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Abstract

Mute Swans Cygnus olor were first introduced to North America in the late 19th
century and were brought to Michigan, USA, by humans in 1919. Numbers in
Michigan remained low throughout the 20th century but began to grow rapidly 
in the early years of  the 21st century, reaching 17,520 by 2013. The Michigan
Department of  Natural Resources (MDNR) produced a policy in 2012 to have 
fewer than 2,000 Mute Swans state-wide by the year 2030; however, estimates of
demographic parameters and information on patterns of  density dependence are
needed to identify the annual control level needed to achieve long-term goals. A
research partnership between the MDNR, the Wildlife Services section of  the US
Department of  Agriculture Animal and Plant Health Inspection Service, and
Michigan State University was formed to investigate the patterns of  density
dependence in the Michigan population of  Mute Swans. Nesting pair density and
productivity were surveyed in 2016–2018 using fixed-wing aircraft. Extent of  nesting
habitat was quantified to assess the relationships between the number of  nesting 
pairs and nest site availability. Mean productivity for nesting pairs was low (1.4
fledglings/pair) and decreased with increases in the number of  nesting pairs.
Productivity was inversely related to estimated saturation of  characteristic nesting
habitat (β̂ = –0.979, s.e. = 0.439). Mute Swan pairs nested in non-characteristic 
habitat on sites with many nesting pairs where characteristic nesting habitat was
saturated. These results suggest that habitat-meditated density dependence in
productivity is occurring for Mute Swans in Michigan. As such, demographic
modelling and in-field management of  Mute Swans in Michigan should take into
consideration the demonstrated relationships between productivity and nesting pair
densities. 

Key words: habitat heterogeneity hypothesis, interference hypothesis, invasive
species, Michigan, nest spacing.
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Lack (1954) noted that wildlife populations
tend to fluctuate around a certain number
rather than growing indefinitely at a
sustained rate. This observation, the density-
dependent regulation of  populations, has
become a fundamental underpinning of
many wildlife population models although
its pervasiveness and extent to which it is 
a general rule has sparked debate in the
scientific literature (Hanski et al. 1993;
Berryman 2004; White 2007). Definitive
demonstration of  density dependence in
wild populations has proven difficult
historically (Lack 1966) because of  the need
for long-term datasets on population
demographics (Hassell et al. 1989; Godfray
& Hassell 1992), although density dependence 
has been implicated for many species
(Woiwod & Hanski 1992; Lima & Jaksic
1998; Nummi & Saari 2003; Gunnarsson 
et al. 2013).

Density dependence is typically evident
within, and operates through, the main
demographic variables (e.g. birth, death and
emigration rates) and could be regulated by
intraspecific competition for resources
(Newton 1998). A density-dependent effect
on reproductive effort has been found 
for several territorial waterbird species
(Sedinger et al. 1998; Lebeuf  & Giroux
2014), and this may operate through several
mechanisms (Ferrer & Donazar 1996). 
Lack (1966) and Fretwell and Lucas (1969)
proposed that overall productivity would
decrease while variation in reproductive
success between individuals would remain
stable with increasing density. They
hypothesised that increased agonistic
interactions would accompany increased
density and, therefore, would reduce mean

territory quality for all individuals regardless
of  a characteristic territory’s quality at 
lower densities. This would result in a
homogenisation of  territories where all
become equally poor at high densities, even
though some are high quality territories 
at low pair densities. Negative density
dependence in productivity could also be
explained by heterogeneity in habitat quality
on breeding territories (Kadmon 1993).
This theoretically would result in a
population in which productivity declines
with increased density, but where variation
between individuals in their breeding
performance increases rather than remains
equal, as proposed by Lack (1966). Variation
in individual reproductive success relating to
habitat heterogeneity follows the hypothesis
that the best habitats are filled first (Hildén
1965; Ferrer & Donazar 1996; Rodenhouse
et al. 1997; Lovette & Fitzpatrick 2016).
Ferrer and Donazar (1996) summarised and
investigated these two hypotheses (i.e.
habitat heterogeneity hypothesis, hereafter
HHH; and interference hypothesis, hereafter 
IH) for a population of  Spanish Imperial
Eagles Aquila adalberti and concluded that
HHH is the regulating mechanism for
population growth rates. However, Sergio
and Newton (2003) noted the importance
and difficulty of  distinguishing between the
quality of  territories and the quality of
individuals when investigating support 
for, or differentiation between, HHH and
IH. Understanding mechanisms triggering
density-dependent relationships is important 
for managing harvested (Gunnarsson et al.

2013), reintroduced (Armstrong et al. 2005),
special concern (Carrete et al. 2006), and
invasive species (Nummi & Saari 2003).
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Mute Swans Cygnus olor employ two
breeding strategies across their introduced
and native ranges. Most populations exhibit
a territorial nesting strategy where nest sites,
brood-rearing habitat, and food resources
are defended aggresively by the pair,
resulting in relatively low pair densities.
Colonial-breeding populations also exist,
however, where nesting habitat is abundant,
intraspecific aggression is low and pairs nest
at high densities with normal productivity
(Perrins & Ogilvie 1981). Nummi and Saari
(2003) conducted a longitudinal study (1976–
1998) to analyse reproductive parameters
for Mute Swans introduced to a Finnish
archipelago. They hypothesised that breeding 
success would differ between territories of
varying quality, with quality measured as the
length of  time it has been occupied. Clutch
size, brood size and fledged young per 
pair were inversely related to the number of
breeding pairs in their introduced population. 
Several cygnets were found with crushed
skulls in high density areas, which is evidence 
for IH; however, sites occupied for the
longest number of  years (i.e. were of  highest
quality) produced more young, and variation
in brood size increased with density
(Nummi & Saari 2003). These results, much
like those of  Ferrer and Donazar (1996),
predominantly provide support for HHH,
and accounts published elsewhere in the
scientific literature (Lack 1954; Sedinger 
et al. 1998) likewise indicate that the
dynamics of  the brood-rearing phase
becomes increasingly important for birds as
densities increase (Ferrer et al. 2008).

