
 

258

 

Differences in the Reproductive Ecology of Belted Kingfishers
(

 

Ceryle alcyon

 

) Across Streams with Varying
Geomorphology and Habitat Quality

 

S. M

 

AZEIKA

 

ˇ P. S

 

ULLIVAN

 

1,2

 

, M

 

ARY

 

 C. W

 

ATZIN

 

1

 

 

 

AND

 

 W. C

 

ULLY

 

 H

 

ESSION

 

3,4

 

1

 

Rubenstein School of Environment and Natural Resources, Rubenstein Ecosystem Science Laboratory,
University of Vermont, 3 College Street, Burlington, VT 05401, USA

 

2

 

Current address: Department of Wildlife and Fisheries Resources, College of Natural Resources,
University of Idaho, P.O. Box 441136, Moscow, ID 83844-1136, USA

Internet: smazeika@uidaho.edu

 

3

 

Department of Civil and Environmental Engineering, University of Vermont, Burlington, VT 05405, USA

 

4

 

Current address: Biological Systems Engineering, Virginia Polytechn ic Institute, Blocksburg, VA 24061, USA

 

Abstract.—

 

We evaluated the influence of stream geomorphology and habitat quality on brood weight, offspring
growth rate, and territory length of Belted Kingfishers (

 

Ceryle alcyon

 

) in northwestern Vermont, USA. We gathered
measurements of habitat use, fish abundance and biomass, and reproductive success at breeding territories in
stream reaches of differing geomorphic and habitat conditions during spring and early summer 2002. We used mod-
el selection based on AIC

 

c

 

 to examine the effects of stream geomorphology, habitat quality, and fish abundance and
biomass on the selected reproductive measures. Geomorphic condition emerged as the most important predictor
variable for models of both brood weight and territory length. We tested two viable models during the 2003 breeding
season at new, independent breeding territories and found them to be well-supported. Our results provide evidence
that stream geomorphic condition plays both direct and indirect roles in the habitat use and reproduction of Belted
Kingfishers, suggesting that stream and riparian management strategies focused on protecting and restoring func-
tional morphology will have ecological benefits for riverine birds. 
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Human alterations of the landscape re-
duce habitat quality and alter patterns of hab-
itat use for many species. Among birds; food
abundance, distribution, and availability are
linked to habitat quality and territoriality (El-
dridge 1986; Davis and Graham 1992), and
numerous correlations between territory size
and environmental parameters are well-doc-
umented (Salomonson and Balda 1977; My-
ers 

 

et al. 

 

1979; Seastedt and MacLean 1979;
Davis 1982; Williams 1991; Feck and Hall
2004). A suite of factors related to habitat
quality and environmental conditions shapes
avian reproductive success (Zanette 2001).
Resource availability is directly linked to hab-
itat quality and is a key factor governing the
timing of reproduction (Perrins 1970; Daan

 

et al. 

 

1988; Nilsson 1991; Davis and Graham
1992; Kelly and Van Home 1997), clutch size
(Nilsson 1991), nestling weight (Simons and
Martin 1990), and even incubation efficiency
(Nilsson and Smith 1988).

The effects of habitat impairment on pat-
terns of avian habitat use and reproductive
success are poorly-understood in stream eco-
systems, where stream geomorphic and hab-
itat conditions are critical components. Both
stream geomorphic and habitat assessments
are increasingly being used across the Unit-
ed States and around the world because they
potentially reflect a stream’s overall physical
condition (Gregory 

 

et al. 

 

1991; Naiman 

 

et al.

 

1993; Tockner 

 

et al.

 

 2000; Ward and Tockner
2001; Frothingham 

 

et al. 

 

2002; Wright and Li
2002). These assessments characterize
stream reaches in relation to reference mor-
phological characteristics. Optimal geomor-
phic conditions are defined as the combina-
tion of morphological characteristics that
most closely represents an undisturbed or
‘reference’ reach of a specific stream type.
Optimal habitat conditions reflect high hab-
itat quality and heterogeneity across the
reach (Barbour 

 

et al.

 

 1999).
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The Belted Kingfisher (

 

Ceryle alcyo

 

n) is a
water-obligate species whose breeding range
extends across North America and whose
winter range extends into Central America
(Prose 1985). Although the Belted Kingfish-
er (hereafter “kingfisher”) feeds on a variety
of aquatic biota including tadpoles and cray-
fish, its primary prey consists of fish 11-13 cm
in length (Hamas 1994). Historically, king-
fishers were limited to feeding in natural wa-
terways, but more recently, they have adapt-
ed to feeding in a wide variety of human-in-
fluenced waterbodies; including fish hatch-
eries, stocked ponds, and canals (Prose
1985). For kingfishers that do not have ac-
cess to these artificial food sources, various
aspects of their ecology are tied directly to
food availability (Imhof 1963; Bull and Far-
rand 1977). Davis (1982) reports that the
size of feeding territories was inversely pro-
portional to both fish density and the total
length of riffles in the territory, and that fit-
ness was positively correlated with food den-
sity. Kelly and Van Home (1997) demon-
strate that the timing of nest initiation by
kingfishers was affected by the availability of
food. Abundance of food is also positively
correlated with variation in clutch size (Davis
and Graham 1992). Furthermore, differenc-
es in kingfisher population densities during
the breeding season are linked to the num-
ber of suitable foraging sites (Brooks and
Davis 1987).

