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ABSTRACT

In recent decades, notably in large parts of the Western World, many waterfowl populations have increased because of increased
food availability. Not uncommonly, eutrophication in these areas may occur perhaps not only because of increased dropping
loads but also because nutrients are more readily released from droppings than from fresh and decomposing plant material. We
conducted an experiment to study this effect comparing the decay rate and nutrient release of fresh grass leaves with that of
droppings in water at 10, 20 and 30 °C. Using a two-component exponential decay model, allowing distinguishing between an
easily decomposable (labile) and recalcitrant fraction of the material, we found that the labile carbon (C) fraction of droppings
decomposed faster than that of grass leaves, whereas the recalcitrant C decomposition rate was similar to that of grass leaves.
Higher temperature increased C decomposition rates of the labile fractions. No temperature dependence was observed for the
recalcitrant fractions. Surprisingly, grass leaves and droppings did not differ in the amounts of nitrogen (N) and phosphorus (P)
released in the first 90 days, i.e. more than 60% of N and 40% of P were released into the water column. Continuous
mineralization of N and P predominated during decomposition of grass leaves, whereas a massive initial leaching was followed
by immobilization and later mineralization during decomposition of droppings. All differences during decomposition of the litter
types were attributed to the stoichiometric requirement of decomposers and their temperature sensitivity. Copyright © 2013 John
Wiley & Sons, Ltd.
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INTRODUCTION

Grazing may increase the rate of nutrient cycling and thus
enhance nutrient availability, as has been well documented
in terrestrial systems (Bazel and Jefferies, 1985). The
stimulating effect depends on nutrients, typically nitrogen
(N) and phosphorus (P), becoming more readily available
for primary production through release from the grazers’
droppings. A similar effect of increased nutrient cycling
may apply to shallow lakes with abundant macrophyte
growth attracting foraging herbivorous waterfowl. Nutrient
availability in some water bodies may increase through the
attraction of large numbers of waterfowl that forage
terrestrially and subsequently defecate while roosting in
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the water (Post et al., 1998). Locally, internal nutrient
cycling and allochthonous nutrient input by waterfowl may
have significant effects on the functioning of aquatic
systems (Kitchell et al., 1999).
Over the past decades, and notably so in Europe and

North America, considerable improvement in water quality
of many shallow freshwater systems has been witnessed,
attracting increasing numbers of resident waterfowl that
extensively forage on the newly formed aquatic macro-
phyte beds (e.g. Klaassen and Nolet, 2007; O´Hare et al.,
2007; Hahn et al., 2008). At the same time, some of these
water bodies are important as a winter haven for large
numbers of predominantly terrestrially foraging herbivo-
rous waterfowl (notably geese and ducks) (Mayes, 1991;
Gill, 1996; Madsen et al., 1999). An important driving
force for the increase in waterfowl roosting in these
shallow water bodies are modern agricultural practices that
provide nearby high-quality food for herbivorous birds
(Van Eerden et al., 1996). These developments raise the
awareness of the potentially increasing local role of
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waterfowl in the nutrient dynamics of aquatic habitats.
Crucial to our understanding of this role is the rate at which
nutrients from droppings are released to the water column
and are thus made available to the aquatic ecosystem.

There are many experiments that describe the rate of
release of chemical constituents as a result of macrophyte
litter decomposition in water (e.g. Kirschner et al., 2001;
Chimney and Pietro, 2006). However, the effects of
macrophyte-grazing waterfowl on nutrient availability in
the water column of lakes have been little studied. We
know of only one relevant study in this respect, where the
direct addition of goose droppings to mesocosms did not,
however, result in any measurable increase in nutrient
availability. As an explanation for this effect, the quick
settling of droppings to the sediment was held responsible
(Unckless and Makarewicz, 2007). Alternatively, the
nutrients might also have been readily absorbed by the
various organisms in the system. Another study on
quantification of allochthonous nutrient inputs to water
systems by herbivorous waterfowl was based on a
simple input and output model (Hahn et al., 2008). In
this model, ‘input’ is formed by the nutrients in
consumed food such as plant leaves and ‘output’ by
the nutrients in waterfowl droppings. However, the study
did not consider details of nutrient release in water and
simply assumed all nutrients entering the water in
droppings to be readily available. Thus, little information
appears to be available on the rate at which nutrients
from waterfowl droppings become available to the
autotrophs in aquatic systems.

