Hydrobiologia (2016) 777:197-207
DOI 10.1007/s10750-016-2779-6

@ CrossMark

PRIMARY RESEARCH PAPER

The impact of bird herbivory on macrophytes
and the resilience of the clear-water state

in shallow lakes: a model study

Cassandra van Altena - Elisabeth S. Bakker -
Jan J. Kuiper - Wolf M. Mooij

Received: 16 November 2015 /Revised: 10 April 2016/ Accepted: 13 April 2016/ Published online: 14 May 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract  Shallow lakes have the potential to switch
between two alternative stable states: a clear macro-
phyte-dominated and a turbid phytoplankton-domi-
nated state. Observational and experimental studies
show that in some lakes herbivory by birds may
severely decrease macrophyte biomass, while in other
lakes, the removed biomass by herbivory is compen-
sated by regrowth. These contradictory outcomes
might arise because of interplay between top-down
control by bird herbivory and bottom-up effects by
nutrient loading on macrophytes. Here, we use the
ecosystem model PCLake to study top-down and
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bottom-up control of macrophytes by coots and
nutrient loading. Our model predicted that (1) her-
bivory by birds lowers the critical nutrient loading at
which the regime shift occurs; (2) bird impact on
macrophyte biomass through herbivory increases with
nutrient loading; and (3) improved food quality
enhances the impact of birds on macrophytes, thus
decreasing the resilience of the clear-water state even
further. The fact that bird herbivory can have a large
impact on macrophyte biomass and can facilitate a
regime shift implies that the presence of waterfowl
should be taken into account in the estimation of
critical nutrient loadings to be used in water quality
management.

Keywords Top-down versus bottom-up control -
Alternative stable states - Ecosystem model - Grazing -
Eutrophication - Water quality management

Introduction

Shallow lakes have the potential to switch between
two alternative stable states: a clear macrophyte-
dominated and a turbid phytoplankton-dominated
state (Jeppesen et al., 1990; Scheffer, 1990; Carpenter,
2003). This switch can occur in response to gradual
changes in external factors, such as nutrient loading,
hydraulic loading, or temperature rise (Mooij et al.,
2009), or in response to abrupt changes in one of the
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components of the aquatic food web through bioma-
nipulation (Jeppesen et al., 1990; Meijer et al., 1999;
Mehner et al., 2002). The clear-water state is often
preferred not only by water quality managers because
of the associated biodiversity but also for the intake of
drinking water and recreational purposes (swimming
and boating). Macrophytes play an important role in
the resilience of the clear-water state (Carpenter &
Lodge, 1986; Scheffer et al., 1993), because they
stabilize this state in multiple ways. For example, they
reduce resedimentation of particles from the sediment
of the lake (e.g. Horppila & Nurminen, 2003). Also,
they prevent phytoplankton growth by taking up
available nutrients (e.g. van Donk & van de Bund,
2002) and provide shelter for zooplankton (e.g.
Shapiro, 1990). Because zooplankton are key grazers
of phytoplankton and zooplankton abundance can be
severely depleted by fish in the absence of shelter,
macrophyte shelter for zooplankton supports the clear-
water state in lakes.

