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Daily energy expenditure (DEE) and daily food intake (DFI) are key parameters in estimating population
level consumption by cormorants. A number of different methods are still employed in estimating these
parameters along with different estimates for assimilation efficiency (if used) and prey energy density. The
pellet/fish size reconstruction and percent adult body weight methods underestimate DFI for a number of
reasons including an implied underestimation of DEE. In the absence of study-specific data, an assimilation
efficiency of 0.80 and prey energy density of 5.42 kJ∙g−1 are recommended. The bioenergetic model for field
metabolic rate from Ellis and Gabrielsen (2002) is recommended for adults during the nesting season and
their model for basal metabolic rate (BMR ×2.5) is recommended for adults or sub-adults outside the nesting
season. Comparisons between empirical and bioenergetic models for chick DFI are also made with
recommendations on estimating DFI.
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Introduction

Daily energy expenditure (DEE; kJ∙day−1∙bird−1) and daily food
intake (DFI; g∙day−1∙bird−1) by cormorants and shags (Phalacrocor-
acidae) are key parameters when estimating prey biomass consump-
tion. Numerous studies have estimated DEE and DFI using a variety of
methods and incorporated these values into population levels of
consumption (Grémillet et al. 2000, Dalton et al. 2009). Conceptually,
the approach is straightforward. An estimate of per capita consumption
is scaled to the population level based on the number of cormorants
occupying an area expressed as nest counts or density estimates. This
extrapolation is a significant step where small inaccuracies or
inconsistent methods for estimating per capita consumption propagate
to large discrepancies at the population level. Considering the
importance and controversy regarding the effects of cormorants in
coastal food webs of the Laurentian Great Lakes, and elsewhere (Harris
et al. 2008), then some level of agreement onmethods and estimates of
per capita consumption are needed.

Estimates of DFI have been based on: (1) pellet analysis and
reconstructing fish sizes consumed by birds (Privileggi 2003, Gagliardi
et al. 2007); (2) percent of adult body weight (Johnson et al. 2002,
Rudstam et al. 2004); (3) energy expenditure through activity time
budgets and activity-specific DEE (Grémillet et al. 2000, 2003); (4)
allometric bioenergetic models as a function of mass and converting
this to DFI through division by prey energy density and assimilation
efficiency (Madenjian and Gabrey 1995, Barquete et al. 2008); (5)
respirometry and doubly labelled water techniques (Keller and Visser
09 Published by Elsevier B.V. All ri
1999, Enstipp et al. 2005), and (6) other methods such as automatic
balances and stomach temperature tags (Grémillet et al. 1999, 2000).
Different studies may or may not have employed prey assimilation
efficiency with values varying among studies if used (0.79 in Glahn
and Brugger 1995, 0.77 in Keller and Visser 1999, 0.85 in Diana et al.
2006, 0.80 in Seefelt and Gillingham 2008). Finally, prey energy
density (kJ∙g−1) varies with fish species and this can alter prey
consumption estimates depending on diet composition. Together,
there is uncertainty when comparing population-scale prey con-
sumption from one study to the next and this has led to efforts at
standardizing DEE and DFI approaches (Carss et al. 1997). “Getting the
sums right” for cormorant consumption has been a consensus for
many years (Feltham and Davies 1996, Harris et al. 2008).

Until some agreement is reached on the methods employed in
assessing population level prey consumption then addressing this
issue in areas such as the Laurentian Great Lakes basin will continue to
be, in large part, debates over small details that scale-up to substantial
differences among estimates of effects. This situation is illustrated by
the use of different assimilation efficiencies. Different cormorant
studies have employed assimilation efficiencies ranging from 0.77
(Keller and Visser 1999) to 0.85 (Diana et al. 2006). If, as an example,
an estimate of DEE converts to 400–420 g∙day−1 of food then dividing
this estimate by assimilation efficiency results in DFI. The difference
between an estimate of 0.77 and 0.85 in this case is a per capita
difference of 50 g in DFI. Using nest counts from the North Channel,
Lake Huron, as an example (Ridgway et al. 2006), a difference of 50 g
for a population of 20,000 adult nesting cormorants results in
approximately a 1 metric tonne per day (t∙day−1) difference in total
prey consumption as a function of the assumed per capita assimilation
efficiency.
ghts reserved.
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Recognition of this uncertainty has led to attempts at overcoming
differences among studies by recommending common methods as
well as parameter values for assimilation efficiency, prey energy
density, and DEE and DFI for methods such as time energy budgets
(Carss et al. 1997). Others recommend dropping bioenergetic models
in favour of focal animal sampling to capture colony-specific patterns
of energy expenditure (Grémillet et al. 2000). Others follow recent
updates on allometric equations to set energy expenditures (Barrett et
al. 2006, Dalton et al. 2009).
Table 1
Daily food intake (DFI) and daily energy expenditure (DEE) estimates for cormorants and sha
methods.