We here report on an experiment in which we measured
nutrient release to the water column during decomposition
of submerged fresh grass leaves of Perennial Ryegrass
(Lolium perenne), often used as food by terrestrial feeding
waterfowl grazing on managed pastures, and submerged
droppings of Pink-footed Geese (Anser brachyrhynchus)
that had been feeding on leaves of the same grass species.
We chose to use fresh grass leaves and droppings
because we wanted to compare the decomposition
characteristics of both digested and undigested materials
assuming the pathway of nutrient release from these
materials into the water would be different. Moreover, we
conducted decomposition trials with fresh grass leaves
and droppings at three different incubation temperatures
of 10, 20 and 30 °C to simulate seasonal effects on
decomposition and mineralization rates. Our main
objectives were the following: (1) to study the difference
in nutrient release from digested and undigested
terrestrial plant leaves in the context of allochthonous
nutrient input to freshwater ecosystems; (2) to provide
information on the effect of water temperature on these
nutrient release patterns; and (3) therewith to test if
droppings could be a potential menace of N and P
enrichment to the health of aquatic ecosystems.
Copyright © 2013 John Wiley & Sons, Ltd.
MATERIALS AND METHODS

Experimental design

Fresh droppings containing both faeces and urinary waste
products (i.e. almost exclusively uric acid) from terrestri-
ally feeding Pink-footed Geese and fresh leaves of the
vegetation on which these birds foraged, mainly terrestrial
grassland dominated by L. perenne, were collected in a
meadow near Oudega, the Netherlands (52°59′23″N, 05°
32′50″E) on 21 October 2008. Droppings were pooled and
homogenized in the laboratory. Fresh L. perenne leaves
were cut into 2-cm-long pieces. Ten grammes of
homogenized fresh droppings or 5 g of fresh leaves,
corresponding to equal initial dry weights of approximately
1 g, were placed in plastic coffee cups to which 100ml of
filtered (mesh size 100μm) lake water collected from Lake
Maarsseveen (52°12′17″N, 04°57′14″E) was added to
allow for inoculation with microbes necessary to initiate
decomposition. Cups were placed in climate chambers in
the dark, at 10, 20 and 30 °C at the Netherlands Institute of
Ecology in Nieuwersluis, The Netherlands. All samples
were collected in the field, processed in the lab and placed
to incubate within 1 day. During the experiment, distilled
water was regularly added to compensate for evaporative
water loss. On day 0, 1, 2, 3, 5, 10, 17, 30, 52 and 92, we
measured the effect of decomposition by quantifying the
remaining plant and droppings in a total of five cups per
treatment combination (i.e. material × time × temperature).
Remaining plant material was collected by filtering the cup
contents through a 2 μm filter. Remaining dropping
material was collected by centrifuging the cup contents at
6000 rpm for 10min after which the liquid was removed
using a syringe with a 2μm filter tip. All remaining
material was immediately dried at 70 °C for 48 h until
constant weight. After drying, samples were weighed,
ground and stored in glass vials.

Laboratory methods

A small fraction of each dried sample (approximately
0·25mg) was analysed for carbon (C) and N content using
a HEKAtech EuroEA elemental analyser. The remaining
fraction of the sample was treated with a salicylic acid
thiosulphate modification of the Kjeldahl digestion method
(Bremner and Mulvaney, 1982) after which P concentra-
tion was determined colorimetrically on a continuous flow
analyser (Skalar SA-40).
Data analysis

The amounts of C, N and P remaining were expressed
relative to the initial amounts of these nutrients (%)
(Table I) to document losses and gains of these elements
during the experiment. Decomposition and nutrient dy-
namics data were fitted to a two-component exponential
Ecohydrol. 7, 1216–1222 (2014)



Table I. Initial composition of fresh grass leaves (Lolium perenne)
and Pink-footed Geese (Anser brachyrhynchus) droppings.

