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Abstract Conspicuous plumage patches have evolved in birds as conspecific signals for

mate attraction and assessment, intersexual competition or to signal alarm. Signals may

alternatively be directed at potential predators to discourage pursuit. Rails (Family Ralli-

dae) are ground-dwelling birds, many of which inhabit wetlands, while others occur in

forests and grasslands. They are renown for their secretive nature and the tendency to flick

their tails when observed. This behavior is more conspicuous in species with white un-

dertail coverts that contrast sharply with darker body plumage. Using species comparisons

and controlling for phylogeny, we investigated four hypotheses for the evolution of white

undertail coverts in rails. We found little support for the hypothesis that white tails are

sexually selected: white tails were not more common in species with polygamous as

opposed to monogamous mating systems, species with sexual dimorphism, nor species that

display their tails in courtship. Nor did our results support the hypothesis that white tail

plumage evolved for intersexual competition during territorial interactions. Instead, we

found that species that flock for at least part of the year and species found in open as

opposed to concealing habitats were significantly more likely to have white undertail

coverts. Rail species inhabiting concealing habitats are less commonly gregarious and

more likely selected for crypsis. Using phylogenetically-controlled statistical inference we

found that adaptation to open wetland habitats significantly precedes the evolution of white

undertails, whereas gregariousness likely evolved later in some lineages. The inferred order

of trait evolution suggests that this plumage characteristic could have been selected pri-

marily for enhancement of an anti-predator signal rather than a social signal for

conspecifics.
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Introduction

Animals communicate using different sensory modalities for which they have a wide array

of physiological and morphological adaptations (Bradbury and Vehrencamp 1998).

Interspecific variation in plumage coloration among birds may function in both intraspe-

cific and interspecific communication, evolving in response to factors such as sexual

selection (Safran and McGraw 2004; Safran et al. 2005), foraging tactics (Mumme 2002),

and variation in habitat (McNaught and Owens 2002; Endler and Thery 1996). Many

studies of the color and morphology of plumage in birds have focused on their roles in

sexual selection. However, recent research has begun to explore other plumage functions

such as in signaling alarm to conspecifics or pursuit-deterrence to predators (Murphy

2006).

Conspicuous plumage color patches may be coupled with distinctive movements that

reveal or enhance their display (Gomez and Thery 2007). Contrasting tail markings

combined with behaviors such as flicking movements have been documented as pursuit

deterrent signals in mammals (Bildstein 1983; FitzGibbon and Fanshawe 1988; Holley

1993; Caro et al. 1995; Caro 1995, 2005), lizards (Dial 1986; Hasson et al. 1989), and birds

(Woodland et al. 1980; Murphy 2006). Pursuit deterrent signals are mutually beneficial,

allowing both predator and prey to avoid unnecessary time and energy expenditure

(Woodland et al. 1980). Recent studies have demonstrated that the predator receivers of

such signals respond by changing their behavior (Clark 2005; Rundus et al. 2007).

Many rail species (Family Rallidae) are known to flick or jerk their tails up and down.

Reviewing accounts in ‘Rails: a guide to the rails, crakes, gallinules and coots of the world’

(Taylor and van Perlo 1998) showed that undertail plumage coloration varies widely among

rail species and that many species known to exhibit some sort of tail-flicking behavior do not

have contrasting white undertail coverts. Why then did white tails evolve in some rails?

We developed four alternative hypotheses focusing on behavioral variation and sig-

naling efficacy for the evolution of white undertails in rails.

1. White undertail coverts may have been favored by sexual selection in some species,

and function in mate choice. Aragones et al. (1999) found evidence of sexual selection

for conspicuous white wing and tail bands in red-necked nightjars (Caprimulgus
ruficollis). Female great snipes (Gallinago media) show a preference for males with

the whitest spots on their tails (Höglund et al. 1992).

2. White tails may have evolved to facilitate signaling in territorial interactions.

Slagsvold and Lifjeld (1988) suggested that the conspicuous black-and-white plumage

of pied flycatchers (Ficedula hypoleuca) might benefit territory owners by making

them more conspicuous to intruding males, reducing territory-holding costs, if

intruders usually retreat upon discovering that a territory is occupied. Some rails, such

as the common moorhen Gallinula chloropus and American coot Fulica americana,

direct at conspecifics elaborate displays and posturing at territorial boundaries (Taylor

and van Perlo 1998; S. B. McRae, personal observation).

3. White undertail coloration might be used in intraspecific communication other than in

agonistic contexts or sexual displays. For example, white tails might be used to warn

conspecifics of danger (Alvarez et al. 1976; Stoner et al. 2003; Craig 1982) proposed that

purple swamphens (Porphyrio porphyrio) use their white undertail coverts in submissive

signals toward more dominant conspecifics. Moreover, white plumage coloration has

been found to be associated with gregariousness in previous comparative studies of birds,

possibly for social cohesion (Brooke 1998; Beauchamp and Heeb 2001).
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4. Contrasting white tail feathers may serve to accentuate tail-flicking signals directed at

predators. The pursuit deterrent function of tail-flicking behavior has been experi-

mentally confirmed in three rail species (Woodland et al. 1980; Alvarez 1989,1993;

Ryan et al. 1996; Randler 2007). In each case, the tail is elevated, exposing contrasting

bright white coloration. Some evidence suggests that tail-flicking rate may reveal the

relative health of the signaler (Alvarez et al. 2006).

White undertail coloration might further be adapted for conspicuous signaling where light

levels are low (Galeotti et al. 2003). Many rails are crepuscular, while some also exhibit

nocturnal activity. Hence, we further predicted that white tails may be favored in species

exhibiting greater nocturnal or crepuscular activity.

We employed a comparative approach to test our hypotheses, using published data on

over 130 species of rails and statistical methods allowing us to control for phylogeny.

