
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

The dynamics of gastric evacuation in predatory fish: A mechanistic model of gastric
evacuation – development and applications in fish and fishery biology

Andersen, Niels G.

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Andersen, N. G. (2022). The dynamics of gastric evacuation in predatory fish: A mechanistic model of gastric
evacuation – development and applications in fish and fishery biology. DTU Aqua.

https://orbit.dtu.dk/en/publications/7cea3b2d-aa46-4d4e-acb0-694a063e2673


By Niels G. Andersen

The dynamics of gastric evacuation in predatory fish 

DTU Aqua

National Institute of Aquatic Resources

A mechanistic model of gastric evacuation – development and
applications in fish and fishery biology

Doctoral Thesis





The dynamics of gastric evacuation 
in predatory fish 

A mechanistic model of gastric evacuation – development and 
applications in fish and fishery biology 

Niels G. Andersen 

2022 

___________________________________________________________________________ 

Doctoral Thesis 
Technical University of Denmark 

National Institute of Aquatic Resources 

___________________________________________________________________________ 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Title: The dynamics of gastric evacuation in predatory fish 

A mechanistic model of gastric evacuation – development and 
applications in fish and fishery biology 

 
Author: Niels G. Andersen 
 
Year: 2022 
 
Reference: Niels G. Andersen: The dynamics of gastric evacuation in predatory fish. A 

mechanistic model of gastric evacuation – development and applications in fish and 
fishery biology. Doctoral Thesis. 2022. National Institute of Aquatic Resources, 
Technical University of Denmark. 132 pp. 

 
Front cover: The illustration shows some relevant marine predatory fishes together with a central 

aspect of the cylinder model of gastric evacuation. The fish pictures are obtained 
with permission from Kirsten Hjørne, Naturporten.dk 

 
Published by:  Technical University of Denmark, National Institute of Aquatic Resources, 

Kemitorvet, Bygning 202, 2800 Kgs. Lyngby, Denmark 
Ph.  + 45 35 88 33 00 
E-mail:  aqua@aqua.dtu.dk 
Web:  www.aqua.dtu.dk  

 
Print: Step Print Power 
 
ISBN: 978-87-7481-341-5 (printed version) 
 978-87-7481-342-2 (web version) 
 





    



v 
 

 
 
 
 
Contents 
___________________________________________________________________________ 
 
 
Preface         ix 
 
Summary         xi 
 
Resumé       xiii 
 
1   Why do we need detailed knowledge on gastric evacuation?       1 
 
 
I   Mechanistic modelling of gastric evacuation rate (GER)      7 
 
2   Development of the cylinder model         9 
     2.1   The stomach of predatory fish    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .      9 
     2.2   Previous attempts to describe GER  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    10 
     2.3   Observational foundation and inspiration  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    15 
     2.4   The basic principles of the cylinder model   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    18 
     2.5   Coping with contents of more prey types  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    20 
     2.6   Evacuating heterogeneous prey – the two-stage model  .  .  .  .  .  .  .  .  .    23 
     2.7   Predator size, temperature and expanded rate parameter   .  .  .  .  .  .  .  .    25 

                  Predator size   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    25 
                  Temperature   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    26 
                  Fully expanded rate parameter  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    28 
     2.8   Summary .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    28 
 
3   Data acquisition and parameter estimation      31 
     3.1   Laboratory experiments on GER   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    31 
                 Introduction  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    31 
                 Acquisition of fish and prey    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    33 
                 Acclimation of the fish   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    34 
                 Performing a basic experiment  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    36 
     3.2   Parameter estimation    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    39 
                 The general power function    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    39 
                 The cylinder model  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    39 
     3.3   Parameter estimates   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    43 
                 Predator size    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    43 
                 Temperature  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    44 
                 Prey energy and resistance   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    45 
                 Heterogeneous prey  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    48 
     3.4   Summary  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    50 
 
 



vi  Contents 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

4   Examination and falsification of the cylinder model     53 
     4.1   Examination of some inherent model features    .  .  .  .  .  .  .  .  .  .  .  .  .    53 
                 Stomach shape   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    53 
                 Stomach length – the predictor of GER across predator species  .  .  .    55 
                 Heterogeneous prey – the two-stage model    .  .  .  .  .  .  .  .  .  .  .  .  .    56 
     4.2   Model prediction of mixed meals  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    58 
                 Introduction  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    58 
                 Prey size    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    59 
                 Prey resistance to the digestive processes    .  .  .  .  .  .  .  .  .  .  .  .  .  .    60 
                 Prey energy density  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    61 
                 Prey shape – is a modification of the cylinder model needed?  .  .  .  .    63 
     4.3   Model prediction of multiple meals  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    66 
                 Introduction  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    66 
                 A double meal experiment   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    67 
     4.4   Summary  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    71 
 
 
II  Applications in fish and fishery biology      73 
 
5   Diet composition and food consumption rate      75 
     5.1   Introduction    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    75 
     5.2   Diet composition and its scaling to meet energy requirement  .  .  .  .  .  .    76 
     5.3   Food consumption rates estimated by the GER approach  .  .  .  .  .  .  .  .    78 
                 Rationale    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    78 
                 Stomach content information   .  .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    80 
                 Some pitfalls when estimating food consumption rates  .  .  .  .  .  .  .  .    83 
     5.4   Summary  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    86 
 
6   Feeding dynamics and small-scale species interactions     89 
     6.1   Introduction   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    89 
     6.2   Estimating ingestion times of individual prey in a stomach .  .  .  .  .  .  .    90 
                 Principle  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    90 
                 Error and bias considerations  ..  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    93 
     6.3   Case study on species interaction in a stratified water column .  .  .  .  .    95 
     6.4   Summary .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  100 
 
7   Dimensioning of assimilative capacity    101 
     7.1   Introduction   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  101 
     7.2   A new concept of assimilative capacity  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  102 
     7.3   Estimation of SMAX and CMAX from stomach content data .  .  .  .  .  .  .  .  102 
                 SMAX and its allometry  .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  102 
                 CMAX and its allometry   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  103 
     7.4   Scope and prevalence of hyperphagia  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  105 
                 Factorial hyperphagic scope .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  105 
                 Prevalence of hyperphagia    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  107 
                 Foraging strategy   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  109 
     7.5   Summary .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  110 
 
 
 



Contents  vii 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

8   Perspectives      113 
     8.1   The model   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  113 
                 Small heterogeneous fish prey and invertebrate prey  .  .  .  .  .  .  .  .  .  113 
                 Stomach length   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  114 
                 Temperature  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  114 
                 Dissolved oxygen  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  115 
                 Limitations – prey numbers and prey size .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  116 
                 A paradox? .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  117 
     8.2   Applications   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  117 
 
 

Bibliography      119 
 
 



    



ix 
 

 
 
 
 
Preface 
___________________________________________________________________________ 
 
 
This thesis is a synthesis of a part of my work during more than two decades at DTU Aqua. It 
is partially elaborated as a textbook with more details than strictly necessary for a thesis that 
synthesizes the contents of included papers. Through my teaching I realized that there is a 
need for updated teaching resources covering the research area of the thesis. I did the 
experimental work with predatory fish at our laboratory facilities in Hirtshals, which have a 
unique location with easy access to high-quality seawater for the experiments as well as to 
vessels for local sampling of a diversity of biological materials. I wish to thank the technical 
staff for their help with keeping of fish, experiments and analyses of biological materials. I 
also thank the crew onboard the institute’s vessels for valuable help with sampling of 
predatory fish and prey for the experiments. Special thanks goes to the technicians Niels 
Jørgen Thomsen, Dorthe Frandsen and Ole Madvig Larsen for long-lasting assistance in my 
different projects. Further, I am thankful to Svend Aage Larsen and Gunnar Vestergaard in 
the workshop for unique help with establishment of comprehensive laboratory facilities for 
my purpose in Hirtshals. My former close colleague Jørgen Riis-Vestergaard taught me the 
value of due diligence and detailed logistic planning for which I am grateful. I want to thank 
Jorge dos Santos and Malcolm Jobling for sharing their gastric evacuation data with the 
scientific community. Scrutiny of their data formed the basis of my thoughts that eventually 
led to the work presented in the thesis. I thank the section leaders Poul Degnbol, Helge 
Thomsen, Henrik Mosegaard, Stefan Neuenfeldt and Karen Edelvang for supporting my 
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Summary 
___________________________________________________________________________ 
 
 

Predators’ food choice and capacity for food digestion and assimilation is a key element in 
their physiology and central for our understanding of their role in the ecosystem. The 
biologists have long recognized the importance of food competition and inter- and 
intraspecific predation for the dynamics of fish communities. They have therefore developed 
multispecies models for fish stock assessment to quantify the interaction strength between 
predators and prey, and accurate estimates of predation rates are of central importance. The 
predation rates are usually estimated from information about the amount and species 
composition of the contents of sampled stomachs of predatory fish by use of models that 
describe the digestion and gastric evacuation rates of the contents. A considerable 
internationally coordinated effort has therefore been invested in sampling and analyses of 
stomach contents. 

In contrast, research on gastric evacuation dynamics has been sparse, and established 
models to describe evacuation rates are in consequence disparate. Based on observed patterns 
of evacuation rate from historic data corroborated by results from follow up experiments, the 
mechanistic cylinder model of gastric evacuation presented in this thesis was therefore 
developed. Inherent in the model are rules for the primary and interactive effects of relevant 
prey characters as well as the effects of predator size and temperature. The parameters of the 
models were estimated from evacuation rate data obtained from an extensive range of 
laboratory experiments on marine predatory fish, where the model proved its generic value. 
Subsequent laboratory tests confirmed the ability of the model to accurately predict the 
course and rate of gastric evacuation in more complex scenarios of meal composition and 
feeding pattern relevant for predatory fish under natural conditions. 

Hence the development of the cylinder model constitutes a significant step towards a 
better understanding of the dynamics of gastric evacuation in predatory fish. The model 
framework provides a versatile tool that, for the first time, accurately describes the 
evacuation of the individual prey from the stomach and predicts their ingestion times. 
Implementation of the model in fishery and ecological research should therefore significantly 
improve the quantification of predator-prey interaction strength in general and facilitate 
studies on feeding dynamics and small-scale species interactions. The model further allows 
for identification of the upper limit of the assimilative capacity in wild predatory fish leading 
to the development of a new concept of assimilative capacity. This new concept has profound 
implications for parameterization of functional responses in food web models leading to a 
more realistic description of predator-prey interactions. 
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Resumé 
___________________________________________________________________________ 
 
 

Rovdyrs fødevalg og kapacitet til at fordøje og assimilere føden er nøgleelementer i deres 
fysiologi og af central betydning for vores forståelse af deres rolle i økosystemet. Biologerne 
har længe erkendt vigtigheden af fødekonkurrence og prædation for fiskesamfundenes 
dynamik. De har derfor udviklet flerartsmodeller for at kunne kvantificere samspillet mellem 
rov- og byttefisk i deres bestandsanalyser. Her er input af korrekte tal for prædationsrater af 
afgørende betydning. Prædationsrater estimeres sædvanligvis ud fra information om mængde 
og artssammensætning af indholdet i indsamlede maver fra rovfisk ved at bruge en model, 
der beskriver fordøjelses- og udtømningsraten af maveindholdet. En betragtelig internationalt 
koordineret indsats er derfor gennem tiden investeret i indsamlinger og laboratorieanalyser af 
maveindhold. 

I modsætning hertil har forskningen i mavetømningsdynamik været sparsom, og 
etablerede modeller til at beskrive mavetømningsrater som følge heraf uforenelige. Baseret på 
observerede udtømningsmønstre ud fra historiske data og underbygget af resultater fra 
opfølgende mavetømningsforsøg udvikledes derfor den mekanistisk baserede cylinder model, 
som præsenteres i afhandlingen. Iboende i modellen er der regler for de primære og 
interaktive effekter af relevante karaktertræk hos byttedyrene samt effekterne af rovfiskens 
størrelse og temperatur. Modellens parametre blev estimeret fra mavetømningsdata opnået 
gennem omfattende laboratorieforsøg på en række marine rovfisk, hvor modellen viste sin 
generiske værdi. Efterfølgende laboratorietests bekræftede modellens evne til korrekt at 
forudsige mavetømningen i mere komplekse scenarier mht. fødeindtagelse og 
sammensætning af maveindhold, der er relevante for rovfisk under naturlige forhold. 

Udviklingen af cylindermodellen udgør således et vigtigt skridt mod en bedre forståelse af 
dynamikken i mavetømning hos rovfisk. Modelrammen er et alsidigt værktøj, som for første 
gang korrekt beskriver udtømningen af de enkelte byttedyr fra maven og forudsiger deres 
indtagelsestidspunkter. Implementering af modellen i fiskeri- og økologisk forskning vil 
derfor i væsentlig grad forbedre den generelle kvantificering af interaktionerne mellem 
rovfisk og deres bytte samt fremme studier af fødedynamik og artsinteraktioner på lokal 
geografisk skala. Desuden muliggør modellen identifikation af den øvre grænse – og 
udvikling af et nyt koncept – for den assimilative kapacitet hos vilde rovfisk. Dette nye 
koncept har en grundliggende betydning for parametrisering af funktionel respons i fødenet- 
og økosystemmodeller, hvilket vil føre til en mere realistisk beskrivelse af interaktioner 
mellem rovfisk og deres bytte. 
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Chapter 1 
 
Why do we need detailed knowledge on gastric 
evacuation? 
___________________________________________________________________________ 
 
 
The potential importance of food competition and inter- and intraspecific predation for the 
dynamics of freshwater and marine fish communities and the management of fisheries has 
long been recognized by biologists (e.g. Brook 1885, Smith 1890, Todd 1907). These 
interactions may significantly affect recruitment, growth, and natural mortality, which form 
the vital population rates. Estimates of the food consumption and predation rates of marine 
fish are usually obtained from data on the amount and prey composition of contents in 
sampled predator stomachs using a gastric evacuation rate (GER) model. 

Development of mathematical multispecies models for estimation of the interaction 
strength started early in the twentieth century (Lotka 1925, Volterra 1926, 1928). However, 
the biologists involved in fishery advice generally did not find predator-prey interactions 
important in stock assessment. In the early years changes in fishery strategy were not 
believed to lead to significant changes in the composition of fish populations (cf. Daan 1973), 
and later on the interactions were considered unimportant compared to the effect of fisheries 
(cf. Sparholt 1996). Single-species models introduced in the 1950s (e.g. Schaefer 1954, 
Beverton & Holt 1957) were consequently implemented in the stock assessment work using 
the so-called Virtual Population Analysis (VPA) introduced by Gulland (1965). It is a cohort 
modelling technique, where historical numbers of individuals by age of a fish stock are 
reconstructed using information about mortality split into fishery and (fixed) natural 
mortality. 

Concurrently with the progressively improved fishing methods during the 1960s, the 
North Sea populations of mackerel and herring rapidly decreased while the density of other 
species like Norway pout, sandeel, sprat and saithe increased (Richards et al. 1978). 
Regardless of whether this negative correlation was caused by species interactions, it was one 
of the occurrences that inspired Andersen & Ursin (1977) to establish the mechanistic North 
Sea Model in order to quantify the interactions between all the different components of the 
ecosystem. The model included an extension of the Beverton & Holt single-species model to 
a multi-species model of fish species interaction and competition. Although many of the 
developed concepts were well suited to explore causal relationships, numerous assumptions 
and parameter guestimates made it unfit as an assessment tool. 

At the same time, based on similar observations, an increasing number of fishery 
biologists recognized the need for considering species interactions in stock assessment (Daan 
1973). This led Pope (1979) and Helgason & Gislason (1979) to combine the Single-Species 
VPAs with predation into a Multi-Species VPA (MSVPA). Here, the predation mortality is 
estimated together with the fishing mortality, which means that the prey composition in the 
diet and the food consumption rate of the predators are needed to run the model. It is assumed 
that predator-specific food consumption rates and preferences for individual prey species 
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(‘suitability’ of the prey – a concept inherited from the North Sea Model) are constant over 
time. In addition, a forecast model MSFOR was developed to predict the future population 
size and age structure of the commercial fish species for quoted values of fishing mortality 
(Sparre 1980, Gislason & Sparre 1987). 

Fishery advisors and managers have in general been reluctant to implement multispecies 
models as the primary method of assessing marine fish stocks. The high data demand of these 
models and the generally poor knowledge about the ecological characteristics (e.g. diet 
composition, population size, spatial distribution and vital rates) of many species, in 
particular non-target species, have been considered an insurmountable barrier (Hunsicker et 
al. 2011). 

However, it has increasingly been realised that ecosystem-based approaches to fishery 
management are needed to ensure a sustainable harvesting of the marine resources while 
maintaining the integrity of the ecosystems (Link 2010). In pace with this acknowledgement, 
a growing number of multi-species and ecosystem models ranging from minimalistic over 
food web to end-to-end models provides valuable insights into marine predator-prey 
dynamics (e.g. Moustahfid et al. 2009, Fulton 2010, Garrison et al. 2010, Hollowed et al. 
2011, Andersen et al. 2016a). The minimalistic as well as the more complex and extensive 
modelling frameworks are useful to explore the possible consequences of different 
management strategies for the ecosystem in general. On the other hand, MICE models 
(Models of Intermediate Complexity for Ecosystem assessments) like the extended single-
species models (Hollowed et al. 2000) and multispecies models are valuable to directly 
address tactical questions related to trade-offs in the yield between specific important 
predators and prey (Plagányi et al. 2014). 

The International Council for Exploration of the Sea (ICES) holds a permanent working 
group on multispecies assessment models (in recent years called WGSAM) established in the 
early 1980s. The natural mortalities by age and year from these models are used at present in 
the annual assessments for several fish stocks like cod (Gadus morhua) and herring (Clupea 
harengus) in the North Sea, and cod in the Baltic Sea. ICES is however still struggling to use 
the multispecies models for “where it matters”, i.e. in calculation of biological reference 
points like the maximum sustainable yield Fmsy and the corresponding biomass Bmsy. This has 
only been accomplished for cod in the Barents Sea and haddock stocks (e.g. ICES 2021). 

Acquisition of accurate estimates of diet composition and food consumption rates of the 
predators is necessary to obtain reliable results from the multispecies models. Data on amount 
and prey composition of the contents in fish stomachs have been collected for many years 
because predation and food are crucial factors affecting the functioning of aquatic ecosystems 
and the life of fish in general (e.g. Brook 1885, Todd 1907, Blegvad 1917, Hynes 1950). 

To provide usable input to the multispecies models, sampling of predator stomachs should 
be representative of the entire piscivorous part of the population and cover all seasons of the 
year. Laboratory analyses of the stomach contents should furthermore be performed so that 
the consumption rates of individual prey species can be properly estimated from the data by 
use of a gastric evacuation rate (GER) model. Daan (1973) did a pioneering work on 
sampling of stomachs from cod in the North Sea, and he was one of the initiators of the 
international stomach sampling project within the framework of ICES. The project covered 
the major fish predators in international surveys undertaken in 1981 – and repeated in 1991 
not least to test the assumption about constant suitability of the different prey species in 
another prey setting. Additional stomach sampling has been performed for some of the 
predator species in the intervening and following years. Likewise, multispecies models have 
been developed and stomachs sampled in the Baltic Sea (Sparholt 1995, Kulatska et al. 
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2018), the Barents Sea (Bogstad & Filin 2011) and elsewhere (references in Plagányi et al. 
2014). 

The average food intake is usually estimated from data on stomach contents using a gastric 
evacuation rate (GER) model. The rationale used is that the total mass of food consumed by a 
fish over a period is equal to the total mass evacuated plus the difference between the masses 
of the contents (𝑆𝑆T − 𝑆𝑆0) at the end and start of the period (Figure 1.1). For a long period, 
this difference becomes insignificant compared to all the consumed and evacuated food, and 
the average food consumption rate is thus considered equal to the average GER (e.g. 
Pennington 1985). Ideally, data on total and prey-specific masses in stomachs of individual 
predatory fish representative of the population over time are converted to current GERs. The 
averages of these GERs then provide the average consumption rates (total as well as prey-
specific). A critical assumption to obtain unbiased estimates from this approach is that GER 
can be described solely as a function of the current mass of stomach contents, and in 
particular independently of meal size (Pennington 1985). 
 

 

                  
 
Figure 1.1. The temporal dynamics of total mass of stomach contents 𝑆𝑆𝑡𝑡 in a predatory fish as the 
result of the current gastric evacuation rate and distinct episodes of consumption. For longer periods 
T, the difference between the masses 𝑆𝑆𝑇𝑇 and 𝑆𝑆0 at the end and the start becomes insignificant 
compared to all the food consumed and evacuated in the interval. The average consumption rate for 
the period is then considered equal to the average gastric evacuation rate. 
 
 

Whereas considerable internationally coordinated effort has been put into sampling and 
analysis of stomach contents, research on how to describe GER of the current contents has 
been sparse and disparate. The mathematical descriptions of GER range from linear (e.g. 
Daan 1973, Bagge 1977, Bromley 1988), over square root and surface (e.g. Jones 1974, 
Jobling 1981, Salvanes et al. 1995), to exponential functions of the current mass of stomach 
contents (e.g. Elliot & Persson 1978, Tyler 1970, dos Santos & Jobling 1995). Time lag, 
logistic, Gompertz, and especially power exponential functions have been in use to describe 
more complex evacuation patterns with an initial delay (Fänge & Grove 1979, MacDonald 
1982, Medved 1985, Hopkins & Larson 1990, dos Santos & Jobling 1995, Berens & Murie 
2008). 

With a few exceptions, the applied relationships are purely statistical being based entirely 
on best fit and not emerging from any real mechanistic considerations. Therefore the diversity 
of applied functions probably just reflects the experimental situations including the 
characteristics of specific prey. Thus extrapolations to field situations are generally of 
doubtful value. Furthermore, none of the mathematical descriptions of GER addresses in any 
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consistent way the problem of how GER of the individual prey in the stomach should be 
estimated. Overcoming this hurdle is a prerequisite for accurate quantification of food 
consumption rate of the individual prey species and thus their predation mortality (Bromley 
1994). 

The work reported in my thesis aims primarily at establishing a GER model that allows the 
estimation of prey-specific food consumption rates from data on stomach contents in 
predatory fish sampled in the field. For this purpose, the model should be able to predict 
prey-specific GER from current stomach content for any meal size, predator size, temperature 
regime, prey composition, or previous feeding history of the predator. 

Initially, the motivation for my work developed from my participation in a meeting in the 
ICES Working Group on Multispecies Assessments of Baltic Fish (ICES 1992). Here, I was 
entrusted with improving the estimation of food consumption rates of cod in the Baltic Sea by 
provision of a new GER model. It was based on laboratory data on evacuation obtained from 
cod fed meals of herring and put at our disposal in ICES by dos Santos & Jobling (ICES 
1989). In the process, I discovered a consistent pattern of GER: fitting a general power 
function to combined data on evacuation of meals of different sizes, GER was always best 
described by a power function of the current content mass with a value of the exponent close 
to ½, i.e. the square root function. 

Within the framework of subsequent EU projects, our new GER experiments revealed the 
consistency of the square root pattern across predator and prey species. Based on these 
observations, we established a mechanistic GER model that considers digestion to take place 
on the prey surface quantified by a simple geometric cylinder abstraction of the individual 
prey as well as of the total stomach contents (Chapter 2). The primary and interactive effects 
of the apparently most important prey characters (body size, body shape, energy density, and 
resistance to the digestive processes in the stomach) are also inherent features of the model. 
Many piscivorous fish also feed on invertebrates, and in particular on crustaceans in the 
marine environment. The cylinder model of GER was therefore expanded into two stages to 
account for heterogeneity in the resistance to the digestive processes of these prey due to their 
exoskeletons. All this was accomplished together with quantification of the effects of 
temperature, predator size and prey characteristics through parameter estimations based on 
laboratory experiment on fish fed a single meal of one prey type (Chapter 3). A suite of 
ensuing experiments was run to challenge the cylinder model’s ability to describe GER in 
natural but more complex feeding situations (Chapter 4). These experiments comprised 
mixed meals composed of prey of different characteristics as well as stomach contents 
composed of more meals sequentially fed to the fish. 

Because of differential GER among many prey types, the composition of prey in sampled 
stomachs is not necessarily the same as the composition in the diet (Hyslop 1980). For the 
first time, the new cylinder model allows a consistent estimation of diet composition as well 
as food consumption rate from stomach contents data – if the stomach contents are 
appropriately analysed for this purpose in the laboratory (Chapter 5). The cylinder model 
concept further showed its generality by allowing accurate estimation of diet composition 
from piscine prey remains (otoliths) in the stomachs of harbour porpoise (Phocoena 
phocoena). 

The accuracy and precision of the model make it particularly useful in many situations to 
examine temporal foraging patterns and feeding strategies by enabling the estimation of 
ingestion times of individual prey in the stomach. This capacity also makes it a valuable tool 
for studies on small-scale interactions between predators and their prey (Chapter 6). 
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Heterotrophic organisms need food to subsist, grow and reproduce. The assimilative 
capacity is thus a fundamental trait in the life history of animals, and the adaptive background 
for its dimensioning in fish has therefore attracted the attention of ecologists (e.g. Armstrong 
& Schindler 2011). It also determines the upper limit of the predators’ functional response 
and thus their potential ability to inflict predation mortality. Ultimately, it depends on the 
digestive capacity as observed for starved fish displaying hyperphagia (binge feeding) when 
the feeding opportunity arises in laboratory studies (Ali et al. 2003). This episodic capacity 
can therefore be estimated for wild fish from information about the maximum stomach 
volume using the cylinder model (Chapter 7). Relating the episodic capacity to the traditional 
assimilative capacity defined by the sustained maximum food consumption rate (obtained 
from long-term laboratory experiments on fish fed ad libitum) contributes to a new 
understanding of the dynamics of the assimilative capacity as well as the adaptive 
background under natural settings of varying feeding opportunities (Chapter 7). It is 
demonstrated that the prevailing focus on the average ad libitum capacity is a flawed 
representation of the assimilative capacity under real field conditions. This has general 
implications for parameterization of functional response in food web models leading to a 
more realistic description of predator-prey interactions. 

The thesis synthesises my work on gastric performance of predatory fish and examples of 
its application with emphasis of the efforts in 20+ papers published in scientific journals. 14 
selected papers are included in the thesis: 
 

1. Andersen, N. G. (2001). A gastric evacuation model for three predatory gadoids and 
implications of using pooled field data of stomach contents to estimate food rations. J. 
Fish Biol., 59, 1198–1217. 

 
2. Andersen, N. G. & Beyer, J. E. (2005a). Mechanistic modelling of gastric evacuation 

applying the square root model to describe surface-dependent evacuation in predatory 
gadoids. J. Fish Biol., 67, 1392–1412. 

 
3. Andersen, N. G. & Beyer, J. E. (2005b). Gastric evacuation of mixed stomach 

contents in predatory gadoids – an expanded application of the square root model to 
estimate food rations. J. Fish Biol., 67, 1413–1433. 

 
4. Andersen, N. G. & Beyer, J. E. (2007). How are prey fishes of multiple meals 

evacuated from the stomach of a piscivorous fish? J. Fish Biol., 71, 219–234. 
 

5. Andersen, N. G. & Beyer, J. E. (2008a). Predicting ingestion times of individual prey 
from information about stomach contents of predatory fishes in the field. Fish. Res., 
92, 1–10. 

 
6. Andersen, N. G. & Beyer, J. E. (2008b). Precision of ingestion time and evacuation 

predictors for individual prey in stomachs of predatory fishes. Fish. Res., 92, 11–22. 
 

7. Krog, C. & Andersen, N. G. (2009). Are the dynamics of gastric evacuation in a 
piscivorous flatfish different from what is going on in a gadoid? J. Fish Biol., 75, 
1831–1844. 
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8. Karlsen, J. D. & Andersen, N. G. (2012). Does the cylinder model of gastric 
evacuation predict actual evacuation of mixed meals of prey of contrasting geometries 
in a piscivorous fish? J. Fish Biol., 80, 166-180. 

 
9. Andersen, N. G. (2012). Influences of potential predictor variables on gastric 

evacuation in Atlantic cod Gadus morhua feeding on fish prey: parameterization of a 
generic model. J. Fish Biol., 80, 595-612. 

 
10. Couturier, C. S., Andersen, N. G., Audet, C. & Chabot, D. (2013). Prey exoskeletons 

influence the course of gastric evacuation in Atlantic cod Gadus morhua. J. Fish 
Biol., 82, 789–805. 

 
11. Andersen, N. G., Chabot, D. & Couturier, C. S. (2016). Modelling gastric evacuation 

in gadoids feeding on crustaceans. J. Fish Biol., 88, 1886–1903. 
 

12. Ross, S. D., Andreasen, H. & Andersen, N. G. (2016). An important step towards 
accurate estimation of diet composition and consumption rates for the harbor porpoise 
(Phocoena phocoena). Mar. Mam. Sci., 32, 1491–1500. 

 
13. Andersen, N. G., Lundgren, B., Neuenfeldt, S. & Beyer, J. E. (2017). Diel vertical 

interactions between Atlantic cod Gadus morhua and sprat Sprattus sprattus in a 
stratified water column. Mar. Ecol. Prog. Ser., 583, 195–209. 

 
14. Andersen, N. G., Neuenfeldt, S., Bogstad, B., Andersen, K. H. & Beyer, J. E. (2021). 

Nutritional status determines apparent assimilative capacity and functional response 
of marine predatory fish. ICES J. Mar. Sci., 78, 3615–3624. 
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Mechanistic modelling of gastric evacuation rate (GER) 
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Chapter 2 
 
Development of the cylinder model 
___________________________________________________________________________ 
 
 
2.1  The stomach of predatory fish 
 
Fish form an extremely diversified taxonomic group with high variability in diet requirements 
and feeding habits, which is reflected in the morphology, anatomy and physiology of the 
gastro-intestinal system. Fish can be classified as herbivores, carnivores, omnivores and 
detritivores, and more feeding habits are often present in the same family (Volkoff 2016). 
The predatory fish (the carnivores) usually have a short esophagus, a distinct stomach with 
pyloric sphincter, and a short intestine with pyloric appendages that are usually situated in the 
transition between the stomach and the intestine (Figure 2.1). 

The stomach wall is composed of four layers. The gastric epithelium or mucosa forms the 
inner lining and comprises three kinds of cells: (i) oxyntico-peptic cells producing 
hydrochloric acid (HCl) and pepsinogen that is activated in the acid environment to become 
the protease pepsin in the stomach lumen, (ii) para- and endocrine cells producing e.g. gastrin 
in response to different chemical stimuli as well as to distension of the stomach, and (iii) 
different types of mucous cells (Smith 1989, Takei & Loretz, 2011). The mucosa is thrown 
into a mesh of longitudinal folds enabling the stomach to expand in pace with the volume of 
its content (Kariya et al. 1969). The submucosa is a thick and vascular layer that supports and 
joins the mucosa to the underlying smooth muscles. 

The muscle sheet or tunica muscularis is composed of an inner circular and an outer 
longitudinal layer of smooth muscles. The structure of the musculature is closely linked to the 
shape of the stomach. The stomach can be straight (pike, Esox lucius), siphon-shaped (applies 
to most of the predatory fish including the two species depicted in Figure 2.1) or Y-shaped 
with a gastric caecum at the bottom and consequently with the pylorus part protruding from 
the side of the stomach or in some cases close to the esophagus (Harder 1975). 

The serosa is the outermost layer and constitutes the boundary to the body cavity. It 
consists of a secretory epithelial layer and a thin connective tissue layer that reduce the 
friction from muscle movements. Detailed description of the morphology and histology of the 
digestive tract is provided for European and African fish by Harder (1975) and for Asian and 
North American species by Kapoor et al. (1975). 

The mechanical and chemical breakdown of prey starts in the stomach. Here, the grinding 
peristaltic contractions of the muscles together with the combined chemical action of HCl and 
pepsin gradually erode the surface of the prey. The eroded particles together with gastric 
juices form the chyme that is evacuated from the stomach through the pylorus opening and 
into the intestine (Fänge & Grove 1979, Jobling 1987). In the intestine, the acid chyme is 
neutralized, further degraded by a variety of proteases, lipases and carbohydrases, and 
eventually absorbed into the blood stream. Indigestible remains are passed on to the rectum 
and defecated. 