Content Grass leaves Droppings

(%) Mean SD Mean SD

Water 84·83 0·25 88·90 0·18
Carbon 41·73 0·44 35·33 2·17
Nitrogen 3·24 0·17 4·00 0·26
Phosphorus 0·40 0·02 0·36 0·03

SD, standard deviation.
Water as percentage of total wet weight, and carbon, nitrogen and
phosphorus as percentage of total dry weight.
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decay model for the three different temperatures and both
droppings and fresh plant material separately. This model
allows for the decomposing material to be partitioned into a
relatively labile fraction (Plab), and a more recalcitrant
fraction (P0-Plab), and that each fraction decays exponen-
tially (Brock et al., 1985; Truesdale et al., 2005):

W tð Þ ¼ P0 � Plabð Þ•exp �Krec•tð Þ
þPlab•exp �Klab•tð Þ

(1)

where W(t) (%) is the percentage of the dry mass remaining
relative to the initial dry mass after time interval t (d), P0 is
a total percentage of the initial dry mass (100%), Plab is the
labile fraction percentage, P0-Plab is the recalcitrant
fraction percentage, Klab is the decomposition rate constant
of the labile fraction (d-1) and Krec is the decomposition
rate constant of the recalcitrant fraction (d-1). The two-
component exponential decay model was fit to the data to
estimate values for parameters Plab, Krec and Klab using the
nonlinear regression function in R (R-Development-Core-
Team 2010). Where a trend was observed in Klab with
temperature, Klab was replaced with a temperature (T, °C)
dependent exponential function:

W tð Þ ¼ P0 � Plabð Þ•exp �Krec•tð Þ
þPlab•exp �Ko

lab•exp KT
lab•T

� �
•t

� � (2)

where Ko
lab, is the initial decomposition rate constant of

the labile fraction and KT
lab is the decomposition rate

constant of the labile fraction indifferent temperatures (d-1).
Parameters Plab, Krec, K

o
lab and KT

lab were estimated with
nonlinear regression function using the combined data
across all three temperatures.
Although generally nutrient release patterns deviate from

decay patterns of weight and C loss, we assumed that an
immediate mineralization of nutrient occurs after a quick
leaching phase for the fresh grass leaves and droppings
used in this study, because the average C:N and C:P ratio’s
(13 : 1 and 100 : 1, respectively) of these two materials were
far below the theoretical lowest critical threshold calculated
for net nutrient immobilization (C:N 20 : 1, C:P 350 : 1)
Copyright © 2013 John Wiley & Sons, Ltd.
(Enwezor, 1976; Berg et al., 2006; Moore et al., 2006;
Manzoni et al., 2010). And we assumed that the two-
component exponential decay model, which is generally
only used for mass loss and C mineralization, would also
be useful in describing the nutrient dynamics patterns of
the droppings and fresh leaves.
For the cases where a two-component exponential model

could not be fit, a two-way analysis of variance (ANOVA) of
W(t) with t and T as fixed factors was conducted followed by a
Tukey post-hoc test to study the effect of temperature, using the
functionsANOVAandTukey’s honestly significant difference
(Tukey HSD) in R (R-Development-Core-Team, 2010).
RESULTS

Decomposition rates of grass leaves and droppings at
various water temperatures

Visual inspection of the data suggested that temperature
had a clear effect on the decomposition of organic
compounds in grass leaves (Figure 1) and droppings
(Figure 2). Also comparing the parameter estimates of the
two-component exponential decay model (Equation (1)) for
the three different temperatures, a clear trend with
temperature was evident in the decomposition rate of the
labile C fraction, Klab, for both grass leaves (Table II) and
droppings (Table III). The subsequent fitting of a two-
component exponential decay model with a temperature-
dependent exponential function for the decomposition rate
of the labile C fraction (Equation (2)), also resulted in a
significant fit for both grass leaves (Table II) and droppings
(Table III). This further proved that increasing temperature
benefited the decomposition of the labile C fraction.
Although the average labile C fraction of grass leaves
(Plab) tended to be slightly larger than that of droppings
[95% confidence intervals of Plab in the combined
temperature model of grass leaves (Table II) and droppings
(Table III) are nonoverlapping], the digestion of terrestrial
plant leaves by geese had little effect on the rate of organic
compound decomposition, because only for Klab at 20 °C
were the 95% confidence interval for grass leaves (Table II)
and droppings (Table III) nonoverlapping.

