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Summary

1. Allometric constraints associated with digesting leaves require relatively small avian herbi-

vores to consume high-quality forage. How such constraints are overcome during ontogeny

when energy and nutrient requirements are relatively high has not been adequately explored.

2. We compared growth trajectories of Canada and lesser snow goose goslings raised on

grass-based diets that differed in protein (10%, 14% or 18%) and fibre (30% or 45%) with

those of free-living goslings on Akimiski Island, Canada. This common-garden experiment

allowed us to test the hypotheses that (i) smaller-bodied geese are more negatively affected by

reduced forage quality than larger-bodied geese, and (ii) goslings from subarctic brood-rear-

ing areas have a limited capacity to slow growth in response to reduced forage quality.

3. Canada goose goslings fed low-protein (10%) diets were on average 44% lighter in body

mass, had slower growth rates and were delayed >20 days in reaching 90% of asymptotic

size compared with Canada goose goslings fed 18% protein. In contrast, snow goose goslings

were unable to survive on the low-protein diets, and those fed high- or medium-protein diets

grew at a similar rate and achieved similar asymptotic size. Canada and snow goose goslings

fed low-protein diets had reduced growth rates of the tarsus and delayed emergence of the

9th primary.

4. Free-ranging Canada goslings on Akimiski Island were similar in mass and structural size

to captive-reared goslings fed low-protein diets. In contrast, snow goslings were similar in

mass and structural size to the captive-reared goslings fed the high- and medium-protein diets.

This suggests that degraded habitats with mostly low-protein forage may be able to support

Canada goslings better than snow goslings which require higher-quality forage to survive.

5. Size-related differences in gosling growth and survival in response to diminished diet qual-

ity may influence population size when available food reaches a lower threshold in protein

content. However, goslings can avoid such density-dependent population regulation if they

are able to move their broods and find adequate quality and quantity of forage.
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Introduction

Body size is thought to limit the quantity and quality of

plant food that can be eaten by herbivores (Demment &

van Soest 1985), and such constraints may be most diffi-

cult to overcome during ontogeny when mass-specific

energy and nutrient requirements are relatively high (Rick-

lefs 1979, 1996; Klasing 1998; Starck & Ricklefs 1998).

Much of the energy in plants is contained in the structural

cell wall, and its digestion requires fermentation and a

longer retention time in the digestive tract for assimilation

(Stevens & Hume Ian 1995). Yet, as body size declines,

herbivores must overcome the simultaneous constraints of

higher mass-specific metabolic rates and smaller guts. Such

allometric constraints predict that smaller herbivores must*Correspondence author. E-mail: cruciger7@gmail.com
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select higher-quality forage to satisfy nutritional require-

ments compared with larger herbivores (Demment & van

Soest 1985), although the implications for these constraints

during ontogeny have not been adequately explored.

Avian herbivores are particularly interesting in terms of

the proposed allometric constraints because they are rela-

tively small compared with other vertebrate herbivores,

do not have large fermentation chambers, and the high

energy demands of flight seem incompatible with the eco-

logical limitations associated with eating leaves (Morton

1978; Parra 1978; Dudley & Vermeij 1992). In fact, <3%
of extant bird species are herbivorous, most of which are

poor flyers, suggesting that these constraints are challeng-

ing to circumvent (McWilliams 1999). The true geese

(Order Anseriformes, Tribe Anserini) are exceptional

avian herbivores in that they are strong flyers, many spe-

cies have long migrations, and all species eat leaves

throughout their life cycle. Moreover, during ontogeny

when energy demands are especially high, goslings rely

entirely on plants of relatively high quality and quantity

to satisfy their nutrient requirements (Owen 1970; Seding-

er & Raveling 1984, 1986; Sedinger 1986; Aubin et al.

1993; McWilliams 1999). For geese nesting in arctic and

subarctic habitats where the growing season is short and

forage quality declines rapidly through the season (Hik &

Jefferies 1990; Gadallah & Jefferies 1995a; Srivastava &

Jefferies 1996; Cadieux, Gauthier & Hughes 2005), strong

selection for rapid growth rates of goslings requires that

hatching is synchronized with the punctuated availability

of relatively high-quality food so that goslings can reach

maturity before fall migration (Sedinger & Raveling 1986;

Aubin et al. 1993; Lesage & Gauthier 1997; Lepage,

Gauthier & Reed 1998; Badzinski et al. 2002). As growing

goslings must consume relatively large quantities of plant

material to satisfy their energy and nutrient requirements,

fast-growing herbivorous geese in arctic or subarctic eco-

systems must be highly sensitive to changes in either the

quality or availability of forage during this critical period.

To determine the influence of diet quality, we studied

survival and growth of Canada (Branta canadensis, Linna-

eus 1758) and lesser snow goose goslings (hereafter snow

goose, Chen caerulescens caerulescens, Linnaeus 1758)

from a subarctic nesting area where quality and availabil-

ity of brood-rearing habitat have been dramatically

affected by the overabundant snow goose population, a

keystone herbivore in this ecosystem (Kerbes, Kotanen &

Jefferies 1990; Jefferies, Jano & Abraham 2006). Long-

term field studies at La P�erouse Bay, Manitoba, Canada

have shown that overgrazing and grubbing by local nest-

ing and migrant snow geese caused a trophic cascade that

resulted in large-scale, long-term reductions in the avail-

ability of high-quality, preferred forage plants in coastal

saltmarshes (Cargill & Jefferies 1984; Jefferies & Rockwell

2002; Jefferies, Jano & Abraham 2006; Kotanen & Abra-

ham 2013). Changes in forage quality and quantity on

high-latitude breeding areas have led to declines in gosling

survival (Cooch et al. 1991b; Francis et al. 1992; Williams

et al. 1993), gosling growth rates (Cooch et al. 1991a),

adult body size (Cooch et al. 1991b; Sedinger, Flint &

Lindberg 1995; Winiarski, McWilliams & Rockwell 2012)

and fecundity (Cooch et al. 1989; Sedinger, Flint & Lind-

berg 1995). Similar degradation of habitat and depletion

of forage plants at Akimiski Island, Nunavut, Canada

(Abraham & Jefferies 1997; Gleason 2003; Abraham, Jeff-

eries & Alisauskas 2005) has resulted in dramatic declines

in Canada geese (Leafloor et al. 1996, 2000; Leafloor,

Ankney & Rusch 1998a). Body size and survivorship of

goslings declined at La P�erouse Bay and Akimiski Island

during growth presumably as a result of limited availabil-

ity of high-quality forage (Cooch et al. 1991b; Francis

et al. 1992; Williams et al. 1993; Leafloor, Ankney &

Rusch 1998a; Winiarski, McWilliams & Rockwell 2012).

Differences in body size between sympatric Canada geese

and lesser snow geese could influence their ability to

respond to reductions in forage quality and availability,

which in turn might affect gosling growth and survival.

We conducted a common-garden experiment that

involved raising Canada and snow goose goslings on

grass-based diets that differed in quality but were within

the range of plant quality available and eaten by wild

geese on arctic and subarctic brood-rearing areas (Tables 1

and 2). Our objectives were to determine how dietary fibre

and protein affect survival and growth of sympatric geese

that differ in body size. We compared growth trajectories

of captive goslings fed ecologically relevant diets with

those of free-living goslings on Akimiski Island to test the

following hypotheses: (i) effects of diet quality on survival

and growth are more prominent for smaller-bodied snow

geese than the larger Canada geese, and (ii) goslings from

subarctic brood-rearing areas have limited capacity to slow

their growth in response to reduced forage quality.