10  Chapter 2 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

In mammals, gastric evacuation rate (GER) is adjusted by the chemical composition and 
energy density of the food (Hunt 1975, Hunt & Stubbs 1975). Duodenal (upper intestine) 
receptors respond to variations in pH, osmotic pressure, fatty acid anions and some amino 
acids (Jobling 1986a). Both hormonal and neural factors are involved in the control of 
motility and secretion (Glass 1975, Bell & McLeay 1978), which probably also applies to fish 
(Fänge & Grove 1979, Takei & Loretz, 2011, Olsson 2011). Lipids seem to slow GER more 
than does either proteins or carbohydrates, and this has led to the suggestion that the chyme 
slows gastric evacuation in proportion to its energy content (Hunt & Stubbs 1975, Burn-
Murdock et al. 1978). A number of studies have demonstrated that food energy slows down 
GER in rainbow trout (Oncorhynchus mykiss), marine flatfishes (Windell et al. 1969, Grove 
et al. 1978, Flowerdew & Grove 1979, Jobling 1980), and gadoids (Andersen 2001, 2012, 
Temming & Herrmann 2003). In fish, the regulation of energy transit through the stomach 
might get out of control if the food is particulate like fish paste (Jobling 1987). This is 
probably because the functioning of predatory fish stomachs are adapted to whole prey with a 
certain resistance to the mechanical and digestive processes in the stomach. 

The feedback signals from the receptors in the upper intestine result in changes in 
secretion of enzymes and HCl and pulses of pyloric sphincter opening and gastric muscular 
activity. The physiological mechanisms and their possible role in the combined control of 
GER in fish is, however, incompletely known (Olsson 2011). The theoretical arguments for 
the use of specific mathematical functions to describe GER are therefore incomplete and/or 
based on incorrect assumptions about the physiological mechanisms governing gastric 
evacuation (Jobling 1987). 
 
                                      (a)                                               (b) 

 
 

Figure 2.1. Gastrointestinal tract of (a) turbot (Psetta maxima) and (b) Atlantic cod (Gadus morhua). 
Sections of the tract are (1) oesophagus, (2) stomach, (3) pyloric appendages and (4) intestine (from 
Krog & Andersen 2009). 
 
 

2.2  Previous attempts to describe GER 
 
Digestion and subsequent evacuation progressively reduce a meal received by the stomach. 
At postprandial time t, the GER of the current remains St of a meal S0 is usually quantified by 
wet or dry mass and described by the general power function 
 

                                                                d𝑆𝑆𝑡𝑡
d𝑡𝑡

= −ρ𝑆𝑆𝑡𝑡α ,            (2.1) 
 

which integrated from t = 0 and until total evacuation of the meal writes 
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                                       𝑆𝑆𝑡𝑡 = [𝑆𝑆01−α − (1 − α)ρ𝑡𝑡](1−α)−1 ;     α ≠ 1           (2.2) 
 

                                                       𝑆𝑆𝑡𝑡 = 𝑆𝑆0𝑒𝑒−ρ𝑡𝑡 ;     α = 1           (2.3) 
 

where ρ is the rate parameter and α the exponent. The total evacuation time GET of a meal is 
accordingly 
 

                                                       𝑇𝑇 = 𝑆𝑆01−α[(1− α)ρ]−1           (2.4) 
 

with the exception of the exponential version for which GET is infinite. 
The principle of the most commonly used method to acquire GER data is to feed 

individually held fish on an empty stomach with known amounts of food, and then retrieve 
and quantify the remaining food in the stomachs of subsamples of fish at different 
postprandial times until the meal is evacuated from the stomach. In some cases, fish have 
been kept in groups during the experiments due to space limitations or to behavioral 
characteristics of particular fish species like schooling or refusal to eat when kept single. 
Functions with the exponent α fixed at values of 0 (linear), ½ (square root), ⅔ (‘surface-
dependent’), or 1 (exponential) have typically been used to describe such GER data (Figure 
2.2). 

Bajkov (1935) made one of the first attempts to estimate daily food consumption rates 
from average stomach content mass in wild fish using a GER function. He founded his 
estimation on the implicit assumption that stomach content mass declines linearly with time. 
Based on results from laboratory experiments Daan (1973) and Bagge (1977) also used a 
linear function to describe GER in marine predatory fish fed fish prey. More recently and 
grounded on substantially more data, Bromley (1987, 1988, 1991) also used a linear function 
on turbot (Psetta maxima), whiting (Merlangius merlangus), and Atlantic cod (Gadus 
morhua) arguing that the curved course of evacuation in many studies is caused by inclusion 
of data from fish with fully evacuated meals (Chapter 3). Bromley (1994) further advocated 
for the general use of a linear GER function because it considerably simplifies the estimation 
of food consumption rate (Chapter 5). 

The exponential has been – and still is – one of the most frequently used functions to 
describe GER, particularly for freshwater fish (e.g. Brett & Higgs 1970, Elliott 1972, 1991, 
Persson 1981, Ruggerone 1989a, Pääkkönen & Marjomäki 1997, 1999). Further, Tyler 
(1970) and dos Santos & Jobling (1995) used it for Atlantic cod. It has probably been 
attractive to use, because of its mathematical properties that make it simple to determine the 
rate parameter also from data on stomach content expressed relative to meal size and even to 
predator size, which has been extensively utilized in the literature (e.g. Brett & Higgs 1970, 
Elliott 1972, Ruggerone 1989a). Further, just like the linear function, the exponential can be 
used on pooled field data on average stomach content for estimation of food rations. In 
principle, information from individual stomachs is not necessarily needed, which is not the 
case for other values of the exponent α (see Chapter 5). A prerequisite is of course that these 
two functions properly predict GER of current stomach contents. 

The square root and ‘surface-dependent’ versions of Eq. 2.1 has been adopted either using 
the value of α that provides the best fit to data (coefficient of determination r2) or based on 
some theoretical considerations. Hopkins (1966) used the Law of Laplace to suggest the 
square root relationship. The radial gastric distension stimulates peristaltic contractions in the 
stomach, and the rationale is that the resulting circumferential tension is proportional to the 
radius of the stomach and thus to the square root of the volume of its content, if the stomach 
is considered a cylinder of constant length. Jobling & Davies (1979) followed this suggestion 
for data on plaice (Pleuronectes platessa). Based on previously reported studies, Jobling 
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(1981) found that the square root function in general was the best descriptor of GER. 
However, including other studies and excluding some used by Jobling (1981), Persson (1986) 
argued that the exponential in general describes GER better. He also suggested that the 
rationale behind the square root function is questionable, because he found that the length of 
the stomach of Eurasian perch (Perca fluviatilis) depends on the amount of stomach content. 
 
 

                           
 
Figure 2.2. Gastric evacuation curves described by linear (───), square root (––––), ‘surface 
dependent’ (– – –), exponential (∙∙∙∙∙∙∙∙), and power exponential (− ∙ − ∙) functions. Here, the original 
meal size (S0) is halved at the same postprandial time t = 20 h for all functions. The value of the shape 
parameter of the power exponential is 2, which means that there is some initial delay in evacuation. 
 
 

Using the argument that the secreted enzymes and acids mainly affect the surface of the 
meal, Fänge & Grove (1979) suggested the ‘surface-dependent model’ that GER is 
proportional to the surface area of the meal (i.e. proportional to the volume raised to the 
exponent of ⅔). Experiments on turbot (Scophthalmus maximus) and other flatfishes 
supported this relationship (Flowerdew & Grove 1979). The value ⅔ of the exponent α 
implies that the prey decreases isometrically during digestion. Macpherson et al. (1989) 
suggested that the ratio of prey surface to volume increases more than dictated by isometric 
prey degradation during digestion in the stomach. They proposed some equations for 
description of this allometric pattern of the digestion process and compared their respective 
goodness of fit to GER data, however without arriving at any firm conclusions. 

Molnár & Tölg (1960) introduced X-radiography as an alternative way of examining 
gastric evacuation. Individual fish are fed a meal to which a radio-opaque material – typically 
barium sulphate (BaSO4) – is added. Using an X-ray machine, sequential images are then 
obtained for each fish to follow the movement of the meal in the gastrointestinal tract until it 
is completely evacuated from the stomach (GET). Usually a formulated paste meal has been 
used, but a few authors have fed the fish with natural prey injected with barium sulphate [e.g. 
lugworm (Arenicola marina) by Edwards 1971, sprat (Sprattus sprattus) by Mazlan et al. 
2002]. Radioisotopes, chromic oxide (Cr3O3) and other markers have also been used for 
estimation of GET as well as total gut transit (Bromley 1994). 

The exponential predicts infinite GET and has therefore not been used to describe data on 
GET obtained from X-radiography. Eq. 2.4 with estimated values of α between 0.25 and 0.67 
(covering the square root and ‘surface-dependent’ functions) best described combined data on 
different meal sizes (Jobling et al. 1977, Gwyther & Grove 1981, Fletcher et al. 1984, Basimi 
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& Grove 1985, Grove et al. 1985). In accordance with Eq. 2.2, the course of evacuation of a 
specific meal composed of these artificial feeds was then inferred from this estimated 
relationship between meal size and GET. This is in contrast to the method of serial recovery 
of remaining stomach contents. Here, the focus has primarily been on selecting the function 
that best describes the course of evacuation of a meal, and subsequently, in some cases, on 
testing the applicability of this function to describe GER of meals of different sizes (e.g. 
Temming & Andersen 1994, Andersen 1998, 2001). 

The obvious disagreement about how GER should be described mathematically probably 
reflects the differences in methodology, protocols, and data analyses as well as the diversity 
of prey used in the experiments. The shape of the evacuation curve often depends on the unit 
[wet mass, (ash-free) dry mass, energy, nitrogen] used to quantify the prey and the current 
stomach content (Bromley 1994). Using the exponential and linear functions, the stomach 
content has often been quantified relative to meal size or even predator size to account for 
differences in meal and predator sizes. The justification for doing so has usually not been 
verified or is based on unsubstantiated assumptions on the allometric effects of meal and 
predator sizes on GER. The fish have been force-fed in some studies, in particular those 
involving X-radiography, whereas the fish have been feeding voluntarily in most other 
studies. Many studies have included data on stomach content after first occurrence of an 
empty stomach in the data analyses, which can heavily influence the apparent course of 
evacuation in favor of the exponential description (Andersen 1984, Olson & Mullen 1986, 
Bromley 1994) (Chapter 3). 

The size of the prey seems to play a role in the shape of the evacuation curve. Small prey 
are better described by the exponential while the square root, surface-dependent or linear 
models are more suited for large prey (Jobling 1987, MacPherson et al. 1989). Persson 
(1986) suggests that the exponential best describes evacuation in the case of many small food 
items into which acid and enzymes penetrate more or less instantaneously. Digestion inside 
these small prey through autolysis may also play a role as it is known from studies on 
digestion of zooplankton in the alimentary canal of fish larvae (e.g. Walford & Lam 1993). 
These suggestions and conclusions are in line with general observations on microphagous 
fish. Bernreuther et al. (2009) for example find that the course of gastric evacuation of a meal 
of zooplankton fed to sprat is best described by a power function with values of the exponent 
α substantially higher than that of the ‘surface dependent’ function. 

Predatory fish feeding on macroinvertebrates and fish are the focus of the present study. 
There is a general agreement that the digestion and evacuation of these prey are surface-
dominated processes (Fänge & Grove 1979, Jobling 1981, Salvanes et al. 1995). The physical 
structure and biochemical composition of the prey of macrophagous fish can, however, be 
anticipated as important variables modifying both the GER and the course of evacuation. 
High energy density of fish prey – as well as food in general – reduces GER (e.g. Windell et 
al. 1969, Grove et al. 1978, Jobling 1987), whereas the robust exoskeletons of many 
crustaceans cause an initial delay in evacuation. Complex evacuation patterns with initial 
delay or initially slow GER have been described by logistic, Gompertz or power exponential 
functions (MacDonald et al. 1982, Hopkins & Larsson 1990, dos Santos & Jobling 1995, 
Berens & Murie 2008). The flexible power exponential function is the most widely used of 
these functions and writes 
 

                                                             𝑆𝑆𝑡𝑡 = 𝑆𝑆02−(η𝑡𝑡)γ            (2.5) 
 

The rate parameter η determines the time η–1 at which S0 is halved, and the value of the 
parameter γ determines the shape of the evacuation curve (γ = 1: simple exponential 
evacuation; γ > 1: initial delay of evacuation – see Figure 2.2; γ < 1: initial acceleration). 
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With the exception of a few cases where a single physical or biological mechanism is used 
as argument, all these GER functions are selected statistically by best fit to data. 
Extrapolations to situations outside the specific experimental conditions are therefore in 
general of doubtful value. It is particularly thought-provoking that evacuation of wet mass of 
the same type of prey fed to Atlantic cod has been described by functions ranging from a 
linear to an exponential. Further, a variety of prey species is often observed together in the 
stomachs of predatory fish sampled in the wild. It has never been seriously considered how 
total as well as prey-specific consumption rates should be estimated by use of these different 
functions. To estimate unbiased food consumption rates, the establishment of a general 
mechanistic framework for predicting GER of the current stomach contents of any prey 
composition and feeding prehistory is therefore urgently needed. 
 

 
 

Figure 2.3. Two-dimensional presentation of prey geometry represented by an ellipsoid of revolution 
as proposed by Salvanes et al. (1995). The parameter δ is the depth of the surface layer that is peeled 
off the ellipsoid body per time unit, l0 the length along the axis of revolution, and r0 the radius of the 
ellipsoid at the time t = 0 at prey ingestion. 
 
 

Salvanes et al. (1995) proposed a mechanistic, surface-dependent GER model where the 
prey surface is successively peeled off by the digestive processes in the stomach. They 
considered the stomach content an ellipsoid body of revolution based on the premise that 
most prey of a piscivore has such a shape (Figure 2.3). The initial mass S0 of a fish prey is 
4
3
𝜋𝜋𝑟𝑟02

1
2
𝑙𝑙0 for an ellipsoid of length l0 along the axis of rotation, radius r0, and mass density 1 

(g cm–3). Assuming implicitly that the ellipsoid geometry is kept throughout evacuation of the 
prey, the remaining prey mass St at time t is 
 

                                                   𝑆𝑆𝑡𝑡 = 4
3
π(𝑟𝑟0 − δ𝑡𝑡)2(1

2
𝑙𝑙0 − δ𝑡𝑡)           (2.6) 

 

where the parameter δ (cm s–1) is the rate at which the prey materials are peeled of the 
surface. For homogeneous fish prey, δ is constant and GET is then equal to r0δ–1 as l0 ≥ 2r0. 

This model seems simple and attractive to use. However, the authors estimated δ from 
GER data on Atlantic cod fed meals each composed of one juvenile herring (Clupea 
harengus) of five different body sizes (4–48 g), and meal-specific values decreased 
significantly with increasing meal size (Andersen & Beyer 2005a). The model is hence not 
able to predict GER of current stomach content but needs information about meal size, which 
is generally difficult to obtain from stomachs sampled in the wild. 

Further, to maintain the ellipsoid shape throughout evacuation the value of δ needs to vary 
spatially with Eq. 2.6 being valid only if δ refers strictly to the ends and middle of the 
ellipsoid with lower values elsewhere. This spatial pattern changes and becomes more 
accentuated as the slenderness of the ellipsoid increases during evacuation (Andersen & 
Beyer 2005a). This complexity of their geometric abstraction was obviously not the intention 
of Salvanes et al. (1995). Also, this ellipsoid geometry is not always as representative for the 
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real geometry of prey in the stomachs as may be expected, and especially not in situations 
with more prey in the stomach and use of the model on the common surface of the food 
bolus. Prey configuration trials of herring and lesser sandeel (Ammodytes tobianus) fed to 
Atlantic cod showed that individual prey tended to fold up inside the stomach and the 
configuration of the entire stomach contents appeared quite irregular (Figure 2.4). 
 
       (a)                                                                 (b) 
 

             
 
Figure 2.4. Ventral view of the stomach of a 45 cm Atlantic cod fed a meal composed of a number of 
9 cm sandeel 2 h prior to photography. (a) Stomach shape and (b) prey configuration inside the 
opened stomach (from Andersen & Beyer 2005a). 
 
 

A geometric abstraction of the stomach content combined with successive digestion of its 
surface layer, which subsequently is evacuated as chyme from the stomach, seems 
nevertheless to be a promising basis for mechanistic modelling of GER. The lesson learned 
from the ellipsoid model is, however, that the abstraction should be as generic and simple as 
possible and expanded in complexity solely in pace with possible shortcomings revealed from 
tests of its performance to describe data on GER. To be useful for estimation of food 
consumption rates, an a priori requirement is that the model is able to describe GER of the 
current contents independently of meal size. It should further be able to predict GER of 
individual prey in the stomach by taking into consideration the prey characteristics that 
influence GER and conceivably include interactive effects. Finally, it should cope with more 
meals at the same time in the stomach. 
 
 

2.3  Observational foundation and inspiration 
 
Using the general power function (Eq. 2.2), the estimate 0.53 of the exponent α was obtained 
from combined GER data on all meal sizes for Atlantic cod fed herring (ICES 1992, Sparholt 
1996). The nonlinear regression procedure for this purpose was fully established by Temming 
& Andersen (1994) to handle the general power function, and further improved by Andersen 
(1998). Correcting for differences in temperature and predator length in this dataset, the value 
0.49 was finally estimated by Andersen & Beyer (2005a). This means that a power function 
with an exponent close the square root function best described GER irrespectively of meal 
size. 

Estimated this way, the exponent α primarily describes how the GER curves for the 
different meal sizes converge toward total evacuation of the meals – i.e. the relationship 
between GET and meal size (Figure 2.5). This relationship has actually been examined in the 
studies using X-radiography on flatfish (Section 2.2). Here, most of the results likewise point 
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to a square root relationship (e.g. Basimi & Grove 1985, Grove et al. 1985), whereas some 
provided lower or higher values of α from 0.25–0.67 (e.g. Flowerdew & Grove 1979, 
Fletcher et al. 1984). 

In the present work, the generality of the square root relationship was explored by a 
variety of GER experiments on different marine predator species fed a range of meals 
composed primarily of fish prey but also of crustacean prey. Using Eq. 2.2, the prey species-
specific exponent values estimated from experiments on whiting fed meals of herring, lesser 
sandeel, and common goby (Pomatoschistus microps) ranged from 0.45 to 0.54 with narrow 
95% CIs of 0.04–0.06 (Andersen 1998). Further, Andersen (2001) obtained estimates of 
0.46–0.57 with 95% CIs of 0.04–0.10 from experiments on Atlantic cod and saithe 
(Pollachius virens) fed lesser sandeel and Norway pout (Trisopterus esmarki), respectively, 
and whiting fed meals of the crustacean species krill (Meganyctiphanes norvegica) and 
brown shrimp (Crangon crangon). In addition, Temming & Herrmann (2003) obtained the 
overall estimate of 0.53 with a 95% CI of 0.14 from own experiments combined with 
experiments of dos Santos & Jobling (1995) on Atlantic cod fed different prey species. 

Thus, in contrast to the other frequently applied functions, the square root function appears 
to be an obvious candidate to describe GER of the current stomach content mass 
independently of meal size. The linear function fitted to combined data on different meal 
sizes underestimates the evacuation rate of large meals and overestimates that of the small 
ones, whereas the opposite applies to the ‘surface-dependent’ and exponential functions 
(Figure 2.5). Accordingly, fitting the latter functions to data on each meal size, the meal size-
specific estimates of the rate parameter ρ (Eqs 2.2–2.3) become significantly different – like 
the rate parameter δ of the ellipsoid model. Thus, despite the seemingly small difference in 
the course of the evacuation curves (e.g. Figure 2.2) pointed out by Bromley (1994), it has 
serious consequences for the accuracy of food rations estimated from sampled stomachs 
using a GER function that depends on meal size. This has for example led dos Santos & 
Jobling (1995) to incorporate the meal size as a predictive variable in the exponential version 
of their GER function and to assume an average meal size ingested by the fish that were 
sampled in the field. However, we have no a priori information about the meal sizes of these 
wild fish. 

The square root function does not necessarily describe the exact course of evacuation of a 
meal. It merely describes an average course all the way through its evacuation. Jones (1974) 
actually described the average GER using two additional approaches on Atlantic cod, whiting 
and haddock (Melanogrammus aeglefinus) fed different fish and invertebrate prey. In the first 
one, he fed meals of different sizes to the fish and retrieved the stomachs at different 
postprandial times just as it is done in the usually applied method. The GER was however 
calculated for each fish as the evacuated mass of the meal divided by the number of hours 
between feeding and retrieval of the content. The GER values were then related to the simple 
average of the masses of the meal and the retrieved content on a log-log scale. The estimated 
slope thus represented the exponent α of the relationship. Alternatively, he fed a meal at 
regular intervals to the gadoid predators for a number of days. After assumed attainment of an 
equilibrium state, the feeding rate should equal the amount evacuated within the feeding 
interval. The fish were then killed half way through the interval and the mass of the retrieved 
stomach should represent the mean stomach content mass. For experiments with different 
feeding levels and intervals, GER, calculated as the meal size divided by the number of hours 
in the feeding interval, was related to the retrieved stomach content mass like in the other 
approach and the exponent α accordingly estimated. Using these two approaches, Jones 
(1974) obtained the estimate 0.46 of α from data on all predator species combined, which also 
is close to the square root relationship. 
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Figure 2.5. Gastric evacuation of meals of one (○), two (●), four (●), or eight (●) Norway pout fed to 
saithe. Gastric evacuation curves are provided from combined data on all meal sizes using linear (α = 
0), square root (α = ½), ‘surface-dependent’ (α = ⅔), and exponential (α = 1) versions of the general 
power function  d𝑆𝑆𝑡𝑡

d𝑡𝑡
= −ρ𝑆𝑆𝑡𝑡α  (partly from Andersen 2001). 

 
 

Andersen & Beyer (2005a) interpreted the average course of evacuation described by the 
square root function as the course of evacuation of a meal that is homogeneous with regard to 
nutritional content and resistance to the digestive processes. This basic square root pattern is 
then modulated by prey heterogeneity that affects the value of the rate parameter ρ over time. 

Deviation from 0.5 of the estimated exponent α from GER data of individual meals 
obtained by use of the general power function should thus indicate prey heterogeneity. Values 
<0.5 may for example be due to the robust exoskeletons of many crustaceans that act as a 
barrier against the digestive processes and bring about an initial delay of digestion and 
subsequent evacuation (e.g. Bromley 1994, Couturier et al. 2013). Values >0.5, on the other 
hand, indicate high initial GER that may be a result of the early evacuation being dominated 
by materials of low resistance and energy density such as the fins, head regions and entrails 
of fish prey. The trunk part consists primarily of the homogeneous and more massive body 
musculature and is more resistant (Andersen & Beyer 2005a). 

To scrutinize the effect of prey heterogeneity on the basic square root pattern, Andersen & 
Beyer (2005a) estimated α from GER data obtained from 37 experiments on cod, whiting and 
saithe fed a variety of fish prey and brown shrimp reported by Andersen (1998, 1999, 2001). 
Fish prey of the same body size range as those used in the experiments were dissected and the 
trunk part relative to the total body mass was determined for the different species. Their 
energy densities were determined as well. The estimate of α for the fish prey decreased with 
increasing body size from values well above 0.5 to about 0.5 (Figure 2.6). The trunk share of 
total body mass increased with body size and strongly dominated the larger fish prey. The 
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initial increase in trunk share was fast for sandeel, which is reflected in the fast decrease of α 
with increasing body size for this species as compared to the other fish prey. One experiment 
on evacuation of Norway pout also showed a low value at small body size. This was ascribed 
to the high energy density of thís prey caused by a large fat liver that slows down the initial 
GER and therefore modifies the basic square root pattern by an initial delay. The use of 
brown shrimp entailed significantly lower estimates of α in accordance with the barrier effect 
of their exoskeletons (Figure 2.6). High heterogeneity of small fish prey in terms of a small 
trunk share of total body mass may explain why Ruggerone (1989a) and Elliott (1991) used 
the exponential to describe evacuation in salmonids fed meals composed of fish prey <1 g 
(Andersen & Beyer 2005a). 

These results strongly support that evacuation of a homogeneous meal is described by a 
square root function and that prey heterogeneity may modify this basic pattern. Application 
of different power functions as well as other functions is, however, mainly an empirical 
approach and it is hard to understand how these in concerted action could be used to estimate 
food rations from information about the contents of sampled stomachs. For this purpose, it is 
necessary to establish a simple and flexible mechanistic framework that embraces all prey 
types and feeding scenarios. 
 
 

2.4  The basic principles of the cylinder model 
 
Stomach contents composed of a single homogeneous prey type is considered here. The 
challenge is to find a simple geometric abstraction that does not represent a specific prey 
configuration and at the same time complies with the extensive empirical evidence that the 
square root function is the proper descriptor of evacuation of the current mass of 
homogeneous stomach contents caused by complex surface-dependent digestive processes. 
Andersen & Beyer (2005a) met this challenge by considering the total stomach content a 
cylinder on which the digestive processes work exclusively on the curved side that is 
gradually peeled off. Accordingly, the current GER is described by 
 

                                                d𝑆𝑆𝑡𝑡
d𝑡𝑡

= −δ𝐴𝐴𝑡𝑡 = −δ2π𝑟𝑟𝑡𝑡𝑙𝑙 = −ρ�𝑆𝑆𝑡𝑡           (2.7) 

where 

                                                              δ = ρ(2√π𝑙𝑙)−1           (2.8) 
 

and the mass St of the cylinder of is π rt
2

 l given the mass density 1, length l and radius rt. The 
temporally and spatially constant rate parameter δ is the thickness of the layer that is peeled 
off the cylinder side of area At = 2 π rt l. This rate parameter is inversely proportional to the 
square root of l (Eq. 2.8), whereas ρ is independent of the proportions of the cylinder in 
accordance with the general ability of the square root model to describe GER independently 
of prey configuration as demonstrated for a variety of prey species. Integration over time 
provides 
 

                                           𝑆𝑆𝑡𝑡 = π(𝑟𝑟0 − δ𝑡𝑡)2𝑙𝑙 = π𝑟𝑟02𝑙𝑙(1 − δ𝑡𝑡𝑟𝑟0−2)2            (2.9) 
 

and total evacuation time is  𝑇𝑇 = 𝑟𝑟0δ−1. Combining Eqs 2.8 and 2.9, the cylinder model is 
expressed directly by the mass-based square root function. 
 

                                         𝑆𝑆𝑡𝑡 = 𝑆𝑆0(1 − 1
2
ρ𝑡𝑡�𝑆𝑆0

−1
)2 = (�𝑆𝑆0 −

1
2
ρ𝑡𝑡)2        (2.10) 
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which is equivalent to Eq. 2.2 for the value ½ of α. 
 
 

 
 

Figure 2.6. Relationship between prey body mass and estimated value of the exponent α obtained 
from data on gastric evacuation in predatory gadoids fed a meal of sandeel (○), sprat (●), herring (●), 
Norway pout (▲), whiting (▽), or brown shrimp (+) using the general power function (Eq. 2.2). A 
common 95% CI (∙∙∙∙∙∙∙∙) from all estimates is placed around the square root exponent of ½ to indicate 
the significance of deviation of individual estimates from this exponent (from Andersen & Beyer 
2005a). 
 
 

The cylinder model and its inherent relationship between δ and l is rendered probable by 
the anatomical and dynamic characteristics of the stomach described in Section 2.1. The 
stomach length of a live, anaesthetized fish seems to be constant and independent of the 
amount of stomach content (Andersen & Beyer 2005a). The siphon-shaped stomach of most 
predatory fish with the dominating pars cardiaca forms a tube and unfolding of its 
longitudinal folds allows the mucosa surface area to expand in pace with the amount of 
stomach content. This applies directly to prey that are long enough to fill the entire length of 
the stomach so that δ is constant, independent of the prey mass. The radius and thus the 
circumference of the cross section of shorter prey cylinders making up the same mass are 
inversely proportional to the square root of their lengths. With constant stomach length and 
prey shuttling inside the stomach due to the peristaltic movements (Andersen & Beyer 
2005a), the area of the enzyme and acid secreting mucosa in contact with the prey is 
consequently inversely proportional to the square root of the prey cylinder length due to the 
increased circumference of shorter prey (Figure 2.7). The allometry of this exposure of 
shorter prey to the digestive processes corresponds to the inverse relationship between δ and 
square root of l in Eq. 2.8. 

These considerations hence provide a mechanistic explanation for the latter relationship as 
well as for the obvious insensitivity of the parameter ρ of the square root function to the prey 
geometry within the range of conditions of prey composition in the laboratory experiments. 
Then the length of the prey cylinder representing the total stomach contents does not matter 
according to the cylinder model. An arbitrary length may be used and it seems obvious just to 
use the stomach length in different contexts if it is known (see also Section 4.1). 

The cylinder model would also apply in case the surface of the cylinder ends were peeled-
off at the same rate as the sides (Andersen & Beyer 2005a). The present version was however 
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forwarded because experimental evidence shows that primarily the sides of the prey are 
digested whereas the ends are left unaffected. This may be explained by observations that the 
ends are oriented along the length axis of the stomach and thus escape close contact with the 
stomach mucosa. Another reason is that the proportions of the cylinder representing total 
stomach contents do not matter in the present version. Finally, the unaffected ends allow 
individual prey to break into smaller pieces without the need to change the value of δ because 
the extra end areas do not matter, and the prey may be regarded as one piece throughout its 
evacuation. Practically, as explained later on, more prey of the same type and size in mixed 
meal situations (often met in sampled stomachs) may then also be considered one item. 
 
 
           (a)                                                                (b) 

                 
 

                The same prey mass 𝑆𝑆 = π𝑟𝑟s2𝑙𝑙s = π𝑟𝑟p2𝑙𝑙p gives 𝑟𝑟p = 𝑟𝑟s�
𝑙𝑙s
𝑙𝑙p

 

                The mucosa area Am in contact with the prey is then 2π𝑟𝑟p𝑙𝑙s = 2π𝑟𝑟s�
𝑙𝑙s
𝑙𝑙p

 𝑙𝑙s  ∝  �𝑙𝑙𝑝𝑝
−1

 
 

Figure 2.7. The mucosa area Am to which two prey cylinders of the same mass S are exposed – (a) the 
one filling the entire stomach length ls and (b) the other being of a shorter length lp. The arrows 
indicate shuttling of the latter prey cylinder inside the stomach. The relationship between Am and lp 
suggests that the rate parameter δp denoting the thickness of the layer that is peeled off the prey 
cylinder per time unit, is inversely proportional to the square root of lp – and equal to δs when lp = ls. 
 
 
2.5  Coping with stomach contents of more prey types 
 
The contents of stomachs of wild fish are often composed of more prey types whereas 
laboratory experiments almost entirely have studied GER of meals of one prey type. 
Traditionally, total consumption rates have then been estimated either by use of the 
evacuation rate parameter value for the dominating prey type or by some kind of mean value 
(Daan 1973, Jones 1978). Subsequently, consumption rates of individual prey have been 
estimated by their respective mass contributions to total stomach contents. Alternatively, prey 
specific rate parameter values were used to estimate consumption rates of individual prey 
types and these were then summed to obtain the total rates (dos Santos & Jobling 1995). The 
rationale behind these approaches is unclear and not tested with the exception of dos Santos 
& Jobling (1995), who challenged the results obtained from their method. None of the 
approaches discriminated between the mechanisms that determine the values of the prey-
specific rate parameter, and it seems important to understand and model how the different 
prey types interact in the stomach throughout evacuation. 
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Andersen & Beyer (2005b) extended the basic model to describe GER of mixed contents 
of prey types by including the primary and interactive effects of body size and shape, energy 
density and resistance to the digestive processes of the individual prey. The individual prey 
were considered homogeneous with regard to energy density and resistance. The model could 
in principle be used to describe the course of evacuation of individual heterogeneous prey as 
well. However, this requires a rather detailed knowledge about the composition and 
chronological order of evacuation of the different body constituents of the individual prey, 
which entails the requirement of a trade-off between the amounts of work needed to obtain 
this knowledge and the requested level of accuracy. Andersen et al. (2016b) evaluated this 
trade-off for crustacean prey, and their model extension to handle prey possessing robust 
exoskeletons is described in Section 2.6. 