Whereas it is widely acknowledged that bottom-up
effects on submerged macrophytes through eutroph-
ication play an important role in regime shifts in lakes,
the importance of top-down control by herbivory on
the macrophytes themselves remains unclear. Espe-
cially the effects of herbivory by waterbirds on
submerged macrophytes is debated (Mitchell & Per-
row, 1998; Marklund et al., 2002). Grazing waterbirds,
such as coots, swans, and ducks, can visit lakes in large
numbers and feed on roots and shoots of submerged
macrophytes. Some studies found that herbivory by
birds decreased macrophyte biomass severely, even up
to 100% (Sondergaard et al., 1996; Hilt, 2006; Wood
et al., 2012; Bakker & Nolet, 2014), while others
found that the removed biomass is compensated by
macrophyte regrowth (Mitchell & Wass, 1996; Perrow
et al., 1997; Hansson et al., 2010). This apparent
contradiction may arise from the varying conditions
under which these studies have been conducted, such
as the macrophyte and the bird species under consid-
eration, or the experimental set-up (Perrow et al.,
1997; Bakker et al., 2013). A recent meta-analysis of
all available field studies demonstrated that the impact
of herbivory by birds on aquatic plants increases with
bird biomass density, offering the first proof that birds
systematically reduce macrophyte biomass when
present at sufficient densities (Wood et al., 2012).
Thus, differences in bird density could possibly
explain the differences in experimental outcomes.
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However, another explanation for the contradic-
tions in experimental outcomes could be that bottom-
up effects through nutrient addition acts in concert
with the top-down control on macrophytes by birds. It
has been hypothesized that the impact of grazing birds
on macrophytes varies with the nutrient status of the
lake (Perrow et al., 1997; Weisner et al., 1997,
Hansson et al., 2010; Bakker & Nolet, 2014). Possible
mechanisms for this could be that under eutrophic
conditions plants have a higher nutrient content
relative to their carbon content, making them more
preferred food (Bakker & Nolet, 2014), and that plants
have less tolerance to grazing due to increased
periphyton growth on the macrophytes (Weisner
et al., 1997; Hilt, 2006; Hidding et al., 2010). These
mechanisms could lead to a higher impact of herbivory
by birds under more eutrophic but still transparent
conditions. Enhanced consumption of macrophytes
with increased plant quality would in particular apply
to omnivorous waterfowl such as coot and dabbling
and diving ducks. Other waterfowl species, in partic-
ular species of swans, geese, and some ducks are
almost exclusively herbivorous and so their preference
for macrophytes cannot increase (it is already
~100%) with macrophyte nutrient concentrations.

Another open question is whether the impact of
herbivory by waterbirds is limited to a reduction of the
standing crop of macrophytes or, alternatively, could
eventually lead to a regime shift to the turbid state in
lakes (van Donk & Otte, 1996; Janse et al., 1998; Rip
et al., 2006; Hansson et al., 2010). Herbivory induced
regime shifts can be understood from the key role
macrophytes play in stabilizing the clear state. If the
impact of bird herbivory indeed increases under
eutrophying conditions, then the largest impact would
be close to the tipping point. Thus, in this already
vulnerable phase, the resilience of the clear-water
phase is decreased even further. However, there are
currently no data available to test this hypothesis and
therefore we used a modelling approach. A first
attempt in this direction was made by Janse et al.,
(1998), who demonstrated with the ecosystem model
PCLake that coot herbivory could indeed have caused
the disappearance of macrophytes from restored Lake
Zwemlust (The Netherlands) (van Donk & Otte,
1996), leading to a shift to the turbid state.

Here, we go one step further by investigating the
impact of herbivory on macrophyte biomass and the
resilience of the clear-water state along a gradient of
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nutrient loadings. More specifically, we (1) calculate
the effect of bird herbivory on the critical nutrient
loading (CNL) at which the shift from clear to turbid
water occurs (sensu Janse et al., 2010); (2) determine
how the impact of bird herbivory on macrophyte
biomass changes along a nutrient gradient; and (3)
investigate how food quality could affect bird impact
on macrophytes. We hypothesize that bird herbivory
decreases the CNL by decreasing macrophyte bio-
mass, and that the impact of bird herbivory will
increase with nutrient loading because of improved
quality of the macrophytes as food.