Materials and methods

We collected data on ecological and behavioral traits of species in Family Rallidae from

‘Rails: a guide to the rails, crakes, gallinules and coots of the world’ (Taylor and van Perlo

1998). Plumage coloration and sexual dimorphism were also assessed from both the

descriptions and illustrations in this book. The data were then categorized (Table 1) and

coded into binary format, with ‘‘1’’ signifying the presence of a given trait and ‘‘0’’

denoting the absence of the trait.

In analyses controlling for common ancestry, we used a complete, morphologically

based phylogenetic tree of the rails by Livezey (1998), as was done in a comparative

analysis of chick ornamentation in the same Family (Krebs and Putland 2004). To resolve

collapsed polytomies and simplify the extensively divided Porphyrio porphyrio ‘‘super-

species,’’ only the species or subspecies for which the majority of behavioral data were

available were included.

Incongruencies exist between the morphological phylogeny of the rails (Livezey 1998),

based on 381 osteological characters, and a partial molecular phylogeny (Trewick 1997)

constructed based on cytochrome b and 12S mitochondrial DNA sequences. Some deep

forks in the molecular phylogeny have weak bootstrap support, including the placement of

the Porphyrio genus. As the molecular tree was specifically constructed to investigate the

evolution of flightlessness in endemic Polynesian rails, it only includes a small, non-

representative segment (N = 22) of Family Rallidae. For these reasons, we were unable to

achieve sufficient resolution using it. We also had difficulty in constructing a composite

tree based on the two phylogenies, so we employed only the morphological tree of Livezey

(1998).

Comparative methods incorporating phylogeny allow for a more rigorous investigation

of the adaptive significance of traits by controlling for the confounding nature of shared

ancestry on the environments and phenotypes of related species (Harvey and Pagel 1991).

Recently, it has been argued that the use of such methods may be inappropriate if no

phylogenetic effect exists, such as with rapidly evolving traits (reviewed in Rheindt et al.

2004). Plumage coloration and patterns are believed to evolve rapidly relative to other

characters (reviewed in Omland and Lanyon 2000), perhaps with some variation under the

control of a single mutation (Robbins et al. 1993; Theron et al. 2001; Driskell et al. 2002).

As the application of phylogenetic correction is controversial in some cases, we initially

tested our four alternative hypotheses for the evolution of contrasting undertail covert color
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using simple contingency table analyses. We then examined the same hypotheses con-

trolling for phylogeny.

We first coded Livezey’s 1998 phylogenetic tree for 134 rail species in MacClade

(Maddison 1990), and traced each binary character in our analyses onto the tree. In each

analysis missing data were excluded. The number of species for which we had information

on both undertail color and the independent variable under consideration ranged among

tests from 34 to 132.

We conducted preliminary analyses using Maddison’s Concentrated Changes Test (CCT;

as implemented in Maddison and Maddison 2000). This test determines whether more gains

(0 [ 1) and fewer losses (1 [ 0) of white undertail covert coloration are concentrated on

branches with a particular state reconstruction in an independent variable than would be

expected by chance (Maddison 1990). A significant P value may mean that the evolution of

white undertail coverts is facilitated when an ecological or behavioral character is in a

particular state. In the CCT, the ancestral state of both characters must first be reconstructed,

e.g., using maximum parsimony. Both the DELTRAN and the ACCTRAN optimizations

were explored to resolve equivocal reconstructions of both independent and dependent

characters. In instances in which these algorithms left ambiguous branches unresolved, we

examined the first and last most parsimonious reconstructions (MPR) produced by the

‘‘equivocal cycling’’ function in MacClade. We calculated P values using the ‘‘actual

changes’’ simulation option for 10,000 replicates with either ‘‘0’’ or ‘‘1’’ reconstructed at the

basal node of the tree (Maddison and Maddison 2000) for the in/dependent character.

We conducted our principal tests for correlated evolution between characters using the

program Discrete (v. 1.0). Discrete uses a continuous time Markov model in a maximum

likelihood framework, estimating parameters of trait evolution by summing the likelihood

of each state at each node of the tree (Pagel 1994). Results therefore do not rely on

ancestral state reconstruction, and so should not lead to biased results when traits evolve

relatively rapidly (i.e. more than once on one tree). Discrete compares an independent

model for character evolution with a dependent model in which two discrete characters of

interest are correlated. In the omnibus test, the models are compared using a likelihood

ratio statistic that approximates an asymptotic v2 distribution with four degrees of freedom

(Pagel 1999). This method does not assume a priori one character to be independent and

the other dependent. In contrast, Discrete provides the ability to predict the order of

precedence of correlated characters by comparing, through contingency change hypothesis

tests, models in which specific rates of directional transitions are restricted against the

unrestricted model (Pagel 1994).

In the absence of information, branch lengths for all analyses were set to one, consistent

with evolutionary changes being independent of time.

Results

In conducting the CCT, undertail color was considered the dependent variable. Non-white

undertail coloration was reconstructed as the ancestral state based on the tail characteristics

of more basal gruids (Livezey 1998). We removed missing data, so each CCT compared

only species for which both the independent and dependent variable states were known.

Maximum parsimony reconstruction showed white undertails evolving between seven and

twelve times, depending on the species in the tree. We traced by maximum parsimony the

independent variable under consideration, and determined how many times white under-

tails were gained and lost in lineages with the independent variable in the derived state.
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The DELTRAN (which delays changes away from the root and increases independent

gains) and ACCTRAN (which maximizes early gains and favors losses of the derived state;

Swofford and Maddison 1987) reconstructions of equivocal tracings yielded similar P
values.

Discrete provided a more powerful test of our hypotheses, as it does not rely on

ancestral state reconstructions. Exactly the same variables were found to be significantly

correlated using the CCT and the omnibus test function in Discrete. We present only the

results of analyses using Discrete (Table 2). These results were generated by inclusion of

Yang’s (1994) gamma rate heterogeneity model that allows traits to evolve at different

rates in different branches of the tree, where the distribution of rates is assumed to follow a

gamma distribution with a mean of 1.0. The same results were obtained with and without

the inclusion of Yang’s model, which resulted in differences in the likelihood ratios of only

0–2% per test.