The nature of kingfisher-habitat associa-
tions argues that kingfishers without access
to artificial food sources rely on the condi-
tion of the in-stream and riparian habitat
and that, therefore, these birds may be par-
ticularly susceptible to impaired stream geo-
morphic and habitat conditions. Habitat
quality may be expressed in terms of repro-
ductive success (Muller 

 

et al. 

 

1999); individu-
als that have access to higher quality environ-
ments can be expected to have the highest
degree of reproductive success (e.g., clutch
size; and offspring weight, size, and overall
health). Kingfishers can also be expected to
defend territories that are only as long as
necessary to reproduce and raise young.
Kingfisher territory lengths show consider-
able variation (Davis 1982; Brooks and Davis

1987). The plasticity of territory length
makes it a potentially valuable measure of al-
tered stream geomorphology, habitat condi-
tion, and fish abundance. Kingfisher reli-
ance on aquatic food resources suggests that
brood weight and fledgling growth rates may
also be important measures in reflecting
geomorphic condition and habitat quality.

If kingfisher habitat use and reproductive
success are negatively affected by impaired
stream habitats, resource limitation is a likely
mechanism. If this is the case, we would ex-
pect to find associations between measures of
geomorphic condition, and kingfisher habi-
tat use and reproductive success. The objec-
tive of this study was to characterize the rela-
tionships between geomorphic and habitat
conditions, and the reproductive success of
kingfishers in Vermont streams. More specif-
ically, we hypothesized that geomorphic con-
ditions associated with efficient habitat use
and high reproductive success would approx-
imate the reference geomorphic condition
of the stream type. Conversely, we also hy-
pothesized that the geomorphic conditions
associated with inefficient habitat use and
poor reproductive success would deviate
from reference characteristics and support
poor habitat conditions.

M

 

ETHODS

 

Reach Selection

Initial study reaches were located in
March and April 2002 by canvassing four
streams in the central Champlain Valley, Ver-
mont, for potential kingfisher breeding ter-
ritories and 20 were identified. Using a com-
bination of behavioral observations and
ground scouting, those territories with ac-
cess to artificial (e.g., ponds, canals, etc.) or
natural (e.g., marshes, swamps, etc.) non-lot-
ic food sources were eliminated, leaving 12
study reaches where kingfishers relied only
on stream channel habitats for food. In April
2003, the same process was followed, and an
additional 13 stream study reaches were
selected, encompassing seven more streams
spread across the Champlain Valley.
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All streams were perennial and exhibited
a range of geomorphic characteristics. The
geomorphic zone (Schumm 1977; Faber 

 

et al.

 

1989) of virtually all sample reaches was “stor-
age and transport,” Rosgen (1994) stream
types were nearly all “C4,” and Montgomery
and Buffington (1997) bedform units were
dominated by “pool-riffle” sequences.

Geomorphic and Habitat Assessments

At the 2002 territories, a series of qualita-
tive and quantitative evaluations were con-
ducted using the Vermont Department of
Conservation’s (VTDEC) Phase 2 protocols
for geomorphic and habitat assessments (VT-
DEC 2001), and supplementing these with

additional measurements (Table 1). The Ver-
mont Rapid Geomorphic Assessment (RGA)
is an offshoot of the process developed by
McRae (1998). Essentially, it is a field-based
stream evaluation method with a geomor-
phic assessment, a channel evolution model
(Schumm 

 

et al. 

 

1984), and a stream classifica-
tion using the Rosgen (1996) and Montgom-
ery and Buffington (1997) systems. Because
stream channels are dynamic, naturally un-
dergoing gradual change, a certain degree of
channel instability is expected and built into
the geomorphic assessments. The RGA is de-
signed to capture changes that are not typical
of a channel’s accepted dynamic equilibri-
um, targeting recent channel adjustments
that occur over relatively short time scales.