Materials and methods

egg collection and incubation

We collected 100 Canada goose and 100 snow goose eggs (one

egg per nest) on the north shore of Akimiski Island, Nunavut

(53°110 N, 81°380 W) on 31 May 1995, and transported them in

portable incubators by plane to Madison, Wisconsin (43°80 N,

89°200 W) on the day of collection. Thereafter, all eggs were incu-

bated in a poultry incubator at 36�1 � 0�7 °C (dry bulb tempera-

ture, mean � SE) and adequate humidity (28�9 � 1�4 °C wet

bulb temperature) and were auto-rotated every 4 h. Pipped eggs

were transferred to a stationary incubator for hatching (dry bulb:

35�6 � 0�8 °C; wet bulb: 30�2 � 1�9 °C) and hatched goslings

were allowed to dry for c. 10 h before removal. Two eggs of each

species were infertile. Of the remaining 98 eggs of each species,

89% of Canada goose eggs and 88% of snow goose eggs

hatched. However, 18 of the late-hatching snow goslings died

within 4 days of hatch for non-nutritional reasons and were not

included in the study. We marked all goslings at hatch with size

1 monel web tags, and each gosling was randomly assigned to a

diet group without replacement; all diet groups included goslings

with a similar range of hatch dates.
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experimental diets

Diets were formulated to simulate the protein and fibre content

of natural forage consumed by goslings in arctic and subarctic

breeding habitats (Table 1), although the lowest dietary protein

levels were expected to be at or below that required of growing

goslings so that we could determine their protein requirements.

Diets were comprised of the same five ingredients: beet sugar

(Beta vulgaris altissima), soya bean (Glycine max) meal, orchard

grass (Dactylis glomerata) hay, oat hulls (Avena sativa) and wheat

Table 1. Nutrient content of selected forage plants collected in tidal marshes and freshwater habitats at La P�erouse Bay (LP Bay), Mani-

toba, Yukon–Kuskokwim Delta (Y–K Delta), Alaska, USA and Alaska National Wildlife Refuge (ANWAR), Alaska, USA. Changes in

nutrient content of the same forage plants across years are provided when available. All values are mean � SE for each species or a

range of values published. If multiple values were given through time within a season, we report the peak value

Species

Nitrogen

(%)

Protein1

(%)

Fibre

Habitat Location Year Source3
NDF2

(%)

ADF2

(%)

Tidal Marsh

Carex mackenziei 2�2 � 0�1 14�0 � 0�7 50�4 � 0�8 21�1 � 0�8 Mudflat Y–K Delta 1978–1979 2

Carex subspathacea 3�0 � 0�4 19�0 � 1�6 47�6 � 1�6 23�1 Mudflat Y–K Delta 1978–1979 2

2�8–3�4 17�5–21�3 – – Saltmarsh LP Bay 1978–1979 1

2�1 � 0�4 13�1 � 1�9 – – Coastal LP Bay 1983 3

3�8 � 0�3 23�5 � 1�8 – 21�3 � 2�6 Saltmarsh LP Bay 1993 4

Puccinellia phryganodes 2�4 � 0�1 15�2 � 0�6 49�5 � 1�9 25�8 � 1�0 Mudflat Y–K Delta 1978–1979 2

1�8–2�5 11�3–15�6 – – Saltmarsh LP Bay 1978–1979 1

2�5–4�3 15�6–26�9 – – Saltmarsh LP Bay 1986–1987 6

3�1 � 0�5 19�6 � 3�2 – 23�0 � 1�5 Saltmarsh LP Bay 1993 4

Stellaria humifusa 1�6 � 0�1 10�0 � 0�6 – – Lowlands LP Bay 1983 3

Triglochin palustris 4�8 � 0�3 30�1 � 1�7 23�7 � 1�2 23�7 Mudflat Y–K Delta 1978–1979 2

3�1 � 0�2 19�5 � 1�5 29�1 � 0�8 28�0 Meadow Y–K Delta 1978–1979 2

Freshwater Marsh

Carex aquatilis4 3�2 � 0�3 20�0 � 1�8 – 27�4 � 1�9 Freshwater LP Bay 1993 4

Empetrum nigrum 0�8 � 0�1 5�0 � 0�4 36�8 29�2 Meadow Y–K Delta 1978–1979 2

Eriophotum angustifolium 1�9 � 0�1 11�8 � 0�8 40�0 � 1�6 16�1 � 1�8 Flooded ANWAR 1986–1987 5

2�0 � 0�2 12�3 � 1�0 44�1 � 2�4 17�6 � 1�2 Upland ANWAR 1986–1987 5

Festuca rubra 2�2 � 0�4 13�4 � 2�7 – 32�3 � 2�6 Freshwater LP Bay 1993 4

1Protein content was calculated as 6�25 9 total nitrogen.
2Neutral detergent fibre (NDF) and acid detergent fibre (ADF) were measured following the methods of Goering & Van Soest (1970) as

modified by Undersander, Mertens & Thiex (1993).
3Sources: (1) Cargill & Jefferies (1984); (2) Sedinger & Raveling (1984); (3) Bazely & Jefferies (1985); (4) Gadallah & Jefferies (1995b);

(5) Hupp et al. (1996); (6) Hik & Jefferies (1990).
4Shoots only.

Table 2. Measured composition (% dry mass) of experimental diets fed to captive-reared Canada and lesser snow goose goslings. Diets

were a factorial combination of four levels of protein (very high VH, high HP, medium MP and low LP) and two levels of fibre (Low

LF and High HF)

Diet Fibre Soluble

Protein Fibre Nitrogen Protein1 NDF2 ADF2 Lignin Lipid Carbohydrate Energy (kJ g�1)

Very High Low 4�2 � 0�8a 26�3 � 0�5a 28�4 � 1�5c 16�3 � 0�8b 1�3 � 0�1a 1�6 � 0�2 43�7 18�8 � 0�3a
High3 3�4 � 0�2b 21�8 � 1�3b 36�7 � 0�8bc 20�8 � 0�4bc 2�1 � 0�1a 1�2 � 0�2 40�4 19�1 � 0�3a

High Low 2�9 � 0�1c 18�3 � 0�7c 32�1 � 2�0b 16�1 � 1�1b 2�5 � 0�3ab 2�8 � 0�2 46�9 16�7 � 0�5bc
High 2�9 � 0�1c 18�1 � 0�6c 46�3 � 3�6ac 25�2 � 2�1ac 2�8 � 0�2ab 1�5 � 0�2 34�1 17�8 � 0�6ab

Medium Low 2�3 � 0�1de 14�6 � 0�4d 28�3 � 1�2b 13�6 � 0�7b 1�8 � 0�2a 2�2 � 0�2 54�9 16�8 � 0�4bc
High 2�1 � 0�1d 13�2 � 0�5de 50�2 � 0�3a 26�8 � 0�3a 3�1 � 0�2b 1�2 � 0�1 35�4 16�7 � 0�4bc

Low Low 1�7 � 0�2ef 10�9 � 1�4e 30�7 � 2�8b 15�7 � 1�1b 2�1 � 0�3a 2�2 � 0�2 56�2 17�1 � 0�3bc
High 1�5 � 0�1f 9�5 � 0�5f 44�3 � 2�5ac 23�3 � 1�8ac 2�7 � 0�2ab 1�3 � 0�1 44�9 17�8 � 0�3ab

Means (�SE) in a column with the same letters are not significantly different (P > 0�05, Fischer’s multiple mean comparison).
1Protein content was calculated as 6�25 9 total nitrogen.
2Neutral detergent fibre (NDF) and acid detergent fibre (ADF) were measured following the methods of Goering & Van Soest (1970) as

modified by Undersander, Mertens, and Thiex (1993).
3Given the nutrient composition of the ingredients used to construct diets (Table S1, Supporting information), it was not possible to for-

mulate the very high-protein diet with as high fibre as the other high-fibre diets.
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middling (Triticum aestivum, flour by-product; Table S1, Support-

ing information). The use of orchard grass, oat and wheat

ensured that dietary fibre was derived primarily from grasses, as

it is for wild goslings (Sedinger 1992). We added a vitamin and

mineral premix (1 g premix per 100 g diet) to each diet, that we

formulated to satisfy the vitamin and mineral requirements of

domestic geese (Summers & Leeson 1985). Addition of minerals

ensured that the balance of macronutrients (in this case protein)

and fibre, rather than micronutrients, determined the nutritional

adequacy of the diets.

