ster et al. (2000). Briefly, our analysis modelled the

expected penguin count lit for each study colony i and for

each year t, which is a prediction of the true count (Fewster

et al. 2000). The total predicted count for N colonies in

year t is:

XN

i¼1

l̂it ¼ exp b̂t

� � XN

i¼1

exp /̂1ð Þ

We then defined an abundance index, which measures

relative abundance in respect to an arbitrary start year

(Fewster et al. 2000), in this case 1995 which is the first

year in which all three study colonies were counted. The

abundance index predicts counts for all sites, irrespective

of missing observations, and is calculated as:

It ¼
total predicted count for year t

total predicted count for year 1
¼ expb̂t

expb̂1

Variances were estimated by generating 1999 bootstrap

samples which were combinations with replacement for

each study colony and each year (Fewster et al. 2000;

Forcada et al. 2006). A statistically significant upturn or

downturn of the abundance curve (i.e. confidence limit is

greater than 0 or less than 0, respectively) represent

population change points and are a particularly useful

exploratory tool. GAMs (Poisson error distribution and log

link function) were implemented using the mgcv package

(Wood 2008) in R (v2.15.1, R Core Team 2012) and

verified through plots of residuals (Fewster et al. 2000).

Mean annual breeding success (ratio of active nests in

November to fledgling counts in January) was calculated

for the study period 1995–2009. We used a Poisson Gen-

eralized Additive Mixed Model (GAMM; fitted using the

mgcv package in R) with year as a smooth term and

breeding colony as a random factor to test for differences in

breeding success over time. Plots of residuals and fitted

values were used to check model assumptions (Wood

2006).

Population modelling

To investigate the extent to which changes in demographic

parameters between 2005 and 2010 could account for the

increase in breeding pairs, we developed a simple sto-

chastic population model (Wanless et al. 2012). The

starting population was the number of breeding pairs esti-

mated in 2005. To account for uncertainty in the starting

population estimate, we ran the population model for

10,000 simulations, using each of the 10,000 population

estimates for 2005.

To estimate the number of breeding pairs for successive

years (year one to year five), we used a breeding success of

64 %, which was the mean for annually monitored sites

between 2005 and 2009. We incorporated estimates of age

related survival to predict the number of breeding pairs for

year j. Survival estimates were based on Southern Rock-

hopper Penguins breeding at the Falkland Islands over a

4-year period between 2007 and 2010 (Dehnhard et al.

2013). In order to predict survival estimates for year one

(i.e. missing survival data for 2006), we used the quadratic

relationship presented in Dehnhard et al. (2013) between

adult survival rates and sea surface temperature anomalies.

Briefly, the mean sea surface temperature anomaly in 2006

(0.25 ± 0.42 �C) indicated that survival would have been

similar to that in 2010 (Dehnhard et al. 2013). Adult sur-

vival was 2.95 ± 0.20 between 2007 and 2009 (back

transformed value being 0.95 ± 0.010) (Dehnhard et al.

2013). However, adult survival was significantly lower in

2010, being 1.67 ± 0.13 (back transformed value being

0.84 ± 0.016) (Dehnhard et al. 2013). To integrate this

variability into the population model, we used a mean adult

(logit) survival of 1.67 for years one and five and 2.95 for

years two to four. We assumed the average recruitment age

to be 4 years old and a mean logit juvenile (first year)

survival of 1.43 ± 0.25 (back transformed value being

0.81) (N. Dehnhard, M. Poisbleau, L. Demongin and P.

Quillfeldt unpublished data).

