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Soil Analyses and •3C/•2C Ratios Identify Sites of 
Deserted Rockhopper Penguin Colonies 
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2New Zealand Soil Bureau, Private Bag, Lower Hutt, New Zealand, and 
•Institute of Nuclear Sciences, Department of Scientific and Industrial Research, 

Private Bag, Lower Hutt, New Zealand 

During the 1940s the breeding population of Rock- 
hopper Penguins (Eudyptes chrysocome) at Campbell 
Island (52ø33'S, 169ø09'E), in the Australasian quad- 
rant of the Southern Ocean, probably exceeded a mil- 
lion birds (Bailey and Sorensen 1962, Moors 1986). 
Since then, numbers have fallen dramatically. Breed- 
ing colonies have been deserted and the remainder 
are now greatly reduced in area and numbers of oc- 
cupants (Moors 1986). Seas around the island have 
warmed over the past 40 years (Moors unpubl. data), 
and the consequent change in food availability is the 
most likely cause of the decline. 

Comparisons of present numbers with field obser- 
vations and photographs taken intermittently be- 
tween 1941 and the early 1950s were used to assess 
the extent of this decline. Such evidence is, however, 

inadequate or absent for several colonies. We inves- 

tigated the use of chemical analyses of soil to identify 
deserted breeding sites of the Rockhopper Penguin. 

Rockhopper colonies on Campbell Island are gen- 
erally on rocky slopes close to the sea. The same 
breeding locations are used each year, and birds are 
present from mid-October through the end of April. 
A breeding Rockhopper Penguin produces 4.3-36.3 
g dry wt of guano each day. The excreta contain high 
concentrations of nitrogen, phosphorus, calcium, and 
other elements (Burger et al. 1978). Colonies often 
contain thousands of breeding birds and the under- 
lying soil becomes heavily enriched by their guano. 
Lower amounts of nutrients are also deposited from 
molted feathers and the decomposed remains of eggs, 
dead birds, and food (Williams and Berruti 1978, Sieg- 
fried et al. 1978, Williams et al. 1978). 

Rockhopper Penguins feed entirely at sea, and the 
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deposited nutrients are derived ultimately from ma- 
rine food chains. Marine organisms, and animals that 
feed on them, generally have higher •3C/•2C ratios in 
the organic carbon of their tissues than organisms 
from terrestrial food chains (Fry and Sherr 1984, 
Rounick and Winterbourn 1986). Low •3C/•2C ratios 

are particularly evident in food chains based on land 
plants which exploit the C• or Calvin photosynthetic 
cycle of carbon fixation. As far as is known, all grasses, 
herbs and shrubs at Campbell Island belong to the C• 
group of plants. Soil in penguin colonies should 
therefore be enriched with •C compared with nearby 
soil and peat never occupied by penguins. We ana- 
lyzed and compared the C, N, and P concentrations 
and the •3C/•2C ratios of samples from (1) sites pre- 
sumed never to have been occupied by Rockhopper 
Penguins, (2) deserted and occupied colonies, and (3) 
Rockhopper Penguin guano. We also examined the 
•3C/•2C ratios of plants growing near colonies. 

Five groups of samples were collected in January 
1986 on the west coast of Campbell Island at Penguin 
Bay, where about 4,600 pairs of Rockhopper Penguins 
were still breeding. Soil was collected from 4 sites in 
deserted colonies identified from photographs taken 
when penguins still bred there and chosen to give a 
sequence of times since desertion. Each site was prob- 
ably deserted only a few years after the date of its 
photograph. Four samples (depths 5-15 cm) were col- 
lected at 2 sites still occupied in 1951 (1951 sites); 2 
samples (depths 5-10 cm) were collected from a site 
active in 1974 (1974 site); and 4 samples (depths 5-20 
cm) were taken from a site still occupied in 1979 (1979 
site). Soil was collected from 5 locations (depths 1-5 
cm) in 2 colonies where rockhoppers continued to 
nest. Two samples (depths 15-25 cm) were taken from 
each of 3 control sites more than 100 m from, and 

about 20 m above, the closest known rockhopper col- 
ony. These sites had the same aspect and exposure as 
the rockhopper colonies, but were on steep vegetated 
slopes. This habitat was not used by Rockhopper Pen- 
guins at Campbell Island. We collected fresh guano 
from 6 adult Rockhopper Penguins, 3 samples of 
vegetation from the margins of an active colony and 
2 samples from the 1974 site. 

Shallow soil in the active colonies and varying 
thickness of peat at other sites prevented our collec- 
tion of samples at constant depths. Because C, N, and 
P decline proportionately with soil depth, ratios of 
these elements were likely to be less affected by vari- 
ability in sampling depth. C/N and C/P ratios were 
the main basis for comparison of soil elements. 