Mute Swans were first introduced to
North America along the Atlantic coast in
the late 19th century to grace urban ponds

and large estates (Baldassarre 2014). A pair
of  Mute Swans was translocated to Michigan’s 
Charlevoix County from an estate in Iowa in
1919 because of  the aggressive behaviour 
of  the pair (Gelston & Wood 1982).
Population growth was slow throughout the
20th century; however, the population
increased to an estimated 17,520 individuals
in 2013 (D. Luukkonen, unpubl. data),
making it the largest population of  Mute
Swans in North America. In 2012, the
Michigan Department of  Natural Resources
(MDNR) formalised management goals 
and objectives for Mute Swans in the state
(Michigan Department of  Natural Resources 
2012), with a long-term goal of  there being
no more than 2,000 Mute Swans in Michigan 
by the year 2030 estimated through their
annual breeding waterfowl surveys. This
policy did not outline levels of  control
needed to accomplish that goal, however,
due to uncertainty over the demographic
parameters affecting trends in numbers for
this introduced population. Furthermore,
there were no empirical data to examine the
role of  density in influencing breeding
productivity for Mute Swans within North
America, although it has been demonstrated
for an introduced population in Europe
(Nummi & Saari 2003). It has previously
been suggested that density dependence 
was likely occurring for introduced Mute
Swan populations established for more 
than three decades (Ellis & Elphick 
2007); investigation of  density dependence
therefore was considered timely for the well-
established sub-populations in Michigan,
and a study was initiated to assess density
dependence on productivity for Mute Swans
in the state. Here we present results of  
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an analysis of  Mute Swan productivity at 
different breeding densities within the swans’
core breeding range in Michigan, and also
investigate nesting density in relation to habitat 
characteristics, to inform future population
modelling and management actions.

Methods
Study area

The state of  Michigan, USA, is naturally
separated by Lake Michigan and Lake Huron 
into two landmasses commonly called the
Upper Peninsula and Lower Peninsula. This
research focussed on Mute Swans within
their core breeding range in Michigan,
which is found in the Lower Peninsula
(Michigan Department of  Natural Resources, 
unpubl. data). Spring density of  all Mute
Swans was estimated in 2011–2015 and was
overlaid with hydrography data (Center 
for Shared Solutions and Technology
Partnerships 2015) in a geographic
information system (GIS; ArcGIS 10.3.1) 
to identify waterbodies that might harbour
breeding pairs. The Lower Peninsula was
stratified using township boundaries outlined 
in the United States’ Public Land Survey
System (PLSS; Center for Shared Solutions
and Technology Partnerships 2015) and by
running a query in the GIS to identify all
PLSS townships where mean estimated
spring density was ≥ 1 Mute Swan per 
259 ha (roughly 1 per square mile) during
2011–2015. The mean shoreline distance for
these townships (mean = 40 km; a coarse
proxy for nesting habitat potential) was
taken as an estimate of  where Mute Swans
were likely to occur in the Lower Peninsula
during the next breeding season (i.e. 2016).
Fifteen preliminary study sites (6 × 6 km

each) were identified using these methods
(Fig. 1). Fixed-wing aircraft (Cessna 185)
were used to survey preliminary study areas
for Mute Swan presence and nesting habitat
in December 2015 and April 2016. Five
study sites were chosen based on presence
of, and access to, ≥ 5 breeding pairs within 
a 36 km2 area: Tobico (43°41’29”N,
83°56’21”W in Bay County), Juno
(41°48’31”N, 86°0’40”W in Cass County),
Wabasis (43°07’06”N, 85°22’45”W in Kent
County), Oakland Pontiac (42°41’14”N,
83°26’49”W in Oakland County), and St.
Clair (42°37’21”N, 82°40’56”W in St. Clair
County), to investigate density dependence
in breeding productivity during 2016–
2018 (Fig. 1). One additional site, Clam
(44°56’30”N, 85°14’25”W, in Antrim
County; also covering a 6 × 6 km area), was
included in this investigation for 2017–2018
to ensure that complete latitudinal variation
was being accounted for in analysis of  Mute
Swans breeding across Michigan’s Lower
Peninsula (Fig. 1).

Land cover composition varied across our
four inland (Clam, Juno, Pontiac, Wabasis)
and two Great Lakes coastal study sites
(Tobico, St. Clair). Inland waterbodies
contained a mix of  natural and developed
shoreline with moderate to heavily developed
upland areas adjacent to areas of  open water
(Lacustrine Limnetic Unconsolidated Bottom 
Permanently Flooded habitat, L1UBH; US
Fish and Wildlife Service 2015). Natural
shoreline consisted of  characteristic Mute
Swan nesting habitat (Palustrine Emergent,
PEM; US Fish and Wildlife Service 2015)
such as Broad-leaved Cattail Typha latifolia,
bulrushes Schoenoplectus sp., Narrow-leaved
Cattail Typha angustifolia, Common Reed
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Phragmites australis, or woody vegetation
(Buttonbush Cephalanthus occidentalis, willow
Salix sp., ash Fraxinus sp., maple Acer sp.,
Cottonwood Populus deltoides, and oak Quercus

sp.). The Tobico study site contained areas 
of  Broad-leaved Cattail and Narrow-leaved
Cattail (Palustrine Emergent Persistent 
Semi-permanently Flooded habitat, PEM1F)
and open water (Palustrine Aquatic Bed
Intermittently Exposed habitat, PABG; US
Fish and Wildlife Service 2015) among areas
of  agriculture, human development and
forest cover (Homer et al. 2015). The St. Clair
study site was primarily open water (L1UBH
or Lacustrine Limnetic Unconsolidated

Bottom Permanently Flooded habitat,
L2UBH) but also included large areas of
freshwater wetlands with emergent vegetation 
(e.g. Broad-leaved Cattail, bulrushes,
Narrow-leaved Cattail, and Common Reed)
and small developed islands (< 5 ha each)
that contain seasonal human dwellings (i.e.
cottages) dispersed within the matrix of
open water and emergent vegetation.