 

Table 1. Geomorphic characteristics of kingfisher 2002-2003 breeding territories across Vermont’s Champlain Val-
ley. Entrenchment ratios: <1.4, highly entrenched; 1.4-2.2, moderately entrenched; >2.2, no entrenchment. Meander
pattern is based on sinuosity where low <1.2, moderate = 1.2-1.5, and high >1.5. Stream order is based on USGS
1:24,000 topographical maps. Categorical Rapid Geomorphic Assessment (RGA) conditions: 0-27, poor condition;
28-51, marginal condition; 52-67, sub-optimal condition; 68 - 80, optimal/reference condition.

 

Kingfisher 
breeding
territory #

Bankfull width 
(m)

Flood prone
width (m)

Entrench-
ment ratio

Meander
pattern

Stream
order

RGA 
score

Overall
geomorphic

condition

2002

1 20.8 >152 >7.3 moderate 4 63 sub-optimal
2 21.5 >152 >7.1 low-moderate 4 40 marginal
3 14.0 15.6 1.1 low-moderate 4 56 sub-optimal
4 2.5 6.0 2.2 very high 4 53 sub-optimal
5 19.8 48.3 2.4 moderate 5 45 marginal
6 17.9 >152 >8.5 high 5 57 sub-optimal
7 17.4 40.5 2.3 moderate 5 70 optimal
8 13.0 87.0 6.7 low-moderate 5 51 marginal
9 14.9 >152 >10.2 moderate 4 69 optimal

10 19.6 >152 >7.8 low-moderate 4 64 sub-optimal
11 27.7 107.0 3.9 moderate 4 31 marginal
12 18.6 100.0 5.4 moderate 3 43 marginal

2003

13 36.0 >152 >4.2 moderate 3 47 marginal
14 37.5 >152 >4.1 moderate 3 42 marginal
15 42.0 >152 >3.6 moderate 3 50 marginal
16 17.0 32.0 1.9 low-moderate 2 64 sub-optimal
17 18.0 35.0 1.9 moderate-high 4 43 marginal
18 13.0 93.0 7.2 moderate-high 2 49 marginal
19 23.0 >152 >6.6 moderate 4 36 marginal
20 26.0 >152 >5.85 moderate 4 61 sub-optimal
21 16.0 99.0 6.2 very high 2 69 optimal
22 10.1 >152 >15.1 moderate 2 45 optimal
23 18.7 20.0 1.1 moderate-high 3 62 sub-optimal
24 34.0 >152 >4.5 moderate 3 47 marginal
25 9.8 21.6 2.2 low 2 49 marginal
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Following the guidelines established by
the Vermont RGA, a score from 0 (worst con-
dition) to 20 (optimal condition) was as-
signed for each of four geomorphic adjust-
ment processes: channel degradation/inci-
sion (lowering of the channel bed due to
scour), channel aggradation (buildup or
raising of the channel bed and floodplain
due to sediment deposition), over-widened
channel, and change in planform (alter-
ations in channel shape as seen from the
air). Each score was based on a series of field
indicators outlined in the RGA protocols.
Cumulatively, these scores were used as an
indicator of reach geomorphic condition.

Concurrent assessments of habitat quali-
ty were based on habitat diversity across the
reach following the guidelines and indica-
tors of the Vermont Rapid Habitat Assess-
ment (RHA) protocols (VTDEC 2001),
which were derived from the US Environ-
mental Protection Agency’s Rapid Bioassess-
ment Protocols (Plafkin 

 

et al. 

 

1989; Barbour

 

et al. 

 

1999). Specifically, epifaunal substrate
and available in-stream cover, degree of em-
beddedness (amount of surface area of cob-
bles, boulders, snags and other stream bot-
tom structures covered with sand and silt),
representation of a heterogeneous mixture
of velocity and depth regimes, amount of
sediment deposition, status of channel flow
(degree to which the channel is filled with
water), degree of channel alteration (e.g.,
berms, dredging, straightening, and stream-
bank armoring), frequency of riffles, bank
stability, vegetative protection (amount of
vegetative protection). on the streambank
and in near-stream portion of the riparian
zone), and the width of the riparian vegeta-
tive zone were evaluated. Each of these RHA
parameters were assigned a value from 0 to
20. These ten values were aggregated to for-
mulate an overall habitat evaluation ranging
from 0 to 200 (0 = worst condition, 200 = op-
timal/reference condition; VTDEC 2001).