GER is negatively affected by increasing prey energy density (e.g. Windell et al. 1969, 
Grove et al. 1978, dos Santos & Jobling 1988). The relationship can be described by a power 
function of the energy density with an exponent value close to –1 (Andersen 2001). This is 
probably because the digestive processes and the emptying of chyme into the intestine seem 
to be almost fully controlled by negative feedback mechanisms from the upper intestine 
(Section 2.1). 

Thus, GER of the stomach content of one single prey i can be described in accordance 
with Andersen (2001) by 
 

                                               d𝑆𝑆𝑖𝑖,𝑡𝑡
d𝑡𝑡

= −ρ𝑖𝑖�𝑆𝑆𝑖𝑖,𝑡𝑡 ;         ρ𝑖𝑖 = ρ0,𝑖𝑖𝐸𝐸𝑖𝑖
−μ         (2.11) 

 

where Ei is the prey energy density, and the basic prey-specific rate parameter ρ0,i reflects the 
resistance to the digestive processes of this homogeneous prey. The task is then to predict 
how GER of the individual prey changes when they are together in the stomach. 

The first step is to define the proper energy density controlling GER. Here, the current 
energy density Et of the chyme evacuated into the upper intestine is the obvious candidate. It 
depends on the prey composition of the evacuated chyme and may be described by the mean 
of the individual energy densities Ei weighted by their respective mass contributions as 
 

                                                     𝐸𝐸𝑡𝑡 = �∑𝐸𝐸𝑖𝑖
d𝑆𝑆𝑖𝑖,𝑡𝑡
d𝑡𝑡
� �∑ d𝑆𝑆𝑖𝑖,𝑡𝑡

d𝑡𝑡
�
−1

         (2.12) 
 

Then the prey-specific rate parameter ρi,t is modulated by the current energy density of the 
chyme: 
 

                                                               ρ𝑖𝑖,𝑡𝑡 = ρ0,𝑖𝑖𝐸𝐸𝑡𝑡
−μ           (2.13) 

 

where ρ0,i is the basic prey-specific rate parameter here as well. 
Next, it is necessary to know GER of the individual prey to predict the energy density Et 

of the chyme. The digestive processes are assumed to be restricted to the outer surface of the 
food bolus formed by the multiple prey. This is in accordance with the empirical evidence 
that the number per se of prey forming a meal of specific size does not influence GER of total 
stomach contents (dos Santos & Jobling 1991, Singh-Renton & Bromley 1996, Andersen 
1999). The implication is that only a fraction of each prey’s surface is exposed to the 
digestive processes. It is further assumed that the rate δi at which materials are peeled off the 
exposed surface reflects the resistance of the individual prey to the digestive processes as 
defined by its basic rate parameter ρ0,i. This is because the resistance of a prey probably 
solely affects its own current evacuation rate rather than it directly contributes to an overall 
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control of the digestive processes through feedback mechanisms, as it is the case for the 
energy density (Andersen 1999). 

The remaining task is to predict the surface contribution of each prey to the total surface of 
the food bolus for which the cylinder interpretation of the square root function is used (Figure 
2.8). GER of the total contents of all prey writes 
 

                          d𝑆𝑆𝑡𝑡
d𝑡𝑡

= −ρ𝑡𝑡�𝑆𝑆𝑡𝑡 = −δ𝑡𝑡2π𝑟𝑟𝑡𝑡𝑙𝑙 = −δ𝑡𝑡𝐴𝐴𝑡𝑡  ;         δ𝑡𝑡 = ρ𝑡𝑡(2√π𝑙𝑙)−1           (2.14) 
 

Also, the individual prey are considered cylinders with surface areas 𝐴𝐴𝑖𝑖,𝑡𝑡 = 2π𝑟𝑟𝑖𝑖,𝑡𝑡𝑙𝑙𝑖𝑖, where ri,t 
and li are their real radii and lengths. According to Eq. 2.14, the total exposed area of all prey 
is however restricted to 𝐴𝐴𝑡𝑡 = 2π𝑟𝑟𝑡𝑡𝑙𝑙. The relative contribution bi,t of the individual prey to At 
must be defined to determine their respective GER. The exposed fractions ci,t of the 
individual surface areas Ai,t are unknown but can be expressed in relation to At by 
 

                                                  𝑐𝑐𝑖𝑖,𝑡𝑡𝐴𝐴𝑖𝑖,𝑡𝑡 = 𝑏𝑏𝑖𝑖,𝑡𝑡𝐴𝐴𝑡𝑡  ;         ∑𝑏𝑏𝑖𝑖,𝑡𝑡 = 1         (2.15) 
 

The dynamics of ci,t is probably complex and depends on the real configuration of the prey in 
the stomach together with the digestive processes involving muscular actions of the stomach 
wall. Simplicity is necessary to establish an operational model and it is assumed that all the 
individual values of ci,t are identical. This radical simplification may nevertheless intercept 
the right tendencies. It seems reasonable, for example, to assume that the exposed fractions of 
both prey are close to one in a situation of a very thick prey together with a rather slender 
one. At the other extreme, if the two prey are identical then both fractions are most likely 
about one-half. So, with ci,t = ct and summing Eq. 2.15 over all prey gives 
 

                             𝑐𝑐𝑡𝑡 = 𝐴𝐴𝑡𝑡(∑𝐴𝐴𝑖𝑖,𝑡𝑡)−1 = 𝑟𝑟𝑡𝑡𝑙𝑙(∑𝑟𝑟𝑖𝑖,𝑡𝑡 𝑙𝑙𝑖𝑖)−1 = �𝑆𝑆𝑡𝑡𝑙𝑙(∑�𝑆𝑆𝑖𝑖,𝑡𝑡𝑙𝑙𝑖𝑖)−1        (2.16) 
 

that inserted into Eq. 2.15 simply provides 
 

                          𝑏𝑏𝑖𝑖,𝑡𝑡 = 𝐴𝐴𝑖𝑖,𝑡𝑡(∑𝐴𝐴𝑖𝑖,𝑡𝑡)−1 = 𝑟𝑟𝑖𝑖,𝑡𝑡𝑙𝑙𝑖𝑖(∑𝑟𝑟𝑖𝑖,𝑡𝑡 𝑙𝑙𝑖𝑖)−1 = �𝑆𝑆𝑖𝑖,𝑡𝑡𝑙𝑙𝑖𝑖(∑�𝑆𝑆𝑖𝑖,𝑡𝑡𝑙𝑙𝑖𝑖)−1        (2.17) 
 

Notice that, in contrast to the length l of the common food bolus (see the section on the basic 
model), the lengths li of the individual prey do matter to obtain the correct respective surface 
areas. Practical definitions of li for different prey types are provided in Section 3.1: 
Performing a basic experiment. 

GER of the individual prey may then be described by 
 

                                                d𝑆𝑆𝑖𝑖,𝑡𝑡
d𝑡𝑡

= −δ𝑖𝑖,𝑡𝑡𝑐𝑐𝑡𝑡𝐴𝐴𝑖𝑖,𝑡𝑡 = −ρ𝑖𝑖,𝑡𝑡𝑏𝑏𝑖𝑖,𝑡𝑡�𝑆𝑆𝑡𝑡         (2.18) 
 

The rate parameter ρi,t controlled by the energy density of the currently evacuated chyme (Eq. 
2.12) is given by 
 

                                  ρ𝑖𝑖,𝑡𝑡 = ρ0,𝑖𝑖𝐸𝐸𝑡𝑡
−μ = ρ0,𝑖𝑖[(∑ρ0,𝑖𝑖𝑏𝑏𝑖𝑖,𝑡𝑡𝐸𝐸𝑖𝑖)(∑ρ0,𝑖𝑖𝑏𝑏𝑖𝑖,𝑡𝑡)

−1]−𝜇𝜇        (2.19) 
 

Summing Eq. 2.18 over all prey provides the GER of total stomach contents: 
 

                                                        d𝑆𝑆𝑡𝑡
d𝑡𝑡

= −(∑ρ𝑖𝑖,𝑡𝑡 𝑏𝑏𝑖𝑖,𝑡𝑡)�𝑆𝑆𝑡𝑡         (2.20) 
 

Eqs 2.16–2.20 define the cylinder model where the individual prey are considered spatially 
homogeneous with regard to energy density and resistance to the digestive processes. 
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Figure 2.8. Geometric abstraction of the surface-dependent cylinder model where individual prey as 
well as common food bolus are considered cylinders. The fractions bi,t made up by the individual prey 
of the total surface area of the side of the common food bolus is defined by Eq. 2.17. Together with 
the energy densities and basic prey-specific rate parameters, they determine the prey-specific 
evacuation rates cf. Eqs 2.18 & 2.19. The fish pictures are obtained with permission from Kirsten 
Hjørne, Naturporten.dk. 
 
 

Eq. 2.18 cannot be solved on a closed analytical form, but due to the smooth nature of the 
evacuation curve a simple numerical integration can be used to describe the evacuation of 
each individual prey type projecting its mass Si,t in small time steps Δt by 
 

                                                         𝑆𝑆𝑖𝑖,𝑡𝑡+∆𝑡𝑡 = 𝑆𝑆𝑖𝑖,𝑡𝑡 + ∆𝑡𝑡 d𝑆𝑆𝑖𝑖,𝑡𝑡
d𝑡𝑡

         (2.21) 
 

and the evacuation rate of the total stomach contents d𝑆𝑆𝑡𝑡
d𝑡𝑡

 is calculated as the sum of those of 

the individual prey types ∑d𝑆𝑆𝑖𝑖,𝑡𝑡
d𝑡𝑡

. 

Mixed meals composed of prey types that differ by one or more prey characters are 
heterogeneous although the individual prey items are considered homogeneous. It should 
therefore be noted that the predicted course of evacuation of these meals may depart from the 
square root shape due to differences in these prey characters in combination or in the 
resistance to the digestive processes alone (Andersen & Beyer 2005b). 
 
 

2.6  Evacuating heterogeneous prey – the two-stage model 
 
Prey fish can in general be considered homogeneous with regard to energy density and 
resistance to the digestive processes (Andersen 2001, Koed 2001, Temming & Herrmann 
2003). In contrast, crustaceans with robust exoskeletons are evidently heterogeneously 
composed concerning their resistance. The evacuation of this type of prey is accordingly 
characterized by an initial slow GER followed by a phase of significantly faster 
decomposition and evacuation. Therefore direct use of the cylinder model to predict the 
course and rate of evacuation requires a basic prey-specific rate parameter that is time-
variant, which would be rather complex (Andersen & Beyer 2005b) and, most importantly, 
imply that evacuation could not be described by the current mass of stomach content. 

Corresponding prey cylinders 

Common food bolus cylinder 

Prey 
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Couturier et al. (2013) examined the gastric evacuation of prey with different levels of 
armor and defined three stages of gastric evacuation in relation to prey exoskeleton 
characteristics. The chemical and physical barrier effects of the exoskeleton delayed or 
significantly slowed down the evacuation during the first stage. In the next stage, the 
exoskeleton had been cracked or fragmented exposing the inner parts and evacuation 
progressed relatively fast, whereas the evacuation of the small pure chitin remains in the last 
stage was extremely slow, which has also been observed by e.g. Kionka & Windell (1972). 
For practical use of the model, the final stage of evacuation of chitin can be ignored like it 
has been done for the skeletal remains of fish prey (Hislop et al. 1997). Andersen et al. 
(2016b) expanded the cylinder model to handle crustaceans by splitting the course of 
evacuation into the two first stages identified by Couturier et al. (2013) and by considering 
the evacuated prey parts in each stage to be homogeneous (Figure 2.9). They further 
demonstrated the ability of the model to forecast the course of evacuation beyond 
experimental settings on meal and prey body sizes (Section 4.1). 
 

   
 
Figure 2.9. Predator population estimate (───) of the course of gastric evacuation of crustacean prey 
with robust exoskeletons according to the two-stage cylinder model and including 95% CLs. 
Evacuation tracks (– – –) are shown for three predator individuals with indication of recovered 
stomach content mass St (●) at specific postprandial sampling times t. S0 is the original prey mass, k 2 
the fraction of this mass at time τ of transition between the two stages, ρ1 and ρ2 are the rate 
parameters of the two stages, and m 2 is the chitin fraction of the original prey mass. (a) Stomach 
content mass St and (b) square root transformed St (from Andersen et al. 2016). 
 
 

A layer of high resistance representing a robust exoskeleton was added outside the inner 
less resistant part of the prey cylinder. Exoskeleton parts of a single prey is slowly evacuated 
during the first stage of evacuation according to the square root function  d𝑆𝑆𝑡𝑡

d𝑡𝑡
= −𝜌𝜌1�𝑆𝑆𝑡𝑡 , 

which integrated over time τ of first evacuation stage is 
 

                                              �𝑆𝑆𝑡𝑡 = �𝑆𝑆0 −
1
2
𝜌𝜌1𝑡𝑡  ;         0 ≤ 𝑡𝑡 ≤ τ         (2.22) 

 

where ρ1 is the rate parameter. The inner parts are exposed at time τ at which the prey is 
reduced to the fraction k2 of its original mass so that �𝑆𝑆τ = 𝑘𝑘�𝑆𝑆0 = �𝑆𝑆0 −

1
2
ρ1τ. This 

provides 
 

                                                         τ = 2(1 − 𝑘𝑘)�𝑆𝑆0 ρ1−1         (2.23) 
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From time τ onwards, the evacuation is proceeding at a significantly higher rate according 
to d𝑆𝑆𝑡𝑡

d𝑡𝑡
= −ρ2�𝑆𝑆𝑡𝑡 until only the pure chitin parts comprising the fraction m2 of the original 

prey mass, are left in the stomach: 
 

                              �𝑆𝑆𝑡𝑡 = 𝑘𝑘�𝑆𝑆0 −
1
2
ρ2𝑡𝑡  ;         τ ≤ 𝑡𝑡 ≤ 2(𝑘𝑘 −𝑚𝑚)�𝑆𝑆0 ρ2−1        (2.24) 

 

Once the parameters are estimated for a specific prey type (Section 3.3), the model is able 
to predict the first stage of GER of any prey and meal size if the prey is considered to be of 
isometric shape and composition. Firstly, the duration τ of the first evacuation stage for a 
single prey is proportional to the square root of the initial body mass as indicated by Eq. 2.23 
for a constant value of k. Next, τ for a meal of specific mass and prey type is the same 
irrespectively of whether it is composed of a large single prey or multiple small, equal-sized 
prey, which appears from the following considerations. If n is the number of small prey, then 
bi,t = n –1, the area of the side of a single small prey cylinder is 𝐴𝐴𝑖𝑖,𝑡𝑡 = 2π𝑟𝑟𝑖𝑖,𝑡𝑡𝑙𝑙𝑖𝑖, and the area of 
the large prey cylinder is 𝐴𝐴𝑡𝑡 = 2π𝑛𝑛⅓𝑟𝑟𝑖𝑖,𝑡𝑡𝑛𝑛⅓𝑙𝑙𝑖𝑖. Thus, Eq. 2.15 writes 𝑐𝑐𝑡𝑡𝐴𝐴𝑖𝑖,𝑡𝑡 = 𝑛𝑛−1𝐴𝐴𝑡𝑡 implying 
that 𝑐𝑐𝑡𝑡 = 𝑛𝑛−1𝐴𝐴𝑡𝑡𝐴𝐴𝑖𝑖,𝑡𝑡−1 = 𝑛𝑛−⅓, which means that only the fraction 𝑛𝑛−⅓ of the area of the small 
prey is exposed to the digestive process at any time. If 𝑑𝑑𝑖𝑖 is the initial depth of the 
exoskeleton layer of the small prey, then the ‘functional’ depth is 𝑛𝑛⅓𝑑𝑑𝑖𝑖 and, hence, equal to 
that of the outer layer of the large prey provided that the relationship is isometric (Figure 
2.10). 
 

      
 

Figure 2.10. Geometric abstraction of meals of identical masses composed of either n small prey or a 
single large one with robust exoskeleton layers of depths 𝑑𝑑𝑖𝑖 and 𝑛𝑛⅓𝑑𝑑𝑖𝑖, respectively. Isometric growth 
of the prey is assumed and, according to Eq. 2.15, the exposed fraction of the area of the side of each 
of the small prey cylinders is 𝑛𝑛−⅓ (shaded area) at any time during the evacuation. The ‘functional’ 
depth of the exoskeleton of the small prey is then 𝑛𝑛⅓𝑑𝑑𝑖𝑖. This corresponds to the depth of the outer 
layer of the large prey cylinder the side of which is fully exposed to the digestive processes, and the 
duration of the first stage of evacuation is consequently the same for the two situations. 
 
 
2.7  Predator size, temperature and expanded rate parameter 
 
Predator size 
 
Andersen et al. (2021) derived the effect of predator length on GER that until then entirely 
has been estimated empirically from GER data. Consider the total stomach content St a 



26  Chapter 2 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

cylinder that is digested on its sides in accordance with Eq. 2.7 (d𝑆𝑆𝑡𝑡
d𝑡𝑡

= −δ𝐴𝐴𝑡𝑡 = −δ2π𝑟𝑟𝑡𝑡𝑙𝑙) and 
let l be the predator stomach length. Then, combining the equations for mass 𝑆𝑆𝑡𝑡 = π𝑟𝑟𝑡𝑡2𝑙𝑙 and 
side area 𝐴𝐴𝑡𝑡 = 2π𝑟𝑟𝑡𝑡𝑙𝑙 of the cylinder gives 𝐴𝐴𝑡𝑡 = 2�π𝑆𝑆𝑡𝑡𝑙𝑙, which means that the area At is 
proportional to the square root of stomach length l for a set value of St (i.e. 𝐴𝐴𝑡𝑡 ∝ √𝑙𝑙 ). 
Provided that l is proportional to total body length L, it follows that 𝐴𝐴𝑡𝑡 ∝ √𝐿𝐿. The digestive 
capacity of the stomach in terms of production rates of hydrochloric acid and pepsin per 
square unit of mucosa surface in contact with the prey is proportional to L if the stomach 
grows isometric and the gland activity per mass unit of glands is constant (Diamond 2002). 
Assuming that the gland activity can be translated directly into the rate of peeling off the 
cylinder side, then δ ∝ 𝐿𝐿 and thus  d𝑆𝑆𝑡𝑡

d𝑡𝑡
∝ 𝐿𝐿√𝐿𝐿 = 𝐿𝐿3/2. Alternatively, if the gland activity has 

some fractal nature of the scaling exponent (West et al. 1997), then its mass scaling is 3/4. 
This implies that the area-specific gland activity and δ scale with 𝐿𝐿3/4, resulting in d𝑆𝑆𝑡𝑡

d𝑡𝑡
∝

𝐿𝐿3/4√𝐿𝐿 = 𝐿𝐿5/4. Given that 𝐴𝐴𝑡𝑡 ∝ �𝑆𝑆𝑡𝑡, GER can then be described by 
 

                                      d𝑆𝑆𝑡𝑡
d𝑡𝑡

= −ρ�𝑆𝑆𝑡𝑡  with  ρ ∝ 𝐿𝐿λ ;        5/4 < λ < 3/2        (2.25) 
 

An example with the stomach length of a larger predator being twice that of its smaller 
conspecific is provided in Figure 2.11. The muscular actions (gastric motility) and the acidic 
and enzymatic activities of the stomach act synergistically, and it is therefore assumed that 
their capacities match. 
 
 

 
 

Figure 2.11. Current evacuation rate d𝑆𝑆𝑡𝑡
d𝑡𝑡

= −δ𝐴𝐴𝑡𝑡 of a specified prey mass 𝑆𝑆𝑡𝑡 in the stomachs of a 
small predator 1 and a large predator 2 holding a stomach of twice the length 𝑙𝑙1 of the small one. The 
depth δ2 of the layer peeled off the prey cylinder side in the stomach of the large predator is between 
23/4 and 2 times the depth δ1 of the small predator. The current surface area 𝐴𝐴2,𝑡𝑡 of the prey cylinder 
side in the stomach of the large predator is √2 times the area 𝐴𝐴1,𝑡𝑡 of the small predator. The 
evacuation rate in the large fish is then between  23/4√2 = 25/4 ≈ 2.4  and  2√2 = 23/2 ≈ 2.8  times 
that in the small predator. 
 
 
Temperature 
 
The multiplier Q10 is often used to express the effect of a temperature increase of 10 °C on 
metabolic rate as well as rates of many other physiological processes in ectotherms. Values 
measured within the natural range of their habitats usually lie between 2 and 3 (Schmidt-
Nielsen 1983, Willmer et al. 2000). Transformed to an exponential description 𝑒𝑒φ𝑇𝑇 of the 
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effect of temperature T, the range of Q10 corresponds to values between 0.07 and 0.11 of the 
temperature coefficient φ. 

This interval of φ is well reflected by the results from GER studies in which an 
exponential is used to describe the effect of temperature in the natural temperature range 
avoiding the extremes. For most marine piscivorous fish in the temperate climate, the value 
of φ is close to 0.08 in the temperature interval 5–13 °C (see Section 3.3). In contrast, dos 
Santos & Jobling (1991, 1992, 1995) estimated values between 0.11 and 0.13 for Atlantic cod 
in the temperature interval 1–14 °C. Salvanes et al. (1995) further obtained a high estimate of 
0.23 (corresponding to a Q10-value of 10) from the GER data of dos Santos & Jobling using 
the lower temperature interval 1–6 °C. 

An optimum temperature with a decline in GER close to the upper thermal tolerance limit 
has been reported in studies on for example sockeye salmon, Oncorhynchus nerka (Brett & 
Higgs 1970), Atlantic cod (Tyler 1970, Andersen 2012), brook trout Salvelinus fontinalis 
(Sweka et al. 2004), and sprat Sprattus sprattus (Bernreuther et al. 2009). The function 
𝑒𝑒φ1𝑇𝑇�1 − 𝑒𝑒φ2(𝑇𝑇−𝑇𝑇u)�, where φ1 and φ2 are temperature coefficients and Tu the upper 
temperature limit, was used by Andersen (2012) to describe the effect of temperature on GER 
including the optimum temperature and the decreasing GER towards the upper tolerance limit 
(Figure 2.12). 
 
 

 
 

Figure 2.12. The influence of temperature T on gastric evacuation rate (GER) according to a simple 
exponential (––––) and an optimum temperature Topt function (───). Tlow and Tup indicate the lower 
and upper temperature tolerance limits of the predator. The dashed part of the grey line indicate the 
likely stronger effect of temperature close to the lower tolerance limit that is not described by the 
optimum temperature function (from Andersen et al. 2021). 
 
 

At least three temperature-dependent processes, i.e. enzymatic activity, gastric juice 
secretion rate and gastric motility, determine the digestion rate (Smit 1967). The 
concentration of pepsin in the gastric juice in brown bullhead Ameiurus nebulosus was 
constant while the secretion rate increased exponentially with increasing temperature up to an 
optimum value of 25 °C (Smit 1967). Secretion rates in the temperature interval 15–20 °C 
provided the value 2.2 of Q10, which corresponds to φ = 0.08. The secretion rate decreased 
from 25 °C to 30 °C. The upper thermal tolerance limit of this subtropical species is 32 °C 
(Scott & Crossman 1973). 

In the lower part of the examined temperature range, the findings of Smit (1967) indicate 
that the secretion of pepsin increases exponentially with increasing temperature at the same 
rate as GER. The rate of the latter then probably reflects the effect of temperature on 
enzymatic activity, and the increased secretion rate meets the increased demand because of 
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the increasing digestive activity and resulting higher GER of chyme from the stomach 
(Andersen 2012). The decrease in GER above the optimum temperature and close to the 
upper tolerance temperature is probably not a result of decreasing activity of pepsin because 
the optimum temperature of this enzyme is significantly higher at temperatures between 40 
°C and 55 °C (e.g. Pavlisko et al. 1997, Zhou et al. 2008). A more likely explanation is 
constraints and eventual collapse in the cardiovascular system at high temperatures (Lannig et 
al. 2004), probably due to a mismatch between supply and demand of oxygen causing 
insufficient oxygen supply to the heart (Farrell et al. 2009). 

The results obtained by Salvanes et al. (1995) from the GER data on Atlantic cod of dos 
Santos & Jobling indicate that GER decreases faster with decreasing temperature close to the 
lower thermal tolerance limit than expected by use of the temperature coefficient φ of the 
exponential obtained from higher temperatures (Figure 2.12). Similarly, Brett & Higgs (1970) 
report that GER in sockeye salmon Oncorhynchus nerka is greatly depressed at low 
temperatures of 1–5 °C. The scarcity of observations does however not allow for 
parameterization of the effect of temperature in this lower temperature range. The 
mechanisms leading to the stronger impact of temperature close to the lower tolerance limit 
do not seem to have been studied for fish. Aquatic invertebrates and insects exposed to low 
temperatures fail to maintain the ion and water balance (MacMillan 2019), which should 
prove to be an obvious candidate mechanism for fish as well. 
 
 

Fully expanded rate parameter 
 
Assuming simple, multiplicative effects of the predictor variables, Andersen (2001, 2012) 
expanded the evacuation rate parameter ρ in the cylinder model by the functions describing 
the effects of prey energy density E (kJ g–1) (Eq. 2.13), predator length L (cm) (Eq. 2.25), and 
temperature T (°C) (see section above). The pre-factor ρ0 indicates the prey resistance to the 
digestive processes in the stomach, and it is here called the basic prey-specific rate parameter. 
Thus, 
 

                                                          ρ = ρ0𝐿𝐿λ𝑓𝑓(𝑇𝑇)𝐸𝐸−μ         (2.26) 
 

where f (T) is either the simple exponential 𝑒𝑒φ𝑇𝑇or the optimum function 𝑒𝑒φ1𝑇𝑇(1 − 𝑒𝑒φ2(𝑇𝑇−𝑇𝑇u)). 
Defined by the latter function, optimum temperature 𝑇𝑇opt = 𝑇𝑇u − φ2

−1 ln[(φ1 + φ2)φ1−1]. 
 
 

2.8  Summary 
 
The digestive processes in the stomach of predatory fish involve enzymatic and acidic actions 
that together with gastric motility (physical processing) work on the surface of the content. 
The partly degraded materials called chyme is evacuated through the pyloric sphincter into 
the intestine for further degradation and eventual absorption. Prey energy density and 
especially lipids slow the overall digestive processes in the stomach and the evacuation into 
the intestine – probably through feedback signals from receptors in the upper intestine that 
sense the chemical composition and energy density of the chyme. Prey may hold different 
resistances to the digestive processes, which affect their respective evacuation rates. 

There is extensive evidence that the gastric evacuation rate (GER) is proportional to the 
square root of the current total mass of the stomach contents, if the latter are homogeneous 
with regard to energy density and resistance of the prey. Further, GER seems to be insensitive 
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to the geometry of total stomach contents. It is primarily the sides of the individual prey that 
are exposed to the digestive processes. 

All these observations enabled the formulation of a surface-dependent mechanistic GER 
model that considers the stomach and its total contents a cylinder. Here, the digestive 
processes reduce the size of the cylinder by stripping off its side whereas the ends are 
unaffected. The model possesses a simple inherent rule for how much surface of the 
individual prey that is exposed to the digestive processes. Via the feedback mechanisms, the 
energy density of the evacuated chyme adjusts the depth of the layer currently peeled off the 
prey surface, which further depends on the individual prey’s resistance to the digestive 
processes. 

The model basically regards each prey homogeneous with regard to energy density and 
resistance, which applies in practice to most fish prey. However the model is also expanded 
to deal with evacuation of invertebrate prey with robust exoskeletons by adding a layer of 
more resistant material on the outside of the prey cylinder. The effect of predator size on 
GER is deduced from basic allometric considerations on stomach length and mucosa surface 
together with enzyme secretion capacity. The exponential influence of temperature on 
enzymatic processes seems to match the effect on GER in the central part of a predator 
species’ temperature tolerance range. At high temperatures close to the upper tolerance limit, 
GER is strongly depressed by constrains that are probably rooted in cardio-vascular 
problems. The GER also seems to be challenged at low temperature close to the lower 
tolerance limit, though the mechanism behind is not studied for fish. The effects of all 
variables are parameterized in the model with exception of the effect of low temperature 
close to the lower thermal tolerance limit. 
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Chapter 3 
 
Data acquisition and parameter estimation 
___________________________________________________________________________ 
 
 
3.1  Laboratory experiments on GER 
 
 
Introduction 
 
Sequential monitoring of GER in individual fish has so far not been possible. Radiography 
has been applied, but more to determine the time of full evacuation, GET, than to estimate 
GER because quantification of the current stomach content has proved difficult this way 
(Chapter 2). This method furthermore entails repetitive handling of the fish, which stresses 
them and negatively affects the digestive processes (Behrens et al. 2011). Point sampling of 
individual fish is therefore the only useful approach at present. 

The most commonly applied principle of a basic experiment with all predictor variables 
fixed is to feed each fish on empty stomach a specified meal of a prey in the laboratory. 
Individual fish are then sampled and their stomach contents retrieved and weighed at 
different postprandial times until total evacuation of the meals from the stomachs. Both wet 
and dry masses have been used. These paired observations on remaining stomach content 
mass St and postprandial time t are used to estimate the rate parameter value in the cylinder 
model or any other GER function (Chapter 2). 

The fish should preferably be kept separately to keep track of the meal eaten by each fish. 
This might not be feasible in all situations. Communal feeding of the fish has been practiced 
in the cases of schooling fish that cannot be kept as singles or fish that do not easily feed 
alone in captivity. An example of the first situation is Atlantic mackerel (Scomber scombrus) 
studied by Temming et al. (2005). Here, the schooling fish were fed tagged prey that 
subsequently could be identified in the stomach of the sampled fish enabling definition of the 
meal eaten by each fish. Although being a solitary species in nature, single turbot (Psetta 
maxima) did not easily accept an offered meal in the laboratory (Krog & Andersen 2009). A 
solution was to keep a few individuals together and feed them with prey of almost identical 
sizes. In the cases where it was not possible to keep track of the individual prey eaten by each 
fish, the number of prey could be identified in the stomachs for most of the total evacuation 
time, and the meal size quantified. However these approaches do not quite allow 
predefinition of the size of the meal offered to each fish, which makes the experimental 
design more complicated. Further, serial sampling of schooling fish kept in a basin may 
disturb the fish and influence GER. This potential problem was avoided in the experiments 
on turbot because the few fish in each of a large number of tanks allowed sampling of all fish 
in a tank at the same time so that each tank represented a specific postprandial time. 

The error of the estimated value of the rate parameter of a predefined GER function 
declines exponentially to a certain level with increasing number of observations in an 
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experiment. A minimum of 15–20 observations was required to obtain relatively stable mean 
and variance estimates (dos Santos 1990). The observations should cover as much as possible 
of the total evacuation time and without excessive waste of observations because of empty 
stomachs. Due to inter-individual variation, one or more stomachs become empty at some 
point during a GER experiment while others still contain prey. Subsequently, the fraction of 
stomachs without content increases until all are empty. This means that the observations 
become increasingly left-censored because it is not known how long the stomachs have been 
empty (Andersen 1984). The result is an exaggerated curvature of the estimated GER curve 
as compared to the ‘true’ functional model (Bromley 1988). Truncation of data beyond the 
first appearance of an empty stomach is one way to remedy for this problem (Andersen 1984, 
Olson & Mullen 1986). In practice, stomachs that only contain skeletal parts are also 
classified as empty because these remains are slowly digested and may stay in the stomach 
for a long time (Hislop et al. 1997). A prerequisite for the usefulness of truncation is low data 
variation so that empty stomachs do not turn up until very late in the series of sampling. It 
should therefore be strived as far as feasible to reduce the variability in most of the predictor 
variables including predator size, meal size, prey characters, and temperature, leaving the 
inter-individual difference in GER capability of the predator as the major contributor. In 
addition, to optimize the sampling schedule, a model or function with putative parameter 
values can initially be used to predict the GER and then tuned during the experiment by 
inclusion of the new observations (Section 3.2). 