Diet mixtures were dried and homogenized and then measured

for total protein, neutral detergent fibre (NDF), acid detergent

fibre (ADF), lignin, lipid, soluble carbohydrate and energy con-

tent (Table 2). Total nitrogen was measured using the Kjeldahl

method by the University of Wisconsin Soil and Plant Analysis

Lab. Per cent NDF, ADF and lignin were measured following

the methods of Goering & Van Soest (1970) as modified by

Undersander, Mertens & Thiex (1993). Lipid was extracted using

petroleum ether solvent refluxed for 6 h (Dobush, Ankney &

Krementz 1985) in a Goldfisch extraction apparatus, and soluble

carbohydrate was estimated by subtraction (% Soluble Carbohy-

drate = 100% � % protein � % fibre � % lipid). Total energy

density (kJ g�1) was measured by combustion in a Phillipson mi-

crobomb calorimeter (Gentry Instruments, Aiken, SC, USA) with

a benzoic acid standard.

maintenance and diets of goslings

Goslings were reared communally by diet group for their first 7–

8 days in round cardboard enclosures (46 cm tall, 2�5 m diame-

ter) containing 5–10 cm of pine shavings as bedding, a heat lamp,

drinking water and appropriate food per treatment group. This

communal housing allowed goslings to huddle for thermoregula-

tion, more quickly acclimate to captive conditions and grow large

enough to then be housed individually in cages. All goslings were

placed in individual galvanized welded-wire cages

(46 9 74 9 71 cm, 2�5 cm2 mesh, 20 cages per rack) at 7 days of

age for the remainder of the study (up to 100 days total). To

avoid foot and leg injuries to young goslings, we used smaller

mesh (1�2 cm2) floor inserts with PVC-coated wire on the floor of

each cage until goslings were about 5 weeks old. Enclosures and

cage racks were housed indoors and maintained at ambient tem-

perature (c. 22 °C) with a 12-h light:12-h dark photoperiod.

Food, water, oyster shell grit and sand were provided ad libitum.

During the early growth phase (0–21 days), goslings were fed

one of six diets that included a factorial combination of three levels

of protein (very high VHP c. 24%; high HP c. 18%; and low LP

c. 10%) and two levels of neutral detergent fibre (NDF) content

(high HF c. 45% and low LF c. 30%), but all diets were similar in

overall energy content (16�7–19�1 kJ g�1; Table 2). We specifically

formulated diets to be representative of selected foods of wild gos-

lings (Table 1), and we expected the higher level of dietary fibre to

increase processing time and potentially limit food intake of gos-

lings. Protein content ranged above and below expected protein

requirements (c. 18%) of growing goslings based on studies of

domestic waterfowl (National Research Council 1984; Sedinger

1992) and was within the range of wild foods (Table 1).

The factorial combination of these dietary fibre and protein

levels (Table 2) allowed us to determine the level at which protein

deficiency caused a reduction in growth rates, and fibre content

further reduced diet quality. After 3 weeks, we found that >18%

protein was more than adequate for gosling growth and as we

found no apparent or statistical differences between growth rates

for goslings in these groups, we combined VHP and HP dietary

protein levels and reduced half of all the birds to the medium-

protein diet (MP), while maintaining the dietary fibre levels for

all diet groups. These two protein reductions at 21 days of age

resulted in the following six diet groups [N = number of birds/

group, see Tables 4, S2 and S3 (Supporting information) for Can-

ada and snow geese, respectively] during the late growth phase

(22–100 days): HP/HF (high protein/high fibre), HP/LF (high

protein/low fibre), MP/HF (medium protein/high fibre), MP/LF

(medium protein/low fibre), LP/HF (low protein/high fibre) and

LP/LF (low protein/low fibre; see Table 2 for nutrient composi-

tion of these six diets).

measurements of goslings

Beginning 1 or 2 days after hatch, we weighed goslings every 2–

3 days with an electronic balance (�0�1 g) to 21 days and there-

after with a Pesola spring scale (�1 g) or larger electronic

balance (�1 g). Following the methods of Dzubin & Cooch

(1992), we measured culmen, diagonal tarsus length and ninth

primary length with digital calipers (�0�1 mm) every 2–4 days

throughout development. Age of goslings when ninth primary

erupted was estimated as the mid-point in time between the age

when the ninth primary was first detected and the age when pre-

viously measured (always 2–4 days prior). Asymptotic size of

ninth primary was defined as the length of the feather when the

feather shaft cleared. When ninth primaries exceeded the length

of calipers, we measured with a ruler to the nearest 1 mm. Gos-

ling mortality was recorded daily and the experiment ended when

surviving goslings were 80–102 days of age, and all except those

fed the poorest quality diets had completed growth.

survival

To estimate survival functions for Canada and snow goose gos-

lings for each of the diet groups, we used the Kaplan–Meier

product-limit method (Kaplan & Meier 1958; Lee 1992) in PROC

LIFETEST (SAS/STAT
� software 9�3; SAS Institute Inc. 2011). Gos-

lings that died at <4 days of age or for non-nutritional reasons

were censored from the analysis (Lee 1992). To test for differ-

ences in survival functions between diets and between species on

the same diets, we used the Mantel–Haenszel log-rank test for

equality across treatment groups because a greater proportion of

mortality occurred for young goslings (<15 days old) (Mantel &

Haenszel 2004). We calculated proportional hazard ratios using

PROC PHREG for all diets relative to the best quality diet: high pro-

tein and low fibre (HP/LF). Potential effects of hatch date on

survival were minimized through randomization in this analysis

because goslings hatching at different times were equally distrib-

uted among diet groups. In addition, a previous study of captive

Canada geese suggested that hatch dates did not affect growth

rates when diet quality remained constant, and food was pro-

vided ad libitum (Leafloor, Ankney & Rusch 1998b).

estimating growth parameters for indiv idual
goslings

We initially analysed growth of culmen, diagonal tarsus and body

mass for individual birds that survived more than 60 days with

the reparameterized version of the Richard’s process-error

© 2014 The Authors. Journal of Animal Ecology © 2014 British Ecological Society, Journal of Animal Ecology, 84, 284–298
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method which uses a 4th parameter, m, that controls the shape of

the growth curve (Richards 1959; White 1980; Brisbin 1986a,b;

Brisbin et al. 1987) providing a means to select the most appro-

priate model [logistic: m > 2; Gompertz: m c. 1 (Richards 1959;

Ricklefs 1983)]. For our growth data on captive Canada and

snow goslings, the shape parameter, m, was >2 for all structural

measurements, indicating that the equation reduces to the simpler

logistic equation. Further, the calculated pseudo R2 of the Rich-

ard’s model was similar to that for the logistic model with only

three of the four parameters. Thus, based on the principle of par-

simony, we used the logistic growth model for all subsequent

analyses.