Methods

PCLake is a dynamic model based on differential
equations that calculates the carbon (for historical
reasons expressed as dry weight) and nutrient flows
(primarily phosphorus and nitrogen) between the food
web compartments in a shallow lake ecosystem (Janse
& van Liere, 1995). Both the water column and the top
layer of the sediment are included in the model.
Trophic groups in the water column comprise three
groups of phytoplankton (cyanobacteria, diatoms, and
green algae), planktivorous/benthivorous fish, and
piscivorous fish. The sediment layer includes settled
phytoplankton and zoobenthos. Both water column
and sediment layer contain pools for inorganic nutri-
ents and detritus. We use the default set-up of PCLake
where submerged macrophytes are modelled as one
functional group, with a separately modelled shoot and
root part (Janse, 2005). Macrophyte growth depends on
water light conditions, temperature and available
nutrients in both the water column and the sediment
layer. It is assumed that the growing season starts when
a critical water temperature is reached (9°C), which
happens in mid-April, using the long-term averaged
seasonal water temperature of Dutch lakes. The
growing season ends half September onwards, when
part of the above-ground biomass is allocated to the
below ground biomass and the mortality of the plants is
raised such that 30% of the original biomass survives—
the overwintering parts (we listed the growth equations
of the macrophytes in Online Appendix 1).

The model is known to show regime shifts between
a clear, macrophyte-dominated state and a turbid,
phytoplankton-dominated state when the nutrient
loading is either increased (eutrophication) or

decreased (re-oligotrophication) (Janse, 1997). The
critical nutrient loading (hereafter referred to as CNL)
at which the shift from the clear-water state to the
turbid-water state occurs is higher than the CNL at
which the reverse shift occurs. Thus, the model shows
hysteresis and alternative stable states for intermediate
levels of nutrient loading. In this study, we concentrate
on the higher one of the two critical nutrient loadings,
that is the CNL during eutrophication.

Herbivorous birds are modelled in PCLake as an
external factor that reduces macrophyte biomass,
following the approach of Janse et al. (1998). For a
summary of all equations and parameters related to
bird herbivory and macrophytes in PCLake, see Online
Appendix 1. PCLake as whole is described in great
detail in Janse (2005) (online available at http://edepot.
wur.nl/121663). Throughout this manuscript, we focus
on the resilience of the clear-water state. Here we use
the term resilience within its ecological definition (as a
basin of attraction sensu Holling, 1973) and not in its
engineering definition (as a return time to equilibrium).
To test whether the clear-water state forms a basin of
attraction, we initialize the model in the clear-water
state and check whether this state is maintained during
the simulation, or alternatively, whether the system
moves away from the clear-water state towards the
turbid-water state. We define the CNL as the lowest
nutrient loading where the clear-water state loses its
resilience. The bi-stability of PCLake is studied in
detail by Kuiper et al. (2015) in conjunction with food
web theory and the positive feedbacks that maintains
these alternative stable states.

Coots (Fulica atra Linnaeus, 1758) are taken as a
model species, being common omnivorous waterbirds
with a large share of plant material in their diet (e.g.
Perrow et al., 1997; Wood et al., 2012).The amount of
macrophyte biomass that is grazed by coots, G (g dry
weight m~2 d™'), is modelled with a Holling type II
functional response as

G=q-V/(hg+V)-b/10000 - g, (1)

with V the macrophyte biomass (g dry weight m™2),
q the preference of birds for macrophytes (dimension-
less), h, the half-saturation constant (g dry weight
nfz), b the number of coots per ha (a parameter,
divided by 10,000 because PClake uses m? as the unit
for surface), and g the amount of macrophytes grazed
per coot (g dry weight coot™' d™'). We used the
standard parameterization of PCLake (h; = 5 g dry
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weight m™2 and g = 45 g dry weight coot™' d™)

(Janse et al., 1998). The intake rate of coots is based on
van Donk & Otte (1996) and Verhoeven (1980).
Macrophyte biomass that is ingested but not assimi-
lated by the coots is returned to the water compartment
as detritus and freely available nutrients, while the
fraction that is assimilated is lost from the system. The
assimilation efficiency is kept the default value of 0.5,
while the fraction dissolved nutrients of the egested
material is 0.25 (Janse, 2005).