Species Daily food intake
(g∙day−1)

Daily energy
expenditure (kJ∙day−1)

Body mass
(g)

P. carbo 661⁎ (0.85 and
5.5 kJ∙g−1)

3089 3250

P. carbo 957⁎ (0.80 and
5.35 kJ∙g−1)

4094 3250

P. carbo 640⁎ (0.80 and
5.35 kJ∙g−1)

2741 3250

P. carbo 1248⁎ (0.80 and
4.1 kJ∙g−1)

4094 3250

P. carbo 836⁎ (0.80 and
4.1 kJ∙g−1)

2741 3250

P. carbo 400–800 1734–3469⁎ –

P. aristotelis 428⁎ (0.85 and
5.5 kJ∙g−1)

2002 1800

P. aristotelis 614⁎ (0.80 and
5.5 kJ∙g−1)

2702 1836

P. aristotelis 407⁎ (0.80 and
5.5 kJ∙g−1)

1790 1836

P. aristotelis 814⁎ (0.80 and
4.15 kJ∙g−1)

2702 1836

P. aristotelis 539⁎ (0.80 and
4.15 kJ∙g−1)

1790 1836

P. brasilianus 425⁎ (0.80 and
5.9 kJ∙g−1)

2007 1568

P. auritus 627⁎ (0.80 and
5.5 kJ∙g−1)

2760 1890

P. auritus 504⁎ (0.79 and
4.84 kJ∙g−1)

1927 2270

P. auritus 519⁎ 2250 (at 15°C; BMR×2.5) 2000

P. auritus 550⁎ (0.80 and
6.54 kJ∙g−1)

2876 2000

P. auritus 518⁎ (0.779 and
5.92 kJ∙g−1)

2391 2051

Phalacrocorax sp 441⁎ 1913 2000

Phalacrocorax sp. 473⁎ 2052 ( 3.76 W) 2000

Phalacrocorax sp. 673 (0.7765 and
5.42 kJ∙g−1)

2832⁎ 2000

Phalacrocorax sp. 542⁎ 2352 (FMR) 2000

Phalacrocorax sp. 436⁎ 1891 (FMR=BMR×2.5) 2000

P. carbo sinensis 494⁎ 2144 (FMR=3.1W∙kg−1

(BMR)×4.0)
2000

P. carbo sinensis 539⁎ (0.7765 and
5.0 kJ∙g−1)

2094 (SD±174) 2122

P. penicillatus 434⁎ 1883 (RMR=10.9 W∙kg−1) 2000
P. aristotelis 426⁎ 1848 (5.28 W∙kg−1;

BMR×2.5)
1619

P. aristotelis 471⁎ 2043 (FMR=4.73W∙kg−1

(BMR)×4)
2000

P. auritus 594⁎ 2523 (@ (at 15°C; BMR×2.7)
(0.85 & 5.0 kJ∙g−1)

2000

P. auritus 480⁎ 2082 FMR=BMR
(4.59 W∙kg−1)×2.5

2100

Estimates of DFI or DEE provided in each study are in bold. Derived estimates of DFI or DE
identified by the first letter of literature source: A&PAschoff and Pohl (1970); HHennema
F&GFeltham and Davies (1996); E&GEllis and Gabrielsen (2002). 1 W=1 J∙s−1.
The objective of this paper is to summarize recent literature on DEE
andDFI in cormorants and shags to determine if there is a convergence
on methods, assess the magnitude of differences among methods and
point to common approaches for assessing DEE and DFI. It will provide
biologists andmanagerswith an overviewof the range ofmethods and
parameter values that lie behind estimates of population consumption
for this group of waterbirds. References to double-crested cormorants
(Phalacrocorax auritus) are made in different examples but considera-
tions of standard methods apply to all species.
gs (Phalacrocoracidae) based on bioenergetics, respirometry and doubly labelled water

Location Method Source

Atlantic coast, Norway Bioenergetic modelG

(3×BMR)
Barrett et al. 1990.