Nesting pair density

Annual aerial surveys of  nesting Mute
Swans were conducted (12 April–1 May) to
detect actively nesting pairs within study
sites and determine GPS coordinates of  all

Figure 1. Preliminary and final study sites located across the Lower Peninsula of  Michigan, USA,
within selected public land survey system (PLSS) townships which had a high likelihood of  breeding
pair presence (i.e. ≥ 40 km of  shoreline).
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observed nests for sites (2016 n = 5; 2017–
2018 n = 6). The aircraft circled all wetlands
and waterbodies to ensure complete coverage 
of  all potential swan nesting habitat. This
approach was preferable to a fixed-transect
design since a complete census of  all nesting
pairs within site boundaries was needed
rather than a calculated estimate of  pair
density. Two observers worked together,
with one on each side of  the aircraft, to 
detect incubating females on the large (≥ 1 m) 
conspicuous nests (Conover & Kania 1999)
against the backdrop of  senesced emergent
vegetation. Cooper (1979) and Kear (1972)
estimated that incubation recesses for
female Trumpeter Swans Cygnus buccinator

and Mute Swans were < 30 min daily and
that females and males typically remained
near nests; therefore, the detection
probability for nests with a breeding pair 
of  swans was likely close to 100% during 
the low-level (c. 100–150 m above ground
level) aerial surveys. The flight route of  the
aircraft was recorded using a cellphone
application (Strava, Inc.) which recorded
GPS fixes at 1 sec intervals, whilst flight
observations were recorded using wing
strut-mounted video camera systems in
2016–2017 (MotoCam 360) and also in 
2018 (GoPro Hero 4 Silver) to confirm the
physical location of  nesting pairs and ensure
that all nesting habitat was surveyed. All
nests detected were recorded directly 
onto physical orthophotographs, which
contained aerial imagery and identified 
all waterbodies and wetlands within the
study area. The location data recorded on
orthophotos were later transferred to a GIS. 

Management of  Mute Swans continued
throughout the state of  Michigan during the

years of  this research, but management did
not occur within or adjacent to study sites
with the exception of  two sites in 2018.
Removal of  Mute Swans by the Wildlife
Services section of  the US Department 
of  Agriculture Animal and Plant Health
Inspection Service (USDA APHIS) at these
two sites (Juno and St. Clair) during
incubation (3 May 2018 and 30 April 
2018, respectively) was at the request of
waterfront residents. Although Mute Swan
removals were not designed or implemented
through this research, the removals were
coordinated with USDA APHIS so that they
did not have an adverse impact on the
ongoing Mute Swan study. Aerial surveys
were flown prior to and after removals to
ensure that the numbers and locations of
nesting pairs within the study sites were
known. All estimates of  the number of
nesting pairs, productivity and nesting
habitat saturation levels presented in this
manuscript account for the removal of
nesting pairs during incubation at these two
sites during 2018. The numbers of  nesting
pairs therefore did not include pairs
removed through Mute Swan management
efforts and, likewise, productivity (number
of  fledged cygnets per pair) did not include
pairs removed during culling. Michigan State
University (MSU) Institutional Animal Care
and Use Committee (IACUC) granted an
animal-use exemption for MSU personnel
throughout this project because in-field
research efforts were led by staff  of  the
Wildlife Services section of  USDA APHIS.

Breeding productivity

Aerial surveys were used to determine
breeding productivity per pair near the time
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of  estimated fledging (1 September) for all
sites. Aerial surveys were flown in fixed-
wing aircraft with flight paths and flight
video recorded in the same manner as 
the spring nest detection surveys. White 
(i.e. adult or leucistic-morph cygnets) and
grey swans were counted and approximate
locations for each of  the pairs and broods
were recorded on orthophotographs, with
the data then transferred to a GIS. Boats
were used to confirm brood size and 
the colour morph ratio (i.e. by counting
leucistic-morph cygnets separately from
their parents). The number of  fledged
cygnets per site was compared to the total
number of  nesting pairs, to derive an
estimate of  productivity that included failed
nests and failed broods.

Nest spacing

Median distance to the closest conspecific
nest was determined for all nests detected
within study site boundaries, for each year
from 2016–2018 inclusive. A GIS was 
used to determine the Euclidean distance
between Mute Swan nests for pairs 
residing on the same waterbody (n = 143
comparisons). Mute Swans are nearly fully
aquatic (Sousa et al. 2008) and are likely not
directly influenced by the presence of  pairs
on adjacent waterbodies during the nesting
period. Our methods for measuring nest
spacing therefore ensured that we only
included comparisons that were biologically
relevant. Nest spacing measurements were
summarised for each year, with sites pooled
to understand the typical conspecific nest
spacing for Mute Swans rather than
variation in spacing potentially related to
pair densities on specific sites. 

Saturation of  nesting habitat
Mute Swans in North America typically nest
in dense vegetation adjacent to water
(Baldassarre 2014), for instance in cattail,
bulrush and Common Reed beds (Ciaranca
et al. 1997). A GIS and recent (2014–
2016) high-resolution (< 1 m per pixel)
orthophotographs taken during April (when
no leaves were on the trees to obstruct
assessment of  water area) were used to
digitise the transition between open water
and other cover types (e.g. emergent
herbaceous vegetation, forests, developed
land). We then conducted in-field surveys on
all sites during the 2018 nesting season to
record whether or not characteristic nesting
habitat was present at the boundary of  open
water and other cover types. 

Using information from the in-field
surveys, digitised line features representing
the transition to open water were then
grouped into two categories: areas with
adjacent characteristic nesting habitat and
areas adjacent to other cover types. A new
line feature was created that contained all
the segments where characteristic nesting
habitat was immediately adjacent to open
water. Equally spaced points (10 m spacing)
allocated along polylines of  nesting habitat
were used to represent potential nest
locations for the nesting pair saturation
analysis (Fig. 2). These points were created
to discretize the continuous line feature into
locations where hypothetical nests could be
located and allow us to space potential nest
locations in relation to our observed nest
spacing, for assessing the maximum number
of  pairs that could potentially nest on 
each site given the distribution of  nesting
habitat.
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The maximum number of  nesting 
pairs (i.e. saturation) was estimated for 
the six study sites, from the distribution of
characteristic nesting habitat and the spacing
of  conspecific nests recorded during the
surveys. The methods used to determine
saturation levels for the nesting habitat were
conceptually similar to the approach used by
Downs et al. (2008) who estimated nesting
carrying capacity for territorial Sandhill
Cranes Grus canadensis. Our estimates of
saturation assumed that Mute Swans space
their nests optimally in characteristic habitat,
to obtain the highest possible number of
nests in their breeding areas. In reality, Mute
Swans do not necessarily space their nests
optimally in this manner; however, this
method provides a liberal estimate of
nesting pair saturation, to which the actual
number of  nesting pairs can be compared.
Sites where pairs establish nesting territories

outside of  characteristic nesting habitat and
where observed saturation ratios are close to
or ≥ 1 indicate that the nesting habitat is
likely at saturation level. 