To investigate the role of food quality, we defined
the preference of coots for macrophytes g in two ways.
First, we performed the analyses for g = 1, thus
ignoring the role of food quality. Second, we let ¢
depend on the carbon-to-phosphorus ratio (C:P ratio)
of the macrophytes, where low C:P ratios are associ-
ated with high food quality and high C:P ratios with
low food quality. If this macrophyte C:P ratio was
lower than a reference value (see below), coots were
allowed to eat up till 20% more macrophyte biomass
than what they would eat when food quality was not
taken into account (i.e. when g = 1). If the C:P ratio
was higher than the reference value, coots were
allowed to eat up till 20% less macrophyte biomass.
As a reference value, we used for each coot density b
the mid-range of all possible macrophyte C:P ratios
along the nutrient loading axis when food quality was
ignored. This led to the following formula for g when
food quality is taken into account:

CP
0.8 for <0.8,
ref
P
C ref ref
1.2 for > 1.2,

ref

with CP the C:P ratio of macrophytes at any particular
time step, and CP,.r the mid-range reference value. We
thus assume that birds eat more (less) macrophytes
when macrophyte C:P ratio is lower (higher) than the
reference C:P ratio. Moreover, we assume that this
change in food intake is proportional to the relative
difference between the actual macrophyte C:P ratio
and the reference C:P ratio. Please note that in absence
of empirical data to base our value of 20% on, our
analysis of the impact of food quality should be
interpreted in an explorative fashion rather than in a
predictive fashion.

@ Springer

We performed a bifurcation analysis with phos-
phorus (P) loading as the bifurcation parameter, which
we varied between 0.35 and 5 mg P m~>d~". The
nitrogen loading was consistently kept at 10 times the
P loading to maintain phosphorus limitation. We did
this for six different coot densities (b in Eq. 1): 0, 5,
10, 20, 35, and 50 coots per ha. In the bifurcation
analysis, the model was run for 20 years (c.f. Janse
et al., 2008), starting on the lower end of the
phosphorus gradient in conditions that represented a
clear-water state. Birds were entered in the system
after 10 years and were assumed to be present each
year between February 15th and October 15th. Thus,
we allowed the birds to be present the entire spring and
summer. Additional analysis showed that allowing the
birds to be present in winter, that is, from October 15th
to February 15th, resulted in some quantitative
differences while the qualitative patterns remained
the same (Online Appendix 2). In the 20th year of the
simulation, summer averages of chlorophyll-a were
measured to determine the impact of bird herbivory on
CNL. At the same moment, summer averages of
macrophyte biomass were measured to determine the
impact of bird herbivory on macrophyte biomass. We
expressed bird impact as the reduction of macrophyte
biomass in scenarios where birds were present,
relative to the macrophyte biomass in the scenarios
where birds were absent. This measure of bird impact
allowed us to compare our results to what was found in
field studies (e.g. Hansson et al., 2010; Wood et al.,
2012). Please note that PCLake is a deterministic
model and therefore needs to be run for each setting
only once. A one-at-the-time sensitivity analysis was
performed for several key parameters to check the
robustness of the results (see Online Appendix 3).

Results

The critical nutrient loading (CNL) during eutrophi-
cation was lower when coots were present, compared
to the situation when coots were absent (Fig. 1). When
coots were absent, the CNL was 3 mg P m2d ! Ata
density of 10 coots ha~!, CNL was reduced by 18%
(CNL =23 mg P m 2 d™") compared to the CNL
when coots were absent; at a density of 35 coots ha_l,
CNL was even reduced by 70% (CNL = 1 mg P
m~2 d_l), whereas at 50 coots ha~!, there was no

stable clear-water state. Thus, herbivory by coots
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Fig. 1 Effect of grazing 120 ~
coots on chlorophyll-a along
a nutrient loading axis
during eutrophication. At a