To allow for uncertainty in survival estimates, the mean

and standard deviation of survival estimates were used to

calculate a normal distribution. A survival estimate was

subsequently randomly drawn from the resulting sampling

distribution based on the error (Wanless et al. 2012). The

mean number of breeding pairs, 2.5 and 97.5 percentiles,

were calculated from the 10,000 simulations.
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Results

A total of 287,747 ± 24,806 Southern Rockhopper Pen-

guins were estimated to be breeding at 31 colonies between

23 October and 22 November 2010 (Fig. 1; Table 1).

During the 2010 census, we were unable to visit seven

Southern Rockhopper Penguin colonies. In 2005, a total of

31,416 ± 2,328 breeding pairs were estimated to be

breeding at these colonies. Therefore we conservatively

estimate 319,163 ± 24,820 breeding pairs of Southern

Rockhopper Penguins at the Falkland Islands in 2010. This

estimate assumes that the breeding colonies that were not

counted remained stable between 2005 and 2010. However

the mean increase across all breeding colonies was

59 ± 107 %. Hence, assuming the breeding colonies that

were not counted increased by a mean of 59 %, the esti-

mated number of breeding pairs would be 49,951 giving a

total of 336,777 breeding pairs at the Falkland Islands. We

used the conservative estimate of 319,163 breeding pairs

for analysis because breeding colonies exhibited large

inter-site variability when comparing the extent and

direction of population change at five-yearly intervals

(Table 1).

The number of breeding pairs increased by 51 % (95 %

CI being 48–58 %) between 2005 and 2010 (t = 11.5,

P \ 0.01) (Table 1; Fig. 2). Similarly, the number of

breeding pairs counted in 2010 was also significantly

higher than the number counted in 1995 and 2000 (t = 4.4,

P \ 0.01 and t = 2.1, P \ 0.05, respectively) (Table 1;

Fig. 2).

Steeple Jason Island and Beauchêne Island are the

largest breeding colonies at the Falkland Islands account-

ing for 71 % of the total number of breeding pairs

(Table 1). The Steeple Jason Island colony doubled

between 2005 and 2010, from 59,033 ± 20,407 to

121,396 ± 17,960 breeding pairs, respectively (t = 6.8,

P \ 0.05). Despite the recent increase, the number of

breeding pairs counted at Steeple Jason Island in 2010 was

similar to that reported in 1995 and 2000 (t = 1.42,

P [ 0.05 and t = 1.43, P [ 0.05, respectively) (Table 1).

At Beauchêne Island, the number of breeding pairs

increased by 48 % from 71,343 ± 15,328 breeding pairs in

2005 to 105,778 ± 16,878 breeding pairs in 2010 (t = 5.2,

P \ 0.05). Unlike Steeple Jason Island, the number of

breeding pairs counted at Beauchêne Island in 2010 was

significantly larger than the estimates reported from all

three previous censuses (t = 6.0–8.1, P \ 0.01) (Table 1).

In total, 50 transects were surveyed to obtain density

estimates at Steeple Jason Island and 22 at Beauchêne

Island, representing 692 and 489 quadrats, respectively.

Despite nest density being highly variable, the cumulative

mean nest density curve was linear and the number of

transects sampled sufficient to estimate mean nest density

(Fig. 3).

Fig. 2 Estimates of the total number of Southern Rockhopper

Penguin breeding pairs at the Falkland Islands. Also presented are

counts from selected annually monitored breeding colonies

Fig. 3 Cumulative mean Southern Rockhopper Penguin nest density

(±SD) in relation to the number of transects measured at Steeple

Jason Island and Beauchêne Island (calculated from 10,000 bootstrap

samples)
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Annually monitored study colonies

Trends in the number of breeding pairs counted at annually

monitored study colonies broadly reflected archipelago-

wide trends, despite only accounting for 1.7 % of the total

number of breeding pairs counted in 2010. Numbers of

Southern Rockhopper Penguins breeding at study colonies

increased by 97 ± 74 % between 2005 and 2010 (range

11.6–200 %), which was comparable to the archipelago-

wide increase of 59 ± 107 %, when taking into account

the large variation around the mean (Fig. 2). The annual

(linear) rate of increase between 2005 and 2010 was

15.8 %. Analysis of the abundance index estimate from

annually monitored study colonies revealed significant

increases in abundance in 2006 and 2009 and significant

declines in 2000 and 2004 (Fig. 4).