Sexual selection

We predicted that species with polygamous mating systems, which have higher degrees of

mate competition, should have white undertails if this trait is sexually selected. We tested

the possibility that white undertails are more likely in species in which at least a low

frequency of polygamous associations have been observed, such as the common moorhen,

which generally breeds monogamously but has also been known to exhibit polyandry and

cooperative polygyny (McRae 1996). However, cross-species comparisons did not provide

any evidence for a relationship between polygamous species and white tails (Table 2).

Species with intense intrasexual competition are more likely to compete with displays

involving plumage (Darwin 1871; Andersson 1994). Some rails are known to display

undertail coverts during territorial interactions and/or mate competition. Species we coded

as engaging in these types of displays were those observed raising, spreading, or fluffing

undertail coverts or adopting a posture that otherwise prominently reveals them. We tested

whether rail species that use their tails in displays for courtship or pair maintenance were

more likely to have light colored undertail coverts. This association proved to be non-

significant at the a = 0.05 level (Table 2).

We also tested whether sexual selection could be responsible for the evolution of white

tails by examining the relationship between sexual dimorphism in plumage, as an estimator

of high mate competition, and white undertail coverts. Most rails are monomorphic or only

subtly sexually dimorphic in plumage. We coded a species as sexually dimorphic if distinct

parts of male and female plumage differed in color at any time during the year or if

plumage brightness differed between sexes to a greater extent than in American robins

Turdus migratorius, a species we chose as a reference for monomorphism. For instance, the

snoring rail (Aramidopsis plateni) was coded as sexually dimorphic since females have

brighter orange hindnecks and less white at the throat. On the other hand, the chestnut rail

(Eulabeornis castaneoventris) was considered monomorphic, since plumage between the

sexes is alike, except for a slight olive-tinge to the upper parts in males in the olive morph.

White tails and sexual dimorphism were moderately related only in cross-species com-

parisons (Table 2). This is an example of where the coincidence of characters is closely

clustered on the phylogenetic tree, illustrating the need to control for shared ancestry in the

analyses. These results taken together suggest a trend, but the lack of association between

indicators of strong sexual selection and white undertails compels us to reject this

hypothesis.

948 Evol Ecol (2009) 23:943–961

123



T
a

b
le

2
S

u
m

m
ar

y
o

f
si

g
n

ifi
ca

n
ce

le
v

el
s

fo
r

in
d

ep
en

d
en

t
v2

te
st

s
(1

d
eg

re
e

o
f

fr
ee

d
o
m

,
sp

ec
ie

s
in

d
ep

en
d

en
t)

an
d

M
ar

k
o

v
m

o
d

el
li

k
el

ih
o
o

d
ra

ti
o

te
st

s
(i

n
co

rp
o

ra
ti

n
g

p
h
y
lo

g
en

y
)

fo
r

co
rr

el
at

ed
ev

o
lu

ti
o
n

o
f

in
d
ep

en
d
en

t
ch

ar
ac

te
rs

w
it

h
w

h
it

e
u
n
d
er

ta
il

co
v
er

ts
in

ra
il

s

H
y

p
o

th
es

is
V

ar
ia

b
le

s
N

u
m

b
er

o
f

sp
ec

ie
s

v2
te

st
M

ar
k

o
v

m
o

d
el

v2
P

In
d

ep
D

ep
L

R
T

P

S
ex

u
al

se
le

ct
io

n
M

at
in

g
sy

st
em

7
4

0
.1

4
0

.7
1

-
6

0
.3

4
-

5
9

.7
2

1
.2

6
0

.7
5
\

P
\

0
.9

0

U
se

o
f

ta
il

in
co

u
rt

sh
ip

o
r

p
ai

r
m

ai
n

te
n

an
ce

3
4

3
.3

1
0

.0
8

1
-

4
2

.3
3

-
3

9
.8

5
4

.9
8

0
.2

5
\

P
\

0
.5

0

S
ex

u
al

d
im

o
rp

h
is

m
1

2
5

3
.0

4
0

.0
6

9
-

1
0

5
.6

4
-

1
0

3
.1

6
4

.9
8

0
.2

5
\

P
\

0
.5

0

A
g

o
n

is
ti

c
b

eh
av

io
r

U
se

o
f

ta
il

in
b

eh
av

io
r

te
rr

it
o
ri

al
4

4
1

.1
0

0
.1

7
-

5
2

.7
2

-
5

1
.7

6
1

.9
0

0
.7

5

O
th

er
so

ci
al

si
g

n
al

G
re

g
ar

io
u

sn
es

s
8

5
2

2
.0

1
\

0
.0

0
0

1
*

-
7

2
.7

4
-

6
7

.1
9

1
1

.0
8

\
0

.0
5
*

T
ai

l-
fl

ic
k

in
g

H
ab

it
at

1
3

2
1

9
.7

4
\

0
.0

0
0

1
*

-
1

2
7

.2
4

-
1

1
7

.0
8

2
0

.3
2

\
0

.0
0
1

*

N
o
ct

u
rn

al
ac

ti
v
it

y
9
8

1
.0

4
0
.3

1
-

9
7

.8
9

-
9

6
.6

7
2

.4
4

0
.5

0
\

P
\

0
.7

5

T
h

e
li

k
el

ih
o
o

d
ra

ti
o

m
u

lt
ip

li
ed

b
y

tw
o

(L
R

T
)

b
et

w
ee

n
th

e
in

d
ep

en
d

en
t

m
o

d
el

(I
n

d
ep

)
an

d
th

e
d

ep
en

d
en

t
m

o
d

el
(D

ep
)

is
co

m
p

ar
ed

to
a

v2
d

is
tr

ib
u

ti
o

n
w

it
h

4
d

eg
re

es
o

f
fr

ee
d

o
m

Evol Ecol (2009) 23:943–961 949

123



Agonistic behavior

Species that use their tails in territorial displays should be more likely to have white

undertail coverts if this plumage trait evolved to facilitate agonistic behavior. We coded as

‘‘1’’ species noted to flick, fan, fluff or adopt postures that show the undertail in well

documented intraspecific threat displays. For example, opposing male soras (Porzana
carolina) may perform ‘‘swanning’’ displays, in which birds bend down and spread the

undertail coverts, at territory boundaries (Kaufmann 1983). We found no evidence for this

association (Table 2).