density of 50 coots ha™!, the ;g .
model predicts that the lake o ¢— Ocoots ha’
is in the turbid state for all £ .-i 5 coots ha'l
loadings ©
oacings X ---&- 10 coots ha'!
;> 20 ha
S -¢- 20coots ha
g —X% - 35 coots ha't
g —e— 50 coots ha't
0 1 2 3 4 5
Loading (mg P m2d-?)
Fig. 2 Effect of grazing 140 -
coots on macrophyte
biomass along a nutrient — 120 -
loading axis during £
eutrophication. At a density 2 100 A
of 50 coots ha_l, ?n
macrophytes were not o 20 —e— O coots hal
present for any of the P @
: £ --M-- 5coots hat
loadings S ¢
ﬁ i ---&-- 10 coots ha!
_:: 40 - >K/ \\ - - 20 coots ha!
e \ —¥ - 35 coots ha!
© i \
s 0 \
\
0 o} kK
0 1 2 3 4 5

enhanced the transition of a clear to a turbid-water
state and the higher the density of coots, the more the
CNL was decreased.

Macrophyte biomass was lower when coots were
present compared to the situation where coots were
absent (Fig. 2). When coots were absent, macrophyte
biomass first showed a steep increase with increasing
P loading and then slowly decreased until macro-
phytes practically disappeared at the CNL where the
switch to the turbid state occurred. This pattern was
repeated when coots were present, but with increas-
ingly lower macrophyte biomass at increasing bird
density. This difference in biomass between the
scenario with birds compared to the situation without
birds becomes more prominent when the CNL is

Loading (mg P m2d-?)

approached (Fig. 2). Because macrophytes com-
pletely disappear at lower CNL with increasing bird
densities (see Fig. 1) the decrease in macrophytes at
intermediate nutrient loadings is no longer present in
the scenario with 35 coots ha~'. As macrophytes
cannot coexist with 50 coots ha™* (Fig. 1), we do not
show the results for this scenario in this and the
following analyses.

The impact of grazing coots, expressed as the
percentage reduction in macrophyte biomass com-
pared to the situation where coots were absent, was
largest at very low nutrient loadings and near the CNL
(Fig. 3). In between these extremes in nutrient load-
ing, the impact of herbivory was smaller (Fig. 3). Bird
impact also increased with coot density for all nutrient

@ Springer
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Fig. 3 The impact of birds, 60 -~
expressed as the percentage
decrease in macrophyte
biomass relative to 50 A
macrophyte biomass in 2 S
absence of birds, under ~
different nutrient conditions L 401
during eutrophication. At a = w X
density of 50 coots ha™", § 30 7 .-i- 5 coots hal
macrophytes were not £ 7 x
present for any of the P 3 % -4~ 10 coots ha'*
loadings = X, N ‘ -%- -1
0 20 - X -y -X "_____A X - 20 coots ha
—% - 35coots hal
10 4
0 T T T T 1
0 0.5 1.5 2 2.5 3
Loading (mg P m-2d1)
Fig. 4 C:P ratio of 190 ~
macrophytes decreases with
increasing P loading and 180 ~
increasing coot density
during eutrophication. At a 170 -
density of 50 coots ha™!, »
macrophytes were not L 160 ~
present for any of the P z
loadings 3 150 ~ —e— 0 coots/ha
S --#- 5 coots/ha
© 140 -
] \ ---A-- 10 coots/ha
130 | \
@) X\ - - 20 coots/ha
120 - —% - 35 coots/ha
110
100 T T T T 1

loadings: at a density of 10 coots ha™', bird impact
varied between 11% and 19%, while at a density of 35
coots ha™!, bird impact varied between 43% and 48%.