Release of nutrients

The N and P dynamics during decomposition differed
considerably with temperature and between grass leaves
(Figure 1) and droppings (Figure 2) to the extent that a two-
component exponential decay model could only be fit to
the 10 °C N data and none of the P data for the droppings
(Table III), whereas it could successfully be fitted to all the
mineralization data of the grass leaves (Table II).
For grass leaves, about 65% N and 55% P were released

into the water column relatively quickly over the initial
decay period from day 0 to day 10 ( Plab values for N and P
Ecohydrol. 7, 1216–1222 (2014)



Figure 1. Decomposition patterns of carbon, nitrogen and phosphorus [as
% of initial mass (Table I)] over time (days on a 10-log scale) of grass
leaves (Lolium perenne) submerged in water at 10, 20 and 30 °C.

Mean ±SE (standard error) are depicted.

Figure 2. Decomposition patterns of carbon, nitrogen and phosphorus [as
% of initial mass (Table I)] over time (days on a 10-log scale) of Pink-
footed Geese (Anser brachyrhynchus) droppings submerged in water at

10, 20 and 30 °C. Mean± SE (standard error) are depicted.
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in Table II), with a distinct, positive temperature effect on
the rate of decomposition (KT

lab in Table II). At the end of
this experiment, more than 60% of the initial N and P was
released into the water at all temperatures.
For droppings, N and P dynamics followed a more

complex pattern with a distinct leaching phase (fast release
of N and P within the first day), an immobilization phase
(N and P uptake, notably in P) followed by a mineralization
phase (N and P release). Dynamics in N release at 10 °C
were significantly different from the N release patterns
observed at 20 °C (Tukey post-hoc test, P< 0·001) and 30
°C (Tukey post-hoc test, P< 0·002), whereas difference
between 20 °C and 30 °C were not significant (Tukey post-
hoc test, P= 0·965). For P, the dynamics at 10 °C was
significantly different only from the 30 °C pattern (Tukey
post-hoc test, P< 0·03; all other comparisons P> 0·3).
During the initial decay period from day 0 to 2, leaching
predominated and about 60% N and 40% P entered the
water, then N and P immobilized, reducing the nutrient
losses to approximately 50% for N and almost 0% for P at
the highest temperatures. N and P showed net mineraliza-
tion again at day 30–90 after the onset of the experiment,
resulting in losses of up to 60% for N and 40% for P.
DISCUSSION

The P and N release patterns differed for fresh grass leaves
and goose droppings and were in accordance with our
initial expectations. The goose droppings showed a very
rapid initial N and P release through leaching, in contrast to
the grass leaves where nutrient release patterns followed a
more gradual mineralization pattern coupled to the first-
order decay of the organic matter. However, the subsequent
immobilization of the released nutrients by bacteria
decomposing the droppings eventually resulted in a similar
N release and lower P release for droppings compared with
fresh leaves after approximately 90 days. Temperature had
the predicted effect of faster mass loss rates at higher
temperatures for both droppings and grass leaves, although
the differences in recalcitrant mass loss rates among the 10,
20 and 30 °C treatments were not significant.
Mineralization of P and N showed similar dynamics for

the green leaves, but in the droppings, there were less
leaching of P and a longer period of immobilization and
retention for about 30 days. Ultimately, the amount of P
remaining in the droppings was twice as high as in the
leaves. This high final P retention in the droppings was
unexpected because if accumulation of remaining drop-
pings occurred in sediment, this would cause enrichment of
P in sediment. The strong immobilization of P in droppings
might be an explanation for the fact that Unckless and
Makarewicz (2007) found no increase in nutrient avail-
ability after adding droppings to mesocosms. The fact that
Ecohydrol. 7, 1216–1222 (2014)



Table III. Parameter estimates for the two-component exponential decay model as applied to the decomposition of organic carbon and
nitrogen in droppings in water of 10, 20 and 30 °C, where Plab (%) is the labile fraction percentage, Klab (d

-1) is the decomposition rate
constant of the labile fraction and Krec (d

-1) is the decomposition rate constant of the recalcitrant fraction (all estimated using Equation
(1)). Where a trend was observed in Klab with temperature, Klab was replaced by two new parameters, a temperature independent Ko

lab

and a temperature dependent KT
lab following Equation (2).