A suite of quantitative measurements was
conducted to enhance the geomorphic and
habitat assessments. Geomorphic measures
included bankfull width (width of the stream
at channel-forming flow stage), maximum
depth (measure of the deepest part of the

channel, or thalweg), flood-prone width
(width of the stream at flood flows, mea-
sured at an elevation that corresponds to
twice the maximum depth of the bankfull
channel), and meander pattern (sinuosity).
From these measurements, width:depth ra-
tio, mean depth (average depth of riffles),
and entrenchment ratio (describes the verti-
cal containment of the river) (VTDEC 2001)
were calculated. Bed sediment particle size
in representative riffles and pools was mea-
sured in each reach following Wolman’s
(1954) pebble count protocols. Pebble
counts were used to determine the median
bed-sediment diameter (D

 

50

 

) of each reach.
Major bed features and length of bars

were also recorded. Additional habitat as-
sessment included counting pieces of large
woody debris (

 

≥

 

0.1 m in diameter and 

 

≥

 

1.0
m in length) within the bankfull channel
(Montgomery 

 

et al. 

 

1995). Finally, specific
habitat characteristics thought to be impor-
tant to kingfisher feeding and reproductive
ecology including number of active perches
(based on 10 visits using spotmapping proce-
dures to identify foraging perches, Ralph
1981) were measured as well as length of rif-
fles, runs, and pools.

In 2003, a subset of the variables mea-
sured during the first (2002) field season
were measured, focusing primarily on the
RGA and RHA assessments. In addition, the
geomorphology of each reach, identifying
both Rosgen (1996) and Montgomery and
Buffington (1997) stream types, bankfull
and flood prone widths, width:depth and en-
trenchment ratios, and meander pattern
were assessed (Table 1).

Fish Assemblage Characteristics

Fish assemblages were surveyed at each
breeding territory, focusing on measures of
abundance and biomass. Fish were sampled
at five locations at each reach (sampling
~15% of wetted width) all samples from each
reach. Sampling locations were representa-
tive of the major flow habitats (e.g., pool, rif-
fle, run; VTDEC 2004), reflecting the flow
composition of the reach at large. Sampling
used dipnets and a 1.22 m 

 

×

 

 12.19 m bag
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seine with 3.18 mm mesh weighted with lead-
lines to prevent fish from escaping. Fish were
measured to the nearest mm and weighed to
the nearest 0.1 g. Young-of-the-year were not
included in the analysis.

Kingfisher Territory Size and Reproductive 
Ecology

To quantify territory length, a method
similar to the consecutive flush method for
grassland passerines was used (Wiens 1969).
Davis (1980; 1982). Brooks and Davis (1987)
demonstrated the effectiveness of this meth-
od for kingfishers, finding that when pur-
sued, kingfishers reverse direction at the end
of their territory and return to the middle.
Following this protocol, territory size was es-
timated by flushing the birds along the
stream bank, flagging the upstream and
downstream limits of the territory in both di-
rections. Because territories follow a stream’s
longitudinal course, the territories were mea-
sured in length instead of area. This proce-
dure was repeated five times at three sepa-
rate time intervals during the nestling phase
(e.g., 15 estimates), thereby ensuring that we
accurately captured the maximum territory
length during the breeding season. Lateral
boundaries were designated as the tree line
along the edge of the channel.

During the 2002 breeding season, after
identifying the active nest cavity, the nest
chamber was accessed by digging from the
top of the bank to the backside of the nest
chamber (Davis 1982). The hole was then
sealed with a plywood door (10 cm diame-
ter) and covered with dirt and sod to prevent
exposure to predators and the elements.

Each nest was visited every second day
until the eggs hatched. After hatching, each
nestling was banded with a US Fish and Wild-
life Service band to identify individual nest-
lings. On each visit, measurements were tak-
en only after both parents were sited outside
of the nest chamber. Nestlings were weighed
using a spring balance at six to seven days
and then every fourth day thereafter until
fledging.

In 2003, the same protocols of assessing
territory length was followed as in 2002.

However, instead of digging into the banks
to access nest chambers, a Sandpiper Tech-
nologies Peeper Video Probe was used to as-
sess the stage of the reproductive cycle and
number of nestlings. Visually guided by the
Peeper, at ~22 days after hatching nestlings
were accessed using a noose secured to a
modified fishing rod. All nestlings were
banded and weighed every second day until
fledging.

Statistical Analysis

JMP® 5.0 Statistical Discovery Software
(SAS Institute, Cary, NC) was used to per-
form all statistical analyses. When necessary,
-1/x and logarithmic [

 

ln

 

 (

 

x

 

 + 1)], and 

 

x

 

2

 

transformations were used to meet assump-
tions necessary for regression analysis
(Snedecor and Cochran 1967; Zar 1984). Us-
ing Cook’s 

 

D

 

 (Kleinbaum 

 

et al.

 

 1998), data
were examined for potential outliers but
none were found.

The first stage of data analysis was based
on the information theoretic method (Burn-
ham and Anderson 1998; Anderson 

 

et al.