With the preference of coots for macrophytes (g) set
equal to one, the quality of macrophytes as food
(measured as the C:P ratio) increased with increasing
P loading (i.e. macrophyte C:P ratio decreased,
Fig. 4). For the reference value CP,s in Eq. 2, we
took the mid-range of macrophyte C:P ratios along the
P loading axis (0.35-5 mg P m~2 d~'). But because
the macrophyte C:P ratio decreased with increasing
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Loading (mg P m2 d?)

coot density as well, CP,.s was defined for each coot
density separately. For example, CP,; for a density of
5, 10, 20, and 35 coots ha™' was equal to 148, 147,
144, and 135, respectively.

When the analyses were performed with coot
preference for macrophytes dependent on macrophyte
C:P ratio (g defined as in Eq. 2), the model predicted
similar patterns for CNL (not shown), macrophyte
biomass (not shown), and bird impact (Fig. 5) as in the
situation where food quality was not taken into
account (¢ = 1), but all effects were enhanced.
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Overall, coots grazed more biomass when their
grazing rate was dependent on food quality, which
resulted in an even lower CNL compared to the
situation when food quality was not taken into account
(not shown). At very low P loadings, bird impact was
quite similar, especially for the lower coot densities
(Fig. 5). With increasing P loadings the increase in
bird impact as a result of improved food quality
became more prominent until the CNL was reached.

Discussion

Many field studies and field experiments have been
performed to determine the effects of birds on
macrophyte biomass. Whereas it has been shown that
birds significantly reduce macrophyte biomass at
increasing bird biomass densities (Wood et al.,
2012), the diversity in experimental set-ups masks
the role of environmental factors, such as nutrient
loading. Furthermore, it remains unclear whether the
impact of birds on macrophyte biomass can induce a
regime shift. Here, we used an established ecosystem
model, PCLake, to test in a standardized way for
different nutrient loadings what the impact of birds is
on macrophyte biomass, and whether birds could
induce a regime shift from a clear- to a turbid-water
state. Our model predicted that: (1) bird herbivory
lowers the critical nutrient loading at which the regime
shift occurs, implying that at intermediate nutrient
loadings birds can trigger a regime shift, (2) bird
impact on macrophyte biomass through herbivory

Fig. 5 Bird impact when 60
food quality is taken into ¥ — X
account (g defined as in -
Eq. 2, black lines) during % X
eutrophication. Bird impact Sy 7
without food quality (¢ = 1, = 40

. . X
grey lines) is shown for =
comparison. At a density of ®
50 coots ha™"', macrophytes g‘ 2
were not present for any of S
the P loadings 5 20

10
0 T
0 0.5

increases with nutrient status, and (3) improved food
quality can enhance the impact of birds on macro-
phytes and thereby decrease the resilience of the clear-
water state even further.

Previous studies have shown that grazing coots
could be responsible for the decreasing resilience of
the clear-water state in Lake Zwemlust, where at a
density of more than 20 coots/ha and a nutrient loading
of 24 g Pm~2d™! (van Donk et al., 1993), the
macrophytes eventually disappeared (van Donk &
Otte, 1996; Janse et al., 1998), which would also be
predicted by our model. By means of the modelling
study presented here, we can now generalize this
finding for a range of bird densities and nutrient
loadings. The range of chosen bird densities during
summer that we used in our study (5-50 coots ha ")
encompasses densities as reported from field obser-
vations (Lauridsen et al., 1993; Sondergaard et al.,
1996; Hilt, 2006). When bird herbivory was added at
such densities to the food web, the critical nutrient
loading (CNL) during eutrophication was lower than
the CNL in the situation where birds were absent. This
was true for all bird densities, but the reduction in the
CNL became most prominent with increased bird
densities. This result fits well with the results of Wood
et al. (2012), who found that macrophyte reduction
increases with increasing bird biomass density. It
might be that in the field, the reduction in CNL is even
larger than predicted by PCLake, as grazing birds can
have further negative effects on the clear-water state
via changes in nutrient cycling. For example, they
could add allochthonous nutrients through their

X -+ 5coots hal
- 5 coots hal, with food quality
-—-A- 10 coots hat
---&- 10 coots hat, with food quality
- ¢. 20coots hat
- - 20 coots hal, with food quality
-~ o 35coots ha'

—x 35 coots hal, with food quality

1.5 2 2.5 3

Loading (mgP m2d1)
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droppings, thereby contributing to eutrophication
directly (Hahn et al., 2008; Chaichana et al., 2010).
Another mechanism by which the impact of coots
could be larger than predicted by PCLake is non-
consumptive destruction of macrophytes while forag-
ing on invertebrates (Paillisson & Marion, 2001).