We used a least squares nonlinear regression procedure (PROC

NLIN, Marquardt method; SAS Institute Inc. 2011) to fit the fol-

lowing logistic growth model (Ricklefs 1983) to measurements of

mass, culmen, diagonal tarsus and ninth primary length for indi-

vidual birds that survived more than 60 days:

WðtÞ ¼ A

1þ be�kt
� �

where W is the structural measurement (in g for mass and mm

for culmen, tarsus or ninth primary), A is the asymptote, k is the

growth rate constant, and t is age in days. Parameter b was cal-

culated as (A � Winitial)/Winitial, where Winitial is the initial mea-

surement after hatch.

The logistic growth analysis was complicated for tarsus because

many of the goslings fed low-protein diets had not yet reached

asymptotic size when the study was completed, although they were

on average within 10% of the asymptotic tarsus length of goslings

fed medium and high dietary protein. As a result, the logistic

model did not adequately converge to an asymptote or the asymp-

tote was overestimated for goslings fed these low-quality diets. To

force models to converge, we assumed the asymptotic tarsus

length of these goslings was the mean asymptotic tarsus length for

male and female goslings fed high or medium dietary protein.

The logistic growth analysis was also complicated for ninth pri-

mary because diet affected the age at emergence of primary feath-

ers (range was 19–36 days of age for Canada geese, 15–34 days

of age for snow geese). Consequently, we subtracted the age of

emergence from each measurement age to shift the curve towards

the origin and fit the logistic growth model for only the period of

ninth primary growth from emergence to asymptotic size.

statist ical analyses: effects of diet on
growth of goslings

The product of the logistic growth modelling was a set of param-

eter estimates (i.e. A, k and b) for each individual that were then

used to test for effects of diet quality on growth of male and

female Canada and snow goose goslings. For this analysis, we

combined goslings of a given gender and species that were fed

the VHP or HP diets because we expected protein levels >18% to

be more than sufficient for growing goslings (National Research

Council 1984) and because we did not detect consistent differ-

ences in the parameter estimates for goslings raised on these

higher-protein diets (P > 0�05 for 84% of all comparisons). Thus,

the statistical analyses that tested for the effects of diet quality on

growth parameters included six diets that were a factorial combi-

nation of protein (HP, MP, LP) and fibre (HF, LF; see Table 2

for diet composition).

We used a factorial analysis of variance (ANOVA, PROC GLM;

SAS Institute Inc. 2011) to examine the effects of gender (SEX),

diet group (DIET) and their interaction (SEX 9 DIET) on the

parameter estimates from the logistic growth analyses of struc-

tural size and body mass of goslings for each species. When sig-

nificant differences were detected for a given parameter, we used

Fisher’s protected least squares difference (FPLSD) (Carmer &

Swanson 1973) to examine the influence of protein content (PRO-

TEIN), fibre content (FIBRE) and their interaction. We also used

a two-way ANOVA to examine the effect of diet group (DIET) on

growth rates (k) across the two species (SPECIES) and their

interaction (SPECIES 9 DIET). We accepted statistical signifi-

cance at P < 0�05 for all tests.

comparisons with wild goslings

Wild goslings on Akimiski Island, Nunavut were web-tagged at

hatching using standard methods (see Leafloor et al. 2000 for

details) and recaptured c. 5–8 weeks later. Growth curves gener-

ated for Canada and snow goose goslings on the experimental

diets were then compared graphically to the measurements of

wild goslings on Akimiski Island in the same year.

Results

effects of diet quality on survival

Comparison across diets for each species

Kaplan–Meier log-rank survival probabilities for Canada

goose goslings <21 days of age (Fig. 1a) did not differ

across diet treatment groups (log-rank v2 = 2�74, d.f. = 5,

P = 0�74; Fig. 1a); however, gosling survival was margin-

ally influenced by decreasing protein content of the diets

(log-rank v2 = 11�85, d.f. = 5, P = 0�037, Fig. 1c). For

snow goose goslings, significant reductions in survival were

apparent with decreasing diet quality (i.e. low protein), espe-

cially during early growth (log-rank v2 = 28�34, d.f. = 5,

P < 0�0001; Fig. 1b) as well as during growth up to 80 days

(log-rank v2 = 24�64, d.f. = 5, P = 0�0002; Fig. 1d).
Proportional hazard ratios for Canada and Snow goose

goslings were calculated for each of the diet groups relative

to the high-protein and low-fibre (HP/LF) diet: the highest

quality diet. We found that Canada goslings had compara-

ble hazard ratios for the high- or low-protein diets

(P > 0�05, Hazard ratio = 0�71–1�2; Table 3). Snow gos-

lings, however, fed the low-protein, high-fibre diets (LP/

HF) had 4 times higher mortality than goslings fed the

high-protein, low-fibre diet (HP/LF) (v2 = 9�29, P = 0�002,
Hazard ratio = 4�03; Table 3) and 2 times higher mortality

when fed the low protein, low fibre (LP/LF) diet

(v2 = 2�586, P = 0�11, Hazard ratio = 2�05; Table 3).

Comparison between species for each diet

When we compared the two species on the same diets, we

found that survival probabilities were similar between

Canada and snow goslings on all of the high- and med-
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ium-protein diets. Snow goslings fed the lowest quality

diet (LP/HF) had significantly lower survival than Canada

goslings fed this same diet during early growth (to

21 days log-rank v2 = 11�79, d.f. = 1, P = 0�0006; Fig. 1a,
b) as well as after 21 days to adult size (up to 80 days

log-rank v2 = 9�91, d.f. = 1, P = 0�0016; Fig. 1c,d).

effects of diet quality on gosling growth

For goslings that survived more than 60 days, logistic

growth curves for body mass, culmen length and diagonal

tarsus length (mm) are shown in Fig. 2 for Canada goslings

and Fig. 3 for snow goslings and the associated full suite of

parameter estimates are in Tables S2 and S3 (Supporting

information), respectively. Males were heavier and larger

than females, and Canada goslings were heavier and larger

than snow goslings. Diet effects were most evident when

goslings were fed the lowest protein (10%) and these diet

effects were usually more evident in snow geese.

For Canada goose goslings, asymptotic body mass dif-

fered between diets (F5,55 = 7�94, P < 0�0001), between

males and females (F1,55 = 47�42, P < 0�0001), and there

was a significant interaction (DIET 9 SEX F5,55 = 2�71,
P = 0�03; Fig. 2a,b). Final body mass of Canada goslings

fed the low-protein diets was 38% lower for females and

14% lower for males compared with those fed the high-

or medium-protein diets (Table S2, Supporting informa-

tion). For snow goose goslings, asymptotic body mass

was consistently higher for males for each diet (SEX

F1,20 = 14�97, P = 0�0001); however, low survival of gos-

lings fed the low-protein diets made it difficult to detect

differences in asymptotic body mass across diet treatment

groups (DIET F4,20 = 2�04, P = 0�127; DIET 9 SEX

(a) (b)

(c) (d)

Fig. 1. Survival probability of captive-

reared Canada and snow goose goslings

to 21 days old (a and b) and to 80 days

old (c and d). Goslings were fed one of six

experimental diets that were a factorial

combination of protein (3 levels: high HP,

medium MP and low LP) and fibre (2 lev-

els: low LF and high HF).