Comparison of  observed breeding
productivity among sites

The functional relationship between
productivity (i.e. the number of  fledglings
per nesting pair) and the number of  
nesting pairs was examined for evidence of
density dependence. A linear regression was
conducted in Program R (R Development
Core Team 2018) to examine the
relationship of  productivity to: (i) the
number of  nesting pairs, and (ii) the ratio of
observed pairs to numbers estimated at
saturation (i.e. the saturation ratio). Three
competing models: 1) intercept only, 2)
number of  nesting pairs per site, and 
3) nesting habitat saturation ratio, were
ranked using Akaike’s Information Criterion
corrected for small sample sizes (AICc;
Anderson & Burnham 2002). This approach
was used to assess whether adjusting the
observed number of  nesting pairs on each
site by the extent of  characteristic nesting
habitat (i.e. calculating an ecological density)
better explained the relationship between the 
number of  nesting pairs and productivity
recorded per pair.

Results

A total of  228 pairs of  Mute Swans with
nests were detected within the study site
boundaries during 2016–2018 (Table 1). The
median distance to the closest conspecific
nest was 418.1 m (x ± s.d. = 495.1 ± 3
88.7 m, range = 22.6–2959.2 m). The mean
number of  nests and number of  fledged

Figure 2. Example determination of  potential
nesting locations (white circles, spaced at 10 m
intervals) within characteristic nesting habitat for
Mute Swans (black line) at the transition of  open
water and adjacent habitat types for focal
waterbodies in the Lower Peninsula of  Michigan,
USA.

Land

Open Water

0       40       80

Metres



186 Density-dependent Mute Swan productivity

© Wildfowl & Wetlands Trust Wildfowl (2019) Special Issue 5: 178–196

T
ab

le
 1

.R
ep

ro
du

ct
iv

e 
pa

ra
m

et
er

s 
du

rin
g 

20
16

–2
01

8 
fo

r M
ut

e 
Sw

an
s 

ne
st

in
g 

on
 s

ix
 e

qu
al

-s
iz

ed
 s

tu
dy

 a
re

as
 (3

6 
km

2
ea

ch
), 

or
de

re
d 

by
in

cr
ea

si
ng

 la
tit

ud
e 

in
 th

e 
L

ow
er

 P
en

in
su

la
 o

f 
M

ic
hi

ga
n,

 U
SA

.

20
16

20
17

20
18

P
oo

le
d 

m
ea

n
E

st
im

at
ed

 s
at

ur
at

io
n

St
ud

y 
P

ai
rs

N
o.

 
P

ai
rs

N
o.

 
P

ai
rs

N
o.

 
P

ai
rs

N
o.

 
P

ai
rs

Sa
tu

ra
ti

on
 

ar
ea

fl
ed

gl
in

gs
/

fl
ed

gl
in

gs
/

fl
ed

gl
in

gs
/

fl
ed

gl
in

gs
/

ra
ti

o
pa

ir
pa

ir
pa

ir
pa

ir

Ju
no

21
1.

6
20

1.
3

10
a

1.
5

17
.0

1.
5

17
1.

0

St
. C

la
ir

25
0.

9
19

1.
2

6a
2.

4
16

.7
1.

0
67

0.
2

Po
nt

ia
c

31
1.

0
25

0.
9

22
0.

4
26

.0
0.

8
32

0.
8

W
ab

as
is

9
2.

6
9

2.
1

7
1.

0
8.

3
2.

3
40

0.
2

To
bi

co
7

2.
7

5a
1.

8
5

2.
6

5.
7

2.
3

31
0.

2 

C
la

m
–

–
5

0.
6

2
1.

0
3.

5
0.

6
6

0.
6

A
ll 

si
te

s
93

1.
4

84
1.

2
52

1.
1

76
.3

1.
2

19
3

–

a T
ot

al
 d

oe
s 

no
t i

nc
lu

de
 n

es
ts

 th
at

 w
er

e 
in

fl
ue

nc
ed

 b
y 

in
ve

st
ig

at
or

s 
or

 n
es

ts
 o

f 
pa

irs
 c

ul
le

d 
du

rin
g 

in
cu

ba
tio

n 
in

 o
ff

ic
ia

l r
em

ov
al

 e
ff

or
ts

. 



Density-dependent Mute Swan productivity 187

© Wildfowl & Wetlands Trust Wildfowl (2019) Special Issue 5: 178–196

young per pair in 2016–2018 ranged from
3.5–26.0 nests per site and 0.6–2.3 fledglings
per pair (Table 1). 

The most parsimonious model in the
analysis comparing productivity to nesting
pair abundance included a fixed effect for
the ratio of  observed nesting pairs to
estimated saturation (β̂= –0.979, s.e. = 0.439) 
and this provided a slightly better fit to the
data (linear regression: F1,15 = 4.972,
adjusted R2 = 0.199, P < 0.05; Table 2, 
Fig. 3a) than the next competing model (linear 
regression: F1,15 = 4.507, adjusted R2 = 0.180, 
P > 0.05, n.s.; Fig. 3b) which contained a
fixed effect for the number of  nesting pairs
(β̂ = –0.039, s.e. = 0.018) The site with the
lowest number of  nesting pairs (Clam) also
fledged the fewest young (Table 1).