Soil and peat samples were stored in a field-moist 
condition for several weeks at about 4 ø C. They were 
then sieved, the -<2 mm material was air-dried and 

finely ground and the >2 mm material (primarily 
stones) was discarded. Liquid guano was collected in 
a large plastic bag strapped around each bird and then 
run onto a glass-fiber filter paper. Three filter papers 
were used, each receiving guano from 2 birds. The 

papers were dried by gentle heating and finely ground. 
The vegetation samples were refrigerated for 2 weeks 
and dried at about 65øC before being finely ground 
in a plant mill. 

We analyzed •C/•C by sealed-tube combustion of 
subsamples that contained 1-3 mg C. The released 
CO• was analyzed by mass spectrometry (Rounick et 
al. 1982). Analytical precision was 0.3%• (parts per 
thousand). Results are reported as deviations (•3C) 
relative to the international limestone standard known 

as PDB, which has an arbitrary value of zero, where: 

1,000 x L (,,c/•,c)•o. l' 

6•aC is usually a negative number and becomes in- 
creasingly negative as the •3C/•2C ratio of the sample 
declines. 

Organic C was measured with a Leco induction 
furnace after soil acidification to remove carbonate C. 

After Kjeldahl digestion (Cu catalyst), total N was 
measured as NH,+-N by autoanalyzer and total P as 
phosphate P by colorimetry (Motomizu et al. 1983). 
Results are expressed as percent composition of oven- 
dry (105øC) wt of soil (Blakemore et al. 1987). Single 
classification analyses of variance and Kolmogorov- 
Smirnov two-sample tests were used to examine dif- 
ferences among samples in C, N, P, and 6•C, and 
Kolmogorov-Smirnov tests for differences in C / N and 
C/P ratios (Sokal and Rohlf 1981). 

Guano contained the largest proportions of C and 
N (Table 1). Total P was considerably more abundant 
in guano and soil from colonies than in control sam- 
pies. Guano N and P composition was similar to that 
for Rockhopper Penguins on Marion Island (Burger 
et al. 1978). 

There were significant differences between control 
sites, occupied colonies, and combined deserted col- 
onies in the percentage concentrations of C (F•.• = 
5.74; P < 0.02) and P (F•.• = 31.9; P < 0.001), but not 
N (F2.• = 0.48; P > 0.5). C and N did not accumulate 
in colony soil at Penguin Bay, despite fresh guano 
being especially rich in these elements. The average 
concentrations of C and N in soil from active colonies 

were only a fraction of those in guano, and were much 
lower at the oldest abandoned site than at the more 

recently abandoned one (Table 1; Kolmogorov-Smir- 
nov D•,• = 16.00; P < 0.05). Organic C and N from 
guano are rapidly mineralized and lost as CO• and 
NkI• + and NO•-, particularly in Campbell Island's 
moist climate (mean annual rainfall, 1,377 ram). 

The average percentage of P was greater in soil 
from occupied colonies than in guano (Table 1), but 
this difference was not significant (F•,• = 1.00; P > 
0.25). Total P in soil from occupied colonies was sig- 
nificantly higher than in deserted colonies (F•.• = 
13.42; P < 0.005). Usually P is strongly retained by 
soil, but run-off from the acidic peat and soils on the 
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TABLE 1. Average concentrations of C, N, P and •3C in soil, vegetation, and penguin guano from Campbell 
Island, with particular reference to occupied and deserted colonies of Rockhopper Penguins. SDs in pa- 
rentheses. 

Total C Total N Total P •3C 

Sample type n % % C/N ratio % C/P ratio %0 
Guano 3 27.0 18.6 1.5 3.0 9.2 - 18.0 

(0.9) (3.6) (0.36) (0.65) (1.9) (1.2) 

Occupied colonies 5 5.5 1.1 4.8 3.6 1.5 -23.2 
(2.9) (0.40) (1.2) (0.83) (0.58) (0.7) 

Deserted colonies: 

1979 site 4 5.2 1.0 5.3 2.5 2.1 -21.8 

(1.9) (0.47) (0.54) (0.51) (0.39) (0.61) 
1974 site 2 7.8 1.4 5.8 2.0 3.9 -22.5 

(0.57) (0.13) (0.14) (0.30) (0.28) (1.1) 
1951 sites 4 2.4 0.39 6.2 2.2 2.0 -22.4 

(1.0) (0.18) (1.2) (0.74) (1.1) (0.50) 
Total 10 4.6 0.84 5.8 2.3 2.0 -22.2 

(2.5) (0.50) (0.9) (0.56) (1.1) (0.7) 
Control sites 6 12.6 0.91 14.0 0.85 15.1 -24.8 

(7.9) (0.60) (1.4) (0.22) (10.1) (0.4) 

Vegetation 5 ...... 27.2 
(2.1) 

island (Campbell 1981) was probably responsible for 
its gradual removal from the deserted colonies. 