In the case of high data variability, Bromley (1988) used maximum likelihood analysis on 
the observations to predict the parameters of the ‘true’ functional GER model. He assumed a 
linear functional relationship with normally distributed variance that is constant in time. 
These assumptions do not seem valid with regard to neither the functional relationship nor the 
variance model (Chapter 2 and Section 3.2). However, the principle shows another avenue for 
overcoming the problem with empty stomachs, although it should be noted that the outcome 
always depends on the validity of the assumptions. Under all circumstances, excessive data 
variation should be avoided because, in the past, it has hampered the establishment of proper 
functional relationships and caused misinterpretations of how gastric evacuation is going on. 

It might be questioned whether GER estimates obtained from laboratory experiments can 
be applied to fish in the wild. Hopkins & Larson (1990) used divers to feed black and yellow 
rockfish (Sebastes chrysomelas) in the sea and to catch the fish at different times thereafter 
and retrieve their stomach contents to estimate GER. They did not find any significant 
difference in estimated GER between laboratory experiments and these experiments under 
natural conditions. However this important aspect is not thoroughly investigated, which has 
influenced the choice of methodology, acclimation of fish, lighting and feeding regimes, 
ranges of temperature and prey species, and the state of the prey in the planning and 
execution of the experiments of the present study. In addition, the applicability to natural 
conditions of the cylinder model with parameter values estimated in laboratory experiments 
has been challenged by Andersen et al. (2017) in one of the applications described in Chapter 
6 as well as by Berg & Temming (2011). 

Dry mass of stomach content has been used extensively to describe GER. It might be 
applied in statistically founded functions or models, whereas it is difficult to see how dry 
mass should be used as a predictor of GER in a mechanistic model for macrovorous 
predatory fish. For example, it does not relate directly to the volume of food in the stomach 
that forms one of the regulatory mechanisms, or to the surface on which digestion takes place 
(Chapter 2). The focus here is therefore on prey volume, shape and surface area as expressed 
by wet mass and length of prey cylinders. 
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There has been few attempts to standardize the methodology and design of GER 
experiments in the past (Bromley 1994). The challenge in the present study was therefore to 
find best practice elaborating on reported approaches used in the previous ones. The 
description below primarily reports the methodology used in the present study, but with some 
general considerations. 
 
 

Acquisition of fish and prey 
 
The predatory fish were preferably caught by jigging with baited hooks from a vessel or pier 
and transported in a basin with oxygen supply to the laboratory. A shallow location, usually 
less than 10–15 m in depth, was selected for collection of the fish to avoid primary and 
secondary barotrauma effects (e.g. inflated swim bladder, swollen body cavity and 
exophthalmia) due to rapid decompression in connection with the catch (Ferter et al. 2015, 
Humborstad et al. 2017). Grey gurnard (Eutrigla gurnardus) and some of the turbot and 
Atlantic cod (Gadus morhua) were caught by trawling or gillnet under calm weather 
conditions and with short haul or soak time, respectively, to avoid excessive skin or tissue 
damage. At return to the laboratory, the fish were transferred in groups to keeping tanks for 
acclimation to laboratory conditions of temperature and feeding. The tank size depended on 
the size of the fish so that small fish <40 cm in general were inserted into 2×2-m tanks, and 
larger fish into circular 3-m tanks. The number of fish in a tank typically ranged between 40 
and 100, and the maximum stocking density increased from 4 to 25 kg m–3 with increasing 
body size. The fish in a tank were of similar body size to reduce excessive formation of 
hierarchy and concomitant failure to feed and thrive of the smaller individuals. 

A couple of different methods were used to acquire prey for experiments and acclimation 
of the predatory fish. Swimming crabs (Liocarcinus depurator) were sampled during surveys 
with a commercial trawler and brought alive to land, where they were frozen. Krill 
(Meganyctiphanes norvegica), gadoid prey fish [Norway pout (Trisopterus esmarkii) and 
whiting (Merlangius merlangus)] and sprat (Sprattus sprattus) were caught by trawling from 
the R/V ‘Dana’ and immediately frozen onboard. A pushnet or a hand-towed 2-m beam trawl 
was deployed by wading in shallow water to collect common goby (Pomatoschistus microps) 
and brown shrimp (Crangon crangon). These prey were transported alive to the laboratory 
and frozen. Herring (Clupea harengus) and lesser sandeel (Ammodytes tobianus) were 
obtained from shallow water using a downscaled otter-trawl operated from a small boat along 
tidal channels, cooled by ice, and frozen at the return to the laboratory. 

All prey for experiments were frozen in shallow trays enclosed in thick plastic bags or 
aluminum foil to ensure a quick freezing process and prevent dehydration. Prey fish were 
frozen and stored at –20 to –30 °C, whereas crustaceans were kept at –80 °C because the 
predatory fish are reluctant to eat them if they have been stored at the same temperature as 
the prey fish, probably due to some chemical transformations in the crustaceans (A. Temming 
& J.-P. Herrmann, Hamburg University, pers. comm.). 

In most cases, previously frozen prey are used in GER experiments because the logistics 
associated with acquisition as well as keeping and performing experiments with fresh prey in 
general are challenging and would limit the assortment of prey. Freezing and frozen storage 
of the prey may however influence the texture and the resistance to the digestive processes 
through cell damage and chemical processes (Hui et al. 2006, Andersen 2012). Freezing of 
prey seemed to affect in vitro digestion of muscle pieces of crustacean, squid and hake 
(Merluccius sp.) as well as intact Cape anchovy (Engraulis capensis) (Jackson et al. 1987). 
However, the difference between fresh and previously frozen intact anchovy was not 
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convincing and in most cases insignificant. Only in a few cases out of a number of 
experiments, Macdonald et al. (1982) found significant differences in GER between fresh and 
previously frozen invertebrates (mussels and polychaetes) fed to different predatory fish. Dos 
Santos (1990) examined the effect of freezing and storage of prawn (Pandalus borealis) and 
capelin (Mallotus villosus) on GER in Atlantic cod. Although the evacuation of fresh prey 
tended to be slower, the different treatments of the prey did not significantly affect GER. 

In the present work, the focus has been on gentle sampling and minimizing the time 
between sampling and freezing as well as the subsequent thawing period prior to GER 
experiments. The effect of prey treatment (fresh prey vs. previously frozen prey) was tested 
here as well using the present experimental methodology and GER model. The outcome 
probably also depends on initial prey quality and the procedures for freezing and thawing. To 
examine the effect of freezing and frozen storage on GER, one part of a batch of lesser 
sandeel was kept alive for a short time until the GER experiment while another was frozen 
and stored for 3 months prior to experimentation. This way, meals composed of prey 
subjected to the two respective treatments were fed to Atlantic cod, and the rate parameter 
values estimated. Reflecting the resistance of the prey to the digestive processes, the 
estimated values of the rate parameter were not significantly different and actually quite 
similar (Andersen 2012). 

Altogether, prey fish, and probably also crustaceans, treated carefully, and frozen and 
thawed swiftly, do not seem to be evacuated differently from fresh conspecifics. Invertebrates 
with a soft and fragile body such as polychaetes may be affected by freezing (Macdonald et 
al. 1982), which should be further tested, and, if an effect is demonstrated, fresh prey should 
be used. 
 
 

Acclimation of the fish 
 
Seasonal metabolic compensation with higher GER rates at low temperature in winter has 
been demonstrated for some freshwater fish (Molnar et al. 1967, Smit 1967, Brett & Higgs 
1970). However dos Santos & Jobling (1991) did not find any seasonal difference in GER for 
Atlantic cod. This might reflect the difference in seasonal temperature experienced by marine 
and freshwater fish in the temperate and sub-arctic climates. The temperature range is 
generally larger for freshwater fish, especially in rivers and smaller water bodies, where the 
fish cannot easily escape from the extremes. They are probably physiologically adapted to 
cope with large seasonal temperature differences being eurythermal animals. In contrast, 
marine fish generally experience smaller temperature differences, partly because the seasonal 
temperature variation in the sea is lower, and partly because the fish here have the 
opportunity to avoid adverse temperatures by behavioral adaptation – for example by seeking 
deeper water at low coastal temperature in winter as well as at high temperature in summer 
(Rikardsen et al. 2007, Righton et al. 2010, Dinesen et al. 2019). Seasonal effects per se on 
GER were therefore not examined in the present work that only included marine species. The 
fish were however allowed a long period to acclimate to the temperature of the experiment. 

When inserting new fish in a tank, the water temperature was initially adjusted to that of 
the sampling location. Thereafter, the temperature was gradually adjusted by 0.5 °C every 
third day until it matched the intended temperature for the experiment, provided the latter was 
higher than the original temperature at insertion. Otherwise, temperature adjustment was 
postponed until establishment of feeding because decreasing temperature seems to have a 
negative effect on the acclimation to laboratory conditions in general. After attainment of the 
desired temperature, the fish were acclimated for at least 6 weeks before transfer to the tanks 
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for experiments. The feeding frequency depended on fish size and temperature and ranged 
from twice a day to every second day. The fish were fed half satiation rations of natural prey, 
and the prey type used in the experiments constituted a major part. As soon as feeding was 
established, the food ration was distributed as quickly as possible all over the water surface to 
assure an equal distribution of food among the fish and to minimize the opportunity of 
dominant fish to discourage subordinates from feeding. The inlet water was fully saturated 
with oxygen and the flow rate was adjusted to ensure at least 80 % saturation of the outlet 
water. 
 

 
 

Figure 3.1. Gastric evacuation of a meal of three lesser sandeel (○) fed to Atlantic cod that were 
exposed to (a) continuous light, (b) 12L:12D photoperiod and fed the meal at dawn and (c) 12L:12D 
photoperiod and fed the meal at dusk. Gastric evacuation curve with 95% CL is provided from data by 
use of the square root function. Periods of darkness (■) are indicated (from Andersen 2012). 
 
 

The influence of photoperiod on GER has not been examined previously, and the light 
regimes in reported experiments differ substantially ranging from natural photoperiod to 
continuous light (e.g. Tyler 1970, Andersen 2001). The latter regime has mostly been used to 
ease conduction of feeding and retrieving fish for examination of the stomach content. In 
many cases, the light regime has not been specified (e.g. dos Santos & Jobling 1992, 
Temming & Herrmann 2003). 

In the present study, continuous white light from fluorescent tubes providing a light 
intensity of 30–40 lx at the water surface was generally used. The exception was one series of 
experiments in which estimates of GER under continuous light and a 12L:12D photoperiod 
with half-hour dusks and dawns were compared (Andersen 2012). The estimated rate 
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parameter values did not differ significantly (Figure 3.1), and examination of the possible 
effect of light regime has therefore not been further pursued here. 
 
 

Performing a basic experiment 
 
The fish were transferred to the experimental tanks, where they were conditioned singly or in 
pairs in the case of turbot that were reluctant to feed when kept alone (Krog & Andersen 
2009). The fish were anaesthetized in a 1:10–20.000 solution of tricaine methanesulphonate 
(MS222 Sandoz; www.resorg.com) in the transfer process, which proved to accelerate the 
conditioning of the fish for the experimental tanks and feeding routines, and it was a 
prerequisite to prevent long lasting panicking behaviour of saithe (Pollachius virens). 

Fish <25 cm were inserted into 0.25×1-m raceway tanks, whereas 1×1-m tanks divided 
diagonally into two compartments by plastic netting were used for larger fish. Oxygen 
saturation of the outlet water was at least 90 %. The fish were allowed a conditioning period 
until they readily accepted the prey and consumed the entire meal offered to them without 
showing any sign of anxiety. In some other studies, the fish have been anaesthetized and 
force-fed (e.g. Steigenberger & Larkin 1973). Not surprisingly, this treatment suppresses 
GER (Windell 1966, Swenson & Smith 1973) and increases the variability because the 
individual fish react differently (Behrens et al. 2011), and it is therefore not recommended. 

The extent of the conditioning period depended on fish size and species as well as 
temperature regime. Usually the fish were well conditioned for the experiment within 7–14 
days. An initial period of fasting prior to the experiment ensured that there were no prey 
remains in the stomach. Prolonged starvation may however influence GER (Windell 1967, 
Tyler 1970, Jones 1974), so the time with empty stomach should be kept at a minimum. If 
available, adequate a priori knowledge about the time of full evacuation (GET) should be 
used to decide the food deprivation time. Otherwise, it is recommended to perform an initial 
trial to obtain the necessary information. 

The prey intended for the experiments were quickly thawed in running water to avoid 
excessive internal autolysis (e.g. Temming & Hermann 2003). A specimen of desired body 
mass was chosen and its length measured. Prey of the same length were then selected. 
Standard length was used for fish prey, length between the bases of rostrum and uropods for 
shrimp, carapace width for crab, and total length for krill. These lengths were used to define 
the length of individual prey in the cylinder model (Section 2.5) to avoid length contributions 
without substantial masses (Andersen & Beyer 2005b). The selected prey were subsequently 
weighed, and those of similar masses within a narrow range finally used for the experiment as 
well as for determination of energy density and possibly body composition according to 
special requirements. This procedure ensured that the variation in body mass and 
condition/energy density was kept at an insignificant level. It requires however ample prey 
for the selection, which, if possible, should be considered when collecting prey for the 
experiments. As standard procedure, the prey for energy density and body composition were 
usually dried, and dry mass, energy density and ash determined (e.g. Andersen 2001). In 
addition, the chitin contents of crustaceans were in some cases measured to explain the 
course of evacuation of these prey as well as to inform the cylinder model (Couturier et al. 
2013, Andersen et al. 2016b). 

The meals were fed to the fish and the stomach contents thereafter retrieved at different 
post-prandial times according to the sampling schedule (Section 3.2), or until first appearance 
of a stomach that was either empty or exclusively contained skeletal remains (incl. chitin 
from crustacean exoskeletons). In some cases, this was not entirely accomplished, but 

http://www.resorg.com/
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sampling was in general continued until only a minor part of the prey (< 5 %) was left. With 
increasing experience, the evacuation time was usually well predicted and further updated by 
ongoing corrections if the reality departed from the forecast. 
 
 

 
 

Figure 3.2. Performing gastric lavage on an anaesthetized whiting. 
 
 

Two methods were applied to retrieve the contents. Gastric lavage has been used in a 
number of studies (dos Santos 1990), which allows the use of a fish in more experiments. In 
the present study, the fish was gently collected from the tank, anaesthetized in a 1:10–20.000 
solution of MS222 until it only exhibited a weak response to a loose grasp around the caudal 
peduncle. Then, the fish was lifted from the water, held inclined above a sieve (mesh size 90 
μm), and a thin plastic tube with a weak jet of water from the seawater system inserted 
through the mouth and esophagus into the upper part of the stomach (Figure 3.2). This 
provokes the fish to regurgitate the stomach content, and, with some experience, it is 
generally an extremely effective method for total emptying of the stomach (Bromley 1988, 
dos Santos & Jobling 1992). The fish were weighed and length measured after gastric lavage, 
and then returned to the tank. The fish were normally allowed a recovery period of minimum 
14 days between experiments. 

The stomach contents collected in the sieve were gently rinsed with squirts of freshwater 
from a squirt bottle. The larger items were recovered from the filter using tweezers. The 
remaining smaller parts were concentrated in the middle of the sieve by combining squirts of 
water and movements of the sieve. Water was then extracted with moist paper towel operated 
from the underside of the filter to form a blob of the materials that could easily be lifted from 
filter with tweezers. All the stomach contents recovered from the sieve were placed on moist 
paper towel and excess water extracted by a gentle pressure using another paper towel on the 
top. The contents were then weighed and dried, and then ready for further possible analyses. 
Figure 3.3 shows an example of prey retrieved from predator stomachs by gastric lavage at 
different postprandial times together with a plot of remaining wet mass of total stomach 
contents as well as the estimated gastric evacuation curve described by a square root function 
(see section 3.2). 
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Figure 3.3. Digestion stages at different postprandial times (h) of meals of four lesser sandeel fed to 
saithe. Lower right panel shows remaining stomach content mass vs. postprandial time from this 
experiment as well as estimated gastric evacuation curve with 95% CL. 
 
 

If required, the different prey individuals were identified and weighed separately. The blob 
consisting of the smaller unidentifiable lumps normally comprised an absolutely minor part 
of the recovered contents. Its mass was allocated to the identified prey remains in proportion 
to their respective surface contributions (or in early experiments to their mass contributions – 
the bias resulting from this procedure was usually insignificant). 

To avoid excessive fragmentation of the prey remains, gastric lavage should not be used in 
situations where information on evacuation of individual, fragile prey in the meal is targeted. 
Further, the contents from meals containing larger, edged and spiny crustaceans like crabs are 
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not always totally recovered by this method – especially in the first part of the digestive 
process until cracking of the exoskeleton. The so-called serial slaughtering method is 
recommended in these cases. The fish are killed and the stomachs recovered by dissection. In 
other respects, the procedure is similar with the contents transferred to the sieve and treated 
as described above. 
 
 

3.2  Parameter estimation 
 
The general power function 
 
The general power function has been used on laboratory data on GER for exploration of the 
course of gastric evacuation (e.g. Temming & Andersen 1994, Andersen 1998, Krog & 
Andersen 2009). The parameters have been estimated by nonlinear regression using Eq. 2.1 
integrated from time 0 of meal ingestion to time t of complete evacuation of one of the meals 
and expressed by 
 

                                             𝑆𝑆𝑡𝑡 = [𝑆𝑆01−α − (1 − α)ρ𝑡𝑡](1−α)−1 + ε           (3.1) 
 

where St is the stomach content mass at postprandial time t after ingestion of a meal of mass 
S0 and ε is a normally distributed variable, estimated by the regression residuals, with a mean 
of 0 and variance σ2. 

The iterative Marquardt method (e.g. in the NLIN procedure of the SAS software) has 
been used for the purpose. A negative value cannot be raised by the exponent α. Therefore, a 
conditional expression has to be included, which put St to 0, if the value of term inside the 
main bracket of Eq. 3.1 becomes negative during the iterative process [i.e. if (1 − α)ρ𝑡𝑡 >
𝑆𝑆01−α] (Temming & Andersen 1994). 

Variance homogeneity is a prerequisite for unbiased parameter estimation. This is 
considered the case throughout time of evacuation of a meal of specific size. However, the 
standard deviation σ of the random error term ε of Eq. (3.1) increases linearly with meal size 
S0. GER data expressed relative to meal size then provide a homogeneous variance structure, 
and each observation is accordingly allotted an equal importance in parameter estimation 
irrespective of the size of the meal given to the fish. Whenever data include significantly 
different meal sizes it is therefore recommended to use the expression 
 

                                         𝑆𝑆𝑡𝑡
𝑆𝑆0

= [1 − 𝑆𝑆0
(α−1)(1 − α)ρ𝑡𝑡)](1−α)−1 + εr           (3.2) 

 

for parameter estimation (Andersen 1998). Variance homogeneity is provided by εr = ε𝑆𝑆0−1. 
 
 

The cylinder model 
 
The parameter estimation, together with the variability of gastric evacuation not accounted 
for by the deterministic cylinder model, is described here for the cylinder model. 
 

A single, homogeneous prey type 
 
According to the cylinder model, total stomach contents composed of a single prey type 
considered homogeneous with regard to energy density and resistance to the digestive 
processes, are evacuated as described by the square root function (see Eq. 2.10): 
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                                       �𝑆𝑆𝑡𝑡 = �𝑆𝑆0 −
1
2
ρ𝑡𝑡 ;          0 ≤ 𝑡𝑡 ≤ 2ρ−1�𝑆𝑆0          (3.3) 

 

The values of the rate parameter ρ can be regarded as the outcome of a normally distributed 
stochastic variable, if predator size and temperature are similar for all the observations: 
 

                                               ρ = ρ�(1 + ε) ;          ε ~ 𝑁𝑁(0,σe2)           (3.4) 
 

where ρ� is the mean value, ε the error term, and σe the coefficient of variation (CV) so that 
V(ρ) = (σeρ�)2. This simple description provides the variability in GER not accounted for by 
the cylinder model, assuming that each predator individual operates with its own rate 
parameter value. The latter can be obtained for each predator individual from the laboratory 
experiments described in Section 3.1 by rewriting Eq. (3.3): 
 

                                                        ρ = 2(�𝑆𝑆0 − �𝑆𝑆𝑡𝑡)𝑡𝑡−1           (3.5) 
 

where t is the postprandial time for recovery of the remains of the meal in its stomach. 
Maximum likelihood estimates of ρ� and σe are then simply obtained by ρ� = 𝑛𝑛−1 ∑ ρ and 
σe = ρ�−1S. D. (ρ), where n is the number of predator individuals in the experiment and S.D. 
the standard deviation. Andersen & Beyer (2008b) obtained an estimate 0.098 ± 0.004 (S.E.) 
of σe from 26 experiments comprising 568 observations on individual predators (Figure 3.4a). 

Consequently, the standard deviation of �𝑆𝑆𝑡𝑡 should increase linearly with increasing 
postprandial time, and at a faster rate for higher estimates of ρ. The variability of data on St is 
accordingly well described by the general estimate 0.098 of σe for experiments with different 
values of ρ� (Figure 3.4b). Combining Eqs 3.3 and 3.4, the increase in variability of St can also 
be described by the approximated variance: 
 

                                           �𝑆𝑆𝑡𝑡 ∣ 𝑆𝑆0, 𝑡𝑡  ~  𝑁𝑁(�𝑆𝑆0 −
1
2
ρ�𝑡𝑡, (1

2
σeρ�𝑡𝑡)2)           (3.6) 

 

The influence of the major predictor variables on GER needs to be quantified to develop a 
full model. For this purpose, ρ in Eq. 3.3 is expanded in accordance with Eq. 2.26 to estimate 
the values of the parameters λ, μ, and φ of the functional relationships that describe the 
effects of predator size L (cm), temperature T (°C), and prey energy density E (kJ g–1) 
 

                                                  �𝑆𝑆𝑡𝑡 = �𝑆𝑆0 −
1
2
ρ0𝐿𝐿λ𝑓𝑓(𝑇𝑇)𝐸𝐸−μ𝑡𝑡           (3.7) 

 

where f(T) represents either the exponential 𝑒𝑒φ𝑇𝑇or the optimum temperature function 
𝑒𝑒φ1𝑇𝑇(1 − 𝑒𝑒φ2(𝑇𝑇−𝑇𝑇u)) in which Tu is the upper temperature tolerance limit of a specific 
predator (Section 2.7). The basic prey-specific rate parameter ρ0 represents the resistance of a 
prey type to the digestive processes. 

The expansion of ρ renders the use of maximum likelihood parameter estimation 
complicated. The estimation can however be achieved by nonlinear regression using the 
iterative Marquardt method. The variability of �𝑆𝑆𝑡𝑡 increases with increasing postprandial 
time in accordance with Eq. 3.6. The data should then be weighted by (ρ�𝑡𝑡)−2, which for all 
practical purposes corresponds to the maximum likelihood estimation described above for 
estimation of the unexpanded version of ρ in the case of a single prey type fed to a predator 
of a specific body length and temperature (Andersen 2012). 

Parameter estimation of one or more of the predictor variables requires GER data from a 
number of experiments that differ significantly from each other by the values of the variables 
concerned. Some examples are provided in Section 3.3. 
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It is often difficult to accomplish GER experiments close to the upper temperature 
tolerance limit because the fish are typically physiologically stressed, which often makes 
them refuse to eat the offered meal. Then, Tu of the optimum temperature function might be 
defined from other types of studies and fixed at a specific value in advance of the parameter 
estimation of the optimum temperature function (Section 3.3 and Andersen 2012). 
 
 

      
 

Figure 3.4. (a) Relationship between estimates of the evacuation rate parameter ρ (�g h−1) and the 
associated standard deviation σeρ�, where σe is the coefficient of variation. The estimates of ρ were 
obtained from each of 26 experiments on gastric evacuation of single meals of prey fishes fed to 
whiting (○), saithe (●), and Atlantic cod (●). The line is provided by linear regression through origin, 
and its slope is σe. (b) Three of these experiments on gastric evacuation of whiting (○), saithe (●) and 
Atlantic cod (●), where St is recovered stomach content mass at postprandial time t. A line is provided 
from data on each experiment using the square root function �𝑆𝑆𝑡𝑡 = �𝑆𝑆0 −

1
2
ρ�𝑡𝑡. 95% CL are provided 

using ± 2σeρ� for estimated ρ, where the value 0.098 of σe is the slope in (a) obtained from all 26 
experiments (from Andersen & Beyer 2008b). 
 
 
Heterogeneous prey – the two-stage model 
 
Robust exoskeletons of crustacean prey imply that GER initially is slowed down and that the 
value of the rate parameter hence depends on how long time these prey have been subjected 
to digestion in the stomach. One approach to cope with this challenge is to split the 
evacuation process into two stages separated by the cracking of the exoskeleton (Section 2.6). 
The values of the rate parameters for the two stages are estimated separately. GER data for 
estimation of ρ1 of the first stage of evacuation (Eq. 2.22) are truncated at the time of first 
occurrence of a cracked exoskeleton. 

The estimate of ρ2 of the second stage is obtained from the ensuing data by starting at the 
time of first occurrence of a cracked prey in all sampled stomachs, and truncating at the time 
of first occurrence of a stomach that only contains chitin parts. The latter is similar to 
truncation of data on fish prey at the first occurrence of a stomach with only skeletal remains. 
The intersection of the GER line with the ordinate axis has to be estimated, expressing the 
evacuation by �𝑆𝑆𝑡𝑡 = 𝑦𝑦0 −

1
2
ρ2𝑡𝑡. Time 𝑡𝑡 = τ replaced by the right side of Eq. 2.23 provides 

�𝑆𝑆τ = 𝑘𝑘�𝑆𝑆0 = 𝑦𝑦0 −
1
2
ρ2τ = 𝑦𝑦0 − �𝑆𝑆0(1 − 𝑘𝑘)𝜌𝜌2ρ1−1 and the intersection 𝑦𝑦0 = [𝑘𝑘 +

(1 − 𝑘𝑘)ρ2ρ1−1]�𝑆𝑆0. Evacuation of the second stage described by Eq. 2.24 can then be 
rewritten as 
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                              �𝑆𝑆𝑡𝑡 = μ�𝑆𝑆0 −
1
2
ρ2𝑡𝑡 ;          τ ≤ 𝑡𝑡 ≤ 2(μ − 𝑚𝑚)�𝑆𝑆0ρ2−1 ; 

 

                                                        μ = 𝑘𝑘 + (1 − 𝑘𝑘)ρ2ρ1−1           (3.8) 
 

which defines the parameter μ (Figure 3.5) The evacuation lines of the two stages intersect at 
 

                                                   τ = 2�𝑆𝑆0(μ − 1)(ρ2 − ρ1)−1           (3.9) 
 

where the remaining prey fraction is 
 

                                                 𝑘𝑘2 = [(ρ2 − ρ1μ)(ρ2 − ρ1)−1]2         (3.10) 
 

If no or only few data are obtained from the first stage, a priori knowledge about k 2 can 
be used to estimate the actual duration τ by parameters obtained entirely from stage-two data: 
 

                                                         τ = 2�𝑆𝑆0(μ − 𝑘𝑘)ρ2−1         (3.11) 
 

The rate parameter ρ1 of the first stage can then be estimated by 
 

                                                       ρ1 = (1 − 𝑘𝑘)ρ2(μ − 𝑘𝑘)−1         (3.12) 
 

The duration of the first stage of evacuation is short for shrimp, which makes it difficult to 
obtain direct estimates of ρ1. Therefore, Andersen et al. (2016b) used data on the remaining 
fraction of original body mass at the time of partial detachment of the abdominal part to 
estimate k 2 and then ρ1 for different shrimp species. 

Eqs. 2.22 and 3.8 are used to describe the first and second stages of evacuation, 
respectively. The rate parameters ρ1 and ρ2 are expanded according to Eq. 3.7. The 
corresponding basic prey-specific rate parameters ρ1,0 and ρ2,0 are estimated by nonlinear 
regression weighting data on �𝑆𝑆𝑡𝑡 by (ρ�𝑡𝑡)−2 as explained in the section on a single 
homogeneous prey type. Andersen & Beyer (2008b) further approximated the variance of τ 
by (σeτ�)2, where σe is the CV of ρ (Figure 3.5). 

The variance description originates from ρ being a stochastic variable assuming that each 
predator individual operates with its own rate parameter value and that the inter-individual 
variation in the characters of the prey influencing GER is unimportant (Andersen & Beyer 
2008b). The latter assumption is a result of the careful selection of prey for GER 
experiments, and it is tested in Karlsen & Andersen (2012) (Section 4.2). The implication for 
the two-stage cylinder model is that prey-specific ratio of ρ2 to ρ1 is assumed identical for all 
predator individuals. Further, the relative uncertainties of the two rate parameters expressed 
by σe are regarded identical. 

The organic part of the crustacean exoskeletons is composed of chitin and protein. The 
energy density of the chyme produced from the exoskeleton is hence 3.5 kJ g–1 at the most 
(Andersen et al. 2016b). The evacuation rate does not depend on energy densities below this 
value (Andersen 2001). Estimating ρ1,0, the energy density of the chyme E1 originating from 
the exoskeleton is therefore set at 3.5 kJ g–1 regardless of the value for the entire prey. 

Estimating the parameters of Eq. 3.8, the value of the rate parameter ρ2,0 of the second 
stage of evacuation is strongly correlated with that of μ, and uncertainty estimation of the rate 
parameter is therefore complicated. To be operational, the use of the evacuation model for 
field data on stomach contents requires simplicity. The variance of ρ2,0 estimated in a second 
step by fixing the value of μ obtained in a first step was therefore applied. A simulation study 
demonstrated that this variance appropriately described the data variation by use of the 
cylinder model to GER data on crustacean prey (Andersen et al. 2016b). 
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Figure 3.5. The course of gastric evacuation of crustacean prey with robust exoskeletons according to 
the two-stage cylinder model and including 95% CLs. Graphic presentation of the expressions 
involved in estimation of the rate parameter ρ2 of the second stage of evacuation as well as the time τ 
of transition between the two stages. �𝑆𝑆0 is the meal mass, μ�𝑆𝑆0 the intersection of the second stage 
evacuation line with the ordinate axis, 𝑘𝑘�𝑆𝑆0 = �𝑆𝑆τ the remaining prey mass at time τ, ρ1 the rate 
parameter of the first stage, σe the CV of ρ2 (and ρ1) used to indicate 95% CI = 2×SD of �𝑆𝑆𝑡𝑡 and τ. 
(from Andersen et al. 2016b). 
 
 
Multiple prey types and meals 
 
No parameter estimations are performed in situations of mixed meals of more prey types as 
well as more meals in the stomach. The basic prey-specific rate parameter values obtained 
from experiments on one prey type are used to forecast the course and rate of evacuation (see 
Section 2.5) in these more complex situations. The ability of the cylinder model to do so is 
challenged in comparison with previous approaches using data on GER of mixed and double 
meals in Sections 4.2. and 4.3. 
 
 

3.3  Parameter estimates 
 
Relevant parameter estimates obtained by the use of the cylinder model and the previously 
described estimation procedures (Section 3.2) are presented here. Included for comparison 
are also corresponding estimates from the literature. 
 
 

Predator size 
 
In most cases predator body mass has been used to quantify the effect of predator size on 
GER, and relatively few studies have actually reported the effect of predator length. Fish kept 
in captivity tend, however, to attain a substantially higher condition factor as compared to 
their wild conspecifics (e.g. Grant et al. 1998, Andersen 2001). GER is presumably coupled 
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to the structural size of the predator rather than to the amount of energy storage (Andersen 
2001). The body length is therefore used in practice as the predictor variable in the present 
study. 

Two critical assumptions in the theoretically derived effect of body length using the 
cylinder model were isometric stomach growth and constant relationship between stomach 
length l and total body length L (Section 2.7). Andersen et al. (2021) examined these two 
relationships for a number of marine fish species and could not reject their validity. 