Table 3. Proportional hazard ratios for captive-reared Canada

goose (n = 85) and lesser snow goose (n = 54) fed diets that were

a factorial combination of protein (3 levels: high HP, medium

MP and low LP) and fibre (2 levels: low LF and high HF). Haz-

ard ratios were generated for goslings >80 days old relative to the

high-protein, low-fibre (HP/LF) diet

Diet

v2 P Hazard ratioProtein Fibre

Canada Goose

High Low – – –
High 0�341 0�56 0�81

Medium Low 0�435 0�51 0�77
High 0�899 0�34 0�71

Low Low 0�263 0�61 1�2
High 0�001 0�97 0�99

Snow Goose

High Low – – –
High 0�190 0�66 1�18

Medium Low 0�011 0�92 0�95
High 0�044 0�83 0�9

Low Low 2�586 0�11 2�05
High 9�290 0�002 4�03
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F4,20 = 0�74, P = 0�58; Fig. 3a,b; Table S3, Supporting

information).

For both Canada and snow goose goslings, growth

rates (k) of body mass were significantly lower for gos-

lings fed low-protein diets relative to those fed high- or

medium-protein levels (DIET Canada F5,55 = 47�90,
P < 0�001; snow F4,20 = 13�10, P < 0�0001), but were simi-

lar across genders (SEX Canada F1,55 = 1�70, P = 0�5;
snow F1,20 = 1�90, P < 0�18; Table S2 and S3, Supporting

information).

For both Canada and snow goose goslings, final cul-

men length was larger in males than females (SEX Can-

ada F1,55 = 30�94, P < 0�0001; snow F1,20 9�69, P = 0�006),
but did not differ across the diet groups (DIET Canada

F5,55 = 1�14, P = 0�35, Fig. 2c,d; snow F4,20 = 1�66,
P = 0�20, Fig. 3c,d). However, growth rates (k) of the

culmen were significantly lower for Canada goslings fed

low-protein diets (F5,55 = 21�81, P < 0�0001; Table S2,

Supporting information), and the same trend was evident

for snow goslings (F4,20 = 2�65, P = 0�064, Table S3,

Supporting information). In addition, Canada and snow

goslings fed low-protein diets took >28 days and >42 days

longer, respectively, to reach 90% of asymptotic culmen

length (T90%, Canada F5,55 = 17�75, P < 0�0001; snow

F4,20 = 3�83, P = 0�015; Table 4) than goslings fed the

high-protein diets.

Similar to other structural measures, growth rates of

the diagonal tarsus were significantly lower for goslings

fed low-protein diets (Canada F5,55 = 53�79, P < 0�0001,
Fig. 2e,f; snow F4,20 = 7�51, P = 0�004, Fig. 3e,f). In addi-

tion, it took >38 days and >39 days longer for the tarsus

to reach T90% for Canada (F5,55 = 47�16, P < 0�0001;

(a) (b)

(c) (d)

(e) (f)

Fig. 2. Growth curves (lines) for mass (g),

culmen length (mm) and diagonal tarsus

length (mm) fit to the logistic model for

female and male Canada goose goslings.

Goslings were fed one of six experimental

diets that were a factorial combination of

protein (3 levels: high HP, medium MP

and low LP) and fibre (2 levels: low LF

and high HF). For each gender, differ-

ences between diets in asymptotic mass

are denoted by non-overlapping vertical

bars. Diets in the legend that share the

same letter were not significantly different

in growth rate (k) of mass and tarsus

length, genders combined. Rectangles are

mean (�SE) body mass (g) and diagonal

tarsus length of wild goslings from Akimi-

ski Island banded in 1995 that were web-

tagged at hatch and then recaptured at on

average 48 days of age. Data for culmen

length were not available in 1995.
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Table 4) and snow goose (F4,20 = 23�32, P < 0�0001;
Table 4) goslings, respectively.

effects of diet quality on growth and
emergence of 9th primary

For both Canada and snow goslings, asymptotic length of

the 9th primary and its growth rate (k) did not differ by

DIET and SEX, nor their interactions (all P > 0�05,
Table 5, Fig. 4), although asymptotic length of the pri-

mary feather was 9–14% shorter for birds on the low-pro-

tein diets. The age of emergence of the 9th primary for

Canada goslings was significantly affected by DIET

(Canada F5,51 = 58�19, P < 0�0001) with primary feathers

emerging 16 days later for birds fed the low-protein, high-

fibre (LP/HF) diets (Table 5). For snow goslings,

emergence of the ninth primary was also affected by

DIET (F4,12 = 31�76, P < 0�0001). The 9th primary

emerged 16 or 21 days later for goslings fed the LP/LF or

LP/HF diet (n = 1 and 3, respectively) compared with

goslings fed the HP/LF diets (Table 5). For both Canada

and snow goose goslings, age of 9th primary emergence

was significantly affected by dietary protein (Canada

F2,51 = 179�60, P < 0�0001; snow F2 = 47�59, P < 0�001,
Table 5) but not dietary fibre (Canada F1,51 = 0�16,
P = 0�69; snow F1,12 = 1�32, P = 0�27, Table 4).

The growth rate constant (k) for 9th primary was not

significantly affected by diet for both Canada (DIET

F5,51 = 2�30, P = 0�058, SEX F1,51 = 3�06, P = 0�09,
DIET 9 SEX F5,51 = 0�67, P = 0�65, Table 5, Fig. 4a)

and snow goose goslings (DIET F5,12 = 1�03, P P = 0�44,
SEX F1,12 = 0�68, P = 0�42, DIET 9 SEX F4,12 = 0�07,

(a) (b)

(c) (d)

(e) (f)

Fig. 3. Growth curves for mass (g), cul-

men length (mm) and diagonal tarsus

length (mm) fit to the logistic model for

female and male lesser snow goose gos-

lings. Goslings were fed one of six experi-

mental diets that were a factorial

combination of protein (3 levels: high HP,

medium MP and low LP) and fibre (2 lev-

els: low LF and high HF). Only one Snow

gosling fed the LP/HF diet survived (+).
Diets in the legend that share the same

letter were not significantly different in

growth rate (k), genders combined. Rect-

angles denote the mean (�SE) mass, cul-

men length or tarsus length of wild

goslings from Akimiski Island in 1995 that

were web-tagged at hatch and then recap-

tured at on average 34 days of age.
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P = 0�99 Table 5, Fig. 4b). Inspection of the residuals

showed that growth of the ninth primary was linear

between 10% and 90% of asymptotic length, so we esti-

mated daily growth rates of ninth primary for each indi-

vidual during this linear phase of growth. For Canada

goslings, growth rates of the ninth primary averaged

6�8 mm day�1 (range: 6�6–7�0 mm day�1). For snow gos-

lings, growth rates of the ninth primary averaged

6�4 mm day�1 (range: 5�8–6�8 mm day�1).

effects of diet quality on growth rate
between species

Growth rate constants (k) for body mass were signifi-

cantly higher for snow goslings than Canada goslings for

all high and medium-protein diets, but did not differ for

goslings on the low-protein diets (SPECIES 9 DIET,

F5,86 = 3�17, P = 0�011). No significant differences in

growth rates of culmen or diagonal tarsus were found

between snow and Canada goslings for any diet (all

P > 0�05). Diet quality affected growth rates of primary

feathers in different ways for Canada compared with

snow goslings (SPECIES 9 DIET F5,74 = 2�87, P = 0�02),
with snow goslings having a slightly higher growth rate

constant than Canada goslings when fed the HP/LF

(P = 0�0074) and MP/HF (P = 0�0026) diets. In general,

daily growth rates of primary feathers over the linear

portion of the curve were similar between species and

across diets (6�4–6�8 mm day�1), and the main effect of

reduced diet quality was the delay in primary feather

emergence and time to reach T90% for both Canada and

snow geese.