Nesting pairs were not spaced optimally
in relation to characteristic nesting habitat
(Figs. 4 & 5). Over a quarter of  nests on
sites where the number of  pairs was 
near estimated saturation occurred in 
non-characteristic nesting habitat (Clam,
28.6%; Juno, 39.2%; Pontiac, 39.7%; Fig. 4)

whereas pairs almost exclusively nested 
in characteristic habitat on less saturated
sites (11.8% and 8% of  nests in non-
characteristic cover at Tobico and Wabasis,
respectively; Fig. 5). Given the expansive
beds of  Common Reed at the St. Clair study
site, all nests at St. Clair were considered 
to be in characteristic cover. The number 
of  nesting pairs provided a suitable
approximation of  pair saturation (i.e.
saturation ratios) for four of  the six sites
(Juno, Pontiac, Wabasis and Tobico); however, 
interpretation of  pair saturation changed 
at two sites (Clam and St. Clair) on using
saturation ratios instead of  the observed
number of  nesting pairs (Table 1). St. Clair
had a low saturation ratio (Table 1) despite
its high number of  nesting pairs because of
the large amount of  characteristic habitat
present at the site. Clam had few nesting
pairs, but also had a paucity of  well-spaced
characteristic nesting habitat, resulting in a
site that was near saturation even though 
the observed number of  pairs was low
(Table 1).

Table 2. Model selection for linear regression of  the parameters influencing productivity
during 2016–2018, for Mute Swans breeding in Michigan, USA. k = number of  
parameters in model, AICc = Akaike’s Information Criterion adjusted for small sample 
sizes, ΔAICc = difference between AICc of  best fitting and current model, and wi = Akaike’s
weight.

Model β s.e. k AICc ΔAICc wi

Saturation ratio –0.979 0.439 2 38.085 0 0.486

Number of  pairs –0.039 0.018 2 38.486 0.401 0.398

Null model 1.506 0.179 1 40.952 2.867 0.116
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Discussion

Effects of  density dependence in territorial
avian species typically first become evident
through aspects of  the birds’ breeding
success, such as hatching success (Lebeuf  &
Giroux 2014), growth of  young (Sedinger 
et al. 1998), productivity (Wood et al. 2016),
or nearly all breeding parameters (Nummi et
al. 2015). Longitudinal studies of  breeding
parameters under naturally fluctuating
species abundances are typically used to
demonstrate presence or absence of  density
dependence (Godfray & Hassell 1992);
however, the mechanisms causing this pattern 
are not always identified. Two hypotheses
have been proposed to explain the
mechanism by which density of  territorial
species affects breeding performance.
Kadmon (1993) and Rodenhouse et al.

(1997) argued that heterogeneity in habitat

suitability (i.e. HHH) influences reproductive 
performance for populations resulting in a
lower mean productivity and increased
variance in productivity at higher densities.
A second hypothesis (i.e. IH) asserts that
agonistic interactions between conspecifics
at higher densities lowers overall productivity 
for all pairs, resulting in similar variance
under high and low densities (Lack 1966;
Sutherland 1996). The approach used in this
study looked for the presence of  density
dependence, and the mechanism by which
this process is acting on nesting Mute Swans
within Michigan’s Lower Peninsula.

There was evidence for density
dependence in breeding productivity for
Mute Swans in the study area. Mean
productivity declined as the number of
breeding pairs approached the estimated
saturation level (i.e. as the saturation level
approached 1; Fig. 3a). The range in observed 
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Figure 3. Mute Swan productivity in relation to (a) the estimated nesting pair saturation ratio (y =
–0.979x + 1.997; adjusted R2 = 0.199), and (b) the number of  pairs per site (y = –0.039x + 2.032;
adjusted R2 = 0.180), recorded during 2016–2018 for six equal-sized study sites in the Lower Peninsula
of  Michigan, USA.
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Figure 4. Mute Swan nest locations during 2016–2018 within characteristic and non-characteristic
nesting habitat at select waterbodies in (a) the Juno site in Cass County, Michigan, USA, and (b) the
Pontiac site in Oakland County, Michigan, USA, where nesting pairs established territories outside of
their characteristic nesting habitat and were found to have low productivity.
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Figure 5. Mute Swan nest locations during 2016–2018 within characteristic and non-characteristic
nesting habitat for select waterbodies in (a) the Wabasis site in Kent County, Michigan, USA, and (b) the
Tobico site in Bay County, Michigan, USA, where most nesting pairs used territories in characteristic
nesting habitat and were found to have higher productivity.
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nesting density (0.1–0.7 nesting pairs/km2)
was similar to values estimated in early (≤ 0.1
nesting pairs/km2) and late (0.6 nesting
pairs/km2) stages of  establishment for an
introduced Mute Swans population in part
of  a Finnish archipelago, where the density
of  nesting pairs during the later years of  the
study was the highest recorded for a non-
colonial population in Europe (Nummi &
Saari 2003). Similar extreme nesting densities 
and low productivity were observed on two
inland sites and one Great Lakes coastal site
(Table 1) in Michigan’s Lower Peninsula;
however, the site with the fewest pairs also
produced the fewest young. This site (Clam)
was near saturation of  characteristic nesting
habitat despite the low number of  nesting
pairs (Table 1); therefore, it was similar to
sites with higher nesting pair densities.
Interestingly, a site (St. Clair) with many
nesting pairs that fledged few young also
was not close to our estimate of  its nesting
habitat saturation level (Table 1). This may
be due to its uniqueness among the study
sites (i.e. as an open water site located in the
largest freshwater delta in North America
with extensive Common Reed beds), which
could potentially have other extrinsic factors
limiting cygnet survival not encountered 
at the inland sites nor captured in this
analysis (e.g. storm surges or cooler water
temperatures). Additionally, the estimated
saturation level using these methods may be
biased high if  other factors become limiting
before nesting habitats become saturated.
The estimated saturation density for nesting
at St. Clair was 1.86 pairs per km2 (Table 1),
which is 3 times higher than any reported
Mute Swan pair density outside of  colonial
populations (Nummi & Saari 2003). St. Clair

therefore was considered a high-density site
on the basis that its observed density of
nesting pairs is near the maximum density
reported in the literature (Nummi & Saari
2003). Further, nesting pair density was
reduced on the St. Clair site under permit 
by the Wildlife Services section of  USDA
APHIS to reduce human-wildlife conflict
during the final year of  investigation.
Nesting pairs that remained fledged more
cygnets per pair and utilised larger areas
during brood-rearing than in previous years
(Knapik 2019). This suggests that density
impacts were realised at observed nesting
pair density in previous years even though it
was below the estimated saturation level.
Optimisation methods used to estimate
saturation of  characteristic nesting habitat
aligned well with the observed number of
nesting pairs and productivity at the other
sites (5 of  6 total sites; Table 1).