 

2000). Independent variables of document-
ed and/or of potential importance to king-
fisher habitat use and breeding biology were
used (Table 2). From these variables, a bio-
logically realistic set of models that included
kingfisher breeding territory length, growth
rate, and fledgling weight was created (Table
2, 

 

Response variables

 

). Given that the energet-
ic demands of the young are expected to dif-
fer among broods, the number of nestlings
fledged was included among the indepen-
dent variables in the territory length models
(e.g., kingfisher pairs with more fledglings
are expected to require larger territories
than those with less young regardless of the
habitat or geomorphic quality of the stream
reach).

All variables included in the regression
models carried an 

 

F

 

 statistic with 

 

p

 

 < 0.05.
Each model generated an Akaike’s Informa-
tion Criterion (AIC). To adjust for small sam-
ple size, AIC values were converted to AIC

 

c

 

.
The most parsimonious model is considered
to be the model with the lowest AIC

 

c

 

. Each of
the potential models was ranked against the
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best model (

 

∆

 

i

 

 = AIC

 

c

 

,

 

i

 

 - AIC

 

c

 

), yielding the
best (

 

∆

 

i

 

 = 0) and alternate models for each
dependent variable. A 

 

∆

 

i

 

 < 2 indicates sub-
stantial evidence for the model, with de-
creasing support as 

 

∆

 

i

 

 increases to 10, above
which point models are unsupported.
Akaike weights [

 

w

 

i

 

, 

 

w

 

i

 

 = exp(-

 

∆

 

i

 

/2)/

 

∑

 

(min, 

 

r

 

= 1; max, 

 

R

 

) exp(-

 

∆

 

r

 

/2)] were used to indi-
cate the probability that a model was the best
among all the models in its set. A correlation
matrix was used to test for highly correlated
(r 

 

≥

 

 0.7) independent variables and these

were not used in the same model (Fielding
and Haworth 1995; Burnham and Anderson
1998).

In 2003, a subset of the original variables
was collected to test models constructed in
2002, assessing whether the selected models
would predict well using a new, independent
data set. Using 

 

R

 

2

 

(1

 

) to denote the sample
squared multiple correlation [(equivalent to
the sample squared univariate correlation
between the observed and predicted re-
sponse variables (e.g., territory length,

 

Table 2. Variables analyzed, their minimums, medians, and maximums in their original units, and their means and
standard deviations (SD) (after transformation where appropriate) for the twelve, 2002 Champlain Valley, Vermont
(breeding territory) reaches used in AIC model selection. Entrenchment ratio indicates level of floodplain access,
and is calculated by dividing the bankfull width into the floodplain width (VTDEC 2001). Width to depth ratio is a
dimensionless number, describing the relationship between bankfull width and mean bankfull depth independent
of stream size (VTDEC 2001). D

 

50

 

 values represent the median bed-sediment diameter. Ratio of length of runs to
riffles was determined by habitat mapping major flow features of each reach. % exposed bank represents the cu-
mulative length of unvegetated bank on both sides of the channel.

 

Original Data Values analyzed

Minimum Median Maximum Mean SD

 

Explanatory variables

 

Geomorphic characteristics

Bankfull width (m) 2.50 18.25 27.70 17.30 6.07
D

 

50

 

 (mm) 2.00 21.00 71.00 28.17 25.30
Entrenchment ratio 1.10 6.04 10.20 5.39 2.94
Flood prone width (m) 6.00 98.25 >1 92.41 54.38
Maximum depth (m) 0.55 1.00 2.05 1.12 0.47
Mean depth (m) 0.39 0.70 1.46 0.80 0.34
RGA score 31.00 54.50 70.00 53.50 12.09
Stream order 2.00 4.00 5.00 3.52 1.00
Width to depth ratio 4.50 19.12 40.60 21.47 10.56

Habitat characteristics

# LWD/m 0.01 0.02 0.05 0.02 0.01
% exposed bank
Number of active perches/100 m 1.03 2.23 3.89 2.35 0.76
Ratio of run length or riffle length 0.47 2.22 16.72 1.47 0.87
RHA score 102.00 147.50 174.00 146.67 24.28
Riffle-step spacing (m) 20.60 73.10 313.00 121.93 102.32

Biological characteristics

Fish assemblage measures
Mean individual fish weight (g) 2.21 1.75 8.20 0.45 0.22
Density (no/m

 

3

 

) 1.10 4.55 22.40 7.63 6.64
Biomass (g/m

 

3

 

) 0.50 7.95 47.90 0.92 0.46
Kingfisher reproductive measures
Number fledged 4.00 7.00 7.00 6.25 1.14

 

Response variables

 

Brood weight at fledging (g/m territory) 0.38 0.69 1.2401 0.70 0.30
Growth rate (g/day) 16.50 33.05 45.06 31.89 10.30
Territory length (m) 923.00 1486.50 2908.00 1566.25 561.81
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brood weight)], the prediction equations
from the 2002 model-building data set were
used to compute predicted values for the
2003 validation data set, followed by the
univariate correlation between predicted
and observed response variables in the 2003
validation group (Neter 

 

et al.