Temperature (°C)
Carbon Nitrogen

Estimate 95% CI P Estimate 95% CI P

10 Plab 47·27 0·94 93·61 0·051 59·40 57·41 61·39 <0·001
Krec 0·005 �0·006 0·016 0·395 0·001 0·000 0·002 0·705
Klab 0·064 �0·006 0·133 0·081 1·651 1·312 1·990 <0·001

20 Plab 44·24 39·37 49·11 <0·001 — — — —
Krec 0·009 0·007 0·012 <0·001 — — — —
Klab 0·507 0·362 0·651 <0·001 — — — —

30 Plab 51·02 45·47 56·58 <0·001 — — — —
Krec 0·011 0·007 0·014 <0·001 — — — —
Klab 0·483 0·356 0·610 <0·001 — — — —

10, 20 and 30 combined Plab 53·22 47·71 58·72 <0·001 — — — —
Krec 0·006 0·003 0·008 <0·001 — — — —
K0
lab 0·020 0·012 0·027 <0·001 — — — —

KT
lab 0·114 0·094 0·133 <0·001 — — — —

CI, confidence interval.
Only (near) significant models presented (none of the models for phosphorus were significant).

Table II. Parameter estimates for the two-component exponential decay model as applied to the decomposition of organic carbon,
nitrogen and phosphorus in grass leaves in water of 10, 20 and 30 °C, where Plab (%) is the labile fraction percentage, Klab (d

-1) is the
decomposition rate constant of the labile fraction and Krec (d

-1) is the decomposition rate constant of the recalcitrant fraction (all
estimated using Equation (1)). Where a trend was observed in Klab with temperature, Klab was replaced by two new parameters, a

temperature independent Ko
lab and a temperature dependent KT

lab following Equation (2).

Temperature (°C)
Carbon Nitrogen Phosphorus

Estimate 95% CI P Estimate 95% CI P Estimate 95% CI P

10 Plab 59·24 42·84 75·65 <0·001 74·83 44·85 104·80 <0·001 81·26 44·77 117·75 <0·001
Krec 0·003 �0·002 0·007 0·309 �0·003 �0·017 0·011 0·635 �0·008 �0·030 0·014 0·493
Klab 0·058 0·039 0·076 <0·001 0·057 0·024 0·090 <0·002 0·044 0·014 0·075 <0·006

20 Plab 46·08 41·37 50·78 <0·001 60·99 55·17 66·82 <0·001 57·73 51·83 63·63 <0·001
Krec 0·011 0·009 0·013 <0·001 0·002 �0·001 0·005 0·199 0·000 �0·003 0·004 0·850
Klab 0·227 0·186 0·269 <0·001 0·243 0·191 0·295 <0·001 0·287 0·219 0·355 <0·001

30 Plab 57·85 53·89 61·81 <0·001 66·34 62·01 70·68 <0·001 53·27 44·98 61·57 <0·001
Krec 0·013 0·010 0·016 <0·001 0·001 �0·003 0·004 0·690 0·001 �0·005 0·008 0·676
Klab 0·342 0·297 0·386 <0·001 0·500 0·410 0·590 <0·001 1·160 0·358 1·961 <0·007

10, 20 and 30 combined Plab 63·13 59·60 66·66 <0·001 65·34 61·05 69·63 <0·001 54·68 49·36 60·01 <0·001
Krec 0·004 0·003 0·006 <0·001 0·000 �0·002 0·003 0·707 0·002 �0·001 0·005 0·180
K0
lab 0·019 0·016 0·022 <0·001 0·025 0·018 0·032 <0·001 0·018 0·009 0·027 <0·001

KT
lab 0·094 0·086 0·102 <0·001 0·103 0·090 0·116 <0·001 0·139 0·113 0·166 <0·001