Barents Sea, Norway Bioenergetic
model—nesting seasonBF

Barrett et al. 2002

Barents Sea, Norway Bioenergetic
model—non-nesting seasonG

Barrett et al. 2002

Norwegian Sea,
Norway

Bioenergetic
model—nesting seasonBF

Barrett et al. 2002

Norwegian Sea,
Norway

Bioenergetic
model—non-nesting seasonG

Barrett et al. 2002

River Ribble, England Bioenergetic modelF&D Wilson et al. 2003
Atlantic coast, Norway Bioenergetic modelG Barrett et al. 1990

Barents Sea, Norway Bioenergetic
model—nesting seasonBF

Barrett et al. 2002

Barents Sea, Norway Bioenergetic
model—non-nesting seasonG

Barrett et al. 2002

Norwegian Sea, Norway Bioenergetic
model—nesting seasonBF

Barrett et al. 2002

Norwegian Sea, Norway Bioenergetic
model—non-nesting seasonG

Barrett et al. 2002

Lagoa dos Patos, Brazil Bioenergetic modelE&G Barquete et al. 2008

Lake Erie Bioenergetic modelBF; K Madenjian &
Gabrey 1995

Delta region,
Mississippi

Bioenergetic modelA&P; H Glahn & Brugger 1995

North Platte River,
Wyoming

Bioenergetic modelK Derby & Lovvorn 1997

Beaver Islands,
Lake Michigan

Bioenergetic modelBF; K Seefelt &
Gillingham 2008

Bride Lake,
Connecticut

Bioenergetic modelE&G Dalton et al. 2009

Literature summary Bioenergetic model Brit-Friesen
et al. 1989

Literature summary Bioenergetic
model—isotope turnover

Daan et al. 1991

Literature summary Bioenergetic
allometric model

Feltham & Davies 1996

Literature summary Bioenergetic
model—nesting season

Ellis & Gabrielsen 2002

Literature summary Bioenergetic
model—non-nesting season

Ellis & Gabrielsen 2002

Laboratory Respirometry Schmid et al. 1995

Lake Chiemsee, Germany Doubly labelled water Keller & Visser 1999

Laboratory Respirometry Ancel et al. 2000
Laboratory Respirometry Bryant & Furness 1995

Laboratory Respirometry Enstipp et al. 2005

Lake Huron, Michigan Respirometry,
regression modelH

Diana et al. 2006

Laboratory Respirometry Enstipp et al. 2006

E are marked with an asterisk (see Methods). Bioenergetic models used in studies are
nn (1983); KKendiegh et al (1977); BFBrit-Friesen et al. (1989); GGabrielsen (1994);
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Methods

Reports of DEE and DFI in cormorants and shagswere obtained from
the literature (Tables 1 and 2).Web-based searches also uncovered key
publications such as an earlier effort on this topic by the “Diet
Assessment and Food Intake Working Group” (Carss et al. 1997).
Estimates of either DEE (kJ∙day−1∙bird−1) or DFI (g∙day−1∙bird−1)
reported by each study were recorded and listed in Tables 1 and 2 in
bold. If study-specific estimates of assimilation efficiency and prey
energy density were used these value were also listed and used in
estimating DFI if DFI was not already estimated. Otherwise, an
assimilation efficiency of 0.80 and a prey energy density of 5.42 kJ∙g−1

were used in estimating DFI or DEE depending on which of these two
parameterswas provided in each study (see below; Feltham and Davies
1996, Carss et al. 1997). If only one or the other parameter were
provided, such as DFI only in studies employing the pellet/fish size
reconstruction and percent adult body weight methods, then study-
specific estimates of assimilation efficiency and prey energy density
were used or the default values listed above. For studies estimating
DFI by the pellet/fish size reconstruction or percent of adult body
weight methods, it was assumed that the estimate of consumption
(g∙day−1∙bird−1) included assimilation efficiency (0.80) along with a
prey energy density=5.42 kJ∙g−1.

To compare across studies, including estimates based on general
bioenergetic models, all estimates for either DEE or DFI were re-
calculated assuming assimilation efficiency was 0.80, prey energy
density was 5.42 kJ∙g−1 (recommended by Carss et al. 1997), and an
adult mass of 2000 g for general bioenergetic models. For studies
Table 2
Daily food intake (DFI) and daily energy expenditure (DEE) estimates for cormorants and sha
(A), and other methods (B).