Other conspecific communication

If light colored tails are used in other conspecific signals, such as an indication of social

status or alarm, they should be found in gregarious species. Many species of birds are

gregarious at least in the non-breeding season. Among rails, some species that are terri-

torial in the breeding season aggregate in large feeding flocks when not breeding (e.g.,

common moorhens, American coots in the temperate winter), or congregate about pools in

the dry season (e.g., gray-necked wood-rail Aramides cajanea, Friedmann and Smith 1950;

Baillon’s crake Porzana pusilla, water rail Rallus aquaticus, Taylor and van Perlo 1998),

whereas others appear to remain remote year-round (e.g., Rouget’s rail Rougetius rougetii,
white-throated rail Dryolimnas cuvieri, flufftails Sarothrura spp. Taylor and van Perlo

1998). Rails described as gregarious or that flock at least during part of the year tended to

have white tails. This result was upheld after controlling for phylogeny (P \ 0.05;

Table 2), providing support for this hypothesis.

Tail-flicking

In an investigation of plumage pattern differences among congeneric Phylloscopus warblers

Marchetti (1993) found that species in darker environments may have evolved a greater

number of conspicuous plumage patches to enhance the efficacy of territorial signals to

conspecifics. Similarly, rail species found in concealing environments may have evolved

bright tail plumage to enhance the efficacy of a different signal: tail-flicking as a pursuit

deterrent to predators. We tested whether species in densely vegetated habitats, such as forest

or grassland, are more likely to have vivid white undertails than those in more open habitats,

such as open water or marshes that have patches of open water. Note that we consider

grassland to be concealing from the perspective of rails because the height of grasses in

natural habitats exceeds the height of most adult rails. Species-level comparisons of habitat

and light tails revealed a highly significant association (P \ 0.0001) but in the opposite

direction from what we predicted: rails living in more open habitats were more likely to have

white tails. This result was confirmed when controlling for phylogeny (P \ 0.001; Table 2).

Some species of rail are known to show extensive nocturnal activity (e.g., gray-necked

wood-rail Skutch 1994; yellow rail Coturnicops noveboracensis Robert and Laporte 1997).

A related prediction is that species showing some sort of nocturnal or crepuscular activity

should tend to have white undertail coverts to improve signal visibility. However, the 68

species described as calling or active in the evening or at night were no more likely to have

white undertails (Table 2).

Although there is no evidence supporting a relationship between evening activity and

white undertail coverts, there is a strong association between species occurring in open

habitats and their bearing white tails, even after controlling for phylogeny.
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Origins of white tails in rails

The two variable states that correlated most strongly the presence of white undertail

coverts were ‘Flocking’ (Fig. 1) and ‘Open habitat’ (Fig. 2). Transitions to white undertails

occur at significantly higher frequency in open as opposed to concealing habitats, and

among lineages that flock than among lineages that do not form aggregations.

We set out to test the hypothesis that the tendency to flock precedes the origin of white

tails in rails. The program Discrete enables us to determine statistically the order of

precedence of traits via contingency change tests, without the need to assume ancestral

states. We tested our hypothesis in Discrete by constraining q12 (the transition rate from

‘Not White’ to ‘White’ when the Gregariousness variable was in the state ‘Not flocking’)

to be equal to q13 (the transition rate from ‘Not flocking’ to ‘Flocking’ when the undertail

color variable was ‘Not white’) and asked whether the model fit is significantly worse than

the full model where these two parameters are free to vary (Pagel 1994). There was a

significant difference (L(q12 = q13) = -67.2, LRT (1 df) = 11.0, P = 0.001); however,

in the opposite direction from the hypothesis: the rate of transition to ‘White’ undertails in

non-flocking lineages (q12 = 0.05) was higher than the rate of transition to ‘Flocking’ in

non-white lineages (q13 = 0.04), suggesting that white undertail coverts tend to evolve

before flocking (Pagel 1994). While this result was unexpected, it may be attributable to

the low number of species in the state combination ‘Flocking, Not white’ (Fig. 3a).

It is perhaps of greater relevance to test specifically whether ‘White’ undertails originate

most frequently overall in lineages that are gregarious. To do this, we constrain q12 (‘Not

White’ to ‘White’ in lineages that are ‘Not flocking’) to be equal to q34 (the transition rate

from ‘Not white’ to ‘White’ when the Gregariousness variable was ‘Flocking’), in the

dependent model, and ask whether the fit is significantly worse than the full eight

parameter model. There was a significant difference between these models

(L(q12 = q34) = -67.5, LRT (1 df) = 10.4, P = 0.001), indicating that the rate of tran-

sition to White tails was significantly higher among ‘Flocking’ ancestors (q34 = 0.44) as

opposed to ‘Not flocking’ (q12 = 0.05) ancestors.

We similarly explored the possibility that the origins of white undertails were contin-

gent on habitat by restricting the model with q12 (the transition rate from ‘Not white’ to

‘White’ in ‘Not open’ habitats) equal to q13 (the transition rate from ‘‘Not open’ to ‘Open’

when Undertail color was ‘Not white’), and comparing this to the unrestricted model

(Pagel 1994). There was a strong significant difference between these models

(L(q12 = q13) = -118.5, LRT (1 df) = 17.4, P � 0.001). Thus, the transition to ‘Open’

habitats (q13 = 0.13) occurs at a significantly higher rate than the rate of transition to

‘White’ undertails (q12 = 0.03), implying that the colonization of open habitats generally

precedes the evolution of white undertails (Fig. 3b). Again, though, this might be heavily

influenced, this time in favor of our hypothesis, by the low number of instances of species

in the combined state ‘Not open, White’.