 

 1996). This cor-
relation yielded the cross-validation correla-
tion: 

 

R

 

2

 

(2)

 

. The shrinkage on cross validation
[

 

R

 

2

 

(1)

 

 - 

 

R

 

2

 

(2)

 

] was formulated for each mod-
el. Finally, the two seasons’ data were com-
bined to produce full-study regression equa-
tions of these models.

RESULTS

Because a relatively large set of variables
was used as potential predictors of kingfisher
reproductive success and territory size, cor-
relations were examined among these pre-
dictor variables. Seven significant correla-
tions were found (Table 3), and correlated
variables were not used in the same models.
Regression analyses produced eight signifi-
cant models relating to brood weight at
fledging and territory length, however, only
three of these eight models were supported
(AICc < 7, Table 4). No significant models for
fledgling growth rate were produced. The
model that best predicted brood weight only
included RGA (R2 = 0.81). The model that
best predicted territory length included
RGA, number fledged, and number of
perches (R2 = 0.94).

Geomorphic condition, as measured by
RGA, was the most important predictor vari-
able in the best approximating models for
both brood weight and territory length. RGA

explained 81% of the variance in the stron-
gest brood weight model, and 77% of the
variance in the strongest territory length
model.

There was only one alternative model for
brood weight, with habitat quality (RHA) as
the predictor variable. This model, however,
was not supported (∆i = 10.40). Alternative
models for territory length included number
of fledglings, mean individual fish weight,
fish biomass, and habitat quality (RHA).
Only one alternative model for territory
length was supported; it included RGA and
number fledged (∆i = 0.499).

Two models were selected to assess
through cross-validation. For brood weight,
the most parsimonious model, a simple re-
gression model with RGA as the predictor
variable was selected (Model A, Table 5). For
territory length, the strongest alternative
model (Model B, Table 5) was selected be-
cause this model best fit our a priori hypoth-
eses and the number of perches only ex-
plained an additional 4% of the variance in
territory length. The small absolute differ-
ence between predicted and observed values
in the comparisons between years for both
models was encouraging (Table 6). Negative
shrinkage values are possible when the vali-
dation data set produces a R2 value greater
than the test set’s value. Shrinkage values
may range from 0.00 to 1.00, with smaller val-
ues suggesting reliable and generalizable
models (Kleinbaum et al. 1998).

The brood weight models were fairly con-
sistent across the two years. In the 2002
dataset, 81% of the variance was explained
(Fig. 1a); in the 2003 dataset, 85% of the

Table 3. Highly correlated (r ≥ 0.7) variables from correlation matrix of independent variables used in AIC model
building

Variable Variable r

Mean individual fish weight (g) Fish weight (g/m3) 0.7054
Mean individual fish weight (g) RHA 0.7543
D50 Number of LWD/m 0.7595
Fish biomass (g/m3) RGA 0.7924
RHA RGA 0.8085
Runs:Rifflles Riffle spacing 0.8397
Entrenchment Flood prone width (m) 0.8891
Mean depth Max depth 0.9995
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variance was explained (Fig. 1b, Table 5).
The model generated from the combined
data set (Fig. 1c) explained 84% of the vari-
ance in brood weight per territory meter
(Model A”, Table 5). The territory length
models were a little less consistent between
years in that the model generated from the
2003 data set (Table 5) accounted for less
variance than did its 2002 counterpart (Ta-
ble 5). However, the full, 2-year model for
territory length mirrored the variance ex-
plained by the original 2002 data set
(Table 5).

DISCUSSION

Although we considered a number of
models that included a variety of geomor-
phic, habitat, and biological variables;
stream geomorphic condition clearly
emerged as the most important predictor
variable for both brood weight and territory
length (Table 4). No individual measure of
stream geomorphology (e.g., mean depth,
bankfull width, width:depth ratio, etc.) was
included in any of the models, suggesting
that kingfishers were not responding to indi-

Table 4. Relative ranking of significant linear regression models that predict territory length and measures of re-
productive success developed from data from 2002 kingfisher breeding territories in Vermont’s Champlain Valley.
Models are presented from best (lowest AICc) to worst (highest AICc). Relative AICc values are listed under ∆i, and
AICc weights under wi,. (+) and (-) indicate positive and negative associations, respectively.