Species Daily food intake (g∙day−1) Daily energy
expenditure (kJ∙day−1)

Body
mass (g)

(A) Pellet and fish size; percent adult body size
P. carbo 364 1578⁎ –

P. carbo 460 1995⁎ –

P. carbo 340–520 1474–2235⁎ –

P. carbo 295 1279⁎ –

P. carbo 371 (SD±284) 1609⁎ –

P. carbo sinensis 363 (95%CI, 275–452) 1574⁎ (95%CI,
1192–1960)

–

P. carbo sinensis 350–400 (May–Aug) 1518–1734⁎ –

P. carbo sinensis 423 (breeding); 238
(non-breeding)

1834⁎ breeding;
1032⁎ non-breeding

–

P. carbo sinensis 491 2129⁎ –

P. carbo sinensis 434 1882⁎ –

P. carbo sinensis 512 2220⁎ –

P. carbo sinensis 350–400 1518–1734⁎
P. carbo carboides 419 1817⁎ –

P. auritus 253 (95% CI 235–270) 1097⁎ –

P. auritus 400–500 1734–2168⁎ 2000
P. auritus 456 1977⁎ 2280

P. auritus 470 2038⁎ 1880

P. auritus 320 (0.80 and 4.6 kJ∙g−1) 1472⁎ 1885

B. Time budgets; temperature tags; balances
P. carbo 672⁎ (540–803)

(0.776 and 5.33 kJ∙g−1)
2779 3200

P. carbo carbo 809⁎ ♂ 3236 ♂ 3200 ♂
582⁎ ♀ (0.77 and 4 kJ∙g−1) 2327 ♀ 2300 ♀

P. carbo carbo 638 ♂ (±445) 2552⁎ ♂ 3200 ♂
450 ♀ (±373) 1,800⁎ ♀ (4 kJ∙g−1) 2300 ♀

P. carbo carbo 540 ♂ 1663⁎ ♂
390 ♀ (0.77 and 4 kJ∙g−1) 1201⁎ ♀

P. carbo sinensis 237⁎ ♂ 935 ♂ 2230
24 ⁎ ♀ (0.77 and 4 kJ∙g−1) 970 ♀

Estimates of DFI or DEE provided in each study are in bold. Derived estimates of DFI or DEE
reporting only DFI such as pellet-based or percent body weight
approaches, it was assumed that assimilation efficiency was included
in the estimate provided by the authors otherwise the estimate would
require an assumption of perfect assimilation of prey. Estimates for
males and females were treated separately where provided. Different
methods were compared based on means (±95% CI).

Assimilation efficiency

A number of studies on prey consumption in cormorants have
incorporated the grand mean of percent prey assimilation estimated
from feeding trials with double-crested cormorants (77.65% or 0.77;
Brugger 1993). This estimate is based on data from channel catfish
(Ictalurus punctatus, 0.797 and 0.786), gizzard shad (Dororsoma
cepedianum, 0.776) and bluegill (Lepomis macrochirus, 0.747) as
prey. In the absence of other data, this estimate had been
recommended as a parameter option for all cormorants and shags
by the Diet Assessment and Food Intake Working Group (Carss et al.
1997). The percent of prey assimilation by European shags (P.
aristotelis) was approximately 80% for two prey types (sandeel
(Ammodytes marinus); 80.99±1.14 SD; whiting (Merlangius merlan-
gus); 79.52±1.16 SD; Hilton et al. 2000). The mean and overall
standard deviation of the double-crested cormorant study (Brugger
1993; 77.65%±2.02) was used to construct a normal distribution
from which the probability of assimilation efficiency being between
0.78 and 0.82 was determined using the formula for the normal curve.
The same approach using data from the European shag study (Hilton
et al. 2000) was also used to determine the probability of assimilation
gs (Phalacrocoracidae) based on pellet analysis/fish size and percent adult body weight

Location Method Source

Lake Wolderwijd,
Netherlands

Pellets and fish size Noordhuis et al. 1997

Wadden Sea, Netherlands Pellet mass and fish size Leopold et al. 1998
Great Britain 17–26% body mass Kirby et al. 1996
Lake Vico, Italy Pellet mass Martucci 1997
Insubria Region, Italy Pellets and fish size Gagliardi et al. 2007
Lakes Wolderwijd and
Veluwemeer, Netherlands