To determine the effect of the habitat variable on the rate of transition to white tails, we

set q12 equal to q34 (the transition rate from ‘Not white’ to ‘White’ in ‘Open’ habitats).

Comparison with the unrestricted model again revealed a strong significant difference: the

rate of transition to ‘White’ undertails was significantly greater in lineages occupying

‘Open’ habitats (q34 = 0.07) than those in ‘Not open’ habitats (q12 = 0.03;

L(q12 = q34) = -119.2, LRT (1 df) = 16.1, P � 0.001). This emphasizes that open

habitats facilitate the evolution of white tails.

The variables ‘Open habitat’ and ‘Flocking’ were significantly correlated with one

another (r2 = 0.27). This is unsurprising since animals tend to aggregate when at risk,
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Gallirallus sylvestris
Lewinia pectoralis
Gallirallus striatus
Gallirallus owstoni
Gallirallus australis
Gallirallusphilipensis
Gallirallus dieffenbachii
Gallirallus rovianae
Gallirallus wakensis
Rallus semiplumbeus
Rallus caerulescens
Rallus aquaticus
Rallus limicola
Rallus elegans
Rallus longirostris
Rallus wetmorei
Dryolimnas cuvieri
Rallus madagascariensis
Atlantisia rogersi
Laterallus melanophaius
Anurolimnas fasciatus
Laterallus leucopyrrhus
Laterallus albigularis
Laterallus exilis
Laterallus xenopterus
Laterallus levraudi
Anurolimnas viridis
Laterallus ruber
Laterallus jamaicensis
Laterallus spilonotus
Porzana albicollis
Crex egregia
Crex crex
Porzana spiloptera
Porzana palmeri
Porzana fluminea
Porzana porzana
Porzana carolina
Porzanapusilla
Porzana parva
Aenigmatolimnas marginalis
Porzana cinerea
Porzana flaviventer
Micropygia schomburgkii
Coturnicops notatus
Coturnicops noveboracensis
Porzanapaykullii
Porzana fusca
Porzana sandwichensis
Porzana tabuensis
Porzana monasa
Porzana atra
Amaurornis flavirostris
Amaurornis olivieri
Neocrex erythrops
Amaurornis bicolor
Amaurornis akool
Megacrex inepta
Amaurornis isabellinus
Amaurornis phoenicurus
Amaurornis moluccanus
Gallicrex cinerea
Gallinula melanops
Gallinula silvestris
Gallinula pacifica
Gallinula ventralis
Gallinula mortierii
Gallinula angulata
Gallinula chloropus
Gallinula tenebrosa
Gallinula nesiotis
Fulica rufifrons
Fulica leucoptera
Fulica armillata
Fulica cornuta
Fulica gigantea
Fulica cristata
Fulica atra
Fulica ardesiaca
Fulica alai
Fulica americana
Fulica caribaea
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which would occur more out in the open. The hypothesis that visually permissive habitats

select for gains in white undertail coloration is more strongly supported by smaller

P values in conjunction with a larger sample size. This in addition to evidence that white

undertail coverts tend to evolve before gregariousness suggest that enhancement of the

pursuit-deterrent function of tail-flicking, rather than a social signal to conspecifics, may be

a major factor driving the evolution of conspicuous white undertail coverts in rails.

Discussion

Converse to our original prediction, species with white undertail coverts tended to be found

in open habitats. More open or brighter habitats are in general more conducive to visual

signals. Johnson and Lanyon (2000) found that nesting in marsh habitat favors the evo-

lution of bright, contrasting plumage patches in male blackbirds. Here, visual signals are

mediated by male-male competition over variable territory quality. In rails, however, the

relationship between marsh habitats and the evolution of conspicuous white tails appears

unlikely to be driven by sexual selection or agonistic interactions, as other indicators of

Not Flocking
Not White 

Flocking
White

Not Flocking
White

Flocking
Not White

(a) Gregariousness, Undertail color 
q13 = 0.04

q31 = 0.46

q12 = 0.05 q21 = 0.33 q34 = 0.44 q43 = 0.18

q24 = 0.12

q42 = 0.10

57

12

5

11

Not Open
Not White

Open
White

Not Open
White

Open
Not White

(b) Habitat, Undertail color 
q13 = 0.13

q31 = 0.24

q12 = 0.03 q21 = 0.0005 q34 = 0.07 q43 = 0.20

q24 = 0.64

q42 = 0.0006

56 42

293

Fig. 3 Path diagram of transition rates (q12, q23 etc.) calculated in Discrete between states of Undertail
color (White, Not White) with a Gregariousness (Flocking, Not flocking), and b Habitat (Open, Not open).
The corresponding numbers of species are shown in the lower right of the boxes indicating the trait
combinations
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each variable proved non-significant. Instead, the strong association between habitat and

white tails may be indicative of two alternative anti-predator strategies among rails. First,

species that spend time in the open may congregate and remain vigilant to deter predators

through pursuit deterrent signals. By contrast, species that live in dense, concealing hab-

itats may use crypsis as their main anti-predator strategy and may not be able to afford

having a conspicuous white tail.

Conspicuous plumage signals are likely to be under strong selection by predators that

hunt visually. For example, plumage brightness was the most important factor contributing

to the vulnerability of prey species as highlighted in a recent study comparing charac-

teristics of passerines preyed-upon by predatory birds (Huhta et al. 2003). Habitats are

rarely uniform, making the dichotomous habitat variable the most difficult one to define.

We attempted to be as specific as possible and assumed most natural terrestrial rail habitats

have vegetation cover. Accordingly, the way that we defined rail habitats in our study,

open habitats tend also to be more aquatic. White undertails might further enhance tail-

flicking or other signals in open wetland and aquatic habitats by the illusion of larger size

due to the feature’s reflection on the water surface. Pursuit deterrence signals are intended

for recipients that are far away (Smythe 1976). In habitats wrought with visual obstructions

crypsis might be a more profitable strategy. Alternatively, audible signals may have

evolved as in concealing habitats such as the drumroll-like sound uttered by Wallace’s rail

Habroptila wallacei when approached (Heinrich 2007). Notably, this is a species without

white undertail coverts. Diversity in auditory signaling among rails awaits further

investigation.