In our model study, we saw that bird impact was
highest near the critical nutrient loading (see Fig. 3),
that is at the point where the resilience of the clear-
water state breaks down (the clear-water state ceases
to be a basin of attraction). Therefore, herbivory by
birds has a synergistic effect with mechanisms that
erode the resilience of the clear-water state during
eutrophication, in particular shading by phytoplankton
and periphyton in the case of freshwater lakes
(Weisner et al., 1997; Hilt, 2006; Hidding et al.,
2010). For very low nutrient loadings, however, bird
impact decreased with increasing nutrient loading.
This antagonistic effect is most likely caused by the
low macrophyte biomass at very low nutrient loadings
making the amount of macrophyte biomass that is
grazed relatively large compared to the available
biomass.

The measure we chose for bird impact, i.e. the
relative change of macrophyte biomass compared to
the situation without birds, has been used in many field
studies with exclosure experiments (e.g. Perrow et al.,
1997; Hilt, 2006; Hidding et al., 2010). The outcomes
of these experiments were extremely variable, with
bird impact ranging from zero or a few percent
difference to 100% difference (i.e. complete removal;
see references in Hansson et al., 2010; Wood et al.,
2012). This is probably due to the highly variable
experimental set-ups with different bird densities,
different lake conditions, and different bird species.
Our analyses showed that such a wide range in bird
impact (4.1-55% or even 100% if we include the
herbivory induced turbid state with no macrophytes) is
indeed a plausible outcome when we take nutrient
status of the lake, bird density, and the effects of food
quality on grazing rate into account. When comparing
our data with these from field studies where coots were
the main grazers (6 studies in the Wood et al., 2012
meta-analysis), we modelled coot densities represent-
ing 4-28 kg/ha biomass compared to 3-33 kg/ha coot
biomass found in the field studies, and 4%-55%
impact on macrophyte biomass in our model versus
23%-75% impact in the field studies. This suggests
that our model may even underestimate the impact of
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grazing by birds on macrophyte biomass and the
resulting shift to the turbid state.

The hypothesis of Bakker & Nolet (2014) states that
macrophyte food quality would be higher in eutrophic
lakes and that omnivorous birds would therefore
increase the proportion of macrophytes in their diets.
In support of this hypothesis, we showed that along
with P loading macrophyte C:P ratio decreases and
bird impact increases. But, although somewhat less
prominent, the increase in bird impact with increasing
nutrient load was also visible when we did not take
food quality into account. Thus, an increase in food
quality is probably not the only cause for an increase in
bird impact with increased nutrient loading. It is
important to note that because of the way in which we
incorporated food quality (see Eq. 2), birds were not
only allowed to eat more but also less of macrophytes
compared to the reference situation in which food
quality was not taken into account. In the scenarios
that we analysed, however, birds always ate more
macrophytes when food quality was taken into
account. It is also interesting to see that macrophyte
C:P ratio decreases with increasing coot density as a
result of nutrient recycling by grazing. This positive
feedback between herbivores and plant quality is
known in both aquatic and terrestrial systems
(McNaughton et al., 1997; Sterner & Elser, 2002;
Krumins et al., 2015). Whereas our modelling results
are supporting the hypothesis, it remains to be tested
under field conditions. Macrophyte nutrient concen-
trations increase upon fertilization and are more
preferred food under experimental conditions for
omnivorous ducks and fish (Dorenbosch & Bakker,
2011; Bakker & Nolet, 2014), but in the field, the
relation between environmental and macrophyte
nutrient concentrations is less clear (e.g. Casey &
Downing, 1976). Furthermore, preference for macro-
phytes may vary over seasons and with life history
events in the life cycle of the birds (e.g. Wood et al.,
2014).