Pellets and fish size Dirksen et al. 1995

Vistula Lagoon, Poland Pellets and fish size Stempniewicz et al. 2003
Baltic coast, Estonia Pellet mass;

literature value
Eschbaum et al. 2003

Schwedt, Germany Pellets and fish size Wolter & Pawlizki 2003
Northern Adriatic Sea Pellets and fish size Privileggi 2003
Lake Ymsen, Sweden Pellets and fish size Engström & Jonsson 2003
Saxony, Germany Pellet mass Seiche 2003
Gippsland lakes, Australia Pellets and fish size Coutin & Reside 2003
Lake Erie, Ohio Pellet mass Burr et al. 1999
Literature summary 20–25% body mass Hatch & Weseloh 1999
Oneida Lake, New York 20% body mass and

pellet content
VanDeValk et al. 2002;
Rudstam et al. 2004

Little Galloo Island,
Lake Ontario

25% body weight Johnson et al. 2002

Lake Erie 20% body mass;
Hatch & Weseloh 1999

Hebert & Morrision 2003

Loch Leven, Scotland Time energy budget;
pellets & and fish size

Grémillet et al. 2003;
Stewart et al. 2005

Chausey Islands, France Time energy budget,
nesting season

Grémillet et al. 2000

Chausey Islands, France Stomach temperature Grémillet et al. 2000

Chausey Islands, France Automatic balance Grémillet et al. 2000,
1999; Grémillet 1997

Lake Selent, Germany Time energy budget
during nesting;
respirometry

Grémillet et al. 1995

are marked with an asterisk (see Materials and methods).



Fig. 1.Metabolic rate (3.5∙BMR) of chicks (W∙kg−1) based on the bioenergetic model of
Ellis and Gabrielsen (2002; eq. 11.5, p. 370). The horizontal lines represent±1 SD
(±0.51) of themean BMR of adult double-crested cormorants (4.59W∙kg−1; Enstipp et
al. 2006). 1 Watt=1 J∙s−1.

96 M.S. Ridgway / Journal of Great Lakes Research 36 (2010) 93–99
efficiency being between 0.78 and 0.82. The probability that
assimilation efficiency is 0.85, as suggested in some studies (Barrett
et al. 1990, Diana et al. 2006), was also assessed based on the above
data distributions.

Chick DEE and DFI

Consumption by chicks has been based on bioenergetic models
(Madenjian and Gabrey 1995) or empirical DFI estimates (Fowle
1997, Rudstam et al 2004). Models of chick growth and DEE were
drawn from the literature and compared to empirical estimates. The
equation from Derby and Lovvorn (1997), based on Dunn (1975), was
used to model chick growth:

M = MASM � exp − 4e−0:09N
� �

ð1Þ

where N is chick age in days, M is mass (g) and MASM is asymptotic
mass (g) of fledglings. For the North Channel, Lake Huron, mass at
fledging averaged 1651 g∙bird−1 over 2 years (1612 g SD ±242 in
2006; 1691 g SD ±255 in 2007; Chastant 2008) so MASM was set at
1900 g (approximately 1 SD above mean fledging mass (1651 g) and
5% below adult mass). Chickmass was used in three allometricmodels
of chick DEE employed in three studies (Derby and Lovvorn 1997,
Grémillet et al. 2000, Ellis and Gabrielsen 2002). Growth estimates
and consumption were extended to 40 days because model-based
chick mass was approximately 1700 g by that time. The models are:

DEE = 5:665M0:814 ð2Þ

with mass, M (g), and DEE in kJ∙day−1 (Kendeigh et al 1977, after
Derby and Lovvorn 1997).

BMR = 3:201M0:719 ð3Þ

with mass, M (g), and BMR in kJ∙day−1 based on model 11.5, in Ellis
and Gabrielsen (2002, p. 370). DEE was based on 3.5∙BMR to better
reflect higher FMR:BMR ratios (Field Metabolic Rate:Basal Metabolic
Rate; Ellis and Gabrielsen (2002, Table 11.5).