Breeding success was 0.74 ± 0.15 chicks fledged per

breeding pair when averaged across the entire 15-year

study period, but fluctuated between 0.49 ± 0.01 and

0.95 ± 0.03 chicks (Fig. 5). Below average breeding suc-

cess was recorded for six of the past 7 years, with a mean

breeding success of 0.64 ± 0.11 chicks fledged per

breeding pair between 2002 and 2009 (Fig. 5). Breeding

success declined singificantly between 1995 and 2009

(GAMM: df = 47, P \ 0.01).

Population modelling

Based on estimated demographic parameters for the period

2005–2010, our population model predicted 289,431

breeding pairs, with the 2.5 and 97.5 percentiles being

264,816 and 315,054 breeding pairs, respectively. There-

fore, based on the population model the number of

breeding pairs could have increased by an average of 38 %

(range 30–50 %) over the 5-year period.

Discussion

The number of Southern Rockhopper Penguins breeding at

the Falkland Islands increased by at least 51 % between

2005 and 2010. In addition, our study revealed that despite

population fluctuations, the number of breeding pairs has

increased since the inception of regular monitoring at the

Falkland Islands in 1995, but is still less than 20 % of the

1930s estimate of ca. 1.5 million breeding pairs (Pütz et al.

2003a).

Unfortunately, operational constraints dictated that the

timing of the census was not optimal for Southern Rock-

hopper Penguins. Some pairs defending nests were

assumed to be breeding, but had not yet laid an egg. There

are no data available to assess error due to misclassification

of breeders and non-breeders. Accordingly, it would be

valuable for future studies to validate what proportion of

pairs that defend nests at the onset of the season actually

breed. Nevertheless, given the pre-laying attendance pat-

terns of Southern Rockhopper Penguins (e.g. Poisbleau

et al. 2008), there is no inherent reason why a census just

prior to the mean A-egg laying date should be unsuitable.

However, we acknowledge that although the timing of the

2010 census was consistent with previous archipelago-wide

censuses, it adds an unknown degree of error to our esti-

mates. To improve accuracy and ease of counting, we

recommend that future archipelago-wide censuses at the

Falkland Islands be conducted in late November, when

males have departed for their long incubation foraging

trips, leaving only incubating females on nests (Pütz et al.
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Fig. 4 Abundance index of Southern Rockhopper Penguins from

three annually monitored breeding colonies at the Falkland Islands.

Dashed lines are bootstrap 95 % confidence limits; closed circles are

significant (P \ 0.05) downturns in population abundance, while

open circles represent significant population upturns

Fig. 5 Mean breeding success of Southern Rockhopper Penguins at

the Falkland Islands (±SD). Also presented are the number of

breeding colonies (n = i) for which mean breeding success was

estimated
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2003b). Changes in the monitoring protocol may, however,

compromise future long-term trend analyses.

Limitations notwithstanding, we have established that

Southern Rockhopper Penguins have recovered from a

decline of ca. 90,000 pairs between 2000 and 2005 (Huin

2006). The decline was attributed to a HAB in 2002 (Huin

2006). However, our abundance index analysis identified a

significant decline prior to 2002, suggesting reasons for the

decline (and/or the role of the HAB) are more complex.

Although based on a limited number of annually monitored

breeding colonies, the observed decline in Southern

Rockhopper Penguin abundance estimates corresponds

with a period of low breeding success for Thin-billed Pri-

ons (Pachyptila belcheri) at the Falkland Islands, which

was attributed to reduced resource availability (Quillfeldt

et al. 2003). Consequently, rather than a single event, a

combination of factors (perhaps acting in synergy over

successive years) most likely contributed to the decline in

the number of breeding pairs between 2000 and 2005.