comparison between captive and free-l iv ing
goslings

Free-living Canada goslings were on average 48 days of

age (range 46–50 days) and were similar in mass and size

to captive goslings of similar age that were fed the low-

protein diets (female 1573 � 178 g, male 1729 � 233 g;

Fig. 2). In contrast, snow goslings at about 34 days

(range 32–36 days) were similar in mass and size to cap-

tive goslings of similar age that were fed the medium- or

higher-protein diets (female 1258 � 115 g; male

Table 4. Age in days (mean � SE) to reach 90% (T90) of asymp-

totic mass, culmen, and diagonal tarsus length for captive-reared

Canada and snow goose goslings fed one of six diets that were a

factorial combination of protein (3 levels: High HP, Medium

MP, and Low LP) and fibre (2 levels: Low LF and High HF)

Diet

Fibre N

Mass

(days)

Culmen

(days)

Tarsus

(days)Protein

Canada Goose

High Low 10 43�9 � 1�6d 47�2 � 1�7b 32�7 � 1�2b
High 13 47�7 � 1�2d 53�1 � 2�0b 37�6 � 1�7b

Medium Low 10 45�8 � 1�1d 48�9 � 1�8b 31�2 � 1�0b
High 15 53�2 � 1�1c 51�0 � 2�1b 32�3 � 1�5b

Low Low 9 68�2 � 2�4b 74�0 � 4�4a 64�5 � 2�7a
High 10 74�7 � 4�3a 74�8 � 4�9a 66�8 � 4�8a

Snow Goose

High Low 10 35�3 � 1�2b 45�7 � 2�9b 26�9 � 1�9b
High 8 38�4 � 1�7b 52�1 � 2�3b 30�8 � 2�9b

Medium Low 4 35�9 � 3�3b 47�9 � 5�7b 26�3 � 2�4b
High 5 38�4 � 2�2b 47�2 � 2�6b 29�4 � 1�8b

Low Low 3 69�6 � 3�3a 69�2 � 11�4a 65�4 � 1�8a
High 1 63�0 66�8 65�0

Means within a column with the same letter were not significantly

different (ANOVA, Fisher’s Protected LSD multiple mean compari-

son).

Table 5. Mean (�SE) parameter estimates for 9th primary feather from a logistic growth model for captive-reared Canada and lesser

snow goose goslings fed grass-based diets that were a factorial combination of protein (3 levels: high HP, medium MP and low LP) and

fibre (2 levels: low LF and high HF). Logistic growth model of the form W = A/(1 + be�kt), where A is the asymptotic mass for both

sexes combined (not significantly different), k is the growth rate constant, and b is the limit [b = (A � initial mass)/initial mass]. Curves

begin at the age of emergence of the 9th primary (TEmerge, days) and end at the age when primary length is completed (TAsymptote, days).

Differences between diets were evident for TEMERGE and TAYSMPTOTE; values within a column with the same letter were not significantly

different (ANOVA, Fisher’s protected LSD multiple mean comparison)

Protein Fibre N

Asymptote (A)

(mm) k b Pseudo R2
TEmerge

(days)

TAsymptote

(days)

Canada Goose

High Low 10 281 � 7 0�143 � 0�006 40�81 � 6�97 0�990–0�999 19 � 1b 71 � 2b

High 13 273 � 5 0�160 � 0�006 84�79 � 24�18 0�980–0�999 20 � 1b 70 � 2b

Medium Low 9 274 � 4 0�154 � 0�005 54�78 � 10�27 0�992–0�998 20 � 1b 71 � 1b

High 15 269 � 6 0�149 � 0�004 58�60 � 8�03 0�989–0�999 20 � 1b 71 � 1b

Low Low 7 255 � 7 0�154 � 0�004 25�85 � 2�25 0�996–0�998 36 � 2a 81 � 1a

High 8 268 � 4 0�135 � 0�005 16�79 � 3�14 0�991–0�999 36 � 1a 80 � 1a

Snow Goose

High Low 8 252 � 7 0�166 � 0�008 49�54 � 8�93 0�985–0�998 13 � 1b 63 � 1b

High 5 247 � 7 0�152 � 0�011 26�82 � 7�10 0�995–0�999 16 � 1b 62 � 1b

Medium Low 3 248 � 18 0�150 � 0�008 28�41 � 3�03 0�974–0�997 15 � 1b 61 � 4b

High 4 236 � 11 0�180 � 0�009 56�07 � 8�67 0�990–0�995 15 � 1b 61 � 4b

Low Low 2 215 � 5 0�147 � 0�006 14�31 � 6�26 0�997–0�999 34 � 4a 72 � 6a

High 1 230 0�162 18�17 0�997–0�997 29 65
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1363 � 128 g; Fig. 3). This pattern was consistent for

body mass and all structural measurements (Figs 2 and

3), as well as for ninth primary length (Fig. 4).

Discussion

interspecif ic differences in response to diet
quality

Structural size and growth rates (k) for both Canada

and snow goose goslings were significantly affected by

diet quality, although how diet quality affected size and

growth rates differed between the species (Tables S2 and

S3, Supporting information; Figs 2 and 3). The larger

Canada goslings had similar survival across all diet

groups, but slower growth rates as dietary protein

declined. For Canada goslings that survived >60 days,

goslings were lighter in mass and smaller in size as die-

tary protein level decreased from high (>18%) to med-

ium (14%) and to low (10%). The smaller snow goose

goslings, on the other hand, maintained high growth

rates and reached similar asymptotic size when fed either

the high- (18%) or medium-(14%) protein diets, but

reduced growth rates and final size of goslings were sig-

nificantly lower for goslings fed the low-protein diet

(10%). Moreover, snow goslings fed the low-protein

diets had lower survival and were 4�6 times more likely

to die than those on higher-protein diets (Table 3).

Thus, the smaller-bodied snow goose appeared to be

more negatively affected by reduced protein levels during

growth than the larger-bodied Canada goose, which is

consistent with our first hypothesis. Contrary to our

expectations, however, higher levels of dietary fibre did

not consistently affect growth rates and survival of gos-

lings of either species.

phenotypic flexib il ity in growth

Snow goslings fed the high- or medium-protein diets grew

at a relatively fixed rate and achieved similar asymptotic

size, whereas the Canada goslings were able to reduce

their growth rate and size in response to the same reduc-

tion in dietary protein. For both Canada and snow goose

goslings, however, maturation was delayed when dietary

protein was inadequate. The relatively fixed growth rate

exhibited by snow goose goslings on both diets above

14% protein is consistent with the hypothesis that smaller

goslings may have limited capacity to respond to lower

forage quality below some threshold. In contrast, the

degree of phenotypic flexibility in growth rate and size

demonstrated by Canada goose goslings in response to

decreased diet quality suggests that larger species may

have an advantage, especially when mitigating the con-

straints imposed by small body size. Phenotypic flexibility

in growth in response to diet quality is common in altri-

cial as well as other precocial species of birds (Shrew &

Ricklefs 1988). For example, altricial white-fronted bee

eaters (Merops bullockoides), European starlings (Sturnus

vulgaris), song sparrows (Melospiza melodia) and zebra

finches (Peophila guttata) as well as precocial chickens

(Gallus gallus f. dom.) and Japanese quail (Coturnix cotur-

nix japonica) slow growth, delay fledging or attainment of

adult size and retard feather growth in response to

reduced food intake and diet quality (McRoberts 1965;