RMR = 0:0563M0:7427 ð4Þ

with mass, M (g), and RMR (Resting Metabolic Rate) in Watts (J∙s−1)
for the great cormorant (Grémillet et al. 2000). DEE was converted
from W to kJ∙day−1 and based on 2.0∙RMR. A common assimilation
efficiency (0.80, see below) and prey energy density (5.42 kJ∙g−1)
were used in estimating DFI for all three models.

To further assess the match between the bioenergetic model (Ellis
and Gabrielsen 2002) and laboratory-based respirometry of BMR for
double-crested cormorants, the DEE of cormorant chicks from the
bioenergetic model were converted to W∙kg−1 and plotted against
adult double-crested cormorant BMR from respirometry experiments
(4.59 W∙kg−1 1SD=±0.59; Enstipp et al. 2006).

Results and discussion

Assimilation efficiency

Based on variation in the grand mean from Brugger (1993), the
probability of assimilation efficiency falling between 0.78 and 0.82 is
0.42. The probability that assimilation efficiency for the European
shag falls within the same range is 0.81 for consumption of sandeel
and 0.89 for whiting (based on Hilton et al. 2000). An assimilation
efficiency of 0.80 is a reasonable possibility from the Brugger (1993)
study and represents a parameter value in line with other studies
focusing on population scale consumption in cormorants and other
seabirds (Barrett et al. 2006). Assimilation efficiency close to 0.8 for
two prey species was observed in the Brugger (1993) study with
bluegill providing the only low estimate (0.75). The probability that
assimilation efficiency is 0.85 is well below 1% based on data from
both Brugger (1993) and Hilton et al. (2000).

Chick DEE and DFI

The mass of chicks on day 1 from the growth model was 49.1 g.
This is close to the observed mass for new double-crested cormorant
chicks (eyes closed) in the North Channel, Lake Huron (43.4 g SD±
7.4; Chastant 2008) and eastern Lake Ontario (46.8 SD±11.5;
Chastant 2008).

All estimates of DFI for chick growth are in close agreement. The
mean DFI based on empirical studies of chick growth are: (1)
357 g∙day−1 (range: 300–415 g∙day−1 over 30 days; P. carbo sinensis;
Platteeuw et al. 1995); (2) 327 g∙day−1 (P. auritus; Fowle 1997), and
(3) 333 g∙day−1 (P. auritus; Coleman and Richmond unpubl.; cited in
Rudstam et al. 2004). The following estimates of mean DFI after
40 days for the different bioenergetic models were: (1) 338 g∙day−1

(Ellis and Gabrielsen 2002); (2) 332 g∙day−1 (Kendeigh et al. 1977),
and (3) 346 g∙day−1 (Grémillet et al. 2000). For the Laurentian Great
Lakes, similar DFI estimates are provided by both the empirical
estimate of DFI for double-crested cormorant (327 g∙day−1) and the
bioenergetic model estimate (338 g∙day−1 ; Ellis and Gabrielsen 2002,
p. 370).

There is confirmation of the utility of the general bioenergetic
model of Ellis and Gabrielsen (2002) through comparison with BMR
estimates stemming from respirometry experiments on double-
crested cormorants (Enstipp et al. 2006). From a relatively high
value early in nesting, chick DEE converges to well within the adult
BMR estimate after 30 days once chicks reach approximately 1400 g
(Fig. 1). Given this match, the chick growth model (Derby and
Lovvorn 1997) and the bioenergetic model (Ellis and Gabrielsen
2002) can provide estimates of DFI on a per week basis for chicks that
do not reach the fledging stage. Assuming assimilation efficiency of
0.8 and prey energy density of 5.42 kJ∙g−1 then chick DFI in weeks 1
through 4 are 82, 202, 332 and 433 g∙day−1, respectively.

Adult DEE and DFI

At a minimum, there are 41 studies providing at least 48 estimates
of either DEE or DFI (or both) in cormorants and shags. The studies
represent a continuing diversity of methods that confronted biologists
more than a decade ago (Carss et al. 1997; Tables 1 and 2). A further 5
estimates can be added using general functions relating either BMR or
FMR to body mass in birds (Table 1; e.g., Feltham and Davies 1996,
Ellis and Gabrielsen 2002). The pellet/fish size reconstruction method
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and percent body weight method were used for 18 estimates
(Table 2), bioenergetic models were used in 17 estimates (Table 1),
physiological experiments (respirometry or doubly labelled water)
produced 7 estimates (Table 1), activity time budget produced 3
estimates (respirometry experiments to derive time energy budgets
were not included in the bioenergetic category), and other methods
such as automatic balances or stomach temperature recordings
resulted in 2 estimates (Table 2). All methods continue to be
represented in the literature well after the report by the “Diet
Assessment and Food Intake Working Group” in Europe (Carss et al.
1997).

