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Summary. Ammonia volatilization losses from faeces of 
Lesser Snow Geese were measured during the summer of 
1987 on the salt-marsh flats at La P6rouse Bay. Amounts 
of ammonia volatilized increased with increasing ambient 
temperature, and ranged from 1.0 to 15.1 nag N per 100 mg 
of nitrogen present as soluble ammonium ions at the start 
of the 8-h experiment. Using estimates of faecal deposition 
reported previously, the annual loss via volatilization was 
estimated at 0.08 g N m -2, or 7.9% of the nitrogen present 
in goose faeces. Percent change in soluble ammonium ions 
in fresh faeces after 8 h ranged from - 5 1 . 1 %  to +41.1%, 
indicating that net mineralization of organic nitrogen oc- 
curred in some of the faeces. Microbial respiration of fresh 
goose faeces increased exponentially with temperature. 
However, variable rates of net mineralization per unit rate 
of respiration indicated that the substrate quality affected 
microbial immobilization and thus net nitrogen mineraliza- 
tion. In feeding experiments, captive goslings grazed differ- 
ent types of vegetation, each with distinctive nutritional 
qualities. Forage quality had significant effects on goose 
feeding behavior and subsequent rates of nitrogen mineral- 
ization in fresh faeces. Net nitrogen mineralization rates 
in faeces from geese which grazed the three vegetation types 
ranged from 1.31 to 4.97 mg N H + - N  gDw -1 24h -x. Be- 
cause plant growth in this salt marsh is nitrogen-limited, 
where swards are grazed, mineralization of organic faecal 
nitrogen represents an essential link in the maintenance of 
the flow of nitrogen into the sediments and the sustained 
growth of vegetation at a time when most required by the 
geese. 
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Herbivores act as mineralizing agents by processing and 
recycling nutrients in plant biomass. The nutrients, which 
are returned to the soil as faeces or urine, are in forms 
that can be readily used by plants, thereby bypassing the 
rate-limiting step of the release of nutrients from litter. This 
recycling is essential for the regrowth of grazed swards 
(McKendrick et al. 1980; Coppock et al. 1983) and is likely 
to be of particular importance in habitats which are nu- 
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trient-limited. In addition to their direct role in nutrient 
cycling, herbivores may have indirect promotive effects on 
decomposition processes (Botkin et al. 1981; Naiman and 
Melillo 1984; Ruess and McNaughton 1987; Jefferies 
1988a). Despite the fact that the process of food selection 
is an essential component of the ecology of herbivores 
(McNaughton and Georgiadis 1986), the link between her- 
bivore feeding behavior and its influence on nutrient cycling 
processes within ecosystems remains an important, yet rela- 
tively poorly studied topic. 

On the western shore of Hudson Bay, the tidal salt- 
marsh fiats at La P6rouse Bay, Manitoba, are grazed inten- 
sively from early spring (mid June) to early August 
by adults and goslings of a breeding population of the 
Lesser Snow Goose (Chen caerulescens caerulescens L.). Pri- 
mary production of ungrazed vegetation is severely nitro- 
gen-limited (Cargill and Jefferies 1984a), but grazing by 
geese may stimulate net aboveground production by over 
100%, as a result of the rapid recycling of nitrogen as faecal 
nitrogen (Bazely and Jefferies 1985). Although as much as 
2 g N m -2 may be incorporated into goose biomass each 
year (Cargill and Jefferies 1984b), much of this export is 
probably counterbalanced by nitrogen-fixation on the sur- 
face of the sediments, which is significantly higher in grazed 
swards than in ungrazed swards (Bazely and Jefferies 
1988). 

Bazely and Jefferies (1985) reported that amounts of 
soluble nitrogen in fresh faeces collected throughout the 
summer of 1983 averaged 9.5 mg N H 2 - N  gDW faeces -1, 
or 53% of the total faecal nitrogen. When monitored over 
a 30-h period, the amount of nitrogen in faeces declined 
by approximately 62%, which they attributed to volatiliza- 
tion losses and leaching of ammonium into the sediments. 
Although nitrogen volatilization losses of this magnitude 
(33% of total nitrogen deposition) are within the range 
for many pastures and agricultural soils (Ball et al. 1979; 
Sherlock and Goh 1984; Ryden and McNeill 1984; Bouw- 
meester et al. 1985), they are well above those reported for 
landscapes with free ranging domestic livestock (Schimel 
et al. 1986), or environments with native large ungulates 
(Ruess and McNaughton 1988). In order to estimate the 
magnitude of volatilization losses from faeces deposited on 
the salt-marsh flats at La P6rouse Bay, rates of ammonia 
losses from fresh goose faeces were measured on different 
occasions throughout the growing season. 