The value of the exponent λ that quantifies the influence of L on GER (Eq. 2.26) has been 
estimated for a number of piscivorous fish. Corroborating the theoretically derived interval of 
5/4 to 3/2, the estimates obtained by use of the square root function to GER data ranged 
between 1.30 and 1.44 (haddock: Jones 1974; whiting, saithe, and cod: Andersen 2001, 2012; 
turbot: Krog & Andersen 2009; brook trout: Khan et al. 2016; whiting, Ross et al. 2018, grey 
gurnard: Andersen et al. 2021). Without considering prey energy density, lower values have 
mostly been estimated from data on meal and/or prey sizes that increase with increasing 
predator body size using the exponential (Eq. 2.3). As shown in Figure 2.5, the exponential 
overestimates GER of large meals, and energy density usually increases with body size of 
fish prey supressing GER. Each of these conditions gives rise to underestimation of the actual 
effect of predator size on GER (Andersen 2012). 

Andersen et al. (2021) estimated a common value of 1.35 of the scaling exponent λ for the 
piscivorous fish. For consistency, the estimation procedure of Krog & Andersen (2009), 
Andersen (2012), and Khan et al. (2016), with data weighting according to Eq. 3.6, was used 
to re-estimate λ from data on the other species (with exception of the inaccessible data by 
Jones 1974). The estimated values ranged from 1.31 to 1.41, close to the original estimates, 
and they were not significantly different (Andersen et al. 2021). 
 
 

Temperature 
 
A simple exponential (Eq. 2.26) seems to be an appropriate descriptor of the effect of 
temperature on GER within a large part of the temperature range experienced by wild fish. 
The temperature coefficient φ of this function has therefore been estimated in most studies. 
Some of the studies unfortunately include more extended or extreme temperature ranges, 
which according to Section 2.7 may have contributed to the large variation in the estimates of 
φ that at least range from 0.032 (Temming & Herrmann 2001) to 0.23 (Salvanes et al. 1995) 
corresponding to values between 1.4 and 10 of the Q10 multiplier. 

The value of the temperature coefficient φ has been estimated by use of the square root 
function (Eq. 3.7) for a diversity of marine piscivorous fish species from the temperate 
climate. A narrow range 0.078–0.083 of the estimates was obtained from temperatures 
between 5 °C and 13 °C (or 10–20 °C for turbot that thrive in warmer water compared to the 
rest) (whiting, Andersen 1999; saithe, Andersen 2001; turbot, Krog & Andersen 2009; 
Atlantic cod, Andersen 2012; grey gurnard Eutrigla gurnardus, Andersen unpublished 
results). Using the procedure of Andersen (2012) with weighting of the data in accordance 
with Eq. 3.6 did not change the estimates significantly for all these species. Jones (1974) 
likewise obtained an estimate of 0.080 from data on haddock kept at temperatures between 6 
°C and 12 °C. The value 0.08 of φ similar to the effect of temperature on the secretion rate of 
pepsin (Smit 1967) (see Section 2.7) seems therefore to be of general usage, at least for 
marine, piscivorous fish in the central part of their respective natural temperature regimes. 

Extending the temperature range upwards, GER seems to attain a maximum and then 
decline towards the upper tolerance limit as described in Section 2.7. Andersen (2012) 
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parameterized the effect of temperature using the optimum temperature function of Eq. 2.26 
and estimated the parameters for Atlantic cod (Figure 3.6). 
 
 

                          
 

Figure 3.6. Effect of temperature on gastric evacuation rate. Estimates (●) with 95% CL of the rate 
parameter ρ (×10–3 ) are obtained from individual experiments on Atlantic cod fed lesser sandeel. The 
exponential and optimum temperature curves are provided from combined data on lesser sandeel by 
application of the functions ρ = ρ0𝑒𝑒0.083𝑇𝑇 and ρ = ρ0𝑒𝑒0.086𝑇𝑇(1− 𝑒𝑒0.45(𝑇𝑇−19.6)) (from Andersen 
2012). 
 
 

The estimated temperature optimum Topt at 15.5 °C, the course of decline in GER at higher 
temperatures and the upper limit Tu at 19.6 °C are scantily supported by data (Figure 3.6). It 
is however difficult as well as problematic from an animal welfare perspective to perform 
GER experiments on fish close to their lethal limits. An alternative is to fix the upper thermal 
limit Tu at a value obtained elsewhere. Tyler (1970) found an optimum temperature around 15 
°C and a significant decrease in GER of Atlantic cod at 19 °C, and he furthermore observed 
that the fish did not feed at 21 °C. This suggests that Tu should be situated somewhere 
between 19 °C and 21 °C and supports the results of Andersen (2012). For example, fixing Tu 
at 20 °C in the parameter estimation procedure provided results similar to those shown in 
Figure 3.6. 

The use of a simple exponential to describe the effect of temperature on GER in the high 
end of the tolerated temperature range should be done cautiously as it is indicated in Figure 
3.6, where extrapolation of the exponential curve just a few degrees above 13 °C 
substantially overestimates GER. The relevance of using an optimum temperature function to 
describe GER has therefore increased in an era of global warming, where many temperate 
fishes in parts of their distribution areas are subjected to temperatures close to their upper 
tolerance limit. For example, data from Atlantic cod equipped with data storage tags have 
revealed that this species by summer experiences temperatures up to 19 °C in the southern 
North Sea (Neat & Righton 2007). 
 
 

Prey energy density and resistance 
 
The putative feedback mechanisms involved in the suppressing effect of prey energy on GER 
is described in Section 2.1. Andersen (2001) examined the relationship between prey energy 
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density and the rate parameter ρ standardized with regard to predator size and temperature for 
three gadoid predators fed meals of different fish prey as well as krill and brown shrimp 
(Figure 3.7). 

For all three predators, Andersen (2001) adopted the value 0.86 of the exponent μ that 
describes the effect of energy density E on GER of fish prey by ρ = ρ0𝐸𝐸−μ (Eq. 2.11). The 
two different levels of ρ indicated by the two curves reflect the difference in estimates of the 
basic fish prey-specific rate parameter ρ0 between cod and the two other predators. Using the 
cylinder model principle, this difference can be explained by the difference in body size-
specific stomach length between the two predator groups (Section 4.1). 

The evacuation rate of krill was similar to that of fish prey of similar energy density. In 
contrast, brown shrimp was evacuated significantly slower. This difference between the two 
crustaceans is ascribed to the armor of shrimp being considerably more robust than the fragile 
exoskeleton of krill that does not constitute a real barrier against the digestive processes in 
the stomach (section on heterogeneous prey below). 

The difference in resistance to the digestive process among fish prey is not substantial 
(Andersen 1999). In Figure 3.7, there seems however to be some residual variation that may 
be ascribed to differential resistance. This is supported by the results of Andersen (2012), 
who described the relationship between prey energy density and GER for cod fed only the 
two clupeid prey species herring and sprat that are of similar texture. Here the residual 
variation is significantly lower (Figure 3.8). 
 
 

                                
 

Figure 3.7. Effect of prey energy density on gastric evacuation rate. Estimates of ρ (×10–4 ) are 
obtained from data on whiting (○), saithe (●), and cod (●) fed different fish prey, and whiting fed krill 
(□) and brown shrimp (◊). Each estimate represents one to five experiments. Error bars indicate 95% 
CL. Data on whiting from Andersen (1999) are included (error bars without caps). The curves are 
provided by application of the evacuation model for whiting and saithe (––––) and for cod (– – –) 
(from Andersen 2001). 
 
 

Clupeids are considered more fragile than sandeel that likewise are not as resistant as the 
much more bony dab. This trend is reflected by the slightly but significantly decreasing 



Data acquisition and parameter estimation  47 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

estimates of the prey-specific rate parameter ρ0 obtained from these three groups of fish prey 
(Andersen 2012). Other fish prey can probably be grouped into one of these categories of 
resistance according to their texture. As indicated from the results of Andersen (2001), the 
estimate of ρ0 obtained from experiments on sandeel may for example be used in general for 
fish prey that are not distinctly delicate or bony. 

The value 0.85 of μ close to that estimated by Andersen (2001) was obtained from the data 
on cod fed clupeid prey by Andersen (2012), which indicates that these piscivorous fish are 
able to almost completely regulate the flow of energy through the stomach. In contrast, 
Temming & Herrmann (2003) obtained a much lower estimate of 0.45 from compiled 
literature data on GER in cod, which included a variety of fish species. Their data were 
standardized with regard to extensive differences in temperature and predator size using 
parameter values obtained by the authors. The authors suggest that the results might have 
been biased by questionable energy density values as well as by use of prey of poor quality in 
some GER experiments. Furthermore, studies on fish fed formulated feeds report a 
substantially smaller effect of food energy density. Here, the GER control may have been 
impaired as it is described in Chapter 2 because the texture and thus the resistance of the 
natural prey is broken down. 

It is decisive for the predictive ability of the cylinder model that the effects of prey energy 
density and resistance to the digestive processes are properly disentangled because they work 
in quite different ways as described in Section 2.5. It is therefore imperative that the 
relationship between energy density and GER is accurately described, because the residual 
variation between prey types is attributed to their resistance to the digestive processes as 
expressed by ρ0. Andersen & Beyer (2005b) successfully used the estimate of μ adopted by 
Andersen (2001) to predict GER as well as course of evacuation of individual prey when they 
fed the predators with meals composed of prey of differential resistance as well as energy 
density (Chapter 4). 
 
 

                           
 
Figure 3.8. Effect of prey energy density on gastric evacuation rate. Estimates (●) and 95% CL of the 
rate parameter ρ standardized with regard to predator size, are obtained from individual experiments 
on cod fed clupeid prey at 12.3 °C (two experiments on prey of 4 kJ g –1 are pooled). The curve is 
provided by application of the evacuation model for cod (from Andersen 2012). 
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Heterogeneous prey 
 
The contents of chitin and ash reflect the thickness and resistance of crustacean exoskeletons. 
Carbonates constituted around one third of the ash content in the present studies, which 
indicates that calcium carbonate is the major component of the bio-mineralization of the 
exoskeleton (Bosselmann et al. 2007). The delaying effect on evacuation of the exoskeleton 
is probably dual. In addition to the physical barrier effect, the content of buffering carbonates 
might raise the pH-value and thus negatively affect the enzyme activation (pepsinogen → 
pepsin), which requires an acidic environment (Couturier et al. 2013). 

The parameters of the two-stage cylinder model have been estimated for a number of 
crustacean prey with different levels of exoskeletal protection fed to Atlantic cod or whiting 
(Andersen et al. 2016b). Couturier et al. (2013) performed the more qualitative analyses of 
the body composition of the crustaceans as well as the course of their evacuation. 

The examined crustaceans can be split into three groups with increasing levels of armor. 
Krill (Meganyctiphanes norvegica) possesses a thin, flexible and fragile exoskeleton. The 
armor of brown shrimp (Crangon crangon), northern shrimp (Pandalus borealis), striped 
pink shrimp (Pandalus montagui), and Greenland shrimp (Eualus macilentus) is thicker and 
is made up of a more compact fused cephalothorax shield and an articulated abdominal part. 
A robust, fused carapace characterizes the exoskeleton of sandy swimming crab (Liocarcinus 
depurator) and snow crab (Chionoecetes opilio). 

Brown shrimp and krill were fed to whiting, and the other crustaceans to Atlantic cod. The 
results on composition and GER of swimming crab and brown shrimp are reported in 
Andersen et al. (2016b), whereas the rest are documented in Couturier et al. (2013) and used 
by Andersen et al. (2016b). 

The assumption about the intraspecific, isometric relationship between masses of 
exoskeleton and total body of some crustacean species was verified, and the two-stage 
cylinder model was accordingly able to predict course and rate of gastric evacuation 
independently of prey and meal size (Section 4.1). 

The fragile exoskeleton of krill with low ash (and carbonate) content was cracked already 
at the first sampling time after a few hours. In consequence, the value of the intersection μ of 
the second-stage evacuation line with the ordinate axis was not significantly different from 
one (Eq. 3.8), which means that there was no significant first stage of evacuation for krill 
(Figure 3.9a). The value of the basic rate parameter for this prey is similar to that of fish prey 
of similar energy densities indicating that their resistances to the digestive processes are 
similar (Andersen 2001). 

The initial delay in GER of shrimp was of short duration, but significant (Figure 3.9b,c). 
Neither the estimates of the duration τ of the first stage of evacuation nor the basic rate 
parameter ρ2,0 differed significantly among the three shrimp species fed to Atlantic cod, 
which can be explained by similar contents of chitin and ash pointing to similar levels of 
armor. The first-stage duration was longer and ρ2,0 lower for brown shrimp fed to whiting 
even though the small difference in digestive performance between the two predators was 
accounted for (Andersen et al. 2016b). This was in accordance with significantly higher 
contents of chitin and ash in brown shrimp, which is probably an adaptation to the benthic 
habitat of this species that hides in sand, in contrast to the semi-pelagic life of the other 
shrimp species entailing less surface contact with the environment. 

The duration of the first stage of evacuation was considerably longer and the evacuation 
rate of the second stage slower for crab as compared to shrimp (Figure 3.9d). The duration of 
the first stage was similar for the two crab species, whereas the value of the basic rate 
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parameter ρ2,0 of swimming crab in the second stage was higher than that of snow crab. This 
might be explained by the swimming crabs, in contrast to the snow crabs, being frozen prior 
to the GER experiments, which in accordance with Macdonald et al. (1982) could have 
reduced the resistance of their inner parts (see the section on acquisition of fish and prey). 

The very slow evacuation of the resistant chitin remains in the final part of the evacuation 
process is demonstrated for northern shrimp for which the data collection extended long after 
appearance of the first stomach that only contained chitin (Figure 3.9b). 

The duration of the first stage of evacuation and the value of the basic rate parameter of 
both stages decreased with increasing contents of ash and chitin that reflect the level of armor 
in crustaceans. However this does not allow for establishment of a general function 
relationship between these exoskeleton variables and GER across all crustaceans because the 
morphology of the exoskeleton also plays a role. The compact carapace of crab seems for 
example to be harder to disintegrate in the predator stomach than the segmented armor of 
shrimp and krill. However, common interspecific parameter values of the cylinder model are 
probably useful within each of the taxa krill, shrimp and crab if the contents of chitin and ash 
are similar among prey species. The values of the two basic rate parameters ρ1,0 and ρ2,0 as 
well as the remaining fraction of body mass k 2 at the transition from first to second stage of 
evacuation are compiled for each taxon by Andersen et al. (2016b). 
 
 

               
 

Figure 3.9. Examples of gastric evacuation of crustacean prey fed to gadoid predators. Gastric 
evacuation curve with 95% CI is provided from data on recovered stomach content St (○) at 
postprandial time t using the two-stage cylinder model. (a) meals of 21 krill fed to whiting; (b) four 
northern shrimp fed to Atlantic cod; (c) two brown shrimp fed to whiting; (d) two swimming crabs fed 
to Atlantic cod. Temperature and predator body size differed among experiments (from Andersen et 
al. 2016b). 
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Once the parameters are estimated, the two-stage cylinder model is uncomplicated to use 
on field data on sampled stomach contents for estimation of diet composition and food 
consumption rates, because only the current digestion stage of crustaceans (cracked or not-
cracked exoskeleton) is needed in addition to the usual variables recorded for fish prey in the 
stomachs (see Section 5.3). 

The relationship between ash content of the exoskeleton and the initial delay was 
presented in a simple and easily comprehensible way by the shape parameter γ of the power 
exponential function (PEF) (Eq. 2.5) by Couturier et al. (2013). Values of γ >1 should 
indicate a delay, and with high values pointing to pronounced delay. The shape parameter 
values for lesser sandeel, as well as for most cases on krill, were significantly higher than 1 
(Figure 3.10). However lesser sandeel is a particularly homogeneous prey with regard to the 
characteristics that influence evacuation rate and it is strictly evacuated according to the 
square root function (Andersen & Beyer 2005a). Further, the two-stage cylinder model used 
on krill data did not result in identification of any delay. Estimates of γ >1 reported in the 
literature should therefore not be read uncritically as initial delay in evacuation or as prey 
heterogeneity when using the PEF to describe the course of evacuation. This is because the 
PEF function describes the delay as a deviation from an exponential decrease in stomach 
content mass. 
 
 

 
 

Figure 3.10.  Estimates with 95% CI of shape parameter φ in power exponential function obtained 
from individual evacuation experiments on Atlantic cod and whiting, and related to ash content of 
each prey species: Greenland shrimp (▽), striped pink shrimp (◊), northern shrimp (■), swimming 
crab (●), snow crab (●) and lesser sandeel (▲) fed to Atlantic cod; krill (▼) and brown shrimp (♦) fed 
to whiting. γ = 1 (– – –) indicates simple exponential function without initial delay (from Couturier et 
al. 2013). 
 
 

3.4  Summary 
 
At present, point sampling of predators at different postprandial times to recover and quantify 
their individual stomach contents is the only useful approach to provide laboratory data for 
studies on GER. In the basic experiments, the variability of most of the predictor variables 
including predator size, meal size, prey characters, and temperature should be minimized as 
far as possible, leaving the inter-individual difference in GER capability of the predator as the 
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major contributor. In this way, excessive waste of data due to fish with empty stomachs as 
well as veiling of the actual functional relationship between GER and the current stomach 
content mass are avoided. Recommendations and discussions about standardization of 
methodology and design of GER experiments are provided. This includes acquisition and 
handling of predators and prey as well as acclimation and experimental conditions of 
predators. In a few dedicated experiments on Atlantic cod, the effects on GER of contrasting 
lighting regimes (continuous light vs. diel cycle) as well as handling and storage of prey are 
examined. It is recommended to use wet rather than dry mass because the former relates 
directly to the mechanistic modelling of GER. The prey-specific body lengths relevant for 
informing the cylinder model are defined. 

The procedures for estimation of the parameters of both the general power function and 
the cylinder model are described, and relevant parameter estimates presented. Variance 
functions are provided for both models. The general power function is primarily used in an 
initial step to explore the course of gastric evacuation for which the exponent of current 
stomach content mass is the relevant parameter. 

The theoretically derived effect of predator body length on GER was corroborated by the 
range of estimates of the length exponent obtained from a variety of marine, piscivorous fish. 
A simple exponential with estimates of the coefficient close to that obtained from literature 
data on the activity of pepsin, described well the effect of temperature in the central part of 
the tolerated temperature range for a number of marine fish. GER is suppressed at higher 
temperature and declines sharply toward the upper temperature tolerance limit of Atlantic 
cod, probably because of a discrepancy between oxygen demand and supply that impairs the 
cardio-vascular performance. In addition, GER seems to be negatively affected by 
temperatures close to the lower temperature limit, which is caused by other constraints. 

Three gadoid predators almost completely regulated the GER of prey energy 
independently of the energy density of fish prey, which means that they are largely able to 
compensate for fish prey with low energy content. The resistance to the digestive processes 
did not differ much among fish prey, although small but significant differences exist between 
fish prey of different textures. GER of crustaceans with a robust exoskeleton was 
significantly lower compared to fish prey of similar energy density. 

The cylinder model can be expanded in a simple way to deal with prey that are 
heterogeneous with regard to energy density and resistance to the digestive processes. Most 
relevant in practice are crustacean prey with external armors of high resistance, and 
parameter estimation is presented here using the cylinder model expanded to comprise two 
stages. The armor is reduced and broken in the first stage, whereas the exposed inner parts are 
evacuated in the second stage. The crustaceans could be grouped into three different 
categories with different levels of armor thickness and organization, which reflects the 
duration of the first stage of evacuation and the evacuation rate of prey mass in both stages. 
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Chapter 4 
 
Examination and falsification of the cylinder model 
___________________________________________________________________________ 
 
 
4.1  Examination of some inherent model features 
 
 
Stomach shape 
 
The geometric abstraction of the cylinder model implies strictly speaking that the stomach is 
considered a straight cylinder. Forming a half circle, the stomach in piscivorous flatfish like 
turbot (Psetta maxima) is however a curved tube (Figure 2.1). It can be disputed whether the 
simple cylinder model applies to a more complicated stomach configuration, where the 
seemingly asymmetrical conditions might result in a pronounced spatial variability in the rate 
at which the surface layer is peeled-off the prey surface. Bromley (1987) actually used a 
linear fit with common slope to describe combined GER data on turbot fed sandeel 
(Ammodytes sp.) meals of a range of sizes. 
 
 

                        
 
Figure 4.1. Gastric evacuation of meals of one (●), two (○) or three (●) sandeel fed to small turbot at 
15 °C. Gastric evacuation curves are provided from combined data on all meal sizes by use of the 
square root (––––) and linear (– – –) functions (from Krog & Andersen 2009). 
 
 

Krog & Andersen (2009) examined the nature of gastric evacuation and estimated GER in 
turbot fed meals of either lesser sandeel (Ammodytes tobianus) or brown shrimp (Crangon 
crangon) to establish a GER model for this piscivorous predator. Predator size, meal size and 
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temperature varied between experiments. The course of evacuation was explored for 
combined data on different meal sizes using the general power function (Section 3.2). Values 
of the exponent close to ½ were obtained from the different data sets demonstrating that the 
square root function appropriately described GER independently of meal size. Conversely, 
the power value 0 providing a linear relationship could be excluded, which is also visualized 
in the example shown in Figure 4.1, where the linear function applied on combined data 
underestimates GER of the large meal and overestimates that of the small one just like it is 
the case for examined gadoids fed fish prey (Figure 2.5). The square root function is the 
emergent functional relationship of the cylinder model, and its applicability here indicates 
that the inherent simple surface considerations of the cylinder model are sufficient to describe 
GER in curved stomachs as well. 
 
 

                       
 
Figure 4.2. Gastric evacuation of satiation (●), 2/3 satiation (○) or 1/3 satiation (●) meals of sandeel fed 
to turbot by Bromley (1987). Mean values of St data with bars indicating SE. Model forecasts (––––) 
were provided by the cylinder model with parameter estimates from Krog & Andersen (2009) using 
the predator size, temperature, prey energy density and meal sizes tabulated in Bromley (1987). 
Estimated evacuation lines with a common slope (– – –) were provided from Bromley (1987) (from 
Krog & Andersen 2009). 
 
 

Krog & Andersen (2009) also estimated the effects of predator size and temperature, 
which enabled the establishment of a full GER model including estimation of the values of 
the basic prey-specific rate parameter ρ0 for sandeel and brown shrimp because their energy 
densities were determined as well. The ability of the cylinder model to predict the results on 
turbot fed sandeel in other experimental settings could therefore be examined by Krog & 
Andersen (2009). Temperature, mean turbot body length and meal size, and sandeel energy 
density were provided in Bromley (1987). Further, the GER data shown in his Figure 5 were 
digitalized. The cylinder model with parameter values obtained from the data of Krog & 
Andersen (2009) forecasted very well the GER data using the settings of the experiments by 
Bromley (1987) (Figure 4.2). 

Accordingly, the use of the general power function on data showed that whereas the 
square root function could not be rejected, the linear version could clearly be excluded. 
Hence, the latter version was not able to describe the data independently of meal size, which 
can be seen if Figure 4.2 is scrutinized. To avoid bias in the estimation process and to comply 
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with the procedure of Bromley (1987) his data were truncated at the postprandial time where 
the remaining prey mass constituted <0.1% of the turbot body mass. 

This exercise further demonstrates that although a statistically fitted function (a linear one 
in this case) for an immediate consideration might seem to give an appropriate description of 
data (Figure 4.2), it fails completely to do so in other settings (Figure 4.1). It may therefore 
introduce severe bias, for example when used to estimate food consumption rates from 
information on stomach contents sampled in the field. 
 
 

Stomach length – the predictor of GER across predator species 
 
The relationship between stomach length and GER of a predator species can be derived by 
use of the cylinder model (Section 2.7). Further, it seems reasonable to assume that the 
digestive performance per unit of mucosa surface area of the stomach is optimized through 
natural selection to reduce the costs of development and maintenance as well as the 
occupation of space in the body cavity in competition with the other inner organs 
presupposing constraints in overall body shape (Andersen et al. 2021). 

It should therefore be expected that the stomach length rather than the total body length is 
the predictor of GER across predator species. The stomach length l can be considered directly 
proportional to the total body length L for a predator species, i.e. the ratio η = l L–1 is constant 
(Section 3.3). Then, an intra-specific relationship between L and GER likewise emerges from 
the cylinder model. Empirical evidence of the latter relationship with a common estimated 
value 1.35 of the scaling exponent λ obtained from a variety of piscivorous fish supports the 
theoretically derived relationship (Section 3.3). 
 
 

                      
 
Figure 4.3. Estimates and 95% CL of the basic prey-specific evacuation rate parameter ρ0 obtained 
from data on lesser sandeel fed to different marine piscivorous fish using either total body length (○) 
(×10–3) or stomach length (●) (×10–2) to express the effect of predator size on gastric evacuation rate. 
Included are also the estimates of stomach length expressed relative to total body length (–■–). 
Estimates with the different letter are significantly different (P<0.05). The grey horizontal lines 
indicate the common estimate with 95% CL of the stomach length-based estimate of ρ0 for all 
predators. The numerals specify the number of observations used for each predator-specific estimation 
(from tabulated values in Andersen et al. 2021). 
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The estimates of η = l L–1 differed among the predator species examined by Andersen et al. 
(2021) (Figure 4.3). The authors estimated the basic prey-specific rate parameter ρ0 from 
GER data on these predators fed lesser sandeel (except haddock Melanogrammus aeglefinus). 
The square root function of the cylinder model (Eq. 3.7) with the rate parameter ρ expanded 
as a function of the predictor variables L (cm), temperature T (°C), and prey energy density E 
(kJ g–1) by ρ = ρ0𝐿𝐿1.35𝑒𝑒0.080𝑇𝑇𝐸𝐸−0.85 was used for the purpose. The simple exponential was 
used to describe the effect of temperature because all temperatures were within the central 
part of the predators’ temperature range (Section 3.3). The estimates of ρ0 were significantly 
different like it was the case for the values of η (Figure 4.3). However, with L replaced by l in 
the predator size function L1.35 by ρ = ρ0(η𝐿𝐿)1.35𝑒𝑒0.080𝑇𝑇𝐸𝐸−0.85, where only η is predator 
specific, the estimates of the basic prey-specific rate parameter ρ0 for sandeel did not differ 
significantly among the examined predators (Figure 4.3). The common value of the l-based ρ0 
obtained from combined data on all predators was 1.19 ± 0.02 (×10–3). These results 
corroborate the assumption about optimization of the performance of the gastric mucosa and 
indicate that a useful value of the basic prey-specific rate parameter can be obtained if just the 
length of the predator stomach is known. 
 
 

Heterogeneous prey – the two-stage model 
 
A prerequisite for accurate predictions of evacuation of meals of crustacean prey 
irrespectively of prey and meal size by the two-stage cylinder model is that the prey can be 
considered isometric with regard to shape and composition – and especially to the relative 
thickness and resistance of the exoskeleton (Section 2.6). Andersen et al. (2016b) examined 
the intraspecific allometric relationship between the masses of exoskeleton and total body for 
brown shrimp (Crangon crangon) and sandy swimming crab (Liocarcinus depurator) 
belonging to three and two size classes, respectively. The contents of chitin, ash and 
carbonates indicate the thickness and resistance of the exoskeleton (Section 3.3). Values of 
these variables together with the water content were measured for each individual and 
expressed relative to wet body mass, and no significant differences were found between size 
classes for each of the two crustaceans. This together with an isometric relationship between 
body length and mass means that all of the assumptions about isometry seem to be satisfied. 

In accordance with verification of the assumptions about isometry, the two estimates of 
the duration τ of the first stage of evacuation obtained from meals of similar size, but 
composed of one large or two small swimming crabs, were not significantly different. This 
also applied to the values of the basic rate parameter ρ2,0 obtained from data on the second 
stage. The parameter estimates obtained from one meal should then accurately predict the 
evacuation of the other meal independently of the number of prey in the meal. The similarity 
in evacuation of the two meals is visualized in Figure 4.4. 

The two-stage cylinder model was further applied on data obtained from evacuation of two 
meals composed of either two or six brown shrimp of similar body sizes. It took c. 1.7 times 
longer to complete the first evacuation stage of the large meal. This corresponded to the 
square root of the ratio of the large meal mass to the small one, so that the durations of stage 
one would be similar if the masses were similar (Andersen et al. 2016b). Further, the 
estimates of the basic rate parameter of stage two were similar for the two meals. 
Consequently, estimating the parameters of the two-stage cylinder model from combined data 
on both meal masses, the model was able to predict course and rate of evacuation of the two 
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shrimp meals equally well and thus independently of meal size (Figure 4.5). This also applied 
to combined data on three shrimp species by Couturier et al. (2013) when using the model. 
 
 

   
 
Figure 4.4. Gastric evacuation of meals of similar sizes composed of two small (a) or one large (b) 
sandy swimming crab fed to Atlantic cod. Gastric evacuation curves with 95% CL are provided from 
data on each meal size using the two-stage cylinder model. The remaining prey mass at transition 
from evacuation stage one to two is indicated (– – –) (from Andersen et al. 2016b) 
 
 

In summary, the two-stage cylinder model should prove useful to estimate gastric 
evacuation rates of crustacean prey, and parameter values for different groups of these prey 
are provided in Andersen et al. (2016b) with the restrictions described in Section 3.3. 
 
 

                           
 
Figure 4.5. Gastric evacuation of two meals composed of two (○) or six (●) brown shrimp fed to 
whiting. Gastric evacuation curves with 95% CL are provided from combined data on both meal sizes 
using the two-stage cylinder model (data from Andersen 2001 and parameter estimates from Andersen 
et al. 2016b, respectively). Remaining prey mass at the transition from evacuation stage one to two is 
indicated (– – –). 
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4.2  Model prediction of mixed meals 
 
 
Introduction 
 
Laboratory experiments on gastric evacuation have almost exclusively focused on one prey 
type at a time, whereas stomachs sampled in the wild often contain more than one prey type. 
It is therefore decisive that an evacuation model is able to predict GER of individual prey as 
well as the total stomach contents in more complex situations of mixed meals composed of 
prey of different characteristics. 

The primary and interactive effects of body size and proportions, energy density and 
resistance to the digestive processes of the individual prey in the stomach, as described by the 
cylinder model, were therefore tested in three different scenarios of evacuation of meals 
composed of different prey types. This was accomplished comparing the predictions of the 
cylinder model with those obtained by two traditional principles (Jones 1978, dos Santos & 
Jobling 1995). These two principles can be reformulated to follow the square root 
relationship (Andersen & Beyer 2005b), and they have previously been applied to describe 
evacuation of individual prey types in mixed meals to estimate food rations. 

According to the cylinder model (Chapter 2), the energy density of the chyme evacuated 
from the stomach influences GER of total stomach contents through inhibitory feedback 
signals from receptors in the upper intestine. This means that in the case of differential energy 
density among prey in a stomach, the energy density of one prey affects GER of the other 
prey to an extent that depends on how much its energy density deviates from the energy 
densities of the other prey, as well as on its contribution to the current chyme production (Eqs 
2.12 and 2.13). The chyme composition is determined by the resistance to the digestive 
processes as well as the surface contribution of the individual prey to the area of total 
stomach contents exposed to the digestive processes as defined in the model (Eq. 2.17). The 
resistance to the digestive processes is expressed by the basic prey-specific rate parameter 
standardized with regard to predator body size and temperature, and modulated by the current 
energy density of the chyme (Eq. 2.13). 

The principles of the two previously applied methods do not discriminate between the two 
prey characters (i.e. resistance and energy density) that determine the value of the prey-
specific rate parameter obtained from experiments on a single prey type. The approach 
represented by Jones (1978) uses the weighted average of these parameter values to calculate 
GER of total stomach contents and then splits this into GER of the individual prey types 
according to their respective mass contribution in the stomach. Dos Santos & Jobling (1995) 
apply the prey-specific rate parameter values to estimate GER of the individual prey types 
and then sum these to achieve GER of the total contents. Hence, both of these methods use 
mass rather than surface contribution of the individual prey, which together with constant 
values of the prey-specific rate parameter values implies that all prey in the stomach are fully 
evacuated at the same time (Andersen & Beyer 2005b). 