White undertail coverts were also associated with gregariousness, which suggests that it

could have either evolved to facilitate intraspecific communication or enhance the pursuit

deterrent function of tail-flicking. Predation has been proposed as a selective pressure that

favors flocking. A large number of published studies have reported an inverse relationship

between individual vigilance and group size (reviewed in Elgar 1989; Lima and Dill 1990;

Quenette 1990). In the group vigilance hypothesis, animals may benefit from being in

larger groups because the vigilance of flock-mates allows for an increased predator

detection rate while requiring less individual time allocation to scanning (Pulliam 1973).

Another explanation for the reduction in vigilance with increasing group size is the indi-

vidual risk hypothesis: that an individual will be depredated is reduced in a group (Lazarus

1979; Lima 1995). High predation rates may select for both gregariousness and pursuit

deterrent signaling among rails.

The use of omnibus tests in the program Discrete allowed us to test for correlated

evolution of a suite of variables against our variable of interest, undertail color, without the

need to reconstruct ancestral states. The CCT in MacClade, which does require ancestral

state reconstruction identified exactly the same variables as correlated with the evolution of

white tails. Since both of these tests are relatively conservative (Lorch and Eadie 1999;

Pagel 1999), these results appear to be robust.

The contingent change hypothesis tests offered by the Discrete program (Pagel 1994)

allowed us to obtain some insight into the relative precedence of evolution of correlated

traits. While these tests appeared to be quite sensitive to the relative proportions of species

with particular binary state combinations, they nonetheless allowed us to conclude that the

colonization of open habitats, the stronger of the two correlates with white undertails,

significantly precedes their evolution. By contrast, the results suggest white undertail

evolution precedes gregariousness. Thus, white undertails could have evolved under threat

of predation in conjunction with signals directed at predators as opposed to conspecifics.
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Testing hypotheses concerning behavioral variation using the comparative method

depends on good documentation of displays. The behavior of many rail species is still

relatively poorly known. Since the absence of a particular trait is not explicitly stated in

species accounts, it is possible that some missing data should have been listed as zeros

instead. For this reason, we found it problematic to include tail-flicking in our analyses as a

possible correlate of white tails.

Some of the relatively secretive rails in the genera Rallus, Rallina, Crex, Porzana,
Neocrex and others have variously barred black and white undertails (Taylor and van Perlo

1998). In most, this is an extension of the plumage patterns on the belly and flanks, but in

some, such as selected Porzana and Rallus species, it is distinct. When we began, we coded

all of the variation in these patterned undertails in our database. However, procedural

limitations of the phylogenetically-based statistical analyses forced us to collapse the data

into a binary variable. It is possible that the barring, which varies among species in the

thickness of stripes and in black or white emphasis, may represent a trade-off between the

tail’s use in signaling and the importance of maintaining a degree of crypsis. Empirical

tests of the visibility of such patterns in different habitats, as well as a better understanding

of visual predator pressure in these species, may help us to understand the adaptive sig-

nificance of black and white stripes. Future comparative studies should attempt to address

the issue of variable plumage patterns as well as color.

The majority of transitions in undertail color were from non-white to white, but there

were a few notable reversions. In one case, we categorized the tail of Rallus elegans as not

white, since it has black spots and bars on a predominantly white undertail. Reversions

from white to not white in the Fulica clade warrant further consideration. Most extant

members of this clade are endemic to South America, and the genus likely originated there

and spread to the Old World (Olson 1973). According to our analysis, white undertail

coverts evolved in the Gallinula-Fulica ancestor. Almost all extant members retain the

trait, except for the two Old World species: the red-knobbed coot F. cristata of Africa with

rare white tips to the undertail coverts and the Eurasian coot F. atra with fully black

undertails matching their body plumage. It was probably the ancestor to the two Old World

species that lost the white undertail trait, perhaps when it colonized new habitat that may

have had greater expanses of water with fewer visual predators.

In addition to tail flicking, some species in the Gallinula-Fulica clade have similar

behavioral displays. For example, common moorhens and American coots use elaborate

displays and posturing at territorial boundaries with the actors, often less than two feet

apart, turning slowly with back arched and tail splayed and erect, culminating in the birds

being positioned tail-to-tail. These displays often avert conflict but sometimes escalate to a

kick boxing battle (Taylor and van Perlo 1998; S. B. McRae, personal observation). That

female Eurasian coots perform copulation solicitation displays, and both sexes use

courtship displays involving tail-raising and expanding the undertail coverts (Taylor and

van Perlo 1998), in spite of the loss of the white undertail, underscores the reduced

importance of tail color in sexual signaling.

The loss of the white undertails in the giant coot F. gigantea, and its drastic reduction to

two thin white stripes in the horned coot F. cornuta is perhaps more revealing of its

function. These are the largest rail species, the giant coot being so heavy as to be nearly

flightless. Their ranges are limited to barren, high-altitude lakes of the Andean altiplano,

and both species are known for their large conspicuous nests (Taylor and van Perlo 1998).

All of these factors indicate the likelihood of reduced predation pressure. The loss of white

tails in these species seems to strengthen our argument for a predator-directed signaling

function of tail color. The nominate subspecies of another species, the Andean coot F.
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ardesiaca, with a wider range stretching into the foothills and lowlands, has white un-

dertails. However, the subspecies F. a. atrura that occupies the northern part of the species

range including a disjointed area spanning the Columbia-Ecuador border, has black

streaking and freckling on the undertail coverts (Taylor and van Perlo 1998). No infor-

mation exists on the behavior of this subspecies. A comparison of predator species and

predation rates, habitat and behavioral differences of these Andean populations (including

the giant and horned coots) would help disentangle the relative importance of each factor

in the evolution of tail coloration and signaling.