Once the faeces are deposited, further microbial activity 
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may result in the net mineralization of organic nitrogen 
and the release of soluble inorganic nitrogen into the sedi- 
ments. Alternatively, the nitrogen which is released may 
be immobilized by the microbes where they are substrate- 
limited. In order to relate microbial activity in faeces to 
particular forage plants, we allowed captive goslings to feed 
on swards dominated by one of the three important forage 
species consumed by geese in the tidal marshes. We collect- 
ed fresh faeces and determined rates of microbial respira- 
tion and rates of net nitrogen mineralization in these drop- 
pings. 

Methods 

The study site 

All studies were conducted during the summer of 1987 at 
La Parouse Bay (58 ~ 04' N, 94 ~ 03' W), 25 km east of Chur- 
chill, Manitoba. Approximately 7000 pairs of Lesser Snow 
Geese nest in the brackish and fresh-water marshes immedi- 
ately inland from the coast (Cooke et al. 1982; Jefferies 
1988 a). After hatch, both adults and approximately 20000 
goslings feed intensively on the vegetation of the tidal salt 
marshes. The vegetation in the marsh is dominated by the 
stoloniferous grass, Puccinellia phryganodes (Trin.) Scribn. 
and Merr., and the rhizomatous sedge, Carex subspathacea 
Wormsk., on which the geese feed (Jefferies 1979). Approxi- 
mately 80% of the above ground primary production of 
the salt marsh is grazed by the geese (Cargill and Jefferies 
1984b). In the upper marsh, particularly on mounds ele- 
vated by frost heave and in grassy turf inland from the 
strand line, Calamagrostis deschampsiodes is common. This 
coarser, turf-forming grass is grazed by the geese when sup- 
plies of the other sources of forage are limited (Jefferies 
1988a, b). 

Ammonia volatilization 

Ammonia volatilization from fresh goose faeces was mea- 
sured on a number of occasions from early June to early 
September 1987, near the research camp at La P6rouse Bay, 
utilizing a closed-chamber system equipped with acid gas 
traps (Sherlock and Goh 1984; Ruess and McNaughton 
1988). PVC chambers (25.4 cm diameter �9 18 cm length), 
driven into the soil to an 11 cm depth, were covered with 
plexiglass lids fitted with rubber O-rings. Ambient air was 
drawn continuously across the soil surface within the 
chambers through two small holes (1 cm diameter) in the 
chamber walls. A fraction of air from the chambers was 
bubbled through acid gas traps. Air flow through the sys- 
tem was maintained using a rotary vane vacuum pump cou- 
pled to a gasoline engine (Ruess and McNaughton 1988). 
Flow rates through the chambers and gas traps were regu- 
lated at 21.2 1 min-1 and 1.9 1 min -1 respectively, using 
gas flow meters (Dwyer Inst. Co., Michigan City, IN). 
Mean air velocity within chambers was 0.21 m s-1. Gas 
traps consisted of 150 ml 2% boric acid/indicator solution, 
and were back titrated with 0.1 N HC1. 