The spatial comparison of  the number 
of  nesting pairs to characteristic nesting
habitat provided insights into the
mechanism by which density is influencing
breeding productivity, with the results
generally supporting the HHH hypothesis
(Andrewartha & Birch 1954; Kadmon 1993;
Rodenhouse et al. 1997). Pairs almost
exclusively nested in characteristic nesting
habitat on sites with few nesting pairs and
unfilled characteristic nesting habitat
remained (e.g. at Wabasis, Tobico and Clam;
Fig. 5) whereas pairs filled characteristic
nesting habitat and nested, presumably, in
suboptimal areas on sites at or near
estimated saturation (e.g. at Juno, St. Clair
and Pontiac; Table 1, Fig. 4). Additionally,
mean brood survival was lower (0.58 ± 0.03;
Knapik 2019) in Michigan when compared
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to other introduced populations (Conover &
Kania 1999), despite a normal mean brood
size at fledging for pairs that fledged young
(3.1 cygnets/pair; Knapik 2019). This means
that pairs which fledged young successfully
did so with brood sizes comparable to other
areas of  their introduced range (Conover &
Kania 1999), although the overall mean
breeding productivity across sites (1.4
cygnets/pair; Table 1) was lower than for
introduced populations in low-density
nesting areas elsewhere (Reese 1975;
Conover & Kania 1999; Nummi & Saari
2003). These findings lend further weight 
to the HHH, which expects an increased
variance in mean brood size produced per
pair (Andrewartha & Birch 1954; Rodenhouse 
et al. 1997) rather than a uniform reduction
in the number of  fledged young across all
pairs (Lack 1966). Of  note, it cannot be
claimed that agonistic interactions (i.e. IH)
had no effect on productivity because both
HHH and IH can occur simultaneously
(Ferrer & Donazar 1996; Krüger et al. 2012);
however, observed patterns provided more
support for HHH rather than for IH among
the Mute Swans in Michigan. 

Not all factors that potentially influence
productivity could be controlled for the
analyses. The effects of  individual and
territory quality could not be separated in
this short-term study because not all nesting
individuals within sites were uniquely
marked; however, there were 10 instances at
sites with the highest densities of  nesting
pairs where territories and even the nest
mounds of  neck-collared swans breeding in
characteristic nesting habitat were taken
over by new pairs in the year following the
dissociation of  a nesting pair (i.e. through

the death of  a mate; R. Knapik, unpubl.
data). The surviving members of  these pairs
joined the nonbreeding flocks and did not
nest again for the remainder of  the study 
(R. Knapik, unpubl. data), signalling high
competition for territories in characteristic
habitat. Therefore, it could not be assumed
that unmarked individuals observed on
territories were constant among years. The
presence or abundance of  nonbreeding
flocks could also have influenced productivity 
through agonistic interactions or competition 
for food resources, although breeding pairs
successfully excluded nonbreeding flocks
from areas around their territories especially
after hatching of  cygnets (R. Knapik, pers.
obs.). Birkhead et al. (1983) demonstrated
that inexperienced pairs had slightly lower
breeding productivity than experienced
pairs, but with inexperienced pairs still
producing young. Therefore, while individual 
quality may be partly confounded with
territory quality for Mute Swans in this
study, variation in individual quality is not
likely to be the mechanism driving our
observed support for the HHH.

The evidence provided here for habitat-
mediated density dependence in the
breeding productivity of  an introduced
North American Mute Swan population 
is similar to findings reported for an
introduced population in a Finnish
archipelago (Nummi & Saari 2003). Further,
this research demonstrated that the 
strength of  density dependence in breeding
productivity varied spatially within Michigan, 
influenced by the number of  nesting 
pairs and coverage of  characteristic nesting
habitat. This research continues to suggest
that density-mediated breeding productivity
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can occur and should be considered when
developing demographic models for Mute
Swans in North America or when designing
in-field management guidelines.

Targeted removal of  breeding pairs
should focus on areas where this activity is
likely to be most effective. These are the
lakes and wetlands where the number of
breeding pairs is low but characteristic
nesting habitat (i.e. cattails, Common Reed,
or bulrushes next to shallow open water) is
abundant. Our results indicated that pairs in
these habitats were the most productive and,
although we recognise that targeting low
density areas increases the costs needed 
to remove each swan in the short term,
ultimately the long-term management costs
should be lower because fewer total swans
would need to be removed (Ellis & Elphick
2007). Post-removal surveillance of  these
areas should be undertaken to ensure that
pairs do not return, since swans coming into
the area will likely have high breeding
productivity while nesting pair density is low
and nesting habitat is abundant (Table 1;
Nummi & Saari 2003).

Our evidence for habitat-mediated
density dependence in breeding productivity
also has implications for lethal management
options targeted during the incubation
stage, such as egg oiling. Oiling Mute Swan
eggs during incubation is a highly effective
method for preventing hatching (Hindman
et al. 2014), but it is not effective at reducing
the overall population in the short term
(Ellis & Elphick 2007; Watola et al. 2003;
Wood et al. 2013; Hindman et al. 2014;
Knapik 2019). Nevertheless, it is a method
that can have a local impact, reduce the
numbers of  cygnets each summer (Hindman 

et al. 2014), and is sometimes the only
management option desired by landowners
and lake associations. Our results show that
egg oiling will be most effective when the
probability of  cygnet survival is high (i.e.
when breeding pair densities are low);
therefore, egg oiling procedures should first
focus on lakes and wetlands with few pairs or
on pairs that have a proven ability to produce
and fledge cygnets. Egg oiling in areas where
intraspecific competition is high and where
pairs are nesting in non-characteristic nesting
habitat (Fig. 4) will be inefficient because
many pairs would not have fledged young
anyway. We suggest that management 
aimed at achieving long-term population
goals in Michigan, or in other introduced
populations, take into consideration patterns
of  habitat-mediated density dependence on
Mute Swan breeding productivity.