For all estimates based on bioenergeticmodels and respirometry the
mean DFI was 567 g∙day−1 (Table 1; N=25; 95% CI, 508–626 g∙day−1)
and DEE was 2472 kJ∙day−1 (95% CI, 2218–2726 kJ∙day−1). Excluding
studies with birds greater than 3 kg, the mean DFI was 517 g∙day−1

(N=21; 95% CI, 480–554 g∙day−1; SD=±81.1) and DEE was
2253 kJ∙day−1 (95% CI, 2097–2409 kJ∙day−1; SD=± 343.2).

All pellet-based estimates and percent body weight estimates
appeared to be on adult cormorants and shags less than 3 kg. The
mean DFI based on these methods was 395 g∙day−1 (Table 2; N=19;
95% CI, 358–432 g∙day−1) and mean DEE was 1732 kJ∙day−1 (95% CI,
1576–1888 kJ∙day−1). Time energy budget methods with males and
females considered separately produced a mean DFI of 537 g∙day−1

(Table 2; N=7; 95% CI, 435–639 g∙day−1) and mean DEE of
2495 kJ∙day−1 (95% CI, 1962–3028 kJ∙day−1). Of the two major
approaches to estimating DEE and DFI in cormorants and shags,
bioenergetic models and respirometry produced higher estimates
than the pellet method and percent body weight method.

While some estimates of DFI fell within the 20–25% of adult body
weight rule outlined in the most recent species summary for the
double-crested cormorant (Hatch andWeseloh 1999), the confidence
intervals for the pellet and percent adult weight methods were 17.9–
21.6% of adult body weight (i.e., 2000 g). Confidence intervals for the
bioenergetic and respirometry methods were 24.0–27.7% of adult
weight. Guidelines regarding percent body weight as a measure of DFI
are currently too broad and do not reflect the actual range of values
found in the literature. Since small changes in per capita consumption
parameters, such as assimilation efficiency, can have large conse-
quences when extrapolated to population levels of consumption then
choosing a DFI from a possible range of values is not recommended.

Use of percent body weight is an implied bioenergetic rule for
endotherms so perhaps these data belong in the bioenergetic model
category. There is an implied incorporation of assimilation efficiency
within any DFI based on percent body weight. The overall DEE
stemming from this assumption, once assimilation efficiency (=0.80)
is accounted for, will be lower than estimates of DEE from
bioenergetic models. This is a limitation of the pellet method that,
along with known biases regarding differential digestion of fish
calcified tissue (e.g., otoliths) and assumed daily pellet production
rates, compound the problems of using this method to estimate DFI
(Feltham and Davies 1996, Carss et al. 1997).

Assumptions about assimilation efficiency were shown to have
consequences registered in t∙day−1 when DFI was extrapolated to the
population level. Relative differences between the two most common
methods can result in similar differences in DFI at the population
level. Comparing the mean estimates of DFI for the pellet and fish size
/ percent body mass method (395 g∙day−1) versus the bioenergetic
model/respirometrymethod (517 g∙day−1), results in a net difference
of 122 g∙day−1. The carrying capacity for nesting double-crested
cormorants for the North Channel, Lake Huron, was 11,445 nests
(with alewife present; Ridgway et al. 2006). Assuming a juvenile
population at 20% of nesting adults and that 75% of the adult and
juvenile population forages on the North Channel each day, then a
122 g∙day−1 difference between methods translates into approxi-
mately 2.5 t∙day−1 of prey consumption accounted for simply by
means of the method employed in estimating DFI.
The advantage of using bioenergetic models is their capacity to
accommodate site-specific prey energy densities, a large literature for
models relating energy expenditure to body size that stem from
theory (Brown et al. 2004), and relative consistency in parameter
estimates. As an example of consistency, Hennemann's (1983) model
relating oxygen consumption in double-crested cormorants at 15°C
results in a DFI of 539 g∙day−1 (assimilation efficiency=0.80; prey
energy density=5.42 kJ∙g−1; FMR=2.5∙(BMR)) which is close to
542 g∙day−1 from Ellis and Gabrielsen (2002) under similar assump-
tions. With conversion, Hennemann’s (1983) model results in a BMR
of 5.41 W∙kg−1 which is higher than the more current BMR for
double-crested cormorants of 4.59 W∙kg−1 (Enstipp et al. 2006).