Fresh faeces were collected from sites where wild geese 
or captive goslings were feeding, and determinations were 
made of water and soluble ammonium contents of faeces 
immediately upon return to the field laboratory. Approxi- 
mately 15 g (dry weight) of faeces were placed on the soil 
surface within each of the two experimental chambers at 

the start of an experiment. The ammonia content of air 
which passed through a third chamber, devoid of faeces, 
was also measured. This amount was subtracted from each 
of the results obtained for the other two chambers. At the 
end of an experiment (8 h) the water and soluble ammoni- 
um contents of the faeces in the two chambers were deter- 
mined. In order to obtain an estimate of the decline in 
rates of ammonia volatilization over several days, on four 
occasions faeces were left in chambers, the lids of which 
were removed, and resealed at approximately 24 and 48 h 
after the start of the initial 8-h experiment. Faeces were 
reweighed immediately before the start of each 8-h experi- 
ment, and faeces were also taken from the chambers at 
this time for determinations of amounts of water and solu- 
ble ammonium. Ammonia volatilization rates during the 
8-h periods (i.e. 24 to 32 h and 48 to 56 h) were measured, 
as described above. In order to estimate loss of volatilized 
nitrogen as a percentage of the total nitrogen in the faeces, 
amounts of nitrogen were measured in oven-dried faeces 
before and after six experiments (see below). 

The amount of ammonia volatilized during each experi- 
ment was expressed either as a percentage of the initial 
ammonium concentration in fresh faeces, termed "percent 
volatilization", or as nitrogen loss per gram dry weight 
faeces, termed "mass volatilization". Where total amounts 
of nitrogen in faeces were measured, loss of nitrogen after 
8 h was expressed as a percentage of the faecal nitrogen 
present at the start of each experiment. 

Incubation of goose faeces 

Fresh goose faeces were incubated in the laboratory at near- 
constant temperature conditions, during which time micro- 
bial respiration and net nitrogen mineralization in fresh 
faeces were measured. Approximately 5 g (wet wt) of faeces 
were placed on a moistened sponge at the bottom of a 
0.8-1 jar, together with a 20 ml scintillation vial containing 
15 ml 1N NaOH to trap respired COz. The solution was 
changed after 12 h and after 24 h. Respiration rate was 
calculated from results of the titration of the NaOH solu- 
tion with HCL. All chambers were kept in the dark, and 
a chamber without faeces served as the control treatment. 
Soluble ammonium was measured initially, and after the 
24-h incubation; the difference taken as net nitrogen miner- 
alization. Soluble ammonium ions present in faeces were 
extracted in IN KCL (1 : 5 w/v) for 12 h at room tempera- 
ture and amounts determined using the phenol-hypochlorite 
method (Solorzano 1969). 

Feeding experiments 

The feeding behavior of captive goslings when they grazed 
swards of either Puccinellia, Carex, or Calamagrostis was 
studied. Two measures of behavior were recorded: pecking 
rates and defecation rates. It is well known that when forage 
plants contain a high percentage of their dry weight as fiber, 
pecking rates are low and defecation rates are high. There 
is an inverse relation between passage rate and forage diges- 
tibility (Demment and Van Soest 1983). Measurement of 
the feeding behavior of the goslings, therefore, provides 
indirect evidence of the digestibility of the three forage spe- 
cies. Rates of microbial respiration and rates of the net 
mineralization of nitrogen in faeces produced by the gosl- 
ings which fed on these three plant species were also exam- 
ined. 



25 

The birds were taken from nests just after hatch in mid- 
June, and raised in captivity at the field station. Initially, 
the birds were kept in large boxes which were heated with 
infrared lamps; water and ground Purina duck chow were 
provided, as required. After a few days, the goslings were 
allowed to graze vegetation within a large outdoor pen close 
to the field station. 

Feeding experiments were conducted on 11 July, 16 Au- 
gust and 27 August, 1987. At the beginning of Experiment 
1, 18 goslings were randomly divided into three groups; 
six birds from a group were placed in a large pen where 
the plant sward was dominated by one of the three species 
indicated above. The goslings were allowed to "acclimate" 
to the vegetation for approximately 8 h; water was provided 
in trays and the birds were moved to a new pen when 
the vegetation was well grazed. In Experiments 2 and 3 
the same procedure was used, except only 3 goslings were 
placed in each pen as the birds were larger. Pecking rates 
(pecks per minute) and defecation rates (faeces per bird 
per hour) were monitored on at least 2 occasions during 
the day. Faeces were collected from all plots between 2000 
and 2100 h after 8 to 10 h of grazing, and taken immediately 
to the laboratory for analyses of the pH, water content 
and soluble ammonium content, and for use in the incuba- 
tion experiments. 