CI, confidence interval.
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the decomposition of both litter types could better be
described by a ‘two-component’ model indicates that the
‘labile’ and ‘recalcitrant’ components indeed behaved
differently. The labile-compound decomposition of the
leaf material is strongly enhanced by fragmentation and
digestion in the goose digestive system. This explains the
rapid leaching of nutrients as soon as the droppings come
into contact with water. The capacity of immobilizing and
Copyright © 2013 John Wiley & Sons, Ltd.
retaining nutrients is similar in droppings and leaves for N.
For P, however, there was a distinctly higher P immobi-
lization in the droppings, leading to high P retention in the
remnant material.
Incubation temperature has been emphasized as an

important environmental factor in many experiments
(Hynes and Kaushik, 1969; Carpenter and Adams, 1979;
Thullen et al., 2008). In our experiment, decomposition
Ecohydrol. 7, 1216–1222 (2014)
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rates of the labile component in grass leaves increased from
10 to 30 °C as was found in many other studies (Iversen,
1975; Carpenter and Adams, 1979; Carvalho et al., 2005).
Some studies reported increases (Biasi et al., 2005;
Vanhala et al., 2007; Hartley and Ineson, 2008) or no
change (Berg et al., 2006; Conen et al., 2006; Czimczik
and Trumbore, 2007) in C loss from old soil organic matter
composed of recalcitrant components with increasing
temperature. However, the decomposition rates of the
recalcitrant material from the droppings did not show an
increase with temperature change from 10 to 30 °C. It
might be possible that digestion by waterfowl accelerated
decomposability of grass leaves and caused insensitivity of
droppings to relatively higher temperatures.

It should be born to mind that water temperatures in
winter may be substantially less than 10 °C (in The
Netherlands closer to 5 °C; Van der Peijl and Verhoeven,
1999) . However, because all temperature-dependent
decomposition processes followed Equation (2), yielding
highly satisfying fits, we are confident that modest
extrapolation to temperatures less than 10 °C and greater
than 30 °C can safely be made using the appropriate
parameters in Tables II and III.

Significant differences in decomposition rate existed
between grass leaves and droppings. In general, reaction
rates, from fastest to slowest, are leaching/autolysis
breakdown of labile materials> breakdown of recalcitrant
materials (Godshalk and Wetzel, 1978;Brock et al., 1985;
Berendse, 1989; Truesdale et al., 2005). The two-
component exponential decay model served well to
describe the decomposition dynamics of fresh grass leaves
and droppings, showing the different behaviours of labile
and recalcitrant litter fractions. Similar conclusions on the
effectiveness of the two-component exponential decay
model were reported by Dalias et al. (2001).

In the interpretation of the results of our experiment, it
should be recognized that we used small plastic containers
with litter submerged in water to estimate decomposition
and mineralization rates. In these small containers, the N
and P released accumulated in the water column rather than
being diluted and flushed away. This may have resulted in
an unrealistically high immobilization of the released N
and P by the bacterial community decomposing the
samples. In future studies, and possibly as another extreme,
it might thus be appropriate to also investigate these
processes using litterbags in the field, validating and
expanding on our results.

Although laboratory incubation will always be an
incomplete representation of actual field situations (Web-
ster and Benfield, 1986; Schnitzer and Neely, 2000) and
our results largely confirmed our expectations, our study
did provide some new insights and is to our knowledge the
first to present data on the decomposition and mineraliza-
tion of droppings in such highly quantitative fashion. The
Copyright © 2013 John Wiley & Sons, Ltd.
results of our experiment therewith have relevance for the
parameterization of nutrient cycling models for lake
ecosystems. For example, Hahn et al. (2008) calculated
N and P inputs to Dutch freshwater lakes by waterfowl of
0·74–1·4 kg N ha�1 y�1 and 0·09–0·10 kg P ha�1 y�1

assuming complete release of N and P from droppings.
However, our data indicate that this may not be a valid
assumption. On the basis of the maximum release
percentages of N and P from droppings in our experiment,
we corrected earlier estimates of inputs of Hahn et al.
(2008) from waterfowl to Dutch freshwater lakes down-
wards to 0·52–0·98 kg N ha�1 y�1 and 0·045–0·05 kg P
ha�1 y�1.
Many biogeochemical models use C/N and C/P ratios of

litter to compute N and P mineralization (i.e. Van der Peijl
and Verhoeven, 1999; Garnier et al., 2002). Manzoni et al.
(2008) also used several simple parameters (initial litter N/
C ratio, decomposer biomass N/C and its C-use efficiency)
to develop universal analytical curves of N accumulation
and release during decomposition assuming decomposer
characteristics to be relatively constant in time. Our
experiment indicates that such approaches may be too
simplistic when dealing with digested material (droppings),
which is an important contribution to increasing our
understanding of the potential effect of geese and ducks
on wetland ecosystem health.
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