Population recovery may have been facilitated by

comparatively high breeding success at the Falkland

Islands when compared to populations of Northern (E.

moseleyi) and Southern Rockhopper Penguins breeding in

the Indian and Pacific Oceans (Cooper et al. 1997; Cuthbert

and Sommer 2004; Crawford et al. 2008; Wilson et al.

2010). However, we found evidence of an overall decline

in breeding success (1995–2009) with below average

breeding success between 2002 and 2009. In addition,

breeding success varied extensively throughout the study

period (both within and between years). Trends in Southern

Rockhopper Penguin breeding success, and the underlying

factors, are complex and not yet fully understood. The

large variability in breeding success reported in our study

may reflect the relatively small number of breeding pairs at

annually monitored study colonies as well as the small

number of study colonies monitored overall. Breeding

success at small colonies may be more variable than at

larger colonies (and perhaps not entirely representative)

due to factors such as increased susceptibility to avian

predation (e.g. Barbosa et al. 1997; Lynch et al. 2010).

Regardless of inter-site variability, trends in breeding

success alone cannot account for the increase in the number

of breeding pairs.

Population recovery was therefore likely facilitated by

high juvenile and adult survival reported for Southern

Rockhopper Penguins breeding at the Falkland Islands

between 2006 and 2010 (0.81 and 0.84–0.96, respectively)

(Dehnhard et al. 2013). To put these survival estimates into

context and in relation to other species of crested penguins

where the same methods were used (i.e. transponder based

monitoring), annual survival of juvenile Southern Rock-

hopper Penguins at the Falkland Islands was more than

double the estimate for juvenile Macaroni Penguins

(Eudyptes chrysolophus) from Bird Island, South Georgia

(N. Ratcliffe British Antarctic Survey, unpublished data).

Similarly, between 2006 and 2008 adult mortality of

Southern Rockhopper Penguins breeding at the Falkland

Islands was less than half the estimate for Macaroni Pen-

guins at South Georgia (N. Ratcliffe British Antarctic

Survey, unpublished data). Indeed, our population model

revealed that breeding success combined with survival

estimates could account for a large proportion of the

increase in the number of breeding pairs between 2005 and

2010. Given the important influence of adult and juvenile

survival on population variance in a range of high latitude

seabirds (e.g. Barbraud and Weimerskirch 2001; Jenouvrier

et al. 2003; Hinke et al. 2007), high survival rates of

Southern Rockhopper Penguins between the 2005 and 2010

archipelago-wide censuses is one plausible hypothesis

accounting for the increase in numbers breeding over this

period. Temporal variation in demographic parameters may

be due to density dependence or environmental fluctuations

(Sæther and Bakke 2000; Jenouvrier et al. 2005). It is

beyond the scope of our study to disentangle how these

factors affect Southern Rockhopper Penguin demographic

rates. However, an increase in numbers of Gentoo Pen-

guins (Pygoscelis papua) breeding at the Falkland Islands

during the same period (Baylis et al. 2012, 2013) suggests

that environmental conditions were favourable in the

5-year period between the 2005 and 2010 archipelago-wide

censuses.

We would also expect the proportion of adult birds that

abstain from breeding in unfavourable years (i.e. the trade

off between reproductive effort and survival) to signifi-

cantly contribute to variability in the number of breeding

pairs, as reported for Gentoo Penguins breeding at South

Georgia (Croxall and Rothery 1995). For example, less

than 15 % of E. c. filholi bred in all seasons during a 3-year

study on the sub-Antarctic Macquarie Island (Hull et al.

2004). Furthermore at Marion Island, the number of

breeding E. c. filholi and mass on arrival were significantly

correlated, suggesting that in years of reduced food avail-

ability during the winter non-breeding period, more birds

abstain from breeding (Crawford et al. 2006). Unfortu-

nately, little is known about breeding abstention in

Southern Rockhopper Penguins at the Falkland Islands.

However, a high return rate for breeding adults between

2007 and 2010 (Dehnhard et al. 2013) further supports our

hypothesis that favourable environmental conditions facil-

itated an increase in the number of breeding birds.