Our results using both phylogenetically-based and independent statistical inference

were congruent. Nevertheless, results of phylogenetic comparisons are dependent upon a

well-resolved phylogenetic tree. A major discrepancy between the rail tree based on

osteological characters (Livezey 1998) and the partial molecular phylogeny of Family

Rallidae (Trewick 1997) is the placement of the Porphyrio genus. This clade is basal to

most other rails in the osteological phylogeny but clusters with the more derived Gallinula-
Fulica group in the partial molecular phylogeny. A complete molecular phylogeny is not

currently available. As identified previously (Krebs and Putland 2004), a robust and

complete molecular phylogeny of the rails is needed to reconstruct the evolutionary history

of further behavioral and morphological characters. This will also help elucidate rela-

tionships among some of the less well-known species, many of which are island endemics

with small population sizes including several species of grave conservation concern.
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Höglund JM, Eriksson M, Lindell L (1992) Females of the lek breeding Great Snipe, Gallinago media,

prefer males with white tails. Anim Behav 40:23–32. doi:10.1016/S0003-3472(05)80662-1
Holley AJF (1993) Do brown hares signal to foxes? Ethology 94:21–30
Huhta E, Rytkonen S, Solonen T (2003) Plumage brightness of prey increases predation risk, an among-

species comparison. Ecology 84:1793–1799. doi:10.1890/0012-9658(2003)084[1793:PBOPIP]2.0.
CO;2

Johnson KP, Lanyon SM (2000) Evolutionary changes in color patches of blackbirds are associated with
marsh nesting. Behav Ecol 11:515–519. doi:10.1093/beheco/11.5.515

Kaufmann GW (1983) Displays and vocalizations of the sora and the Virginia rail. Wilson Bull 95:42–59
Krebs EA, Putland DA (2004) Chic chicks, the evolution of chick ornamentation in rails. Behav Ecol

15:946–951. doi:10.1093/beheco/arh078
Lazarus J (1979) The early warning function of flocking in birds, an experimental study with captive quelea.

Anim Behav 27:855–865. doi:10.1016/0003-3472(79)90023-X
Lima SL (1995) Back to the basics of anti-predatory vigilance, the group size effect. Anim Behav 49:11–20.

doi:10.1016/0003-3472(95)80149-9
Lima SL, Dill LM (1990) Behavioral decisions made under the risk of predation, a review and prospectus.

Can J Zool/J Can Zool 68:619–640
Livezey BC (1998) A phylogenetic analysis of the Gruiformes (Aves) based on morphological characters,

with an emphasis on the rails (Rallidae). Philos Trans R Soc Lond B Biol Sci 353:1–72. doi:
10.1098/rstb.1998.0353

Lorch PD, Eadie JM (1999) Power of the concentrated changes test for correlated evolution. Syst Biol
48:170–191. doi:10.1080/106351599260517

Maddison WP (1990) A method for testing the correlated evolution of two binary characters, are gains or
losses concentrated on certain branches of a phylogenetic tree? Evol Int J Org Evol 44:539–557. doi:
10.2307/2409434

Maddison WP, Maddison DR (2000) MacClade 4 analysis of phylogeny and character evolution. Sinauer
Associates, Sunderland

Marchetti K (1993) Dark habitats and bright birds illustrate the role of the environment in species diver-
gence. Nature 362:149–152. doi:10.1038/362149a0

McNaught MK, Owens IPF (2002) Interspecific variation in plumage colour among birds, species recog-
nition or light environments. J Evol Biol 15:505–514. doi:10.1046/j.1420-9101.2002.00431.x

McRae SB (1996) Family values, costs and benefits of communal breeding in the moorhen. Anim Behav
52:225–245. doi:10.1006/anbe.1996.0169

960 Evol Ecol (2009) 23:943–961

123

http://dx.doi.org/10.1007/s00265-005-0032-9
http://dx.doi.org/10.1086/284471
http://dx.doi.org/10.1071/ZO02019
http://dx.doi.org/10.1111/j.1469-185X.1989.tb00636.x
http://dx.doi.org/10.1086/285934
http://dx.doi.org/10.1007/BF00299889
http://dx.doi.org/10.1046/j.1420-9101.2003.00569.x
http://dx.doi.org/10.1086/510138
http://dx.doi.org/10.1016/S0003-3472(05)80662-1
http://dx.doi.org/10.1890/0012-9658(2003)084[1793:PBOPIP]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2003)084[1793:PBOPIP]2.0.CO;2
http://dx.doi.org/10.1093/beheco/11.5.515
http://dx.doi.org/10.1093/beheco/arh078
http://dx.doi.org/10.1016/0003-3472(79)90023-X
http://dx.doi.org/10.1016/0003-3472(95)80149-9
http://dx.doi.org/10.1098/rstb.1998.0353
http://dx.doi.org/10.1080/106351599260517
http://dx.doi.org/10.2307/2409434
http://dx.doi.org/10.1038/362149a0
http://dx.doi.org/10.1046/j.1420-9101.2002.00431.x
http://dx.doi.org/10.1006/anbe.1996.0169


Mumme RL (2002) Scare tactics in a neotropical warbler, white tail feathers enhance flush-pursuit foraging
performance in the slate-throated redstart (Myioborus miniatus). Auk 119:1024–1035. doi:10.1642/
0004-8038(2002)119[1024:STIANW]2.0.CO;2

Murphy T (2006) Predator-elicited visual signal: why the turquoise-browed motmot wag-displays its rac-
keted tail. Behav Ecol 17:547–553. doi:10.1093/beheco/arj064