The three different approaches were tested for their ability to describe evacuation of meals 
composed of two prey types that differed substantially by either body size, energy density or 
resistance to the digestive processes (Andersen & Beyer 2005b). In a first step, the basic 
prey-specific rate parameter was estimated for each prey type by use of the square root 
function to GER data on the predators fed meals composed of the prey type concerned 
(Chapter 3). The value 0.86 of the energy density exponent μ in Eq. 2.13 obtained by 
Andersen (2001) was used here. Next, GER data on mixed meals of two prey types, which 
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differ by one of the prey characters, were obtained from experiments on predators of similar 
size kept at the same temperature as in the basic experiments on a single prey type. Prey 
energy density, length and mass were furthermore similar to the respective prey types used in 
the basic experiments. The standard length of fish prey and the distance between the bases of 
rostrum and uropods of brown shrimp were the lengths used for the cylinder model. 

The GER of individual prey in mixed meals were forecasted by the cylinder model using 
the estimated basic rate parameters together with the starting conditions at ingestion time set 
by masses, lengths and energy densities of the individual prey types. For simplicity, more 
prey individuals with the same prey characteristics were lumped together and treated as one 
prey by adding their lengths and masses. This could be accomplished because, according to 
the model, only materials of the curved side of the prey cylinders are peeled off during the 
digestion process whereas the ends are left unaffected (Section 2.4). A simple numerical 
integration (Eq. 2.21) was used to describe GER of the individual prey in the stomach by 
projecting its mass in time steps Δt of 0.01 h. Total stomach contents were evacuated 
according to the sum of GER of the individual prey. 

Numerical integration was needed also to forecast GER by the principle of dos Santos & 
Jobling (1995), whereas the predictions of the approach by Jones (1978) could be obtained by 
analytical integration. The prey-specific parameter values (i.e. with the respective prey 
energy densities integrated) were used together with the starting conditions set by prey 
masses to forecast GER by the two approaches. 

All models were tested for how well they predicted total evacuation times of the two prey 
types in the mixed meal. These times were estimated empirically by use of the general power 
model (Eq. 3.1) to GER data from the mixed meal experiment. The variances of the estimated 
times were obtained according to Krog & Andersen (2009). 

Three situations of evacuation of mixed meals of two prey types that differed substantially 
by a character were used for testing model performances: 
 

1. Prey size: meals of one large and four small sandeel fed to Atlantic cod (Gadus 
morhua) (prey body mass ratio of 4:1; only small differences in prey energy density 
and resistance to the digestive processes) 

2. Prey resistance: Meals of one sandeel and three more resistant brown shrimp fed to 
whiting (Merlangius merlangus) (basic prey-specific rate parameter ratio of 2:1; only 
small differences in prey energy density and total prey body mass) 

3. Prey energy density: Meals of one fat sprat (Sprattus sprattus) and one lean herring 
(Clupea harengus) fed to Atlantic cod (energy density ratio of 2:1; only small 
differences in prey body mass and resistance to the digestive processes) 

 
 

Prey size 
 
The cylinder model forecasted well the GER of both large and small sandeel (Figure 4.6), and 
the predicted total evacuation times of the two prey types were not statistically different from 
the estimated values. The decline in mass fraction of small sandeel was correspondingly well 
described. As anticipated, because of the use of an average value of the rate parameter, the 
principle of Jones (1978) did not predict any difference between the two prey types. The 
approach by dos Santos & Jobling (1995) provided differential evacuation of the two prey 
types. However, this was the result of small differences in prey-specific rate parameter values 
and energy densities rather than in body sizes. Neither of the two latter methods predicted 
different total evacuation time for the two prey types. 
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Figure 4.6. Gastric evacuation of mixed meals of a large and four small sandeel fed to Atlantic cod. 
(a), (c) and (e) Data on total stomach content (●) as well as its constituents, large sandeel (○) and 
small sandeel (●). Model prediction provides evacuation curves of total stomach content (––––), large 
sandeel (– – –) and small sandeel (∙∙∙∙∙∙∙∙). (b), (d) and (f) Mass fraction of small sandeel in recovered 
stomach content (●) together with model prediction (––––) and fraction in the meal (∙∙∙∙∙∙∙∙). (a), (b) 
The cylinder model. (c), (d) Principle represented by Jones (1978). (e), (f) Principle represented by 
dos Santos & Jobling (1995). From Andersen & Beyer (2005b). 
 
 

Prey resistance to the digestive processes 
 
The cylinder model provided a good prediction of the split in evacuation of brown shrimp 
and sandeel, and the decline in mass fraction of sandeel was quite well described as well. The 
predicted different total evacuation times of the two prey types were accordingly not 
significantly different from the respective estimates. Again, the method by Jones (1978) did 
not forecast any differences in evacuation of the two prey types. The principle of dos Santos 
& Jobling (1995) predicted differential evacuation, but only partially as compared to GER 
data and clearly shown by the actual progression of the declining mass fraction of sandeel. 
This is because mass rather than surface contribution is used here, which results in the same 
total evacuation time for the two prey types, just as it is the case for the method of Jones 
(1978). 
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Figure 4.7. Gastric evacuation of mixed meals of three brown shrimp with robust exoskeletons and a 
sandeel fed to whiting. (a), (c) and (e) Data on total stomach content (●) as well as its constituents, 
shrimp (○) and sandeel (●). Model prediction provides evacuation curves of total stomach content (––
––), shrimp (– – –) and sandeel (∙∙∙∙∙∙∙∙). (b), (d) and (f) Mass fraction of sandeel in recovered stomach 
content (●) together with model prediction (––––) and fraction in the meal (∙∙∙∙∙∙∙∙). (a), (b) The 
cylinder model. (c), (d) Principle represented by Jones (1978). (e), (f) Principle represented by dos 
Santos & Jobling (1995). From Andersen & Beyer (2005b). 
 
 
Prey energy density 
 
In accordance with data, neither the cylinder model nor the principle of Jones (1978) 
predicted substantially different evacuation patterns for the two prey types. In contrast to the 
cylinder model, the total evacuation times forecasted by the Jones (1978) principle were 
however significantly higher than estimated from data. The approach of dos Santos & Jobling 
(1995) resulted in differential evacuation of herring and sprat, because the actual difference in 
energy density was translated into different basic prey-specific rate parameter values. Data 
indicate a declining trend in the fraction of herring mass in the stomachs, which was captured 
by the cylinder model because the herring compared to sprat was of a smaller body mass and 
slimmer body shape (smaller cylinder radius). 
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Figure 4.8. Gastric evacuation of mixed meals of a fat sprat and a lean herring fed to Atlantic cod. (a), 
(c) and (e) Data on total stomach content (●) as well as its constituents, sprat (○) and herring (●). 
Model prediction provides evacuation curves of total stomach content (––––), sprat (– – –) and 
herring (∙∙∙∙∙∙∙∙). (b), (d) and (f) Mass fraction of herring in recovered stomach content (●) together 
with model prediction (––––) and fraction in the meal (∙∙∙∙∙∙∙∙). (a), (b) The cylinder model. (c), (d) 
Principle represented by Jones (1978). (e), (f) Principle represented by dos Santos & Jobling (1995). 
From Andersen & Beyer (2005b). 
 
 

The results from the three reported settings indicate that estimates of evacuation and food 
consumption rates may be seriously biased if the effects and interactions of prey characters 
are not based on a proper mechanistic understanding. Conceivable implications of the choice 
of model principle to estimate food consumption rates are demonstrated in Chapter 5. 

It is worth noticing that due to meal heterogeneity with regard to the prey characters, 
meals composed of different prey types are not necessarily evacuated according to the square 
root relationship. For example, the evacuation of total stomach contents of sandeel and brown 
shrimp was best empirically described by the general power function with an exponent 
estimate of 0.71, significantly higher than the square root relationship (½). The cylinder 
model captures this feature because it predicts that the more easily digested sandeel is totally 
evacuated before the more resistant brown shrimp. Development of the two-stage model to 
describe evacuation of heterogeneous prey (Section 2.5) was inspired by this experience. 

Altogether, the cylinder with its mechanistic basis seems to hold the potential to forecast 
evacuation of meals composed of prey that differ substantially in body size and proportions, 
energy density and resistance to the digestive processes. Though its simple surface 
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considerations therefore seem quite robust to the examined differences in prey composition, it 
has to be further challenged, particularly with regard to differences in body shape of prey 
types present together in the stomach, including prey with a cross-section significantly 
different from that of a cylinder. 
 
 

Prey shape – is a modification of the cylinder model needed? 
 
Karlsen & Andersen (2012) examined the ability of the cylinder model to predict the 
dynamics of gastric evacuation of meals composed of prey of contrasting body geometries. 
This was performed by use of GER data on meals composed of a dab (Limanda limanda) and 
three sandeel fed to Atlantic cod. In relation to the cylinder model, the body shapes of these 
two prey are particularly contrasting in that the sandeel body comes close to a cylinder with a 
circular cross-section, whereas the laterally compressed dab (flatfish) takes a discoid form 
with a trapezoid cross-section. 

Basic experiments on evacuation of meals of each of the two prey types were conducted to 
estimate the respective values of the basic prey-specific evacuation rate parameter. An 
experiment on mixed meals of the two prey types together provided data for examining 
model predictions. 

The geometry of dab challenges the surface considerations of the cylinder model because 
its surface area for a specific length and body mass is significantly larger than that of the 
cylindrical abstraction. As an alternative to the original cylinder model, a modified version 
that takes the difference in prey shape into consideration was therefore advanced and tested 
against the original one. 

For this purpose, fresh dab were scanned on a flatbed photo scanner and the surface area 
of the blind side of the fish obtained by use of image analysis in a dedicated software. The 
proportions of the trapezoid cross-section and the resulting perimeter at different sections 
along the length axis of the fish were measured and the total surface area calculated by 
integration (Karlsen & Andersen 2012). The larger surface area was then taken into account 
in the modified model, in which a bar of the same length and surface area and with a constant 
trapezoid cross section represented the dab. The length of the bar was constant while the 
cross-section was kept isometric during digestion of its sides. The isometric scaling implies 
that more materials are peeled off the sloped sides of the bar per time unit entailing a 
complex mathematical description of the spatial variation in the depth of the layer that is 
peeled off. Because of the isometric scaling, an identical and simple description of the 
dynamics of surface to mass ratio throughout the stay in the stomach could be achieved by a 
cylinder with the dimensions determined by the surface area and mass of dab. This cylinder 
then formed the starting condition for dab. In other respects, the modified model worked like 
the original cylinder model, and numerical integration was used for the predictions of the two 
model versions as described in the introduction to the section on mixed meals. 

Model predictions were compared to empirical estimates of the times of complete 
evacuation of the two prey types, as well as the remaining mass of dab at the time of 
complete evacuation of sandeel. The general power function (Eq. 3.1) was used to estimate 
the times as well as remaining mass, and the variances of the estimates were obtained 
according to Krog & Andersen (2009). 

The evacuation of sandeel in the mixed meals proceeded faster than it did for dab (Figure 
4.9a) and the mass fraction of dab in the recovered stomach contents increased therefore with 
increasing postprandial time until complete evacuation of sandeel (Figure 4.9b). 
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Figure 4.9. Gastric evacuation of mixed meals of a dab and three sandeel fed to Atlantic cod. (a) Data 
on total stomach content (●) as well as its constituents, dab (○) and sandeel (●). Predictions by the 
modified cylinder model provide evacuation curves of total stomach content and individual prey 
including 95% CL. (b) Mass fraction of dab in recovered stomach content (○) together with model 
prediction curve including 95% CL (from Karlsen & Andersen 2012). 
 
 

The predictions of the modified model respectively over- and under-estimated GER of dab 
and sandeel, whereas GER of total stomach contents was properly described (Figure 4.9b). 
The model forecasts of complete evacuation time of dab and sandeel were therefore 
significantly longer and shorter, respectively, as compared to the empirical estimates. In 
consequence, the remaining mass of dab at complete evacuation of sandeel was significantly 
lower than estimated from data, and the increase in mass fraction of dab proceeded at a 
distinctly lower rate than the data suggested. 

The original cylinder model predicted accurately GER of the two prey types as well as 
total stomach contents (Figure 4.10a). The forecasts of the time of complete evacuation of 
sandeel and the remaining mass of dab at that time were therefore close to, and not 
significantly different from, the estimated values. The increase in mass fraction of dab until 
complete evacuation of sandeel was consequently well predicted by the model (Figure 4.10b). 

In conclusion, the original cylinder model with its simple geometrical abstraction 
predicted accurately the evacuation of each of the two prey types of substantially different 
body shapes and thus the total stomach contents. This was contrary to a priori expectations 
by Karlsen & Andersen (2012), but it adds significantly to the generic value of the original 
model. 

In contrast, the modified model working with considerations on initial surface, which are 
seemingly closer to reality, nevertheless failed to forecast the differential evacuation of the 
two prey types. The predicted evacuation of dab being slower than the actual evacuation 
indicates that the exposed fraction of the surface of dab is smaller than the exposed surface 
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fraction of sandeel. Karlsen & Andersen (2012) suggest that the cylindrical cross-section of 
the stomach controls the nature of gastric evacuation in that the protruding parts of dab are 
particularly exposed to peeling by the digestive processes whereas the central parts are more 
protected. It is in accordance with observations that the ventral and dorsal parts are grinded 
down faster than the lateral sides resulting in an increasingly compact cross-section of the dab 
rather than a thin disc. 
 
 

                         
 

Figure 4.10. Gastric evacuation of mixed meals of a dab and three sandeel fed to Atlantic cod. (a) 
Data on total stomach content (●) as well as its constituents, dab (○) and sandeel (●). Predictions by 
the original cylinder model provide evacuation curves of total stomach content and individual prey 
including 95% CL. (b) Mass fraction of dab in recovered stomach content (○) together with model 
prediction curve including 95% CL (from Karlsen & Andersen 2012). 
 
 

Andersen & Beyer (2008b) assume that the variability of GER data not accounted for by 
the deterministic cylinder model can primarily be attributed to the variation in gastric 
performance among the predator individuals rather than in prey characters because of the 
careful selection of prey for the experiments. If this is true, the relationship between prey 
mass composition and mass of total stomach contents should be without variation. 

Karlsen & Andersen (2012) plotted the predicted relationship between the mass fraction of 
dab and the mass of total stomach contents together with data to examine the residual 
variation (Figure 4.11). The increase in mass fraction of dab with decreasing total content 
was well described by the cylinder model. The residual variation of data was significantly 
lower compared to the relationship between the mass fraction of dab and postprandial time, 
and the variation did not increase with progression of digestion as it did in the latter 
relationship (Figure 4.10b). This indicates that variation in the values of the prey characters 
were not important, which otherwise would be reflected in increasing data variability with 
decreasing stomach content. Karlsen & Andersen (2012) suggested therefore that the residual 
variation shown in Figure 4.11 was mostly due to differences in configuration of the food 
bolus in the stomach, and that the variation in gastric performance among predator 
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individuals was the major contributor to the overall data variability in accordance with the 
assumption of Andersen & Beyer (2008b). 
 
 
 

                         
 

Figure 4.11. Gastric evacuation of mixed meals of a dab and three sandeel fed to Atlantic cod. Data 
on mass fraction of dab (○) related to current mass of total stomach contents. Prediction of the 
original cylinder model provides the curve (from Karlsen & Andersen 2012). 
 
 
4.3  Model prediction of multiple meals 
 
 

Introduction 
 
Not only do wild fish often have more prey types in their stomachs, but also prey from meals 
ingested at different times. Fish in GER experiments have predominantly been fed single 
meals on empty stomachs. The few studies on evacuation of multiple meals typically showed 
that the first ingested meal in a sequence of two was evacuated faster than expected, whereas 
evacuation of the second one was slowed down (Persson 1984, Ruggerone 1989b, Elliott 
1991, dos Santos & Jobling 1992). The predicted evacuation of each meal was based on its 
mass contribution to the total stomach content. An exponential (Section 2.3) that does not 
work independently of meal size was used to describe GER. The rate parameter value was 
therefore adjusted to the new ‘meal size’ defined as the total stomach content at the time of 
ingestion of another meal. Dos Santos & Jobling (1992) also applied the square root function 
without the need for making these adjustments. The results were however similar to those 
obtained with the exponential by displaying higher and slower evacuation rates, respectively, 
than expected for the two consecutive meals. This evacuation pattern has been ascribed to the 
positions of the meals in the stomach, with the first meal being situated towards the distal 
(antro-pyloric) region and the second one in the proximal (fundic) region of the stomach 
(Ruggerone 1989b, dos Santos & Jobling 1992). A polarization in the stomach with faster 
digestive rate towards the distal end should then explain the accelerated evacuation of the 
first meal and the reduced rate of evacuation of the second meal. 
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A double meal experiment 
 
The cylinder model accurately forecasted the evacuation of small and large sandeel in a 
single meal fed to Atlantic cod, whereas the mass-based versions under- and overestimated 
the evacuation of small and large sandeel, respectively (Section 4.3). Such mixed meals of 
prey of different body sizes resemble the situation of double meals, where the prey in the first 
meal have been partially reduced at ingestion of the second meal. The mass-based models 
failed to predict the evacuation of individual prey types in mixed meals, because they did not 
take into account that the surface to mass ratio increases with decreasing body mass of the 
prey. Exactly the same may then be the problem with their forecasts of evacuation of the 
meals in double meal situations. If so, the cylinder model with its surface considerations 
should be able to forecast the evacuation of multiple meals just like it did with the mixed 
meals. 

Andersen & Beyer (2007) examined the abilities of the surface-based cylinder model and 
the mass-based model to predict the evacuation rates of two identical meals of two sandeel 
fed 12 h apart to Atlantic cod in the laboratory. According to the cylinder model, the 
evacuation of the first meal in a sequence of two actually slows down when another meal is 
ingested because of the reduction in its exposed surface. For the same reason, the evacuation 
of the second meal is also expected to slow down relative to the situation where it is alone in 
the stomach. 

A basic experiment (Section 3.1) on Atlantic cod fed a single meal of two sandeel was 
performed to estimate the value of the basic prey-specific rate parameter. The estimate was 
then used for model predictions of evacuation of the two meals in the double meal 
experiment. Body mass, length, and energy density of the similar sandeel, together with the 
period between ingestion of the two meals, further set the starting conditions. The mass-based 
model did not use information about body mass and length of sandeel (only meal mass). A 
simple numerical integration as described in the introduction to the section on mixed meals 
might have been applied for the model predictions. However, because identical prey were 
used in the two meals, it was possible to calculate the predictions analytically for both models 
as described by Andersen & Beyer (2007). 

The model predictions comprised the total time each meal spent in the stomach, as well as 
the remaining masses of each meal and total stomach content at time t subsequent to 
ingestion of the second meal. Empirical estimates of the total times with 95% CL were 
obtained from GER data on each of the two meals by use of the general power function (Eq. 
3.1). It was furthermore examined if the value of the evacuation rate parameter estimated 
from the single meal experiment varied when the meal formed a part of a double meal in the 
stomach. This was accomplished by estimating the values of the rate parameter for each meal 
using data from the time of ingestion of the second meal until total evacuation of the first 
meal together with the square root function. 

The mass-based model predicted that the first meal stayed in the stomach for a 
significantly longer time than the second one (Figure 4.12a). This is because the mass 
fractions constituted by the two meals according to the model, and in contrast to data, are 
maintained at the same values until complete evacuation of both meals (Figure 4.12b). 
However the empirically determined time the two meals spent in the stomach was not 
significantly different. The predicted evacuation rate of the second meal was therefore slower 
than the observed rate. That of the first meal was consequently higher than observed because 
the model properly predicted the evacuation of total contents. 
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Figure 4.12. Gastric evacuation of two meals of two sandeel fed to Atlantic cod. Meal 1 was ingested 
by cod on an empty stomach 12 h prior to the time of ingestion of meal 2 (– – –). (a) The mass of total 
stomach contents (●) constituted by the remains of meal 1 (●) and meal 2 (○) recovered from the 
stomachs. (b) The fraction of total recovered mass made up by meal 1 (●). (a), (b) Model predictions 
(––––) were provided by the square root function assuming that individual meals were evacuated in 
proportion to their current masses (mass-based model) (from Andersen & Beyer 2007).  
 
 

The surface-based cylinder model accurately forecasted the gastric evacuation of each 
meal as well as total stomach contents (Figure 4.13). The dynamics of the fraction constituted 
by the first meal was well picked up by the model (Figure 4.13b), which means that the first 
meal was fully evacuated before the second one. The predicted total times the two meals 
spent in the stomachs were not significantly different in accordance with the empirical 
results. The first meal was thus completely evacuated 12 h before the second meal, as 
projected by the model, because the two meals were identical. 

Further, the empirical estimates of the rate parameter for the two meals in the mixed meal 
situation were not significantly different, as also predicted by the model, because the 
digestive processes act on equal fractions of their surfaces. These estimates were, however, 
significantly lower than the value obtained from the basic experiment on a single meal, which 
corroborates the model expectation that the evacuation rate of both meals is slowed down. 

The positioning of the two meals in the stomachs could be observed before recovery 
because the fish were killed in the experiment. The prey were usually folded back with the 
bends pointing posteriorly, and the second meal tended to be located posterior to the first 
meal (Figure 4.14 top, left). This tendency was less pronounced in the few cases where the 
prey were more stretched (Figure 4.14 bottom, left). Thus, the ability of the cylinder model to 
accurately predict the evacuation of the two meals indicates that their evacuation rates are 
independent of their positions in the stomach. Thus, increasing the complexity of the model 
to cope with differential evacuation of the individual meals according to their location in the 
stomach as considered by dos Santos & Jobling (1992) seems redundant. 
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Figure 4.13. Gastric evacuation of two meals of two sandeel fed to Atlantic cod. Meal 1 was ingested 
by cod on an empty stomach 12 h prior to the time of ingestion of meal 2 (– – –). (a) The mass of total 
stomach contents (●) constituted by the remains of meal 1 (●) and meal 2 (○) recovered from the 
stomachs. (b) The fraction of total recovered mass made up by meal 1 (●). (a), (b) Model predictions 
(––––) were provided by the surface-based cylinder model (from Andersen & Beyer 2007). 
 
 

The performance of the cylinder model has further been tested by Andersen & Beyer 
(2007) using a double meal case reported by Ruggerone (1989b). Two meals each made up 
by a recently emerged 0.18-g fry of sockeye salmon (Oncorhynchus nerka) were fed 2 h apart 
to juvenile 10-g coho salmon (Oncorhynchus kisutch). The coho salmon were thereafter 
killed at predetermined times after ingestion of the last meal to determine the remaining 
masses of the two fry recovered from the stomachs. He used a meal size modulated and mass-
based exponential with the prey-specific rate parameter value estimated from single meal 
experiments (Ruggerone 1989a) to predict the evacuation of each of the two meals. The 
predictions of this model underestimated the evacuation rate of the first meal and 
overestimated that of the second one (Figure 4.15a). Data on evacuation of single and double 
meals were tabulated, which allowed parameter estimation of the mass-based square root 
function as well as the cylinder model in order to predict evacuation of the double meal 
(Andersen & Beyer 2007). Not surprisingly, the predictions of the mass-based square root 
function exhibited the same flaws as did the exponential used by Ruggerone (1989b) (Figure 
4.15b). In contrast, the cylinder model predicted correctly the evacuation of both meals 
(Figure 4.15c). Thus, exactly the same tendencies of model predictions emerged from the 
studies on a small-sized predatory fish and the much larger 1.4-kg Atlantic cod fed meals of 
two 6-g sandeel. 
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Figure 4.14. The location and configuration of two meals of two sandeel in the stomach of Atlantic 
cod with the recently ingested meal located anterior to the first meal in the case of bent prey (top, 
left). This stacking of sandeel was less obvious in the case of stretched prey (bottom, left). Right 
panels show the recovered sandeel originating from the two meals. 
 
 

In conclusion, the cylinder model with its surface considerations seems to provide accurate 
predictions of evacuation of individual meals in double meal situations and explain the 
discrepancies between observed and predicted rates using traditional mass-based models. In 
addition, the cylinder model proved its ability to predict gastric evacuation in small-sized 
predators eating fish fry, which points to its generic value in trophic studies on wild 
piscivorous fish. 
 
 

   
 

Figure 4.15. Gastric evacuation of two meals of a fry of sockeye salmon fed to juvenile coho salmon. 
Meal 1 was ingested by coho salmon on an empty stomach 2 h prior to the time of ingestion of meal 2 
(– – –). The mass of total stomach contents (●) constituted by the remains of meal 1 (●) and meal 2 
(○) recovered from the stomachs (mean ± 95% CI). Model predictions (––––) were provided by use of 
(a) the meal size modulated and mass-based exponential model by Ruggerone (1989b), (b) the mass-
based square root model and (c) the surface-based cylinder model (from Andersen & Beyer 2007). 
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4.4  Summary 
 
The simple geometric abstraction of the cylinder model is based on considering the stomach a 
straight tube and its contents a cylinder. The stomachs of predatory fish may deviate more or 
less from this ideal configuration. It applies in particular to flatfish with a short, compact 
body cavity and a thus a short distance between mouth and anus. Therefore, the alimentary 
canal is more folded and the stomach typically forms a half circle. It might be expected that 
the resulting asymmetrical conditions influence the functional relationship, which describes 
GER of the current stomach content mass independently of meal size. A linear function has 
previously been used for turbot. Results from new experiments as well as previous data on 
turbot demonstrated, however, that the square root function emerging from the cylinder 
model correctly predicted the GER whereas the linear function failed. 

If GER is described as a function of stomach length rather than body length, then the 
values of the basic prey-specific rate parameter of the cylinder model estimated from a 
variety of predatory fish were similar and not statistically different. This indicates that the 
performance of the gastric mucosa is optimized and that a useful estimate of GER of the 
current mass of stomach content can be obtained for a predatory fish just by knowing its 
stomach length. 

The examined crustacean prey with external armors of high resistance can be considered 
to grow isometrically with regard to shape and structural composition. The two-stage cylinder 
model accordingly proved its capability to predict both stages of evacuation of these 
crustacean prey independently of prey and meal sizes. 

Stomachs sampled in the wild often contain more prey types. The surface-based cylinder 
model was therefore tested for its prediction of evacuation of individual prey types in mixed 
meals of more prey types fed to predatory fish. The prey in the mixed test meals differed 
substantially either by their body size, resistance to the digestive processes or energy density. 
The performance of the model was compared to those of the commonly applied mass-
dependent models. The cylinder model estimated correctly the evacuation of the individual 
prey irrespective of the composition of the mixed meals. Lacking a mechanistic basis for 
describing the effects and interplay of the different prey characters, the mass-based models 
could not consistently forecast prey-specific evacuation. They actually failed completely in 
most cases. 

The cylinder model considers all prey cylinders. It was therefore expected in advance that 
it would fall short when prey of completely different shapes were included in the meal. 
However, it properly predicted the evacuation of flatfish and cylindrical sandeel together in 
meals fed to Atlantic cod. A modified version of the model, which took into consideration the 
apparent difference in surface contribution of the two prey, overestimated the contribution of 
the flatfish and consequently failed to predict evacuation of the two prey types. This could be 
explained by a partial protection of the lateral sides of the flatfish whereas the ventral and 
dorsal edges in particular were exposed due to the cylindrical stomach shape. 

The stomach contents of wild fish also often encompass prey from more meals. 
Previously, ingestion of a second meal in a sequence of two meals was considered to 
accelerate the evacuation of the first one whereas that of the second meal was slowed down. 
This conclusion was based on the use of mass-based models to predict the evacuation rate of 
individual meals. It was explained by position-dependent evacuation rate with the first meal 
being located posterior to the second one in the stomach. In accordance with data, the 
cylinder model predicted, however, that the evacuation of both of two consecutive meals of 
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sandeel fed to Atlantic cod was slowed down due to a reduction in the exposed surface of 
each meal when they were together in the stomach. Exactly the same result emerged using the 
cylinder model on data from a previous study, where juvenile salmon were fed two sequential 
meals each made up by a fry of another salmonid species. The discrepancy between observed 
and predicted rates using mass-based models then simply seems to be rooted in an increased 
ratio of prey surface to body mass with decreasing body mass in these cases of sequential 
meals. 

Altogether, the cylinder model with its surface considerations and inherent rules for the 
primary and interactive effects of the different prey characters seems adequate to predict the 
evacuation of different prey types in more complex and realistic feeding situations in the 
wild. Implications for the estimation of food rations of wild predatory fish using an 
inadequate GER model are demonstrated in Chapter 5. 
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Chapter 5 
 
Diet composition and food consumption rate 
___________________________________________________________________________ 
 
 
5.1  Introduction 
 
Two different approaches have been used in the past to estimate the total and prey-specific 
amounts of prey consumed by a predator population. The first one briefly described in 
Chapter 1 involves the employment of a gastric evacuation rate (GER) model to estimate the 
average food consumption rate from information about the contents of prey in stomach 
samples representative of the predator population. With a few exceptions (e.g. Hansson et al. 
1996), quantification of the predatory impact of marine fish has been accomplished by use of 
this GER approach, which will be further detailed in Section 5.3. 

Using the other approach, the energy requirement of the predator is estimated directly or 
from bioenergetics models and the prey-specific consumption rates subsequently obtained by 
scaling of information about diet composition to meet the energy requirement. A so-called 
static energy budget model has mostly been used for the purpose (e.g. Winberg 1960, Brett & 
Groves 1979, Hanson et al. 1997). This is an empirically based energy equation in which 
consumed energy is balanced by growth, reproduction, loss (feces, excretion) and expenses 
(standard metabolism, swimming costs, and costs of food processing). Knowing the values of 
all the other terms in the equation, the amount of consumed energy is calculated. This 
approach has been widely used for freshwater fish on the American continent. 

More recent dynamic energy budget models, which are based on first principles with state 
variables and inherent rules for energy intake and allocation of ingested energy (e.g. 
Kooijman 2000, van der Veer et al. 2009), have not yet been used to estimate prey-specific 
food consumption rates. 

The long-term voluntary food intake in captivity, field metabolic rate or the basal 
metabolic rate multiplied by a factor to account for assimilation efficiency and locomotion 
has been used to estimate the energy requirement of piscivorous marine mammals and birds 
(e.g. Grémillet et al., 1995, Kenney et al. 1997, Lockeyer et al. 2003, McHuron et al. 2019). 

The bioenergetics approach to estimate food consumption rates is not detailed further here. 
The needed information about diet composition is, however, given some considerations 
because it is obtained from data on prey composition in predator stomachs. It has been 
claimed that the bioenergetics approach provides more robust estimates of food consumption 
rates because, in contrast to the GER approach, it does not need detailed and unbiased 
information about stomach contents (e.g. Rudstam & Johnson 1992, Hansson et al. 1996). It 
is correct that the estimates of total energy intake are independent of stomach content 
information. However, to properly estimate the prey-specific consumption rates by the 
predators the information about diet composition should be detailed to the same extent as the 
data used in the GER approach. In reality, the two approaches differ therefore only by the 
way that total food consumption rate is estimated. 
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5.2  Diet composition and its scaling to meet energy requirement 
 
A number of authors have noted that the prey composition in the stomach does not 
necessarily reflect the diet composition (e.g. Gerking 1994, Bromley 1994, Andersen 2001, 
MacNeil et al. 2001, Andersen & Beyer 2005b, Lagrue & Bollache 2006). Possible 
differences in GER among prey should be taken into account to accurately estimate a 
predator’s diet composition from information about the prey composition in its stomach 
(Hyslop 1980). Still, corrections for differential GER have never been implemented for 
predatory fish when using diet composition to split the estimates of total consumed energy, 
obtained from the bioenergetics approach, into its prey components. 

Ross et al. (2016a) advanced a method for correction of the bias introduced by differential 
stomach residence time of individual prey when estimating the diet composition from 
observed composition of fish otoliths in stomachs of the harbor porpoise (Phocoena 
phocoena), which is a small marine cetacean mammal. Large otoliths have a higher 
probability of being observed due to their longer stay in the stomach before total 
disintegration (Pierce and Boyle 1991, Bowen & Iverson 2013). 