Using a model approach, we could investigate the
effects of bird herbivory on macrophyte biomass and
critical transitions in lakes in a systematic way. That
is, nutrient loading and coot density were varied in a
factorial design and all other aspects were kept
constant. In our study, we focussed on the effects of
nutrient loading and food quality on bird impact on
macrophyte biomass. However, bird herbivory can
influence regime shifts in other ways apart from
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grazing. For example, an effect regularly seen is that
grazing birds alter macrophyte species composition,
because they prefer certain macrophyte species over
others (van Donk & Otte 1996; Hidding et al., 2010;
Gayet et al., 2011). Considering different macrophyte
species may also be relevant because the exact effect
of herbivory may depend on plant traits. Our sensitiv-
ity analysis (Online Appendix 3) indicated that the
maximum growth rate of the macrophytes has a
relatively large influence on the results.

Another logical extension of the model would be to
include strictly herbivorous bird species such as mute
swans to the model. This would be particularly
interesting because it would add the contrast between
purely herbivorous birds (for instance mute swans) and
omnivorous birds (coots) to the model. Our winter
analysis showed that also the timing of grazing is a
factor that is worth further exploring (Online Appendix
2). Grazing during the winter appears to affect the
growth potential during the start of the growing season,
as it complicates the competition with phytoplankton
for light and nutrients (Scheffer 2004, p. 280). Thereby
winter grazing can have a considerable effect on the
conditions of the lake in the summer. Making birds a
dynamic factor in the model may also seem a logical
extension but is not easy because most waterbirds
spend part of their life cycle outside the lake.

The fact that bird herbivory can have a large impact
on macrophyte biomass and can accelerate a regime
shift implies that the presence of waterfowl should be
taken into account in water quality management
scenarios. Complex ecosystem models such as PCLake
are frequently applied by lake managers as part of a
system analysis to obtain insight in the functioning of
their lake and to estimate the CNL. These considerable
efforts in estimating the CNL pay off because the
concept of CNL provides lake managers with a
straightforward-dependent variable to steer upon, as
the actual phosphorus loading can easily be compared
with the CNL, and the concept is simple to commu-
nicate to stakeholders (Stillman et al., 2016). Our study
shows that bird density is important to take into account
to obtain the most accurate prediction of the CNL.
Although we show that the CNL of a lake is negatively
affected by grazing birds, controlling their abundance
(see for instance discussion on management of mute
swans (Wood et al., 2013; Gayetet al.,2014) would not
bring a sustainable solution: the impact of birds is
highest in the domain where the resilience of the clear-

water state is already low because of high nutrient
loading. While bird management may potentially be
part of a set of management measures that can be
applied to increase the resilience of the clear-water
state, the vulnerability to regime change during
eutrophication is primarily a function of the external
nutrient loading (Scheffer et al., 1993). Nutrient input
reductions should therefore form the basis of any
management program aiming at safeguarding the
clear-water state. Given the freedom of birds to move
from one lake to another, when considering the impact
of birds, regional (or even larger) scales are important
besides local scales.

In summary, in this model study, we showed that
bird herbivory can decrease macrophyte biomass in
shallow lakes to such an extent that a regime shift from
a clear-water state to a turbid-water state is initiated. If
birds respond to improved food quality with increased
grazing, then the probability of such a shift is even
enhanced. Taking a model approach to study the
effects of bird herbivory on macrophytes and the state
of the lake reveals that birds should be taken into
serious consideration by water quality managers who
try to preserve or recover the clear-water state of the
lake.
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