Soil samples from both active and abandoned pen- 
guin colonies were separated from control samples 
by C/N and C/P ratios (Table 1). The ratios for colony 
sites were significantly less than those for control sites 
(Kolmogorov-Smirnov tests; all P < 0.025). The C/N 
and C/P ratios from the 3 deserted sites were not 

significantly different from the corresponding ratios 
for occupied colonies (both D•o,s = 20.0; P > 0.1). The 
C/N ratio tended to increase with time since the col- 
onies were deserted (Table 1). •C also differed among 
samples (Table 1), with significant differences be- 
tween past and present rockhopper colonies and con- 
trol sites (F=,•8 = 21.25; P < 0.001). The 3 deserted 
colonies did not differ significantly (F2,7 = 1.15; P > 
0.2), nor was there a significant difference between 
the occupied colonies and combined deserted colo- 
nies (D•o.s= 30.0; P > 0.1). However, there was a 
highly significant difference between the deserted 
colonies and control sites (D•o• = 60.0; P = 0.001). The 
correlation between •C values and C/N ratios for 

active, abandoned, and control sites was highly sig- 
nificant (r = -0.82; n = 21; P < 0.001). As expected, 
the values of •C were highest in guano and lowest 
in vegetation. The •3C values for these samples were 
similar to those previously reported for marine or- 
ganisms (Fry and Sherr 1984) and C• plants (Bender 
1971). Campbell (1981) noted that the high concen- 
trations of nutrients such as N, P, and K in soils near 

active albatross nests on Campbell Island were leached 
away once the nests were deserted. Similarly, Spelt 
and Cowling (1984) reported gradual losses of C, N, 

and P from soil in Ad•lie Penguin (Pygoscelis adeliae) 
colonies in Antarctica. However, these elements did 

not decline consistently with time since desertion in 
the Rockhopper Penguin colonies at Campbell Island 
(Table 1). 

Total P was most abundant in colony soils at Pen- 
guin Bay, but even the control samples contained 
relatively high levels compared with Campbell's (1981) 
analyses and the normal range of 0.01-0.3% P in New 
Zealand topsoils (Saunders 1968). The elevated P most 
likely came from seabirds, probably Sooty Shear- 
waters (Puffinus griseus). They once bred in very large 
numbers on Campbell Island (Bailey and Sorensen 
1962), and favored steep tussocky coastal slopes, like 
those at the control sites, for their nesting burrows. 
This interpretation is supported by a much lower P 
concentration of 0.06% in soil (C/N ratio 29.8, C/P 
ratio 845) which we collected in February 1987 from 
a flat ridge-top about 750 m away from the rockhopper 
colonies, where shearwaters and other seabirds are 

unlikely ever to have nested. 
We believe that deserted Rockhopper Penguin col- 

onies can be readily identified by soil characteristics, 
even when abandoned for more than 30 years. The 
most useful soil indicators are the C/N and C/P ratios 

and the •3C value. The C/N ratio is preferable for 
most purposes because it can be determined with sim- 
ple analytical techniques. Investigation of the annual 
rate of change of these indicators, using sites for which 
the dates of abandonment are known, may enable the 
time since desertion to be estimated for other colo- 

nies. These methods are applicable to studies of the 
past breeding distribution and abundance of colonial 
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seabirds, and are likely to be most successful with 
species nesting in dense aggregations on the surface 
or in burrows. 

We thank Duncan Cunningham and Grant Harper 
for field assistanceß and Janine Cowling and Charles 
Feltham for soil and guano analyses. Mike Imber sug- 
gested shearwater enrichment as a source of P and 
made useful comments on the manuscript. The study 
was conducted while Moors was on the staff of the 

New Zealand Wildlife Service; this organization was 
incorporated into the Department of Conservation in 
April 1987. 
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Food Supplement Effects on Breeding Time and Harem Size 
in the Red-winged Blackbird (Agelalus phoenlceus) 

PETER I•. WIMBERGER • 

Washington State Museumß University of Washington, Seattle, Washington 98195 USA 

Some bird species (e.g. Parus major, K•illander 1974; 
Corvus corone, Yore-Toy 1974; Falco tinnunculus, Cav• 
1968; and Melospiza melodius, Smith et al. 1980) ad- 
vance the onset of breeding in response to increased 
food resources during the pre-laying season, whereas 
others (e.g. Pica pica, HSgstedt 1981) do not. Ewald 
and Rohwer (•982) report advancing the onset of 

• Present address: Section of Ecology and System- 
atics, Cornell Universityß Ithacaß New York 14853- 
2701 USA. 

breeding in Red-winged Blackbirds (Agelaius phoeni- 
ceus) by feeding. Their study, however, used whole 
lakes as experimental unitsß as opposed to territories 
or groups of territories within lakes. Ponds differ in 
surrounding vegetation, topography, substrate and 
productivity (Orians 1980), factors that may affect up- 
land foraging success during the early breeding sea- 
sonß and relative timing of insect emergence later in 
the season. These latter factors may affect timing of 
breeding. One could therefore argue that the ad- 
vancement that Ewald and Rohwer observed was due 

to intrinsic differences between marshes rather than 