Fresh goose faeces were incubated for 24 h; rates of 
microbial respiration and net mineralization of nitrogen 
were measured as described above. Incubation temperatures 
of the three experiments conducted in early, mid and late 
season averaged 19.2 ~ C + 0.1 (S.D.). 

In all chemical analyses of faeces, the material was de- 
rived from goslings which fed on either PuccinelIia, Carex, 
or Calamagrostis. Sodium and chloride in faeces and plant 
tissues were determined using neutron-activation analysis. 
All irradiations were conducted in the SLOWPOKE reactor 
at the University of Toronto. Quantities of acid-detergent 
fiber (Demment and Van Soest 1983) were analyzed by 
the Agri-Food Laboratories, Ministry of Agriculture and 
Food, Ontario, Canada. Total carbon and nitrogen in oven- 
dried faecal material and plant tissues were determined us- 
ing a LECO CHN analyzer. All material was ground in 
a Wiley mill (mesh size 20) before analysis. 

Data were analyzed using standard statistical proce- 
dures (SAS 1982), and unless otherwise stated, numbers 
represent means + standard errors. 

Results 

Ammonia volatilization 

Ammonia volatilization expressed as a percentage of initial 
amounts of soluble ammonium in fresh faeces (percent vola- 
tilization) increased with increasing ambient temperature 
(Fig. 1). Initial losses ranged from 1.0 to 15.1 mg N loss 
100 mg N H 2 - N -  1 8 h -  1, and rates decayed to zero within 
48 h. The air temperature ranged from 5 ~ C to over 30 ~ C 
in these experiments. The mean maximum temperature in 
July was 15 ~ C in Churchill, although on two days the tem- 
perature exceeded 30~ (Churchill Weather Office, Envi- 
ronment Canada). Nitrogen volatilization per gram dry wt 
faeces (mass volatilization) ranged from 0.020 to 0.550 mg 
N loss gDw faeces- ~ 8 h -  1. This loss was unrelated to ambi- 
ent temperature, but correlated positively with the percent 
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Fig. l. Relationship between ammonia volatilization losses from 
fresh faeces and ambient temperature over 8-h periods taken 
throughout the summer 1987 at La P6rouse Bay. Each point repre- 
sents the mean of two measurements of volatilization 

of total nitrogen initially present as soluble ammonium (P < 
0.001). 

Percent change in soluble ammonium over the 8-h vola- 
tilization run (ammonium mass loss) ranged from -51 .1% 
to +4/ .1%,  indicating that net mineralization of organic 
nitrogen occurred in some of the faeces. This ammonium 
mass loss was unrelated to percent volatilization, or ambi- 
ent temperature, but correlated positively with initial am- 
monium concentration in faeces (P<0.05) and with mass 
volatilization (P < 0.05). 

Although there was a significant decline in both faecal 
ammonium concentrations and ammonium mass loss as the 
season progressed, these changes were a consequence of 
differences in the chemical composition of faeces from 
adults and goslings. We used adult faeces for studies of 
volatilization early in the season, a combination of adult 
and gosling faeces in July, and gosling faeces for the re- 
mainder of the season. Compared with adult faeces, gosling 
faeces had a lower initial ammonium concentration (/71,19 = 
22.9, P<0.0001), and a lower percentage nitrogen as solu- 
ble ammonium (F1,1o=6.8, P<0.05), which resulted in 
lower rates of mass volatilization (F1,~9 = 9.0, P <  0.01). 

Initial incubations of faeces 

When fresh goose faeces were incubated for 24 h at constant 
temperatures, microbial respiration over a 24-h period in- 
creased exponentially with increasing incubation tempera- 
ture (Fig. 2). Net rates of nitrogen mineralization (Nmi,) 
for the experiments ranged from -0.924-0.14 to 
9.86 4-1.02 mg N H + - N  gDw 1 24 h - i  over the temperature 
range of 4.8 to 22.2 ~ C, and the rates were linearly corre- 
lated with values of total respiration (Resp = m g  CO2-C 
gDw -1 24 h - l ) :  

Nmin=0.]5 (Resp)+0.32 r2=0.56, P<0.01 (n=12) 

However, there was some variation in rates of net nitro- 
gen mineralization per unit rate of respiration which indi- 
cated that substrate quality affected the balance between 
microbial immobilization and net mineralization of nitro- 
gen. 