The porpoise has more stomachs. Fish prey completely dominate the diet, and their initial 
degradation is going on in the forestomach primarily by mechanical processing although 
spillover of pepsin and hydrochloric acid from the main stomach is aiding the degradation 
process (Smith 1972). All prey remains are retained in the forestomach until they are 
liquefied. The soft prey parts and even most of the skeletal remains are rapidly degraded and 
evacuated (normally within 30 minutes), whereas the extremely resistant otoliths are 
accumulated. Therefore, the otoliths absolutely dominate the contents of the forestomach, and 
prey species identification, prey size and diet composition of porpoises are almost exclusively 
based on otoliths (Kastelein et al. 1997, Andreasen et al. 2017). Further, estimating total 
residence time of the otoliths, the retention time of these inside the prey (i.e. prior to direct 
exposure in the stomach) can be ignored. 

Christiansen et al. (2005) performed in vitro experiments on otolith degradation in a 
hydrochloric solution with pH of ⁓2 at a temperature of ⁓37 °C to mimic the conditions in a 
seal stomach. Pepsin did not seem to affect the degradation rate. Otoliths (sagittae) of 
different sizes from three prey fish species were tested. Otolith degradation rate did not differ 
between prey species, and the otoliths were reduced to similar fractions of their original size 
when they were totally disintegrated. The size-specific time T to total disintegration of the 
otoliths could therefore be calculated from their reported data using the general power model 
(Eq. 2.4) to log-transformed data on original otolith mass and T (Ross et al. 2016a). A power 
value of 0.51 ± 0.07 (estimate ± 95% CI) close to the square root function was obtained.  In 
accordance with the cylinder model and its emergent square root function, the residence time 
in the forestomach seems therefore to be proportional to the square root of the original otolith 
mass – or to the otolith length raised to the power 1.5 (Ross et al. 2016a). The estimated rate 
parameter value and hence the absolute values of T for the different otoliths cannot be used 
here because pH in the porpoise forestomach is higher than in the experiment by Christiansen 
et al. (2005), but the relative relationship between otolith size and T suffices for the present 
purpose. 

Thus, the observed frequency distribution of otoliths in the forestomach can be corrected 
by weighting each otolith by its length raised to the power –1.5, which provides a factor 
inversely related to residence time. Using the relationship between otolith size and total body 
length for the different prey species (e.g. Leopold et al. 2001), the diet composition by prey 
species and body size can eventually be established. 
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Figure 5.1.  Relative prey composition by mass of harbor porpoise diet estimated without (–) or with 
(+) correction for differential residence time of otoliths in 75 stomachs sampled in the western Baltic 
Sea (from Ross et al. 2016a). The harbor porpoise picture is obtained with permission from Kirsten 
Hjørne, Naturporten.dk.  
 
 

In a small case study, Ross et al. (2016a) demonstrated the potential bias arising if the 
prey-specific residence time was not accounted for. The study included 75 non-empty 
stomachs of stranded or bycaught porpoises in the western Baltic Sea from which prey 
species and size compositions were estimated by the observed otoliths. The prey were pooled 
into 10-mm length groups for prey <100 mm and 50-mm groups for larger prey, and the total 
prey body mass per length group was estimated by use of prey-specific length-mass 
relationships. The prey mass composition changed substantially when corrected for residence 
time according to species- and size-specific differences in otolith size (Figure 5.1). The 
combined share of the two gadoids Atlantic cod (Gadus morhua) and whiting (Merlangius 
merlangus) decreased from 90% to 50% because of the large otoliths in this family, whereas 
gobies, herring and sprat became important prey amounting to 33% rather than 5% in the 
uncorrected prey composition. Therefore, in contrast to previous conviction, porpoises in the 
western Baltic Sea appear to hold a broad feeding niche width with gobies and clupeids 
constituting one third of the diet. Though the share of cod in the diet generally decreased 
when corrected for residence time, that of small cod (body length of <10 cm) increased by 
more than 2000%, which further points to the importance of considering differential 
residence time. The methodology has been used by Andreasen et al. (2017) to correct for 
differential prey residence time when estimating diet composition and food consumption rate 
of harbor porpoise in the western Baltic Sea. 

Unbiased diet composition can likewise be obtained from information about prey 
composition in the stomachs of predatory fish considering the different evacuation rates 
among prey. The cylinder model of GER (Part I) with its surface considerations and inherent 
rules for the primary and interactive effects of the different prey characters is able predict the 
relative evacuation rates of the different prey types in the stomach without knowing the 
absolute values of the rate parameter for the predator concerned (Section 5.3). However, like 
it is the case when estimating food consumption rates directly by the GER approach, the 
choice of GER model matters as Andersen & Beyer (2005b) demonstrated by the prey 
composition of estimated food consumption rates obtained from different GER models 
(Section 5.3). 
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Once estimated in one way or another, the diet composition of a piscivorous predator is 
scaled to meet the energy requirement of the predator for estimation of its prey-specific food 
consumption rates. Food consumption rates of marine predators are usually estimated by 
quarter of the year to account for seasonal differences in nutritional and reproductive status of 
the predator, predator size by age, temperature, and prey availability. For harbor porpoise, the 
relative numbers of prey estimated from the contents in their forestomach are grouped by 
species i into body length classes, and the mass contribution Mil from each length class l is 
estimated by use of established prey-specific length–mass relationships. The prey 
composition in the diet of predatory fish is directly expressed by mass from information 
about stomach contents using the GER model. Quarterly values of the prey energy density Eil 
(e.g. Pedersen & Hislop 2001, Temming & Herrmann 2003) together with the predator’s 
daily energy requirement RE are then used for scaling to total numbers by length class of each 
prey consumed daily by a predator individual in the following way (Ross et al. 2016a): 
 

                                                 𝐶𝐶𝐸𝐸,𝑖𝑖𝑖𝑖 = 𝑀𝑀𝑖𝑖𝑖𝑖𝐸𝐸𝑖𝑖𝑖𝑖(∑ 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐸𝐸𝑖𝑖𝑖𝑖)−1𝑅𝑅𝐸𝐸           (5.1) 
 

where 𝐶𝐶𝐸𝐸,𝑖𝑖𝑖𝑖 is the daily energy consumption of prey i in length group l by a predator 
individual. The daily mass consumed is then 
 

                                                   𝐶𝐶𝑀𝑀,𝑖𝑖𝑖𝑖 = 𝑀𝑀𝑖𝑖𝑖𝑖(∑ 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐸𝐸𝑖𝑖𝑖𝑖)−1𝑅𝑅𝐸𝐸           (5.2) 
 

Thus, the number of consumed individuals of prey i within length group l is 
 

                                     𝑛𝑛𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑀𝑀,𝑖𝑖𝑖𝑖(𝑚𝑚𝑖𝑖𝑖𝑖)−1 = 𝑀𝑀𝑖𝑖𝑖𝑖(𝑚𝑚𝑖𝑖𝑖𝑖 ∑ 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐸𝐸𝑖𝑖𝑖𝑖)−1𝑅𝑅𝐸𝐸          (5.3) 
 

where 𝑚𝑚𝑖𝑖𝑖𝑖 is the average body mass of prey i in length class l. 
In stock assessment models, predation mortality is usually quantified by age class of the 

prey. Age-based estimates of consumed prey is obtained by use of age-length keys (ALKs) 
that provide the distribution of age within a prey length class. The number 𝑛𝑛𝑖𝑖𝑖𝑖 of individuals 
of prey i in age class a consumed daily is then 
 

                                                             𝑛𝑛𝑖𝑖𝑖𝑖 = ∑ 𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖           (5.4) 
 

where 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 is the share of prey i in length class l belonging to age class a according to the 
ALK for this prey. 

To quantify the impact of a predator population on one of its prey populations the per 
capita estimate of consumption rate provided by Eq. 5.4 needs to be scaled to predator 
population level including all relevant age groups of predator and prey. This is detailed in the 
next section. 
 
 
5.3  Food consumption rates estimated by the GER approach 
 
 

Rationale 
 
The temporal dynamics of the amount of food in the stomach of a fish are a result of the 
current feeding and gastric evacuation rates (Figure 1.1). This applies to the prey-specific 
dynamics as well as the total amount of food. Using the cylinder model, which is able to 
describe the current GER of individual prey as well as total stomach contents (Chapter 4), the 
dynamics for prey i can be expressed by 
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                                                  d𝑆𝑆𝑖𝑖,𝑡𝑡
d𝑡𝑡

= 𝐶𝐶𝑖𝑖,𝑡𝑡 − 𝜌𝜌𝑖𝑖,𝑡𝑡𝑏𝑏𝑖𝑖,𝑡𝑡�𝑆𝑆𝑡𝑡     g h–1           (5.5) 
 

where 𝑆𝑆𝑖𝑖,𝑡𝑡 is the current stomach content mass made up by prey i, 𝐶𝐶𝑖𝑖,𝑡𝑡 the current rate of 
feeding on prey i, 𝜌𝜌𝑖𝑖,𝑡𝑡 the current prey-specific GER parameter, 𝑏𝑏𝑖𝑖,𝑡𝑡 the surface contribution 
of prey i to the exposed surface of current total stomach contents as outlined in Chapter 2, 
and 𝑆𝑆𝑡𝑡 the total mass of current stomach contents. The dynamics of total stomach contents are 
consequently 
 

                                               d𝑆𝑆𝑡𝑡
d𝑡𝑡

= 𝐶𝐶𝑡𝑡 − (∑ 𝜌𝜌𝑖𝑖,𝑡𝑡𝑏𝑏𝑖𝑖,𝑡𝑡𝑖𝑖 )�𝑆𝑆𝑡𝑡     g h–1           (5.6) 
 

where 𝐶𝐶𝑡𝑡 is the current total feeding rate. 
The amount of food consumed by a predator individual during a period is equal to the 

amount of food evacuated plus the amount of food in the stomach at the end of the period 
minus the amount of food at the beginning. The average food intake rate during the period is 
then the average GER added to the difference between the amounts of contents at the end and 
the start divided by the length of the period (Pennington 1985). During a long period, the 
difference in amounts of contents at the end and the beginning becomes insignificant 
compared to the amount ingested, and the average consumption rate can then be considered 
equal to the average GER. 

Frequent sequential sampling of stomach contents of the same individual in the field is not 
likely, which makes it impossible to estimate the average GER over time for each individual. 
Ideally, however, by sampling stomachs representatively over time and predator population 
and transforming the information about contents in each stomach into point estimates of prey-
specific and total GER, the average GERs obtained from all sampled predator individuals 
should prove to be unbiased estimators of the average consumption rates (Figure 5.2). A 
prerequisite is that the GER model used for the transformation is able to accurately describe 
GER of current stomach contents (Pennington 1985). In Chapters 2 and 4, it is shown that the 
cylinder model with its emergent square root function is the only function that describes 
evacuation of current stomach contents independently of meal size, prey composition and 
temporal feeding pattern. 

The average daily consumption rate of prey i by a predator population can thus be 
estimated by 
 

                                                �̂�𝐶𝑖𝑖 = 24 𝑛𝑛−1�∑ 𝜌𝜌𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖�𝑆𝑆𝑖𝑖𝑖𝑖 �     g d –1           (5.7) 
 

where n is the number of sampled predator individuals j representative of the predator 
population over the considered period. The average daily consumption rate of all prey is then 
 

                                                              �̂�𝐶 = ∑ �̂�𝐶𝑖𝑖𝑖𝑖      g d –1           (5.8) 
 

In principle, Eqs 5.7–8 resemble the method advanced by a number of authors ranging 
from Bajkov (1935) to Elliott & Persson (1978) for estimation of food consumption rates. 
However, they used a linear and exponential function, respectively, to describe GER of the 
average of total contents of the entire stomach sample, and they did not consider how the 
consumption of individual prey types should be estimated. Eggers (1977) and Elliott & 
Persson (1978) further proposed a widely used method for exploring diel feeding dynamics 
together with estimation of food consumption rate in short time intervals. Assuming constant 
consumption rate during each interval, the amount of food consumed was obtained by use of 
the exponential GER model to information about the stomach contents at the start and the end 
of the interval. This methodology can be modified to apply to the square root function as well 
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(Pennington 1985). Still, the accuracy will depend on the assumption of constant feeding rate 
and not least of the representativeness of the stomach sample at each time step. Further, the 
temporal feeding pattern of the fish population should be synchronous and the diel rhythm in 
amount of stomach contents and associated feeding dynamics should be pronounced. These 
limitations exclude the utility of the method for most piscivorous fish. Alternatively, a 
method for estimation of ingestion times of individual prey from individual predator 
stomachs may be used (Chapter 6). 
 
 

                
 

 
Figure 5.2. Dynamics of total stomach content mass St over a small section of time t and predator 
population. Snapshots of St and its prey composition are provided from sampled stomachs (●). The 
cylinder model is used to transform a snapshot for each stomach into current evacuation rates of 
individual prey types and total stomach content. The average prey-specific and total evacuation rates 
estimated from sampled stomachs are equal to the average consumption rates, if the stomach sampling 
is representative over population and time. 
 
 
Stomach content information 
 
 

Sampling 
 
In general, it is difficult to obtain representativeness by random stomach sampling of a 
predator population in the sea (e.g. Pennington 1985). The prey composition and food 
consumption rate vary typically over the geographical range of the predator population (e.g. 
Hislop et al. 1991). Hydrography, depth and bottom conditions determine the distributions of 
predators and prey that furthermore change over the year driven by seasonal variations in the 
environmental variables (e.g. Pennington & Vølstad 1994, Deroba 2018). The prey 
composition and food consumption rate of predatory fish also change with increasing body 
size and depend further on their nutritional and reproductive status (e.g. Daan, 1973, 
Neuenfeldt & Beyer 2003, Ross et al. 2016b). 

In consequence, stomach content surveys are in general accomplished by systematic 
stomach sampling over space and time using a stratified design. An example is the extensive 
sampling of stomachs of the important piscivorous fish coordinated by the International 
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Council for Exploration of the Sea (ICES) and conducted in the North Sea in 1981 and 1991 
by use of primarily the International Bottom Trawl Survey (IBTS) as sampling platform 
(ICES, 1991). This sampling was systematically stratified with regard to subareas, seasons 
(quarterly sampling), and predator body length classes. When scaling to predator population, 
the information about the stomach contents of a predator species by size class was weighted 
according to the size of the sub area and the size-specific relative abundance of the predator 
(e.g. Hislop et al. 1991). The latter was estimated from catch per unit effort (CPUE). 

Because of the generally patchy distributions of predators and their prey, the prey 
composition and total stomach content mass tend to be more similar at a local scale (i.e. in a 
trawl haul) than in the population at large. Bogstad et al. (1995) showed for example that the 
precision of the average stomach content mass increased considerably for the same total 
number of Atlantic cod sampled in the Barents Sea by collecting fewer stomachs at each 
station and increasing the number of stations. This principle has also been partly adopted in 
the ICES-coordinated stomach sampling in 1991 and later on fully implemented in the 
sampling protocol (ICES 2020). 

Use of bottom trawl for stomach sampling may bias the results in several ways. The trawl 
hauls are selective in that they are undertaken in areas with (relatively) smooth bottom to 
avoid the high risk of damaging or losing the gear on rough bottom types. Therefore, there 
has been some concern about the representativeness because of the patchy distribution of fish 
and their prey. Few comparative studies on the diet from different bottom habitats have been 
performed (Funk et al. 2021). But, for example the prey composition of Atlantic cod sampled 
from different bottom types in the North Sea has been examined in an extensive Danish study 
(Beyer et al. 2008, Kaspersen, 2008). Trawling was used on smooth bottom, whereas cod on 
rough bottom including edges of boulder reefs were caught by a fly-shooter (a Danish seine 
developed into a heavy, robust gear). The prey composition proved to be distinctly different 
between bottom types for most of the size groups of cod. In addition, some demersal species 
like whiting in the North Sea are bottom as well as pelagic feeders and exclusive use of 
bottom trawling would consequently bias the estimation of diet composition and food 
consumption rates (Pedersen 1999, 2000). However, these examples also demonstrate that 
accounting for the spatial distribution of the fish and their prey by use of different types of 
fishing gear requires a complicated sampling design that is challenging to implement in 
practice. 

Covering the geographical range of the predator populations in large marine areas, most of 
the stomachs in the North Sea and elsewhere are sampled at water depths >> 20 m. The swim 
bladder of the fish are therefore often significantly inflated because of the rapid 
decompression in connection with the catch (primary barotrauma effect: Ferter et al. 2015, 
Humborstad et al. 2017). Consequently, some fish regurgitate parts or all of their stomach 
contents, which will lead to underestimation of food consumption rates if ignored. A number 
of characters including the slackness of the stomach and the color of the gall bladder have 
therefore been used to identify these invalid stomachs (Robb, 1992). To remedy for this 
source of bias, the invalid stomachs are discarded and replaced by valid non-empty stomachs 
from other individuals at the same sampling station (e.g. Hislop et al. 1991). 

Information about prey energy density is important to obtain reliable GER estimates by 
use of the cylinder model to stomach content data (e.g. Chapter 2), which has also been 
shown to apply in general for GER models (Andersen 1999, 2001, Temming & Herrmann 
2003). However, data on the ontogenetic and seasonal dynamics of energy density are 
generally scarce for the prey of most marine predatory fish. Pedersen & Hislop (2001) 
provided information about body size-specific energy density by quarter of the year for some 
important prey species in the North Sea. Still, there are significant gaps in this knowledge and 
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systematic sampling of relevant fish prey for determination of their energy contents should 
form a vital part of future stomach sampling. 

Further, the current temperature is one of the important predictor variables for estimation 
of GER. It is therefore imperative that the temperature experienced by the predator at the time 
of catch is known. Temperature data at sampling station level should therefore be acquired. 
 
 

Laboratory analyses 
 
The stomach contents are usually not analyzed onboard the vessel immediately after 
sampling. Over the years, the stomachs or their contents have therefore been kept under 
different conditions until being processed in the laboratory on land. A buffered formaldehyde 
solution was used for many years because ethanol dissolves lipids and dehydrates tissues, 
which results in loss of stomach content mass. Exposure to formaldehyde may however give 
rise to human health problems and efficient tunnel freezers enabling quick-freezing have been 
established onboard most research vessels during the latest decades. Today, sampled 
stomachs are therefore normally stored frozen. 

The stomach contents are processed in the laboratory very much in the same way as 
described in Section 3.1 for laboratory experiments on GER. One challenge for analyses of 
the contents of field-sampled stomachs is that prey species and size are not known a priori. 
To inform the cylinder model, individual prey should ideally be identified to species, and 
information about remaining wet body mass and original length (at ingestion) recorded. To 
ease prey identification, literature describing the prey-specific characteristics of different 
body parts including otoliths has appeared over the years (e.g. ICES 1997, Granadeiro & 
Silva 2000, Leopold et al. 2001). However, substantial personal expertise in identification of 
prey at different stages of degradation is crucial for proper and prompt prey identification. 
Approximate values of prey length at ingestion can be obtained for advanced stages of 
digestion by use of partial length measures as defined in Andersen & Beyer (2008b). 
Knowledge about the exact lengths of prey at advanced digestion stages is normally not 
important for the precision of GER estimates (Andersen & Beyer 2008a). Information about 
the observed digestion stage of recovered crustaceans with robust exoskeletons (i.e. with or 
without cracked exoskeleton) is needed in addition to length and mass (Section 3.3). The 
latest ICES protocol for working up the contents of sampled stomachs (ICES 2020) comes 
close to all these guidelines, which enables the use of the full potential of the cylinder model. 

Small unidentifiable remains detached from the prey are allocated to the identified prey in 
proportion to the relative surface contributions of the latter ones (Section 3.1) in accordance 
with the surface considerations of the cylinder model (Section 2.5). 

Prey recovered from the stomachs may be of an advanced stage of digestion that does not 
allow for species or even species-group identification. Such prey are usually allocated to 
identified prey in proportion to the frequency distribution of the latter. Ideally, the allocation 
should be performed by stomach. Yet, this is not always realistic because of the relatively 
few prey individuals in each stomach, which makes the allocation to species (and body size) 
overly uncertain. Use of all the information in stomachs sampled from a haul would form an 
appropriate level for this allocation procedure because of the intra-haul correlation of 
stomach contents, whereas the prey composition may differ substantially between hauls (see 
above). If difficulties in prey identification are significant, then a larger number of stomachs 
should be sampled from each haul to reduce the uncertainty associated with the allocation. 
This conflicts with the recommendation by Bogstad et al. (1995) of sampling only a few 
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stomachs from each haul due to this intra-haul correlation. The problem further stresses the 
importance of acquiring substantial expertise in prey identification. 
 
 
Some pitfalls when estimating food consumption rates 
 
 

Implications of model choice for food ration estimates 
 
In Chapter 4, it was demonstrated that the cylinder model in contrast to two other commonly 
used model approaches was able to describe the course of GER of individual prey in 
stomachs containing different prey types. It might, however, be argued that although the two 
other approaches fail to predict the entire course of evacuation, the bias arising from their 
prediction of the current GERs in sampled stomachs, and consequently the contributions to 
food ration estimates, is modest and may not be important. Hence, Andersen & Beyer 
(2005b) examined the potential bias emerging from incorrect formulation of the effects of 
prey body size, energy density, and resistance on current GERs of individual prey and total 
stomach contents. For simplicity, only the contributions to food ration estimates of a single 
stomach containing two prey types were considered. 

As explained in Section 4.2, the two other approaches do not consider the mechanistic 
background for how the two prey characters (energy density and resistance to digestive 
processes) are responsible for the estimated value of the prey-specific evacuation rate 
parameter obtained from evacuation experiments on a single prey type. The method 
represented by Jones (1978) uses the average parameter value weighted by the mass 
contributions of the respective prey to describe GER of total stomach content and allocates 
this to the individual prey according to their mass contribution in the stomach. In contrast, 
dos Santos & Jobling (1995) estimate GER of the individual prey types using their respective 
parameter values, and then add up those to obtain GER of total stomach contents. In this way, 
the two approaches use prey body mass contributions to estimate GERs of the individual 
prey, whereas the cylinder model uses the surface contributions based on prey body mass and 
length (Section 2.5). 

Andersen & Beyer (2005b) characterized the two prey in a stomach by their body mass Si , 
energy density Ei , and resistance to the digestive processes Ri  (the latter being inversely 
related to the basic prey-specific rate parameter ρ0,i defined in Eqs 2.11 and 2.26). The 
difference in the value of a prey character for the two prey types was expressed by their ratio 
(Figure 5.3). The ratio of the two values of Ei ranged up to 3 covering the interval from 4 kJ 
g–1 (lean fish) to 12 kJ g–1 (fat fish) (Andersen 2012), whereas that of Ri ranged up to a factor 
4, representing the difference in resistance between fish prey and crustaceans with robust 
exoskeletons (Bromley 1994). The prey were kept isometric, and the maximum ratio of the 
two values of Si was 16 (corresponding to a body length ratio of c. 2.5). The relative 
difference 100(𝐶𝐶oth − 𝐶𝐶cyl)𝐶𝐶cyl−1 between the estimates of food ration C by either of the other 
approaches and the cylinder model was calculated for each combination of prey. 

The relative difference in prey-specific C increased generally with increasing ratio of the 
prey character value when only one prey character was involved (Figure 5.3a–d), attaining 
substantial values between 50% and 150%. The difference in total C was generally smaller 
and did not differ at all when S and R were considered separately. Andersen & Beyer (2005b) 
detail the mechanistic explanation of the results. The difference in prey-specific C was more 
complex when the prey differed by more than one character, and it attained high values even 
in situations where the prey character differences were modest (Figure 5.3e–f). 
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Figure 5.3. Total food rations as well as food rations by prey type obtained from the other approaches 
represented by Jones (1978) (CJ) and dos Santo & Jobling (1995) (CS&J) are compared to the values 
estimated from the cylinder model (Ccyl). Relative difference 100(𝐶𝐶oth − 𝐶𝐶cyl)𝐶𝐶cyl−1 is shown for prey 
1 (■), prey 2 (■) and total ration (■) as an effect of different (a) body masses 𝑆𝑆𝑖𝑖 (body kept isometric), 
(b) resistances to the digestive processes 𝑅𝑅𝑖𝑖  , and (c), (d) energy densities 𝐸𝐸𝑖𝑖 of the two prey expressed 
as a ratio. (e), (f) Effect of 𝐸𝐸𝑖𝑖-ratio when values of the two other prey characters differ as well 
(𝑆𝑆2𝑆𝑆1−1 = 4;  𝑅𝑅2𝑅𝑅1−1 = 3) (from Andersen & Beyer 2005b) 
 
 

The results demonstrate that food consumption estimates might be seriously biased if the 
effects of prey characters are not properly formulated. This should be kept in mind when 
evaluating the trade-off between the extra workload associated with measurements of the 
prey variables needed and the bias arising when not doing so. In particular, more emphasis on 
measurements of prey length is necessary to estimate prey surface contributions. Further, the 
significant effect on food ration estimates of differential prey resistance to the digestive 
processes (Figure 5.3b) points to the importance of recording the digestion stage of 
crustaceans with compact exoskeletons like crabs that may constitute an important part in the 
diet of many piscivorous fish. These crustacean prey have a long-lasting first stage of 
extremely slow evacuation rate due to high resistance of the exoskeleton (a factor of 10 as 
compared to the resistance of fish prey). At present, only the ICES Multispecies Working 
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Group (ICES 2020) has partly implemented the effects of prey characters emerging from the 
cylinder model. However, even here, body mass rather than surface contribution is used to 
allocate GER of total contents to individual prey. This is probably because measurement of 
partial body lengths enabling total body length estimation has not been fully incorporated yet. 
 

 
Implications of using information on pooled stomach contents 
 
The contents of all stomachs have often been pooled by sampling station to reduce the costs 
of laboratory analyses of prey composition. Furthermore the prey composition has been 
calculated at a more aggregated level, for example by subarea of the sea and quarter of the 
year (e.g. Hislop et al. 2001). These procedures may introduce two major types of bias. It is 
therefore important to evaluate the magnitude of these biases. 

Estimating food consumption rates �̂�𝐶, a linear or exponential function is often erroneously 
used to describe GER. In these cases, the power α attains the value 0 or 1 in the expression 
�̂�𝐶 ∝ 𝑛𝑛−1 ∑ 𝑆𝑆𝑖𝑖α𝑖𝑖 = 𝑆𝑆𝚥𝚥𝛼𝛼����, where Sj is the stomach content mass of predator j in a sample of n 
individuals (Elliott & Persson 1978, Bromley 1994). Considering exclusively total stomach 
contents and disregarding prey composition, pooling of stomach contents and calculating the 
average stomach content would not per se bias the food ration estimate because 𝑆𝑆𝚥𝚥�

𝛼𝛼 = 𝑆𝑆𝚥𝚥𝛼𝛼����. 
However, if 0 < α < 1 like it is the case for the cylinder model and the emerging square root 
function (α = ½), then 𝑆𝑆𝚥𝚥𝛼𝛼���� < 𝑆𝑆𝚥𝚥�

𝛼𝛼 in accordance with Hölder’s inequality and as exemplified 
by Ursin et al. (1985). The size of the bias increases with increasing variability of total mass 
of stomach contents. 

Using the square root function, Andersen (2001) suggested a correction factor κ =

�𝑆𝑆𝚥𝚥�����(�𝑆𝑆𝚥𝚥�)−1, by which �𝑆𝑆𝚥𝚥�   obtained from pooled stomach contents should be multiplied to 

obtain an unbiased estimate of �𝑆𝑆𝚥𝚥�����. Values of κ were estimated from information on the 
contents of individual stomachs of saithe (Pollachius virens) sampled in the North Sea. The 
estimates obtained from different size groups of saithe sampled in two different years ranged 
from 0.70 to 0.83. To correct the bias, Rindorf & Lewy (2004) described the distribution of 
total mass of stomach contents by two different theoretical frequency distribution functions 
and estimated the parameters of these functions from stomach content data on whiting 
sampled in the North Sea. Estimates of κ between 0.61 and 0.71 can be calculated from their 
tabulated results. 

The actual value of κ depends of the variability of prey mass in non-empty stomachs as 
well as the fraction of empty stomachs in the sample. Disregarding empty stomachs, 
estimates of κ obtained from data on different predatory fish seem, however, to be rather 
similar. Thus, the fraction of empty stomachs seems to be the major source of difference 
(Andersen 2001, Rindorf & Lewy 2004). This emphasizes the importance of being able to 
discriminate between truly empty stomachs and stomachs from fish that have regurgitated 
their stomach contents. 

It has been shown here previously that the estimation of prey-specific food consumption 
rates may be seriously jeopardized, if the direct and interactive effects of prey characters are 
not properly accounted for. Consequently, pooling of stomach contents will inevitably lead to 
severe bias in many cases, because the pooled prey composition is not necessarily the same as 
the composition in the individual stomachs. 
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Andersen (2001) used results from the international stomach sampling project in 1991 
conducted by ICES to demonstrate the bias arising from use of pooled stomach data on 5-8 
years old saithe in the third quarter of the year. The stomachs were pooled into predator 
length groups, and average values of total mass and relative prey composition by predator 
length group were calculated for the entire North Sea (Hislop et al. 1997). The sensitivity of 
the food consumption estimates based on two contrasting assumptions about prey 
composition in the individual stomachs was examined. A commonly applied (implicit) 
assumption is that the prey composition is that of the quarterly mean (e.g. Jones 1978, 
Hansson et al. 1996, Hislop et al. 1997), which forms one extreme. The other is that each 
stomach only contains one prey type. The total and prey-specific food consumption rates 
were estimated in these two disparate scenarios. Norway pout and herring dominated the 
contents in 5-6 and 7-8 years old saithe, respectively. The consumption of these two prey as 
estimated in the two scenarios differed by up to 50-60%. The difference for the less dominant 
prey species including other gadoid prey and invertebrates ranged however up to 150%. 
Using similar considerations, Rindorf & Lewy (2004) found that ignoring the distribution and 
evacuation of individual prey types, as well as the effect on GER of other food in the 
stomach, biased the estimates of prey-specific consumption rates by up to 150%. 
 

 
5.4  Summary 
 
Total and prey-specific food consumption rates of predatory fish have usually been estimated 
by two approaches. One approach uses a gastric evacuation rate (GER) model to transform 
information about the contents in sampled predator stomachs into point estimates of current 
GER, the average of which can be considered equal to average food consumption rate over 
time and population. It is a prerequisite that the sampled stomachs represent the predator 
population and that the applied GER model is able to accurately describe the evacuation rate 
of current total and prey-specific stomach contents, which is met by the cylinder model. 

The other approach uses a bioenergetics model to estimate the total food energy 
requirement of the predator. It has primarily been used for freshwater fish on the American 
continent and marine mammals elsewhere. The details of this method are not pursued further 
here, but the total food energy requirement need to be transformed into total and prey-specific 
masses. This requires information about diet composition and prey energy density at the same 
level of detail as the GER approach. Studies using the bioenergetics approach have normally 
ignored that the prey composition in the stomachs does not necessarily reflect the diet 
composition, if differential evacuation rates among the prey are not considered. A case study 
on harbor porpoise demonstrates that excessive bias might arise, if different prey residence 
times in the stomach are not accounted for. 

At least in the sea, stratified rather than total random sampling of stomachs is needed to 
cover the predator population representatively. To increase the precision of estimated food 
consumption rates, patchy distribution of predator and prey calls for limiting the number of 
sampled stomachs to only a few at each station and instead increasing the number of stations. 

Probably the diet often differ between habitats covered by different sampling gears. The 
exclusive use of trawl for stomach sampling may therefore bias the prey composition. 
However, accounting for this bias by use of multiple gears covering the different habitats 
complicates the sampling design and challenges its practical implementation. 