Boag 1987; Shrew & Ricklefs 1988; Emlen et al. 1991;

Searcy, Peters & Nowicki 2004). Less common are species

such as snow geese in our study that grow at a relatively

fixed rate regardless of diet quality (Shrew & Ricklefs

1988). For example, growth rate of Leach’s storm petrel

(Oceanodroma leucorhoa) did not change with reduced

diet quality (Ricklefs 1987), although this ability to grow

(a) (b)

Fig. 4. Growth curves for 9th primary fit to the logistic model for captive-reared Canada and snow goose goslings. Goslings were fed

one of six experimental diets that were a factorial combination of protein (3 levels: high HP, medium MP and low LP) and fibre (2 lev-

els: low LF and high HF). Note that only one snow gosling fed the LP/HF diet survived. No significant effects of diet or gender were

found for the asymptote or growth rate (k) constant (all P > 0�05), although age of emergence (TEmerge) and age when reaching final

length (TAsymptote) were significantly different between diets (Table 4). Rectangles denote the 9th primary length of wild goslings from

Akimiski Island in 1995 that were web-tagged at hatch and then recaptured when 46–50 days old for Canada gosling and 32–36 days

old for snow goslings.
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normally despite variation in diet quality may be the

product of its relatively slow growth rate, nutrient

requirements and large fat reserves (Ricklefs & Schew

1994). The relatively rapid growth rate of snow geese and

its limited capacity to retard growth in response to

reduced diet quality likely explains the high mortality of

snow goose goslings fed the inadequate dietary protein.

The yet untested mechanistic explanation for these inter-

specific differences in phenotypic flexibility in growth in

response to declining forage quality is that snow geese

continue to allocate resources to growth at the expense of

self-maintenance and survival. In contrast, Canada geese

may reduce resource allocation to growth, attempt to sat-

isfy the minimal costs of self-maintenance, and as a result,

more often survive.

Geese are known to have some of the fastest growth

rates reported for a precocial species, and as high as some

altricial species of similar size (Ricklefs 1973; Sedinger

1986; Aubin et al. 1993). Snow geese had consistently

higher growth rates (k = 0�134–0�148) than Canada geese

(k = 0�103–0�128) when fed the same high- and medium-

protein diets, but growth rates were similar between

species when fed the low-protein diets (Canada:

k = 0�075–0�079; Snow: k = 0�072–0�077). Maximum

growth rate for lesser snow goslings on HP diets was

comparable to that for free-living lesser snow goslings in

the arctic (e.g. McConnell River, Northwest Territories,

Canada, k = 0�151 (Aubin, Dunn & MacInnes 1986), sug-

gesting that the diet of free-living goslings must have been

quite high quality given the additional costs of thermoreg-

ulation and foraging by wild geese. Cackling goose

(Branta canadensis minima, k = 0�074) on the Yukon–

Kuskokwim Delta, Alaska, USA (Sedinger 1986), and the

large-bodied greater snow goose (Chen caerulescens atlan-

tica, k = 0�09) on Bylot Island, Canada (Lesage & Gau-

thier 1997), had growth rates equivalent to our captive-

reared goslings fed the low-protein diets. Lindholm, Gau-

thier & Desrochers (1994) found a much higher growth

rate for greater snow geese (k = 0�168) when captive-

reared goslings were fed native grasses on Bylot Island

supplemented with pellet food.

The web-tagged, free-living Canada and snow goslings

banded on Akimiski Island in 1995 were similar in mass

and size to our captive goslings fed certain ecologically

relevant diets. Specifically, body mass and size of free-liv-

ing snow goslings most resembled that of the captive birds

fed the high- or medium-protein diets (Fig. 3), whereas

free-living Canada goslings were more similar in size to

captive goslings fed the low-protein diets (Fig. 2). These

apparent differences between species captured in compara-

ble habitats support the notion that Canada geese are

more flexible in their growth responses than snow

goslings. Although our comparison of growth rates for

free-living as well as captive goslings must be cautiously

interpreted, they demonstrate (i) extensive intraspecific

variation in growth rates due to diet quality and (ii)

growth rates of captive-reared goslings were usually

higher than that of free-living goslings likely in part

because the latter inevitably incur additional energy and

nutrient costs compared with captive goslings.

forage quality in relation to gosling
requirements

Based on the significantly reduced survival and slower

growth rates for both Canada and snow goslings fed low-

protein diets, we infer that goslings require on average at

least 10–14% dietary protein. Reduced survival and

slower growth was especially evident for snow goslings

fed the 10% protein diet, which suggests that their protein

requirements are at least 14% and higher than those of

Canada goslings. These estimated protein requirements

are in general agreement with earlier studies on domestic

geese where Allen (1983) and Stevenson (1985) found that

crude protein requirements were 16–20% from 0 to

4 weeks of age, but declined to 14% thereafter. Other

waterfowl species, such as ducks, have been shown to

require >16% dietary protein to reach maximum growth

rates (Holm & Scott 1954; Scott et al. 1959; Lightbody &

Ankney 1984), whereas some gallinaceous species require

>24% dietary protein (Nestler, Bailey & McClure 1942).

Incidentally, protein content of available forage is gener-

ally above 10%, and preferred species such as grasses are

>14% protein or higher (Table 1). For herbivorous geese,

it is no surprise that protein content of forage is usually

considered the most limiting nutrient for growing goslings

(Kerbes, Kotanen & Jefferies 1990; Gadallah & Jefferies

1995a,b; Lesage & Gauthier 1997; Cadieux, Gauthier &

Hughes 2005).

Forage quality for herbivores is also related to dietary

fibre because it affects food intake rate and digestibility

(Demment & van Soest 1985; Illius & Gordon 1993) and

thus the amount of acquired nutrients. In our study, die-

tary fibre of experimental diets ranged from 28% to 50%

NDF (Table 2), which is well within the range of those

found in wild forage species (Table 1). For all structural

measures, we consistently found significant effects of pro-

tein content on survival and growth rates; however, we

did not find consistent effects of fibre on survival, growth

rates, structural size and body mass, or timing of growth

for Canada and snow goose goslings, with two exceptions.