Feeding experiments 

There were significant interspecific differences in the 
amounts of shoot nitrogen in the plants used in the grazing 
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Fig. 2. Rate of microbial respiration in fresh goose faeces as a 
function of incubation temperature 

experiments (Table 1). On average, Calamagrostis tissue 
contained lower amounts  of  ni t rogen compared  with corre- 
sponding values for Carex or Puccinellia, hence Calama- 
grostis had the highest C /N  ratio.  In contrast ,  Puccinellia 
had the highest mean ni trogen concentra t ion and the lowest 

C /N rat io in above-ground tissue. Amount s  of  sodium and 
chloride in Puccinellia were higher than amounts  of  these 
ions in tissues of  the other  two species (Table 1). There 
also were significant seasonal changes in plant  phenology 
(Cargill and Jefferies 1984a, b). Shoot ni trogen declined 
from July to August  while shoot  carbon increased, resulting 
in an increase in shoot  C/N ratio. 

There were no significant differences in the weight of  
goslings of  the three groups selected at r andom for each 
experiment (Table 2). Goslings feeding on Calamagrostis 
had lower pecking rates and higher defecation rates com- 
pared  with corresponding rates for goslings feeding on 
Carex or PuccinelIia (Table 2). Observat ions indicated that  
geese had  difficulty bit ing the stiff stems and blades of  Cala- 
magrostis. The water  content  of  faeces from goslings graz- 
ing on Calamagrostis was lower, and the C/N ratio higher, 
than corresponding da ta  for faeces of  goslings which fed 
on Carex or Puccinellia (Table 1). The p H  of  faeces varied 
between 6.6 and 7.3. The high C /N  ratio of  the faeces com- 
pared with the rat io in shoot  tissue from goslings which 
fed on Puccinellia implies a high digestibili ty of  this grass 
(Table J). In contrast ,  corresponding rat ios for shoots and 
faeces of  Carex were similar to each other. Provisional  da ta  
of  amounts  of  acid-detergent  fiber in shoots of  the three 

Table 1. Amounts of carbon (% dry wt), nitrogen (% dry wt), sodium (mol gDw -1) and chloride (mol gDW 1) in shoots of Carex 
subspathacea, Puccinellia phryganodes and Calamagrostis deschampsoides, and carbon (% dry wt), nitrogen (% dry wt), sodium (mol 
gDw-1) chloride (mol gDw-1), water (%) and soluble ammonium (tool gDW-i) in faeces of goslings of the Lesser Snow Goose which 
have fed on these species in three experiments conducted on 13 July, 13 August and 28 August respectively (n=3 for sodium and 
chloride, all others n = 9). The carbon/nitrogen ratios of shoots and faeces are also shown. ANOVA results list proportion of variance 
explained by the two primary effects (SPECIES and EXPERIMENT) and their interaction (*, P<0.05; **, P<0.0t ,  ***, P<0.001; 
****, P < 0.0001). Numbers within rows within treatments followed by different letters are significantly different at P < 0.05 

Species Experiment 

Carex Puccinellia Calamagrostis 1 2 

Anova 

3 Species Expt Species*Expt 

Shoots 
Carbon 44.ta 43.2b 4t.6c 41.9b 43.4a 43.5a 44**** 23** 26** 
Nitrogen 2.52a 2.7ta 2.05b 2.90a 2.26b 2.13b 23*** 34**** 39*** 
C/N 18.3b 16.7b 20.6a 15.7b 19.4a 20.5a 21"* 34*** 37*** 
Sodium 190b 485a 145b 88** 
Chloride 330b 526a 280b 74* 

Faeces 
Carbon 40.5b 42.0a 41.2b 40.2b 41.8a 41.8a 24* 42** 11 
Nitrogen 1.97a 1.86ab 1.70b 1.61b 1.93a 1.98a 14" 31"* 45** 
C/N 20.7c 22.9b 25.4a 25.7b 22.0a 21.4a 23** 23** 45** 
Sodium 281b 351a 122b 82** 
Chloride 545b 827b 380c 65* 
H20 88.7a 87.5a 84.7b 87.2a 87.0a 86.8a 48*** 1 8 
NH~ 2.25b 3.29a 2.66ab 2.40b 2.6tab 3.19a 28** 17" 10 