Olson SL (1973) A classification of the Rallidae. Wilson Bull 85:381–446
Omland KE, Lanyon SM (2000) Reconstructing plumage evolution in orioles (Icterus), repeated conver-

gence and reversal in patterns. Evol Int J Org Evol 54:2119–2133
Pagel M (1994) Detecting correlated evolution on phylogenenies, a general method for the analysis of

discrete characters. Proc R Soc Lond B Biol Sci 255:37–45. doi:10.1098/rspb.1994.0006
Pagel M (1999) Inferring the historical patterns of biological evolution. Nature 401:877–884. doi:

10.1038/44766
Pulliam HR (1973) On the advantages of flocking. J Theor Biol 38:419–422. doi:10.1016/0022-5193

(73)90184-7
Quenette PY (1990) Functions of vigilance in mammals, a review. Acta Oecol 11:801–818
Randler C (2007) Observational and experimental evidence for function of tail flicking in Eurasian moorhen

Gallinula chloropus. Ethology 113:629–639. doi:10.1111/j.1439-0310.2007.01369.x
Rheindt FE, Grafe TU, Abouheif E (2004) Rapidly evolving traits and the comparative method, how

important is testing for phylogenetic signal? Evol Ecol Res 6:377–396
Robbins LS, Nadean JH, Johnson KR, Kelly MA, Roselli-Rehfuss L, Baack E, Mountjoy KG, Cone RD

(1993) Pigmentation phenotypes of variant extension locus alleles result from point mutations that alter
MSH receptor function. Cell 72:827–834. doi:10.1016/0092-8674(93)90572-8

Robert M, Laporte P (1997) Field techniques for studying breeding yellow rails. J Field Ornithol 68:56–63
Rundus AS, Owings DH, Joshi SS, Chinn E, Giannini N (2007) Ground squirrels use an infrared signal to

deter rattlesnake predation. Proc Natl Acad Sci USA 104:14372–14376. doi:10.1073/pnas.0702599104
Ryan DA, Bawden KM, Bermingham KT, Elgar MA (1996) Scanning and tail-flicking in the Australian

dusky moorhen (Gallinula tenebrosa). Auk 113:499–501
Safran RJ, McGraw KJ (2004) Plumage coloration, not length or symmetry of tail-streamers, is a sexually

selected trait in North American barn swallows. Behav Ecol 15:455–461. doi:10.1093/beheco/arh035
Safran RJ, Neuman CR, McGraw KJ, Lovette IJ (2005) Dynamic paternity allocation as a function of male

plumage color in barn swallows. Science 309:2210–2212. doi:10.1126/science.1115090
Skutch AF (1994) The gray-necked wood-rail: habits, food, nesting and voice. Auk 111:200–204
Slagsvold T, Lifjeld JT (1988) Plumage colour and sexual selection in the pied flycatcher Ficedula hyp-

oleuca. Anim Behav 36:395–407. doi:10.1016/S0003-3472(88)80010-1
Smythe N (1976) The function of mammalian alarm advertising: social signals or pursuit invitation? Am Nat

110:191–194. doi:10.1086/283059
Stoner CJ, Caro TM, Graham CM (2003) The adaptive significance of coloration in lagomorphs. Biol J Linn

Soc Lond 79:309–328. doi:10.1046/j.1095-8312.2003.00190.x
Swofford DL, Maddison WP (1987) Reconstructing ancestral character states under Wagner parsimony.

Math Biosci 87:199–229. doi:10.1016/0025-5564(87)90074-5
Taylor B, van Perlo B (1998) Rails: a guide to the rails, crakes gallinules and coots of the world. Pica Press,

Sussex
Theron E, Hawkins K, Bermingham E, Ricklefs RE, Mundy NI (2001) The molecular basis of an avian

plumage polymorphism in the wild, a melanocortin-1-receptor point mutation is perfectly associated
with the melanic plumage morph of the bananaquit, Coereba flaveola. Curr Biol 11:550–557. doi:
10.1016/S0960-9822(01)00158-0

Trewick SA (1997) Flightlessness and phylogeny amongst endemic rails (Aves, Rallidae) of the New
Zealand region. Philos Trans R Soc Lond B Biol Sci 352:429–446. doi:10.1098/rstb.1997.0031

Woodland DJ, Jaafar Z, Knight M (1980) The pursuit deterrent function of alarm signals. Am Nat 115:748–
753. doi:10.1086/283596

Yang Z (1994) Maximum likelihood phylogenetic estimation from DNA sequences with variable rates over
sites, approximate methods. J Mol Evol 39:306–314. doi:10.1007/BF00160154

Evol Ecol (2009) 23:943–961 961

123

http://dx.doi.org/10.1642/0004-8038(2002)119[1024:STIANW]2.0.CO;2
http://dx.doi.org/10.1642/0004-8038(2002)119[1024:STIANW]2.0.CO;2
http://dx.doi.org/10.1093/beheco/arj064
http://dx.doi.org/10.1098/rspb.1994.0006
http://dx.doi.org/10.1038/44766
http://dx.doi.org/10.1016/0022-5193(73)90184-7
http://dx.doi.org/10.1016/0022-5193(73)90184-7
http://dx.doi.org/10.1111/j.1439-0310.2007.01369.x
http://dx.doi.org/10.1016/0092-8674(93)90572-8
http://dx.doi.org/10.1073/pnas.0702599104
http://dx.doi.org/10.1093/beheco/arh035
http://dx.doi.org/10.1126/science.1115090
http://dx.doi.org/10.1016/S0003-3472(88)80010-1
http://dx.doi.org/10.1086/283059
http://dx.doi.org/10.1046/j.1095-8312.2003.00190.x
http://dx.doi.org/10.1016/0025-5564(87)90074-5
http://dx.doi.org/10.1016/S0960-9822(01)00158-0
http://dx.doi.org/10.1098/rstb.1997.0031
http://dx.doi.org/10.1086/283596
http://dx.doi.org/10.1007/BF00160154

	Why some rails have white tails: the evolution of white undertail plumage and anti-predator signaling
	Abstract
	Introduction
	Materials and methods
	Results
	Sexual selection
	Agonistic behavior
	Other conspecific communication
	Tail-flicking
	Origins of white tails in rails

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