Acknowledgements

We thank staff  of  the MDNR for their
support of  the research: Barb Avers, Donald
Avers, Steven Beyer, Tom Bissett, Tom
Cooley, John Darling, Officer Ben Lasher,
George Lauinger, Corey Lucas, Ben
Luukkonen, Dr. Russ Mason, Terry
McFadden, Melissa Nichols, Jeffery Owens,
Joe Robison, Barry Sova and Michael
Wegan. We also would like to thank
employees of  the Wildlife Services section
of  USDA APHIS for assistance throughout
this research: Tony Aderman, Dusty Arsnoe,
Aaron Bowden, Chris Dohrman, Tony
Duffiney, John Hummel, Earl Krom, David
Marks, Jacob Nave, Nate Newman, Tim
Wilson, and Anthony Wilson. We are
thankful for the skillful flying of  Derek
DeRuiter, Northwoods Aviation, Inc.,



194 Density-dependent Mute Swan productivity

© Wildfowl & Wetlands Trust Wildfowl (2019) Special Issue 5: 178–196

during aerial surveys. We would also like to
thank Dr. Gary Roloff, Dr. Charles Nelson,
and anonymous reviewers for providing
input on earlier versions of  this manuscript.
This research was supported by hunters 
and recreational shooters through Federal
Aid in Wildlife Restoration Grant W-155-R
administered by the Michigan Department
of  Natural Resources. Additional support
and funding were provided by the Michigan
Involvement Committee of  Safari Club
International and through the Joseph
Laurence Maison Fellowship and George 
J. Wallace and Martha C. Wallace Endowed
Scholarship offered through Michigan State
University. This work was also partially
supported by salary support for Scott R.
Winterstein from the USDA National
Institute of  Food and Agriculture (Project
No. MICL02588).

References

Anderson, D.R. & Burnham. K.P. 2002. Avoiding
pitfalls when using information-theoretic
methods. Journal of  Wildlife Management 66:
912–918.

Andrewartha, H.G. & Birch. L.C. 1954. 
The Distribution and Abundance of  Animals.
University of  Chicago Press, Illinois, USA.

Armstrong, D.P., Davidson, R.S., Perrott, J.K.,
Roygard, J. & Buchanan, L. 2005. Density-
dependent population growth in a reintroduced 
population of  North Island saddlebacks.
Journal of  Animal Ecology 74: 160–170.

Baldassarre, G.A. 2014. Ducks, Geese, and Swans 

of  North America: Volume 1. Johns Hopkins
University Press, Maryland, USA.

Berryman, A.A. 2004. Limiting factors and
population regulation. Oikos 105: 667–670.

Birkhead, M., Bacon, P.J. & Walter, P. 1983.
Factors affecting the breeding success of  the

Mute Swan Cygnus olor. Journal of  Animal

Ecology 52: 727–741.
Bomford, M. & O’Brien, P. 1995. Eradication or

control for vertebrate pests? Wildlife Society

Bulletin 23: 249–255.
Carrete, M., Sánchez-Zapata, J.A., Tella, J.L., 

Gil-Sánchez, J.M. & Moleón, M. 2006.
Components of  breeding performance in
two competing species: habitat heterogeneity,
individual quality and density-dependence.
Oikos 112: 680–690.

Center for Shared Solutions and Technology
Partnerships. 2015. Michigan GIS open data
portal. Available at http://gis.michigan.open
data.arcgis.com/(last accessed 31 July 2015).

Ciaranca, M.A., Allin, C.C. & Jones, G.S. 1997.
Mute Swan. Birds of  North America 273: 1–
28. The American Ornithologists’ Union,
Washington D.C., USA.

Conover, M.R. & Kania, G.S. 1999. Reproductive
success of  exotic Mute Swans in Connecticut. 
The Auk 116: 1127–1131.

Downs, J.A., Gates, R.J. & Murray, A.T. 2008.
Estimating carrying capacity for sandhill cranes 
using habitat suitability and spatial optimization 
models. Ecological Modelling 214: 284–292.

Edelaar, P. & Tella, J.L. 2012. Managing non-
native species: don’t wait until their impacts
are proven. Ibis 154: 635–637.

Ellis, M.M. & Elphick, C.S. 2007. Using a
stochastic model to examine the ecological,
economic and ethical consequences of
population control in a charismatic invasive
species: Mute Swans in North America.
Journal of  Applied Ecology 44: 312–322.

Ferrer, M. & Donazar, J.A. 1996. Density-
dependent fecundity by habitat heterogeneity
in an increasing population of  Spanish
imperial eagles. Ecology 77: 69–74.

Ferrer, M., Newton, I. & Casado, E. 2008.
Density dependence hypotheses and the
distribution of  fecundity. Journal of  Animal

Ecology 77: 341–345.



Density-dependent Mute Swan productivity 195

© Wildfowl & Wetlands Trust Wildfowl (2019) Special Issue 5: 178–196

Fretwell, S.D. & Lucas, H.L. 1969. On territorial
behavior and other factors influencing habitat 
distribution in birds. Acta Biotheoretica 19: 16–36.

Gelston, W.L. & Wood, R.D. 1982. The Mute Swan

in Northern Michigan. Myers Printing Service
(author published), Traverse City, Michigan,
USA.

Godfray, H.C.J. & Hassell, M.P. 1992. Population
biology – long time series reveal density
dependence. Nature 359: 673–674.

Gunnarsson, G., Elmberg, J., Poysa, H., Nummi,
P., Sjoberg, K., Dessborn, L. & Arzel, C.
2013. Density dependence in ducks: a review
of  the evidence. European Journal of  Wildlife

Research 59: 305–321.
Hanski, I., Ian, W. & Perry, J. 1993. Density

dependence, population persistence, and
largely futile arguments. Oecologia 95: 595–598.

Hassell, M.P., Latto, J. & May, R.M. 1989. Seeing
the wood for the trees – detecting density
dependence from existing life-table studies.
Journal of  Animal Ecology 58: 883–892.