Table 2. Gosling weight, pecking rate and defectation rate of goslings of the Lesser Snow Goose feeding on three forage species (Carex 
subspathacea, Puccinellia phryganodes and Calamagrostis deschampsoides) in three experiments conducted on 13 July (n= 18), 13 August 
(n = 9) and 28 August (n = 9) respectively. Statistical notations follow Table 1 

Species Experiment 

Carex Puccinellia Calamagrostis 1 2 

Anova 

3 Species Expt Species*Expt 

Goose Wt (g) 1397a 1394a 1320a 774c 1494b 1842a 1 89**** 2 
Pecking Rate" 117a 114a 77b 97b 102ab 109a 66**** 6* 4 
Defecation Rate b 8.5b 7.3b 10.ta 8.3a 9.4a 8.3a 34** 8 8 

" pecks min 1 
b faeces h -  1 
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Table 3. Microbial respiration between 0 and ~2 h and 0 and 24 h, net nitrogen mineralization between 0 and 24 h, and nitrogen 
mineralization efficiency (mineralization/respiration) of fresh faeces of goslings of the Lesser Snow Goose which fed on either Carex 
subspathaeea, Puccinellia phryganodes or Calamagrostis deschampsoides in three experiments conducted on 13 July, 13 August and 28 
August respectively (n = 3) 

Species Experiment Anova 

Carex Puecinellia Calamagrostis 1 2 3 Species Expt Species*Expt 

Initial Respiration a 4.25a 1.45c 
Total Respiration b 23.47a 13.25b 
N Mineralization ~ 4.97a 2.52b 
N Mineralization 0.23a 0.20a 

Efficiency a 

2.39b 2.41a 3.00a 2.67a 76*** 3 8 
13.79b 16.47a 16.93a 17.11a 63*** 0 26* 

1.31c 3.09b 1.49c 4.22a 54**** 29*** 10 
0.09b 0.17ab 0.10b 0.25a 26* 35* 17 

, mg CO2 gDw -1 12h -1 
b mg CO2 gDw-1 24 h 1 
c mg NH+-N gDw- 1 24 h-  1 
a mg NH+-N mgCO2- ~ gDw- 1 24 h 1 

species, and in faeces derived from each of  the species sup- 
port  this suggestion. Mean values (n=3)  of  amounts of  
acid-detergent fiber as a percentage of  the dry weight were, 
respectively, 24.0, 24.9 and 25.7% for shoots of  Puccinellia, 
Carex and Calamagrostis. The corresponding percentages 
for faeces (n = 3) derived from each of  the plant species 
were 32.4, 29.2 and 30.6%, respectively. Apparent  digestibi- 
lity coefficients (Buchsbaum et al. 1986) based on these data 
were 26% for Puccinellia, 15.9% for Calamagrostis and 
14.9% for Carex, although further measurements of  acid- 
detergent fiber are required to substantiate these values. 

The initial (first 12 h) and total (summed over 24 h) 
respiration rates in faeces from geese that grazed Carex 
were on average, appreciably higher than the rates mea- 
sured in faeces derived from the other two species (Table 3). 
Rates of  respiration based on 24 h were more than double 
the rates recorded for the first 12 h of  incubation. This 
suggests that autolysis o f  cells occurred which led to rapid 
microbial growth as respiratory substrates were released. 

Net nitrogen mineralization rates of  faeces over the 24-h 
incubation ranged from 1.31 mg N H + - N  gow faeces -1 
24 h -1 for geese grazing on Calamagrostis, to 4.97 mg 
N H 2 - N  gDw faeces 1 24 h -1  for geese grazing on Carex 
(Table 3). This was equivalent to mineralization rates of  
7.7, 13.6 and 25.2% respectively of  the total nitrogen pres- 
ent in faeces from geese which fed on Calamagrostis, Puccin- 
ellia and Carex. The amount  of  nitrogen mineralized per 
unit CO2 respired, termed "mineralization efficiency", was 
on average over twice as high in faeces from goslings which 
grazed Puccinellia and Carex compared with goslings which 
grazed Calamagrostis (Table3). 