The majority of Southern Rockhopper Penguins at the

Falkland Islands breed at Steeple Jason and Beauchêne

Islands (38 and 33 % of the 2010 population estimate

respectively). Changes in the number of breeding pairs at

these islands therefore influence disproportionately the

overall population trend at the Falkland Islands and have an
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important effect on the global conservation status of the

species. Interestingly, trends in the number of breeding

pairs differed between Steeple Jason Island and Beauchêne

Island. Whereas the population at Steeple Jason Island was

relatively stable between 1995 and 2010, the Beauchêne

Island population increased, with the number of breeding

pairs counted in 2010 being significantly larger than all

previous censuses since 1995 (although still substantially

less than the 300,000 breeding pairs estimated in 1980

(Lewis Smith and Prince 1985), albeit using different

census methods). Disparate trends may reflect differences

in the proximity of these two colonies to the 2002 HAB,

with Steeple Jason Island affected to a greater degree and

being slower to recover. This would support the suggestion

that breeding colonies in the north-west of the Falkland

Islands were disproportionately affected by the HAB

(Uhart et al. 2004; Huin 2006). However, no census was

undertaken the year following the HAB to test this

hypothesis.

Trends in the number of breeding pairs at Steeple Jason

Island and Beauchêne Island may have also been influ-

enced by different winter foraging areas. Southern Rock-

hopper Penguins from Steeple Jason Island tend to migrate

to the northern Patagonian Shelf region in winter, consis-

tent with the pattern for birds from most other breeding

colonies around the Falkland Islands (Pütz et al. 2002; N.

Ratcliffe British Antarctic Survey, unpublished data). In

contrast, Southern Rockhopper Penguins breeding at

Beauchêne Island tend to migrate further south and forage

in association with the southern Patagonian Shelf and sub-

Antarctic Front (N. Ratcliffe British Antarctic Survey,

unpublished data). Their winter migration resembles that

described for Southern Rockhopper Penguins breeding at

Staten Island (Raya Rey et al. 2007). Differing trends in the

number of breeding pairs at Steeple Jason Island and

Beauchêne Island may therefore be mediated by resource

availability or anthropogenic effects on survival (e.g.

marine pollution) within discrete overwinter foraging

habitats (Pütz et al. 2002; Raya Rey et al. 2007).

Based on the 2010 census at the Falkland Islands, and

using the latest published figures for other breeding loca-

tions (Birdlife International 2012), the global population of

E. c. chrysocome is now close to 870,000 breeding pairs of

which the Falkland Islands accounts for approximately

36 %. Chile (Isla Noir, Isla Ildefonso, Isla Diego Ramirez)

hosts a similar but slightly larger population estimated at

377,000 pairs (43 % of global population) (Schiavini 2000;

Kirkwood et al. 2007; Oehler et al. 2008; BirdLife Inter-

national 2012). The most recent census data indicate that

Southern Rockhopper Penguins are probably increasing in

Chile and Argentina, although the absence of long-term

population data at these locations (particularly breeding

colonies at remote offshore islands in the south of Chile)

make assessing population trends difficult (Schiavini 2000;

Oehler et al. 2008). Therefore, it is important that efforts

are directed towards continued population monitoring to

detect population changes, assess the significance of

changes and where possible identify the factors driving

these changes (Croxall and Rothery 1991).

We have shown that despite inter-annual variability, the

number of Southern Rockhopper Penguins breeding at the

Falkland Islands have increased over the last 15 years. Our

results are particularly encouraging in the light of the

globally threatened status of the species and the fact that

the Falkland Islands population has been severely dimin-

ished over the past century. Although logistical challenges

plague a regional-scale assessment of population trends, in

the light of the improved status of Southern Rockhopper

Penguins breeding at the Falkland Islands, it would be

useful to re-evaluate the global population status and

determine whether the species still meets the criteria

required for a listing of ‘Vulnerable’.
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