Hildén, O. 1965. Habitat selection in birds: a
review. Annales Zoologici Fennici 2: 53–75.

Hindman, L.J., Harvey IV, W.F. & Conley, L.E.
2014. Spraying corn oil on Mute Swan Cygnus

olor eggs to prevent hatching. Wildfowl 64:
186–196.

Homer, C., Dewitz, J., Yang, L., Jin, S., Danielson,
P., Xian, G., Coulston, J., Herold, N.,
Wickham, J. & Megown, K. 2015. Completion 
of  the 2011 National Land Cover Database
for the conterminous United States –
representing a decade of  land cover change
information. Photogrammetric Engineering &
Remote Sensing 81: 345–354.

Knapik, R.T. 2019. Demographics and movements 
of  mute swans in Michigan, USA. Ph.D. thesis. 
Michigan State University, East Lansing,
Michigan, USA.

Kadmon, R. 1993. Population dynamic
consequences of  habitat heterogeneity: an
experimental study. Ecology 74: 816–825.

Krüger, O., Chakarov, N., Nielsen, J.T., Looft, V.,
Grünkorn, T., Struwe-Juhl, B. & Møller, A.P.
2012. Population regulation by habitat
heterogeneity or individual adjustment? Journal 

of  Animal Ecology 81: 330–340.
Lack, D.L. 1954. The Natural Regulation of  Animal

Numbers. The Clarendon Press, Oxford, UK.
Lack, D.L. 1966. Population Studies of  Birds. The

Clarendon Press, Oxford, UK.
Lebeuf, A.P. & Giroux, J.F. 2014. Density-

dependent effects on nesting success of
temperate-breeding Canada geese. Journal of

Avian Biology 45: 600–608.
Lima, M. & Jaksic, F.M. 1998. Population

variability among three small mammal
species in the semiarid Neotropics: the 
role of  density-dependent and density-
independent factors. Ecography 21: 175–180.

Lovette, I.J. & Fitzpatrick, J.W. 2016. Handbook of

Bird Biology. Wiley-Blackwell, New Jersey,
USA.

Michigan Department of  Natural Resources.
2012. Mute Swan Management and Control

Program Policy and Procedures. Available at www.
michigan.gov/documents/dnr/2012_Mute_
Swan_Policy_378701_7.pdf  (last accessed 
01 March 2016).

Newton, I. 1998. Population Limitation in Birds.
Academic Press, Massachusetts, USA.

Nummi, P., Holopainen, S., Rintala, J. & Poysa,
H. 2015. Mechanisms of  density dependence
in ducks: importance of  space and per capita
food. Oecologia 177: 679–688.

Nummi, P. & Saari, L. 2003. Density-dependent
decline of  breeding success in an introduced,
increasing Mute Swan Cygnus olor population.
Journal of  Avian Biology 34: 105–111.

Perrins, C. & Ogilvie, M. 1981. A study of  the
Abbotsbury mute swans. Wildfowl 32: 35–47.

R Development Core Team. 2018. R: A Language

and Environment for Statistical Computing. 
R Foundation for Statistical Computing,
Vienna, Austria. 



196 Density-dependent Mute Swan productivity

© Wildfowl & Wetlands Trust Wildfowl (2019) Special Issue 5: 178–196

Reese, J.G. 1975. Productivity and management
of  feral Mute Swans in Chesapeake Bay. The

Journal of  Wildlife Management 39: 280–286.
Rodenhouse, N.L., Sherry, T.W. & Holmes, R.T.

1997. Site-dependent regulation of  population 
size: a new synthesis. Ecology 78: 2025–2042.

Sedinger, J.S., Mark, S.L., Person, B.T., Eichholz,
M.W., Herzog, M.P. & Flint, P.L. 1998.
Density-dependent effects on growth, body
size, and clutch size in black brant. The Auk

115: 613–620.
Sergio, F. & Newton, I. 2003. Occupancy as a

measure of  territory quality. Journal of  Animal

Ecology 72: 857–865.
Sousa, C.M., Malecki, R.A., Lembo, A.J., Jr. &

Hindman, L.J. 2008. Monitoring habitat use
by male Mute Swans in the Chesapeake Bay.
Proceedings of  Annual Conference Southeastern

Association of  Fish and Wildlife Agencies 62:
88–93.

Sutherland, W.J. 1996. From Individual Behaviour to

Population Ecology. Oxford University Press,
Oxford, UK.

U.S. Fish and Wildlife Service. 2015. National
Wetlands Inventory website. US Department 
of  the Interior, Fish and Wildlife Service,
Washington D.C., USA. Available at http://
www.fws.gov/wetlands/ (last accessed 31
July 2015).

Usher, M. 1989. Ecological effects of  controlling
invasive terrestrial vertebrates. In J.A. Drake,
H.A. Mooney, F. di Castri, R.H. Groves, F.J.
Kruger, M. Rejmanek & M. Williamson 
(eds.), Biological Invasions: A Global Perspective,
SCOPE 37, pp. 463–484. John Wiley & Sons,
Chichester, UK.

Watola, G.V., Stone, D.A., Smith, G.C., Forrester,
G.J., Coleman, A.E., Coleman, J.T., Goulding, 
M.J., Robinson, K.A. & Milsom, T.P. 2003.
Analyses of  two mute swan populations and
the effects of  clutch reduction: implications
for population management. Journal of

Applied Ecology 40: 565–579.
White, T. 2007. Resolving the limitation–

regulation debate. Ecological Research 22:
354–357.

Woiwod, I.P. & Hanski, I. 1992. Patterns of
density dependence in moths and aphids.
Journal of  Animal Ecology 61: 619–629. 

Wood, K.A., Stillman, R.A., Daunt, F. & 
O’Hare, M.T. 2013 Evaluating the effects of
population management on a herbivore
grazing conflict. PLoS One 8: e56287.

Wood, K.A., Newth, J.L., Hilton, G.M., Nolet,
B.A. & Rees, E.C. 2016. Inter-annual
variability and long-term trends in breeding
success in a declining population of  migratory 
swans. Journal of  Avian Biology 47: 597–609.

Photograph: Adult Mute Swan with cygnet in Michigan, USA, by Randall Knapik.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