Discussion 

The magnitude of  the gaseous ammonia  flux from the sedi- 
ment surface is highly dependent on a complex suite of  
factors which includes, the method of  measurement, the 
substrate concentration in the sediments, micrometeorolog- 
ical conditions, soil moisture, soil pH, texture, cation ex- 
change capacity and the buffering capacity of  the soil 
(Bouwmeester et al. 1985; Ferguson and Kissel 1986; Black 
et al. 1987). In order to estimate seasonal volatilization 
losses from goose faeces on the tidal flats at La P&rouse 
Bay, we used estimates given in Table 2 of  Cargill and Jef- 

feries (1984b) of  the quantities of  faeces produced at the 
marsh in 1979 and in 1980. They divided the grazing season 
into ten periods and calculated total deposition of  faeces 
for both adults and goslings during each period. Using 
values of  2.8 and 9.5 mg soluble N H  + N gow faeces- 1 for 
goslings and adults respectively, the estimate of  the quantity 
of  soluble nitrogen deposited in faeces during the season 
was 0.337 g NH~--N m -2. Although the number of  pairs 
of  nesting geese has doubled since 1979 (Jefferies 1988a), 
the breeding colony occupies a much larger area of  the 
coastal lowland in the vicinity of  La P6rouse Bay, and thus, 
on the marsh (5.4 kin2), the goose density has remained 
relatively unchanged during the summer. Seasonal volatili- 
zation losses were calculated using the equation in Fig. 1 ,  
assuming a mean daily temperature of  15 ~ C, and that the 
rates of  volatilization declined to zero within 48 h of  the 
deposition of  faeces on the sediment. This provided a sea- 
sonal volatilization loss estimate of  0.08 g N m -2. Using 
56.7 gow faeces m - 2  as a mean value of  faecal deposition 
in the marsh per season (Cargill and Jefferies 1984b), and 
our estimate of  the mean total nitrogen concentration in 
faeces of  1.84% (see below), this rate of  volatilization is 
equivalent to a seasonal loss of  7.9% of  the total nitrogen 
initially present in goose faeces. 

Our extrapolations of  rates of  volatilization over 8 h 
to extimates of  seasonal losses are, of  course, approxima- 
tions; nonetheless we believe they overestimate actual 
values for the following reasons. Using a mean annual tem- 
perature of  15 ~ C and ignoring the diel, temperature-depen- 
dent effects on rates of  volatilization over a 48-h period 
is likely to exaggerate estimates of  losses (c.f. Fig. 1). Thus, 
al though further detailed studies are required for more pre- 
cise calculations o f  the nitrogen budget for the salt-marsh 
flats at La P6rouse Bay, the estimate of  seasonal loss of  
nitrogen volatilized from faeces (0.08 g N m -2 or 7.8% 
of  the total nitrogen recycled by geese) is a low value. It 
is approximately 25 times less than the nitrogen exported 
in goose biomass (Cargill and Jefferies 1984b). Thus the 
loss appears to represent a relatively minor pathway for 
nitrogen in this system. 

It is likely that a significant port ion of  the soluble faecal 
nitrogen unaccounted for by Bazley and Jefferies (1985) 
after 48 h in their experiments was immobilized by microbes 
present in the fresh faeces. The range of  - -51A% to 



28 

+ 41.1% change in soluble ammonium over the 20 measure- 
ments o f  rates of  volatilization (ammonium mass loss) in 
the present study, brackets the 47% loss they reported. Our 
initial laboratory incubations of  fresh faeces indicated that, 
on average, at 15 ~ C, respiration and mineralization rates 
in fresh faeces would be 12.9mg CO2-C gDw -1 2 4 h  -1 
and 2.3 mg NH4 ~ N gDw- 1 24 h -  a respectively, represent- 
ing the potential for a significant net increase in the concen- 
tration of  inorganic nitrogen in faeces. This measure is 
probably an underestimate of  the rate of  net mineralization, 
since it does not  include nitrification. Jefferies (1988a) re- 
ported that, although rates of  nitrification rates in the sedi- 
ments were undetectable, nitrate was rapidly produced in 
sediment incubations if they were primed with ammonium, 
suggesting that nitrifiers were severely substrate-limited. 
The physical-chemical conditions in fresh faeces are suitable 
for nitrification, and nitrate generated in faeces may provide 
a significant source of  nitrate for plant growth. 