Response Variable Model AICc ∆i Wi

Brood Weight (g) RGA(-) -139.834 0.000 0.99451
RHA (-) -126.719 10.400 0.00549

Growth Rate (g/day) No Significant models

Territory Length (m) RGA (-) + # Fledged (+) + # Perches (+) 29.255 0.000 0.92235
RGA (-) + # Fledged (+) 34.249 4.994 0.07592
RGA (-) 42.474 13.220 0.00124
RHA (-) 44.676 15.422 0.00041
Mean Individual Fish Weight (-) 48.311 19.057 0.00007
Fish Biomass (-) 52.608 23.353 0.00001

Table 5. Explanatory variables and their coefficients in the regression models for 2002-2003 kingfisher territories
in Vermont’s Champlain Valley. A Models predict brood weight at fledging and B Models predict territory length.

Model Variable Coefficient R F statistic

2002
A (n =11) Intercept -0.52
(P = 0.0001) RGA 0.02 0.81 39.25
B (n = 12) Intercept 2963.42
(P < 0.000l) RGA -51.31 0.77 83.15

Number Fledged 215.70 0.13 13.01

2003

A’ (n = 8) Intercept -3.53
(P = 0.001) RGA 0.04 0.85 35.05
B’ (n = 13) Intercept 741.90
(P = 0.0001) RGA -34.47 0.63 16.36

Number Fledged 402.61 0.20 12.12

2002 & 2003

A” (n = 19) Intercept 0.16
(P < 0.0001) RGA 0.01 0.84 92.55
B” (n = 25) Intercept 2630.85
(P < 0.0001) RGA -46.32 0.69 98.09

Number Fledged 219.02 0.14 17.38
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vidual stream geomorphic characteristics as
much as to overall stream condition. The
RGA was designed for use as a composite
metric, based on a suite of geomorphic char-
acteristics rather than disconnected, individ-
ual measures. Our results suggest that it does
indeed integrate geomorphic information in
a biologically meaningful way. Likewise, we
also assessed habitat quality through a com-
posite metric: the RHA. RGA and RHA were
highly correlated (Table 3), and therefore,
were not included in the same models. How-
ever, both anecdotal and empirical evidence
indicate that reference geomorphic condi-
tions (i.e., high RGA values) support high
habitat quality (Brierley et al. 1999; Sullivan
et al. 2004), suggesting that the condition of
in-stream and riparian habitat is likely an im-
portant factor in kingfisher reproduction.

We also used measures of fish abundance
and biomass in our analysis, and we expected
these to influence kingfisher reproductive
measures. However, these measures were also
closely linked to geomorphic and habitat con-
ditions, which were included in our strongest
models. Two alternative models showed nega-
tive associations between mean individual fish
weight and territory length, and between fish
biomass and territory length. Although nei-
ther of these alternative models was support-

ed (Table 4), their biological realism warrants
attention as there is considerable evidence
linking measures of kingfisher reproductive
biology to fish abundance (Davis 1982;
Brooks and Davis 1987; Davis and Graham
1992; Kelly and Van Home 1997).

The reason that fish abundance and bio-
mass were not incorporated in our models
may relate to the fact that these measures are
not necessarily proxies for fish availability.
Fish may find refuge from kingfisher preda-
tion in turbid and/or deep waters. Substrate
size, the amount and distribution of large
woody debris, and the density of aquatic veg-
etation also may be important factors in de-
termining kingfisher foraging success (Say-
ler 1949; Kelly 1996). In fact, Kelly (1996)
shows that altering the substrate alone can
significantly change the relationship be-
tween fish availability, abundance, and use.
We know that geomorphic condition and
fish biomass are highly correlated, as are
geomorphic and habitat conditions (Table
3). These correlations, in conjunction with
our model results, suggest that stream geo-
morphology influences the availability of
fish to foraging kingfishers, with streams
reaches approaching reference conditions
providing a favorable environment for king-
fisher foraging success.

Table 6. Predicted and observed kingfisher territory lengths and brood weights and shrinkage on cross validation
comparisons for the models. • indicates data points unable to be collected.

Model A’ Model B’

Predicted (g/m) Observed (g/m) Predicted (m) Observed (m)

0.59 0.60 2062 1912
0.47 0.58 2318 2011
0.66 • 1692 1084
0.99 • 1189 968
0.49 • 2267 1920
0.63 • 1959 1803
0.33 0.50 2626 2418
0.92 • 1343 1692
1.10 1.29 501 638
0.54 0.52 2164 1980
0.94 0.90 1292 1297
0.59 0.49 2277 2754
0.63 0.60 1743 1706

n = 8 n = 13
R2(1) = 0.813 R2(1) = 0.904
R2(2) = 0.854 R2(2) = 0.0772
R2(1) - R2(2) = -0.041 R2(1) - R2(2) = 0.113
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We had expected that stream size would
be an important factor in governing territory
length. However, the lack of observed influ-
ence may also be related to decreased acces-
sibility of fish to foraging kingfishers. Larger,
deeper streams generally have greater num-
bers of large fish (i.e., increased biomass),
but they also tend to have fewer fish of the
smaller size class favored by kingfishers.
They can also be more turbid and often sup-
port greater amounts of aquatic vegetation.
These factors confine kingfisher foraging to
areas of clear, relatively shallow water (Bent
1940; Sayler 1949; Davis 1980; Hamas 1994).
Since kingfishers with territories in larger
streams are unable to access the deeper ar-
eas, the potential food benefits of larger
streams are likely marginalized.