Canada goslings fed low- or medium-protein diets with

high fibre (LP/HF or MP/HF) took on average 6–8 days

longer to reach 90% of asymptotic body mass than gos-

lings fed the low-fibre diets with the same amount of pro-

tein (Table 4). Perhaps the larger Canada goose goslings

were able to adequately compensate for most changes in

dietary fibre partially because of phenotypic flexibility in

gut size which can accommodate large changes in food

intake while maintaining relatively constant digestibility

(Karasov & McWilliams 2005; McWilliams & Karasov

2005; van Gils et al. 2006, 2008). For the goslings in this

study, McWilliams & Leafloor (2005) found that both

Canada and snow goslings fed the high-fibre diets had lar-
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ger gizzard mass and longer small intestine length, but

only the Canada geese increased food intake when fed

high-fibre diets. The very large-bodied Bewick’s swan

(Cygnus columbianus bewickii) also exhibited considerable

phenotypic flexibility in gut length in response to changes

in forage quality (van Gils et al. 2008). Interestingly,

changes in gut length were associated with increased food

intake in these Bewick’s swans (van Gils et al. 2008) just

as in Canada geese. Thus, at least for these few species of

avian herbivores that have been studied, larger body size

seems associated with greater phenotypic flexibility in gut

size and an enhanced ability to compensate for reduced

forage quality. We propose that digestive constraints asso-

ciated with consuming poor-quality diets (low protein or

high fibre) limited food intake of snow goslings, whereas

the larger Canada goslings had not yet reached these lim-

its. Such a result is consistent with the hypothesis that

animals of smaller body size generally select diets of lower

fibre content and a smaller proportion of their energy

requirements is satisfied by energy yield from fibre fer-

mentation (Demment & van Soest 1985; Illius & Gordon

1993).

reduced diet quality delays growth of body
parts

High nutrient demand during growth for Canada and

snow goose goslings was especially apparent at two points

during growth based on survival curves (Fig. 1c,d) and

growth of body mass and structural size (Figs 2 and 3)

and primary feathers (Fig. 4): (i) between 10 and 20 days

when protein allocation shifts from growth of the legs

and digestive organs to growth of breast muscle and other

tissues in preparation for migration (Cooch et al. 1993;

Lesage & Gauthier 1997; Badzinski et al. 2002), and (ii)

at about 30 days old when the ninth primary feathers

have emerged and are rapidly growing. Geese invest

energy into body parts needed to obtain food such as the

growing legs to find food or escape predators as well as

develop digestive organs to process food efficiently (Se-

dinger & Raveling 1984; Sedinger 1986; Lindholm, Gau-

thier & Desrochers 1994; Lesage & Gauthier 1997;

Badzinski et al. 2002). We found such a pattern for Can-

ada and snow goslings where body parts associated with

locomotion (tarsus) and food acquisition (culmen) grew at

a faster rate early in development (Figs 2 and 3), and the

growth rate of these structures was relatively insensitive

to diet quality except when dietary protein was deficient

(Table 4).

The most apparent delay in structural growth was

observed with the delayed emergence of flight feathers for

birds fed low-protein diets (c. 16 days for Canada and

c. 14 days for snow geese). Interestingly, the delay in

emergence did not alter the growth rate once feathers had

emerged (c. 6�4–6�8 mm day�1). Concomitantly, we

observed a secondary increase in mortality at or near the

day of flight feather emergence for both species, especially

for goslings on the low-protein diets (Table 5, Fig. 1).

This suggests that the added protein burden of growing

primary feathers for goslings fed low dietary protein

resulted in reduced survival and a c. 2 week delay in com-

pletion of growth (Tables 4 and 5). There is a benefit if

goslings are devoting nutrients to growing more proteina-

ceous tissue to attain greater structural size while delaying

flight capabilities. However, this delay can have serious

consequences for geese constrained by a short growing

season in the arctic (Owen 1970; Cooke, Findlay & Rock-

well 1984; Sedinger, Flint & Lindberg 1995).

Goslings that eat low-quality forage could avoid taking

more time to attain larger size and simply fledge at a

smaller body size, although such a growth strategy would

result in smaller adult size because there is little evidence

of compensatory growth or catch-up growth in geese after

the first summer (Cooch et al. 1991b; Hector & Nakaga-

wa 2012). Smaller-sized adult geese have reduced fitness

because of well-documented body size effects on fecundity

(Cooch et al. 1991b; Francis et al. 1992; Sedinger 1992;

Sedinger, Flint & Lindberg 1995; Leafloor et al. 2000;

Alisauskas et al. 2011). Thus, the reduced asymptotic size

of Canada and snow geese on certain diets likely has con-

sequences for lifetime reproductive success of these geese,

and underscores the importance of adequate forage qual-

ity and quantity during early growth (Lindholm, Gauthier

& Desrochers 1994; Gadallah & Jefferies 1995a; Sedinger,

Flint & Lindberg 1995; Leafloor, Ankney & Rusch 1998a,

b).

ecological implications of reduced forage
quality

The consequences of major changes in habitat quality

near breeding colonies in the Hudson Bay lowlands can

be evaluated based on these captive studies. As the snow

goose population continues to grow due to reduced winter

mortality and high-quality habitats on wintering and

migration stopover sites (Alisauskas et al. 2011), the

quantity and quality of available forage on breeding areas

will continue to decline (Jefferies, Rockwell & Abraham

2004). How goslings respond to these changes in forage

availability on the brood-rearing areas will determine the

long-term consequences of the over-abundant snow goose

population to sympatric populations of Canada geese in

lower Hudson Bay and James Bay. On Akimiski Island,

long-term data have shown that Canada gosling body size

was smallest in years when hatching was late relative to

the peak in forage availability and when local abundance

of breeding adults was high. In addition, breeding bird

abundance and nest density for 1995 were about average

for Canada geese when compared to the same data from

1993 to 2010 (R. Brook, unpubl. data).

Our results suggest that the more flexible growth strat-

egy of Canada goose goslings will enable them to tolerate

reductions in forage quality, whereas snow goose goslings

will not survive in areas with low-quality forage. It
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appears that the smaller body size of snow geese limits

their capacity to tolerate low-quality forage relative to

Canada goose goslings and this drives them to disperse to

better quality habitat as long as it is available (Cooch

et al. 1991b; Sedinger & Flint 1991; Gadallah & Jefferies

1995b; Jefferies, Jano & Abraham 2006; Winiarski,

McWilliams & Rockwell 2012). The reduced growth and

survival of snow geese in response to decreased forage

quality provides a mechanism for density-dependent regu-

lation of the snow goose population, although this

appears not to be occurring because the snow goose pop-

ulation in lower Hudson Bay continues to expand into

new areas (Koons, Rockwell & Aubry 2014). Snow geese

likely avoid such density-dependent population regulation

by moving their broods’ sometimes great distances to find

adequate quality and quantity of forage in surrounding

habitats (R. F. Rockwell, pers. comm.).

In general, larger body size confers some advantages

for herbivores in that smaller herbivores must select

higher-quality forage to satisfy nutritional requirements

compared with larger herbivores (Demment & van Soest

1985). We have shown for two species of high-latitude

breeding avian herbivores that larger size was also associ-

ated with greater flexibility in growth in response to for-

age quality, which in turn enhanced growth and survival

during ontogeny. These size-related differences in growth

strategy (fast and less flexible growth vs. slow and more

flexible growth) for these two species of avian herbivores

indicate a sensitive, but species-specific, response to

changes in forage quality and quantity caused by abun-

dance of the geese themselves or by climate change.
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Supporting Information

Additional Supporting Information may be found in the online version

of this article.

Table S1. Nutritional composition of dietary ingredients (% dry

mass, crude protein and fiber) and percent composition of ingre-

dients in diets fed to captive-reared Canada and snow goose gos-

lings.

Table S2. Mean (�SE) fitted parameters for mass (g), culmen

length (mm) and diagonal tarsal length (mm) generated by the

logistic growth model of captive-reared Canada goose goslings fed

grass-based diets consisting of a factorial combination of protein (3

levels, High HP, Medium MP, and Low LP) and fiber (2 levels,

High HF and Low LF).

Table S3. Mean (�SE) fitted parameters for mass (g), culmen

length (mm) and diagonal tarsal length (mm) generated by the

logistic growth model of captive-reared Lesser Snow goose goslings

fed grass-based diets consisting of a factorial combination of

protein (3 levels, High HP, Medium MP, and Low LP) and fiber (2

levels, Low LF and High HF).
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