Significant changes in the digestive physiology of  the 
geese occurred throughout  the season, as indicated by the 
differences in faecal chemical compositions attributed to 
experimental effects (Table 1). During their period o f  rapid 
exponential growth, goslings retain a larger percentage of  
injested nitrogen than adults (Jefferies, unpublished work). 
This would account for the seasonal decline in faecal C/N 
ratio and the seasonal increase in faecal nitrogen and am- 
monium. These effects interact strongly with seasonal dif- 
ferences in plant phenology and interspecific differences in 
forage quality, explaining the large number of  SPECIES*- 
E X P E R I M E N T  interactions, e.g. older plant tissue of  
lower nitrogen content and higher C/N ratio was less digest- 
ible. 

The relatively large nutritive requirements of  geese, cou- 
pled with their rapid processing of  food, explains, in part, 
why geese are very selective feeders (Lieff 1973; Prins et al. 
1980; Thomas and Prevett 1980; Sedinger and Raveling 
1984, 1988; Buchsbaum and Valiela 1987). We found that 
differences in the chemical compositions of  the three forage 
species affected goose feeding behavior, the digestibility of  
the forage and the dynamics of  microbial growth in the 
fresh faeces. The low nitrogen content and high C/N ratio 
in the above-ground tissue of  Calamagrostis suggest that 
this plant is a low quality food source for the geese. At  
La P6rouse Bay, geese tend to avoid Calamagrostis in favor 
of  Puccinellia or Carex (Jefferies 1988a, b). On the more 
northern nesting grounds at the McConnell River, near Es- 
kimo Point, NWT.,  they graze Calamagrostis deschamp- 
siodes intensively, for lack of  more favorable forage. The 
ability of  adults and goslings to thrive on lower quality 
forage may be linked to increased foraging time (Sedinger 
and Raveling 1988), or changes in the gross anatomy of  
the gastrointestinal tract in response to increases in dietary 
fiber (Malone 1965; Miller 1975; Burton et al. 1979). 

Although levels of  soluble ammonium in fresh faeces 
were higher from birds which grazed Puccinellia than birds 
which grazed Carex, respiration and net nitrogen mineral- 
ization rates were highest in faeces of  birds which grazed 
Carex (Tables 1 and 3). Two reasons may account for this 
difference in microbial activity. Firstly, the high amounts 
of  sodium and chloride in Puccinellia tissue and in faeces 
derived from this grass may restrict microbial activity. Sec- 
ondly, relatively few cells of  the grass may be broken in 
the gut of  a gosling, so that hydrolases and proteases are 
not released which can act on the cellular contents and 
provide substrates for microbial activity. 

These studies indicate that selection for high-quality for- 
age by geese has effects beyond the level of  herbivore nutri- 
tion which influence both the pathways and rates o f  nitro- 
gen movement  in the system. Forage of  high quality pro- 
motes faecal decomposition and nitrogen mineralization by 
microbes, and the data suggest that microbial nutrient up- 
take reduces ammonia  volatilization losses. Bazely and Jef- 
feries (1985) showed that during rainfall events, nitrogen 
is leached from goose faeces. Faeces are not incorporated 
into the sediments, but remain on the surface; leaching is 
the primary pathway of  the return of  nitrogen to the sedi- 
ments. When high tides flood the salt-marsh flats in late 
July or early August, faecal material either is piled c. 30 cm 
high on the strandline, or else taken out to sea on the 
ebb tides. Faecal nitrogen which is not leached into the 
sediments by late summer is lost from the tidal flats. There- 
fore, in faeces where there is a rapid net mineralizaton of  
nitrogen, the microbial activity facilitates a return of  this 
element to the sediments, before the faeces are removed 
by tides or winds. This input of  nitrogen results in sustained 
net primary production of  the forage species at a time when 
most  required by the geese. 
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