The models predicting territory length in-
cluded the number of young fledged; this re-
sult was expected because of the increased en-
ergetic requirements associated with rearing
additional young. The number of perches
available was also included in the strongest
model for territory length; this was not surpris-
ing since kingfishers require an adequate num-
ber and distribution of perches to use as forag-
ing platforms. This result may also suggest that
an increased number of suitable perches may
enable pairs to extend their territory. Con-
versely, lack of suitable perches may preclude
kingfishers from some stream reaches. Howev-
er, the incorporation of the number of perches
in this model only explained an additional 4%
of the variance seen in territory length.

None of the potential growth rate models
proved significant, indicating that factors
other than those included in our models de-
fined growth rates. While we anticipated that
measures of fish abundance and biomass
would be important, once again, these mea-
sures may not represent fish availability. It is
also possible that all the streams in our study
provided sufficient baseline food resources
for kingfisher broods, and that genetic fac-
tors and/or the quality of parents were the
controlling variables determining growth
rates (Leque and Weimerskirch 1990; Nisbet
et al. 1995; Lance and Roby 2000).

The development of various validation
techniques (Manly 1997) has allowed for im-

Figure 1. Linear regressions of RGA score and brood
weight at fledgling per territory meter for Models A
(Fig. 1a), A’ (Fig. 1b), and A” (Fig. 1c). Fledgling weight
in Models A’ and A” are displayed as transformed data
(-1/x) and log (x + 1), respectively. Dashed lines repre-
sent confidence curves at α = 0.05.
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proved realism and application of regression
models (Guisan and Zimmermann 2000). In
our second field season, we collected addi-
tional data to test the models we developed
in the first year. While cross-validation is of-
ten used in data splitting, we used it to direct-
ly test the 2002 models on a new, indepen-
dent dataset compiled in 2003. The shrink-
age on cross-validation quantities of -0.04
and 0.13 for models A’ and B’, respectively,
indicate that both models have predictive
power and are likely valid.

The results of the validation and the
strength of the 2-year models (Table 5) con-
firm our initial AICc analysis, primarily docu-
menting the influence of geomorphic condi-
tion on kingfisher brood weight and territory
length. Our results provide support for our a
priori hypotheses. They suggest that stream
reaches of good geomorphic condition sup-
port kingfisher broods of greater weights and
that pairs require longer territories along
stream reaches of poor geomorphic condi-
tion than along those of better condition.

Although our models suggest that king-
fishers may cue in on stream geomorphic
characteristics that are associated with acces-
sible and abundant food resources, suitable
foraging perches, and high quality in-stream
habitat; other factors probably also come in-
to play in territory selection. Davis (1982)
cites the availability of appropriate nesting
banks as a primary constraining factor in the
selection of breeding territories, potentially
forcing kingfishers into low quality habitat.
In addition, high levels of human-induced
disturbance can exclude the use of otherwise
high quality habitat (Sullivan, S. M. P. un-
publ. obs.), as can intra-specific competition.
However, because geomorphic condition is
related to both the amount of territory re-
quired as well as fledgling weight, riverine
management strategies that seek to protect
and restore functional morphology will like-
ly also benefit kingfishers.

Many investigators have shown that a va-
riety of environmental and biological factors
are important to kingfisher reproductive
success in lotic systems. Our results provide
evidence that measures of stream geomor-
phology capture some of these influences.

We suggest that geomorphic condition may
act as an environmental filter influencing
the availability of and access to habitat, food,
and other in-stream and riparian resources.

At first glance, the continued presence of
kingfishers in stream reaches in poor geo-
morphic condition may mask the effects of
impairment. However, as human activities
continue to modify the physical and hydro-
logic features of streams, water flow and sed-
iment characteristics are expected to change
throughout the watershed, resulting in fur-
ther deviations from reference geomorphic
form and habitat quality. Our data provide
evidence that these changes will increasingly
force kingfishers into marginal territories,
and significantly affect their habitat use and
reproductive success, and potentially that of
other riverine birds as well. Furthermore,
the biological effects of these geomorphic
and habitat disturbances on kingfishers sug-
gest a number of “bottom-up” associations
within stream communities.
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