Efforts at standardizing methods for estimating DEE and DFI in
cormorants have been attempted in the past (Feltham and Davies
1996, Carss et al. 1997). There is still a diversity of approaches used in
estimating these parameters with some convergence on bioenergetic
models as a method of choice. Different approaches are needed for
different questions. Time energy budgets are useful for estimating
differences between males and females in nesting activities or for
allocating costs to different activities that may change across broad
areas depending on cormorant behaviour and prey composition
(Gremillet et al. 2000, Enstipp et al. 2007). Differences in foraging
costs will be particularly acute when incorporating site-specific prey
energy densities stemming from differences in local fish assemblages.

There is a diversity of approaches even within categories such as
bioenergetic models as well as within regions such as the Laurentian
Great Lakes (Johnson et al. 2002, Diana et al. 2006, Seefelt and
Gillingham 2008) and European sites (Gremillet et al. 2003, Stewart et
al. 2005).When scaled-up, this inconsistency in per capita consumption
parameters can lead to real differences in population levels of
consumption. Settling on a common approach is important for
addressing ecological effects of double-crested cormorants in aquatic
food webs, in the case of the Laurentian Great Lakes, or for other
cormorant species in other locations (Harris et al. 2008). Based on the
literature reviewand resultspresented in this paper, I offer the following
recommendations for estimating DFI and DEE at the population level:

(1) An assimilation efficiency of 0.80 to be consistent with the
larger literature on consumption by seabirds as well as more
recent findings on Phalacrocorax sp. (Hilton et al. 2000);

(2) Prey energy density of 5.42 kJ∙g−1 (consistent with Carss et al.
1997; otherwise site-specific or literature-based values);

(3) DFI for chicks of 327–338 g∙day−1 (lower estimate empirical;
upper estimatebioenergeticmodel) basedon thematchbetween
double-crested cormorant BMR (Enstipp et al. 2005) and model
11.5, 3.5∙(BMR), in Ellis and Gabrielsen (2002, p. 370);

(4) DFI for adults during the nesting period based onmodel 11.13 for
FMR, in Ellis and Gabrielsen (2002, p. 388), FMR =16.69·m0.651

with mass (m) in grams and FMR in kJ∙day−1. There can be an
adjustment for latitude usingmodel 11.14, in Ellis andGabrielsen
(2002, p. 392), FMR =9.014. ·m0.655·[exp10 (latitude)0.0048,
again with mass (g) and FMR in kJ∙day−1.

(5) DFI for adults during the non-nesting season (before nest
construction and after fledging; summer and fall) based on
lower DEE presented in model 11.5, FMR=2.5∙(BMR), in Ellis
and Gabrielsen (2002, p. 370).

The ideal study of cormorant prey biomass consumption would
include estimates of site-specific prey composition, site-specific prey
energy density, doubly labelled water as a tool for field estimates of
metabolic rate and therefore prey demand (preferably on males and
females of different size and reproductive state), and density
estimates incorporating detection biases to arrive at defensible
population sizes in the area of study (preferably on a seasonal
basis). This has not been achieved to date. Until such a
comprehensive study is completed, biologists and managers in
areas like the Laurentian Great Lakes must use a consistent
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approach for estimating prey biomass consumption. With only nest
counts in hand, as in many locations in the Great Lakes basin, one
approach would be to incorporate the recommended assimilation
efficiency, prey energy density and assume an adult mass of 2000 g
for estimating per capita consumption. Based on this review, a per
capita consumption by adults of 542 g∙day−1 bird−1 in the nesting
season and 436 g∙day−1 bird−1 in the non-nesting season are
recommended (Table 1). Data on egg counts in nests within the
region of interest or from other sites in the Great Lakes basin would
provide basic data on chick production given an assumed hatching
rate and chick survival. Together, this information would provide
DFI for adults and chicks in the nesting season as well as outside the
nesting season. The larger assumption in prey biomass consumption
in areas like the Great Lakes basin is whether the presumed
densities of cormorants present in the nesting season are also
present after fledging during summer and fall periods. This question
is distinct from the assumptions of per capita consumption but
looms as an important consideration.
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