In laboratory analyses of stomach contents, unidentified prey need to be allocated to the 
identified ones. Due to the patchy distribution of prey, more stomachs are required at each 
station to safely allocate the unidentified prey, if they form a significant part of the stomach 
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contents. However, this conflicts with the principle of sampling only a few stomachs at each 
station. Ensuring substantial personal expertise for the identification of prey at different 
digestion stages forms one way to remedy this problem. 

Records of energy density, remaining body mass and original length of prey in general as 
well as the digestion stages of crustacean prey enable the use of the full potential of the 
cylinder model. Use of GER models that incorrectly formulate the direct and interactive 
effects of the important prey characters on the current GER may result in excessively biased 
estimates of food consumption rates of individual prey whereas the effect on total 
consumption rate estimates is generally modest. 

Stomach contents from individual stomachs have often been pooled. If the average 
stomach content mass rather than masses in individual stomachs is used, then the estimated 
total food consumption will be biased unless the applied GER model is linear or exponential. 
This bias may be remedied by a correction factor calculated from representative subsets of 
data on contents in individual stomachs. More critical is the use of the prey composition of 
these pooled stomachs, which may differ substantially from the composition in the individual 
stomachs. Simulation studies have shown that use of pooled stomach content data may bias 
the estimates of consumption of individual prey by up to 150%. 
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Chapter 6 
 
Feeding dynamics and small-scale species interactions 
___________________________________________________________________________ 
 
 
6.1  Introduction 
 
Hitherto, the focus on the utility of gastric evacuation rate (GER) models has been on 
estimating average diet composition and food consumption rate of predatory fish populations. 
However, such estimates per se do not provide insight into – and understanding of – basic 
predator-prey interactions, which is a prerequisite for studying the functioning of the 
ecosystem (Paine 1980, Frank et al. 2005). 

Prey are typically not available at all times of the diel cycle, and acquisition of information 
about feeding periodicity and behaviour is a step toward better insight into species 
interactions. For small species with fast evacuation rate relative to the diel cycle, the feeding 
dynamics can often be inferred directly from the average amount of contents in frequently 
sampled stomachs (Albert 1995, Bromley et al. 1997). This applies in particular to 
planktivores, where the diel feeding rhythm is synchronized in sampled populations of for 
example herring (Clupea harengus), sprat (Sprattus sprattus) and mackerel (Scomber 
scombrus) in the sea or whitefish (Coregonus spp.) in freshwater (e.g. Darbyson et al. 2003, 
Kulke et al. 2018). Diel dynamics of food consumption rate have been estimated by use of a 
gastric evacuation model on such data with assumptions about feeding rates in the intervals 
between stomach sampling (e.g. Elliott & Persson 1978, Sainsbury 1986, see also Section 
5.3). The temporal dynamics of average stomach contents of larger, predatory fish with 
longer evacuation times are usually less obvious. Rindorf (2002) used the occurrence of fresh 
prey in the stomachs of sampled whiting to examine how food intake and meal size were 
influenced by the fullness of their stomachs, and thus the effect of satiation on feeding 
behaviour and feeding periodicity. Hall et al. (1995) applied a simple dynamic model of 
feeding and digestive processes to make inferences about feeding pattern and behaviour from 
changes over time in the frequency distribution of total stomach content mass of sampled 
whiting (Merlangius merlangus), haddock (Melanogrammus aeglefinus), plaice 
(Pleuronectes platessa) and dab (Limanda limanda). However, none of these approaches 
permits analysis of small-scale species interactions and feeding on individual prey types. 

Griffith (1976) estimated the ingestion time of individual prey in sampled stomachs of 
Eurasian perch (Perca fluviatilis) feeding on common bully (Gobiomorphus cotidianus). He 
weighed the remains of the individual prey and measured their total body lengths, or lengths 
of a relevant body section at advanced stages of digestion. He further obtained relationships 
between these lengths and the body mass of fresh prey. Then, using a gastric evacuation 
model, he determined the ingestion times of individual prey in the stomachs by back-
calculation of the mass of their remains at the time of sampling and until their assumed fresh 
body mass was achieved. This method has been adopted in studies on whiting feeding on 
sandeel (Ammodytes marinus) to examine diel feeding dynamics and inter-meal times 
(Mergardt & Temming 1997, Temming & Mergardt 2002). Johansen et al. (2004) used the 
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same approach for estimating the food consumption rate of Atlantic cod (Gadus morhua) in 
terms of the number of ingested herring in a period prior to the time of stomach sampling. 
They stressed the need for comprehensive error estimation to refine the method for estimating 
ingestion times and quantifying food consumption rates. 

The GER models used by these authors to estimate ingestion times of individual prey 
items were established for total stomach contents, and the effects on GER of other prey in the 
stomachs were generally disregarded. The exception was Temming & Mergardt (2002), who 
estimated GER of individual prey in experiments where they fed two sandeel to whiting as 
double meals. The approach was, however, entirely empirical and the results therefore not 
applicable to other situations. The course of GER predicted by these models may therefore be 
seriously biased as demonstrated in Chapter 4. 

The generic cylinder model with its inherent rules for the primary and interactive effects 
of prey characters on GER (Chapters 2 & 3) is able to accurately predict GER of individual 
prey in complex situations of mixed and multiple meals in the stomach (Chapter 4). In 
addition, the uncertainty of the rate parameter of this deterministic model has been 
formulated (Section 3.2). The model should therefore prove useful to estimate unbiased 
ingestion times with confidence limits, which is corroborated in Sections 6.2 and 6.3. 
 
 
6.2  Estimating ingestion times of individual prey in a stomach 
 
 
Principle 
 
The cylinder model can be used to calculate the ingestion times of individual prey in sampled 
stomachs of predatory fish by hindcasting their remaining body mass until estimated fresh 
mass at ingestion. The GER of prey i in the stomach is described by the cylinder model 
according to Eqs 2.17–2.19. Eq. 2.18 is here rephrased to describe prey i as a function of its 
own current body mass 𝑆𝑆𝑖𝑖,𝑡𝑡 (Andersen & Beyer 2008b): 
 

                                d𝑆𝑆𝑖𝑖,𝑡𝑡
d𝑡𝑡

= −ρ𝑖𝑖,𝑡𝑡𝑑𝑑𝑖𝑖,𝑡𝑡�𝑆𝑆𝑖𝑖,𝑡𝑡  ;      𝑑𝑑𝑖𝑖,𝑡𝑡 = �𝑆𝑆𝑡𝑡𝑙𝑙𝑖𝑖(∑ �𝑆𝑆𝑖𝑖,𝑡𝑡𝑙𝑙𝑖𝑖𝑖𝑖 )−1          (6.1) 
 

where 𝑆𝑆𝑡𝑡 is the mass of total stomach contents and 𝑙𝑙𝑖𝑖 is the length of prey i. The current GER 
rate parameter ρ𝑖𝑖,𝑡𝑡 is modulated according to Eq. 2.19 by the energy density of the combined 
prey materials (chyme) evacuated from the stomach and into the intestine. 

Like it was the case for Eq. 2.18, 𝑆𝑆𝑖𝑖,𝑡𝑡 cannot in general be obtained on a closed analytical 
form. Instead, a simple numerical integration is used to hindcast the evacuation of each 
individual prey calculating 𝑆𝑆𝑖𝑖,𝑡𝑡 in small steps of ∆𝑡𝑡 back in time by 
 

                                                     𝑆𝑆𝑖𝑖,(𝑡𝑡−∆𝑡𝑡) = 𝑆𝑆𝑖𝑖,𝑡𝑡 − ∆𝑡𝑡 d𝑆𝑆𝑖𝑖,𝑡𝑡
d𝑡𝑡

           (6.2) 
 

until the mass at ingestion 𝑆𝑆𝑖𝑖,𝑡𝑡𝑖𝑖 of the latest ingested prey is obtained. This mass is then 
subtracted from the total stomach content and the procedure is repeated until the ingestion 
times of all prey in the stomach have been estimated. A situation with two prey in a stomach 
is demonstrated in Figure 6.1. 
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Figure 6.1. The known masses 𝑆𝑆1,𝑡𝑡s and 𝑆𝑆2,𝑡𝑡s of two prey fish in the stomach of a predatory fish 
sampled at time 𝑡𝑡s are projected backwards in time to estimates of the masses 𝑆𝑆1,𝑡𝑡1 and 𝑆𝑆2,𝑡𝑡2 at 
ingestion by use of an evacuation model to predict the respective ingestion times 𝑡𝑡1 and 𝑡𝑡2. Total 
stomach contents 𝑆𝑆𝑡𝑡 are described by the solid line, and τ1 and τ2 are the predicted times the two prey 
spend in the stomach prior to sampling (from Andersen & Beyer 2008a). 
 
 

The ratio of the prey radius 𝑟𝑟𝑖𝑖,𝑡𝑡 to the basic prey-specific rate parameter ρ0,𝑖𝑖 (Eq. 2.11) 
always decreases with the same rate for all prey in the stomach. The chronological order of 
ingestion of the prey in the stomach can therefore be resolved analytically prior to the 
hindcasting procedure by ranking inversely the values �𝑟𝑟𝑖𝑖,𝑡𝑡𝑖𝑖 − 𝑟𝑟𝑖𝑖,𝑡𝑡𝑠𝑠�ρ0,𝑖𝑖

−1. The expression can 

be rephrased as (�𝑆𝑆𝑖𝑖,𝑡𝑡𝑖𝑖𝑙𝑙𝑖𝑖
−1 − �𝑆𝑆𝑖𝑖,𝑡𝑡𝑠𝑠𝑙𝑙𝑖𝑖

−1 )ρ0,𝑖𝑖
−1 to avoid calculation of 𝑟𝑟𝑖𝑖,𝑡𝑡. In addition, the 

remaining body masses of all prey can be calculated at all ingestion times (Andersen & Beyer 
2008b). Note that all this can be considered independently of the predator individual because 
the error on GER according to the cylinder model is attributed exclusively to the gastric 
performance of the individual predators, which has been corroborated by Karlsen & 
Andersen (2012) (see also Section 4.1). 

Andersen & Beyer (2008b) derived the precision of estimated ingestion times. The GER is 
obtained from laboratory experiments, and the variance of the estimated rate parameter ρ is 
described in Eq. 3.4, from which it appears that the coefficient of variance σe is a constant, 
independent of the size of ρ�. The body masses of the prey at the time of sampling 𝑡𝑡s is known 
(weighed) whereas an estimate μ of its fresh body mass at ingestion is obtained from a 
measured length, which constitutes another major contribution to the uncertainty. Using 
measurements of a suite of fish prey, Andersen & Beyer (2008b) showed that the coefficient 
of variation σm of the estimate could be considered constant as well. If only mass 𝑆𝑆𝑡𝑡s (and 
original length) of the recovered prey is known, then the approximate values of estimate and 
variance of time τ since ingestion for a single prey in the stomach could be described by 
 

                             τ ∣ 𝑆𝑆𝑡𝑡s  ~  𝑁𝑁(2ρ�−1�μ − �𝑆𝑆𝑡𝑡s�, (σeτ�)2 + (2ρ�−1σmμ)2)          (6.3) 
 

With more prey in the stomach, the variance of 𝜏𝜏𝑖𝑖 of earlier ingested prey is affected by 
the variance of the ingested body mass estimated for later ingested prey. Simulation studies 
showed that these complex, secondary variance contributions were minor as compared to the 
primary effects of uncertainties of initial body mass and GER, and they were therefore 
disregarded. The variance of τ�𝑖𝑖 obtained for prey i from the numerical integration of Eq. 6.1 
could then be approximated as 
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           𝑉𝑉� τ𝑖𝑖 ∣∣ 𝑆𝑆𝑖𝑖,𝑡𝑡s � ≅  (σeτ�𝑖𝑖)2 + �2�ρ�𝑖𝑖,𝑡𝑡𝑖𝑖𝑑𝑑𝑖𝑖,𝑡𝑡𝑖𝑖�
−1
σmμ𝑖𝑖�

2
=  στ𝑖𝑖,e

2 + στ𝑖𝑖,m
2 =  στ𝑖𝑖

2           (6.4) 
 

Andersen & Beyer (2008b) demonstrated the application of the methodology by use of the 
laboratory data on GER of two sequential meals of sandeel fed to Atlantic cod, 12 h apart 
(also used in Section 4). They obtained the maximum likelihood estimate (see Section 3.2) 
0.174 �g h−1 of the rate parameter ρ with σe = 0.086 from an additional experiment on 
evacuation of one meal fed to fish of the same size and temperature. The variability of prey 
mass was by design low providing σm = 0.0064, so that its contribution to the variance of 
ingestion time could be ignored. Describing the course of evacuation, the 95% CLs of current 
masses of the two meals and the total stomach contents were obtained by use of  ρ� ± 2σeρ� 
(Figure 6.2a). Andersen & Beyer (2008b) also derived approximate values of the variances of 
current prey masses in multiple-prey situations, which could have been used instead. 
 

 

   
 
Figure 6.2. (a) Gastric evacuation of two meals of two sandeel fed to 25 Atlantic cod. The first meal 
was ingested by cod on an empty stomach 12 h prior to the time of ingestion of the final meal (∙∙∙∙∙∙∙∙). 
The masses St of total stomach contents (●) constituted by the remains of first (●) and final (○) meals 
were recovered from the cod at predetermined hours subsequent to ingestion of the final meal. Model 
predictions (───) together with 95% CL (––––) were provided by use of the cylinder model. (b) 
Model prediction of the period between ingestion of a meal and sampling of the stomach contents vs. 
the observed period for first (●) and final (○) meals. 95% CL (––––) of predicted time is indicated 
(excluding the variance contribution originating from error on initial prey mass) (from Andersen & 
Beyer 2008b) 
 
 

For the present purpose, the ingestion times together with their 95% CLs approximated by 
2σeτ� were estimated by the numerical integration of Eq. 6.1 described above (Figure 6.2b). 
Inclusion of the contribution originating from the variability of initial prey mass (σm = 
0.0064) only produced an insignificant increase of the 95% CLs (Figure 6.3). In contrast, 
mimicking typical field situations by use of σm = 0.03 (see below) demonstrated the 
importance of this component that may dominate the total variance for low values of τ�, 
whereas the error of GER becomes the dominating source with increasing time between 
sampling and estimated ingestion of the prey (Figure 6.3). 
 
 



Feeding dynamics and small-scale species interactions 93 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

                 
 
Figure 6.3. Two sequential meals of two sandeel each were fed to 25 Atlantic cod, 12 h apart. Model 
prediction of the period between ingestion and sampling of stomach contents vs. the observed period 
for (a) first (●) and (b) final (○) meal. 95% CL of predicted time is indicated excluding (––––) or 
including the variance contribution (σm = 0.0064 (∙∙∙∙∙∙∙∙), σm = 0.03 (– – –)) originating from error on 
initial prey mass (from Andersen & Beyer 2008b) 
 
 
Error and bias considerations 
 
The ability to quantify precision and accuracy of predicted ingestion times is a prerequisite 
for obtaining reliable results on feeding periodicities in field situations. Conversely, precision 
together with sources of bias define the limitations of a method. Andersen & Beyer (2008a) 
evaluated these aspects with focus on error originating from uncertainties of GER and fresh 
prey body mass, sensitivity to estimated original length of small prey remains that are too 
degraded to allow estimation of their ingestion times, and bias due to non-observable prey 
that are fully evacuated prior to stomach sampling. 
 

 
Error 
 
The total variance of estimated time τ𝑖𝑖 between ingestion of prey i and sampling of the 
stomach containing the prey (Eq. 6.4) depends on a number of predator and prey variables. 
Originating directly from the variability of GER among predator individuals, the general 
estimate 0.10 of σe (Section 3.2) obtained from data on three gadoids fed a variety of fish 
prey by Andersen & Beyer (2008b) was used in the first term στ𝑖𝑖,e of Eq. 6.4. 

The contribution στ𝑖𝑖,m derived from the uncertainty of initial body mass of prey i is more 
complex. Andersen & Beyer (2008b) estimated a common value 0.03 of σm from length-
mass data on a suite of prey species. The value of the GER parameter ρ𝑖𝑖,𝑡𝑡𝑖𝑖 depends on prey 
characters, prey composition, predator size, and temperature. Using a generally applicable 
value of the basic prey-specific rate parameter and the predator-prey body mass ratio for fish 
prey, the contribution was reduced to a function of temperature and energy density 𝐸𝐸𝑡𝑡𝑖𝑖 of 
evacuated chyme at time 𝑡𝑡𝑖𝑖 (Andersen & Beyer 2008a). The resulting value of στ𝑖𝑖,m for 
gadoids in the North Sea ranged from 0.5 to 2.6 h for a single prey in the stomach, depending 
on prey energy density and temperature (Figure 6.4). Excluding very fat sprat and herring as 
well as more extreme temperatures, the range spanned from 0.6 h to 1.5 h with a mean of 
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c. 1 h. With more prey in the stomach, στ𝑖𝑖,m increases by the multiplier 𝑑𝑑𝑖𝑖,𝑡𝑡𝑖𝑖

−1 (Eq. 6.4). The 
effects of different prey body sizes and numbers in the stomach were calculated for a range of 
sizes of prey i relative to the size of the other prey. The results suggested that values of στ𝑖𝑖,m 
between 1 h and 2.5 h should cover most situations (Andersen & Beyer 2008a). 

Studying diel feeding cycles by use of the method, prediction of feeding events from the 
past 24–48 h would be relevant only if the precision of the method allows it. The value 2.4 h 

is obtained for στ𝑖𝑖,e if τ𝑖𝑖 = 24 h, and  σ𝜏𝜏𝑖𝑖 = �σ𝜏𝜏𝑖𝑖,e2 + σ𝜏𝜏𝑖𝑖,m2  ranges consequently between 2.5 

h and 3.5 h. The 95% CI of estimated τ𝑖𝑖 goes accordingly from 5 h to 7 h (the corresponding 
values of the 95% CI are 9.5 h and 10.5 h for τ𝑖𝑖 = 48 h). If the 95% CI is 6 h, then at least 12 
h between two feeding periods are needed in the extreme to be statistically confident about 
whether a prey with estimated ingestion time of 24 h prior to stomach sampling was actually 
ingested in a particular feeding period. However frequency distribution of estimated ingestion 
times obtained from a number of stomachs would allow for a finer time resolution (Section 
6.3). 
 

                                    
 
Figure 6.4. Isopleths of the standard deviation of predicted ingestion time (h) in relation to prey 
energy density and temperature as estimated from the error on initial prey mass alone for a 
piscivorous gadoid with a single prey item in the stomach. Rectangle and cross indicate range and 
mean value covering most situations for North Sea gadoids (from Andersen & Beyer 2008a). 
 
 
Sensitivity to estimated length of small prey remains 
 
Small prey remains, for which estimation of ingestion time is not credible, nevertheless 
contribute to the uncertainty of estimated ingestion times of the other prey in the stomach. 
The magnitude of this contribution depends on the precision by which the original lengths of 
these small prey remains are estimated (influence the term 𝑑𝑑𝑖𝑖,𝑡𝑡𝑖𝑖 in Eqs 6.1 & 6.4). The 
sensitivity of obtained ingestion times to estimated length of small prey remains was 
therefore examined, perturbing the applied original lengths of the small prey remains by 
±10% or ±25% for combinations of number and initial body size of the small remains relative 
to that of the other recovered prey (Andersen & Beyer 2008a). The estimate of τ𝑖𝑖 obtained 
for the other prey changed by ±0.5% to ±3.5% when the original length of small prey remains 
was perturbed by ±10%. Perturbation by ±25% provided changes between ±1.5% and ±9%. 
The influence of the residual mass fraction of the small prey remains (5%, 10% or 20%) and 
the other prey (50% or 75%) was minor. In conclusion, the influence of small prey remains is 
generally minor, if their original length is estimated with some precision. 
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Bias 
 
Prey fully evacuated prior to the time of sampling may bias estimated ingestion times of 
recovered prey. The extreme situation is that these non-observable prey are fully evacuated 
just prior to stomach sampling. In this case, Andersen & Beyer (2008a) showed that the bias 
of estimated τ𝑖𝑖 for an observed prey recovered from the stomach increased significantly from 
less than –1% and up to – 65% with increasing number and body mass of non-observable 
prey. In contrast, it decreased substantially with increasing fraction of original body mass 
constituted by the observed prey. These patterns are rooted in GER of the prey being 
dependent on the time the prey spend together in the stomach as well as the numbers and 
relative body masses of the prey. The bias goes from –3% and up to – 22% for compositions 
of number of prey and body masses that cover most situations for piscivorous fish. 
Differential prey energy density further influenced the size of the bias. The modulating factor 
was for example 1.6–1.9 if the energy density of non-observable prey was the double of that 
of the observed prey, and 0.5–0.6 for the inverse energy ratio. The bias was reduced 
considerably to between less than –1% and – 8% in not so extreme situations, where non-
observable prey were considered fully evacuated half time between ingestion of the 
observable prey and stomach sampling. Hence, the bias is probably more moderate in 
practice, and it could be further reduced by use of some a priori knowledge or pilot trials on 
the feeding cycle to design the most suitable stomach-sampling scheme. 
 
 
6.3  Case study on species interaction in a stratified water column 
 
Andersen et al. (2017) demonstrated the usefulness of being able to estimate ingestion times 
of individual prey in field studies on small-scale interactions between predator and prey. 
They examined and explained the diel vertical dynamics of the interaction between Atlantic 
cod (Gadus morhua) and its major prey sprat (Sprattus sprattus) in the Bornholm Basin of 
the central Baltic Sea during late winter. For this purpose, they combined hydroacoustics 
information about the diel vertical distribution dynamics of the fish and vertical profiles of 
temperature, oxygen content and salinity with the diel frequency distribution of the number of 
ingested sprat obtained from stomach contents of sampled cod. The apparent vertical 
interaction dynamics were explained by simple fitness optimization using bioenergetics and 
trade-offs between temperature, oxygen content of the water and predation risk. 

The typical depth of the Bornholm Basin is 60 to 80 m. The water column is vertically 
stratified with low salinity surface water separated by a halocline from a bottom layer of 
higher salinity. The oxygen content of the bottom layer becomes gradually depleted during 
stagnant periods without inflow of saline water from the North Sea and into the central Baltic 
Sea. In the late winter, the temperature is low in the surface layer and increases gradually 
with depth from the top of the halocline. Conversely, the oxygen content decreases from 
almost full saturation to 20% or less in stagnant periods (Figure 6.5), which was the case in 
the study by Andersen et al. (2017). 

Using an echosounder with 38 kHz transmit frequency, hydroacoustics data were sampled 
continuously during the cruise that ran for three days from 12 to 14 March 2002. Using a 
dedicated software (Echoview), the data were validated, preprocessed and shown in three 
different display modes. The first one shows schools of fish close to the bottom during 
daytime, school dispersion and ascent of individual fish at dusk and the reverse process at 
dawn (the display mode usually used by fishermen). The second mode shows data used for 
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detection and strength calculation of single targets (for example individual fish) by an 
operator in the software. This leads to the third mode that displays the target strength (TS) 
used to calculate body size and vertical positioning of individual fish during the diel cycle. 
The data representing cod and sprat, respectively, were binned into 40 min intervals and the 
distance to the bottom of the 20th, 50th, and 80th percentiles was calculated (Figure 6.6). 
 

 

                        
 
Figure 6.5. Generalized vertical profiles of temperature, salinity and oxygen saturation in the lower 
part of the ~64 m water column obtained from 9 CTD stations (conditions are constant above this part 
of the water column). Horizontal line: mean of the daytime vertical distribution of Atlantic cod Gadus 
morhua (detected single target echoes of strengths between –30 dB and –24 dB); dashed lines: 
corresponding temperature and oxygen saturation of the water (from Andersen et al. 2017). 
 
 

The TS data interpreted as sprat displayed a consistent diel pattern of vertical distribution 
by staying close to the bottom below the surface layer during daytime, ascending at dusk to 
cover a large part of the water column throughout the night, and descending again at dawn 
(Figure 6.6a). This pattern reflects the vertical dynamics appearing in the first display mode 
with school dissolution and formation at dusk and dawn combined with ascend and descent of 
individual fish, which is not surprising because sprat absolutely dominated the biomass in the 
area. 

The cod also stayed close to the bottom at daytime and ascended synchronously with sprat 
at dusk (Figure 6.6b). Their stay high in the water column was, however, of short duration, 
but additional sporadic ascents took place during the night. At dawn, they ascended again 
synchronously with the descent of sprat. 

The ascents and descents displayed by the sprat is in accordance with the diel vertical 
migration (DVM) described for many planktivorous fish. The adaptation of this behaviour 
has been ascribed to three major mechanisms involving predator avoidance, foraging and 
bioenergetics (Clark & Levy 1988). 
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Figure 6.6. Diel dynamics of the vertical distribution of single targets of strengths between (a) –46 dB 
and –41 dB interpreted as sprat Sprattus sprattus (n = 27430) and (b) –30 dB and –24 dB interpreted 
as Atlantic cod Gadus morhua (n = 1208). Curves are 20th, 50th and 80th percentiles for each 40 min 
period. The gaps for cod indicate missing or few (<10) observations in a period. Horizontal dashed 
line: bottom of the uniform top layer of the ~64 m water column; pairs of vertical lines define dawn 
and dusk (from Andersen et al. 2017). 
 
 

First, DVM of both planktivorous fish and zooplankton has been considered the result of 
an evolutionary race between predator and prey. The prey follow the light intensity at dusk 
and dawn, where the visual ability of the predator is reduced and the ratio of predation risk to 
food consumption rate is minimized (Scheurell & Schindler 2003). At dusk with decreasing 
light intensity at the surface, the ascending sprat followed the lines of equal (low) light levels 
between 2 × 10–2 and 2 × 10–3 μmol quanta m–2 s–1 in the present situation (Nilsson et al. 
2003). 

Second, it has been suggested that the planktivorous fish follow the DVM of zooplankton 
to optimize their feeding opportunity. Third, bioenergetics have been used to explain the 
behaviour as a motivation to migrate to water temperatures where the gain or conservation of 
energy is optimized. Higher temperatures will accelerate the food processing and growth 
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under favorable feeding conditions, whereas lower temperatures will reduce the metabolic 
rate and energy expenditure in situations of food limitation (e.g. Brett 1971, Orlowski 2000). 

The observed vertical dynamics of sprat and cod suggest that cod feed on sprat at dawn 
and dusk. However, the two species stay together close to the bottom during the day and cod 
sporadically ascend into the water column where the sprat are staying at night. Therefore the 
acoustics data alone cannot provide explicit information about the diel dynamics of feeding 
success of cod and predation risk of sprat. 

Use of the cylinder model to extract information about ingestion times from observed 
stomach contents of sampled cod offers the opportunity to determine their diel feeding 
pattern. For this purpose, cod and sprat were obtained from 16 bottom trawl hauls undertaken 
every 3 h from 12 to 14 March. From each trawl haul, 15–51 stomachs of cod within the body 
length range of 38–54 cm were frozen. The contents were subsequently thawed and analyzed 
in laboratory on land for standard length, different partial lengths, and remaining body mass 
by prey item. Sprat constituted the vast majority (90–93%) of the cod diet. Herring (Clupea 
harengus) and the isopod Sarduria entomon comprised almost entirely the rest of the prey (5–
9% and 1%). A number of sprat, herring and S. entomon from each trawl haul were weighed 
and length measured (including the different partial lengths), and their energy density was 
obtained by use of bomb calorimetry. These prey characters were used in the cylinder model 
to hindcast the remaining mass of individual prey in the cod stomachs to fresh prey body 
mass and thus ingestion time with confidence limits according to the procedures – and with 
the limitations – described in Section 6.2 and Andersen et al. (2017). The estimated ingestion 
times of individual sprat showed a diel feeding pattern with distinct peaks at dusk and dawn. 
Using the confidence limits, it could not be rejected that ~90% of the sprat were ingested at 
dusk and dawn (Figure 6.7). The rest of the sprat but one was ingested at night. The 
successful crepuscular feeding of the examined cod is a general characteristic of fish preying 
on planktivorous fish performing DVM (Hrabik et al. 2006, Jensen et al. 2006). Only a 
smaller part of the sprat was ingested at night, which suggests that predation by cod was 
significantly reduced here because of the low light intensity. 

According to the bioenergetics considerations described above, the energy balance of cod 
should determine the optimum environmental settings for digestion and processing of the 
ingested food. The mean food consumption rate was therefore estimated by two approaches. 
The results from estimation of the ingestion times was used to determine the prey energy 
ingested during the latest full feeding period (dusk-night-dawn) prior to sampling of the 
individual cod, which represents the daily ration (kJ d–1). Alternatively, the GER of total 
energy (kJ h–1) was estimated from the contents in each cod using the cylinder model. 
Following to the principle outlined in Section 5.3, the mean consumption rate was then 
determined by the mean GER, over time and population, multiplied by 24 h. The two 
approaches represent independent methods in that the former determines the energy intake of 
each cod over a period prior to stomach sampling, whereas the latter is a snapshot of GER at 
the time of sampling. Different results should therefore indicate data inconsistencies or 
violation of assumptions. To standardize the results with regard to temperature and cod size, 
the consumption rates were expressed as a fraction f (feeding level) of maximum sustained 
consumption rates determined by Jobling (1988) from laboratory experiments on long-term 
ad libitum feeding of cod. The estimates of f obtained by the two approaches were similar: 
0.39 (95% CI: 32–45) and 0.40 (0.37 – 0.43) by the former and latter, respectively. It is well 
above the maintenance level of 0.20–0.25 for cod and other gadoids (Hanson et al. 1997, 
Andersen & Riis-Vestergaard 2003). 
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Figure 6.7. Diel dynamics of Atlantic cod Gadus morhua feeding on sprat Sprattus sprattus. Columns 
represent the distribution of all estimated ingestion times (n = 194 sprat) within a 24 h period prior to 
sampling of the individual cod. The 2 curves display the normal distribution functions (NDF) for all 
dawn- and dusk-related ingestion times, respectively, assuming that the actual ingestion takes place in 
the middle of the dawn and dusk periods and using the mean SD of the estimates. The rest of the sprat 
were ingested during the day (1 sprat) or at night. Dawn and dusk are indicated by the transitions 
between white (day) and grey (night) background (from Andersen et al. 2017). 
 
 

The energy balance of cod thus appeared to be positive. The optimum behaviour should 
then be to maximize the food processing rate by staying at high temperatures (Levy 1990a,b), 
which means as close to the bottom as possible, because the temperature increases with 
depth. The oxygen saturation of the water decreases, however, with depth to values far below 
the level of 65–73 % that depresses GER and growth rate (Brach 1999, Chabot & Dutil 
1999). The optimum conditions for food processing is therefore determined by a trade-off 
between temperature and oxygen saturation (e.g. Claireaux et al. 2000). Apart from vertical 
feeding raids, the position of cod in the water column at 64% oxygen saturation and 5.5 °C 
estimated by hydroacoustics thus seems to be the results of a behavior that leads to 
maximization of the food processing rate: seeking higher temperatures closer to the bottom 
would entail suboptimal oxygen conditions (Figure 6.5). 

In contrast to cod, the energy balance of sprat was negative. The stomach contents of 20 
sprat from each trawl haul were analyzed and almost all stomachs were empty. The rest 
contained small remains (< 0.01 g wet mass) of adult copepods. Estimation of food 
consumption rates using a GER model for sprat by Bernreuther et al. (2009) was therefore 
superfluous. This is not surprising since planktonic copepods that form the main food in the 
Baltic Sea are at their lowest density in the late winter (Peters et al. 2006). It is further 
consistent with the finding of Arrhenius (1998) that the Baltic sprat experience food shortage 
and lose body energy during the winter months. In addition, the swimbladder of phystome 
fish like sprat becomes progressively compressed with increasing depth, which increases the 
mass density and leads to negative buoyancy of the fish (Solberg & Kaartvedt 2014). They 
therefore spend energy on ascents at regular intervals in order to compensate for sinking and 
maintain the position in the water column at depths >55 m (Kaartvedt et al. 2009). 
Altogether, there is a bioenergetics incentive for the sprat to perform DVM into the upper 
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layer of cold water above the thermocline in the dark hours when predation risk is reduced. In 
daylight, however, the ability of sprat to school below or at the same depth as cod appeared 
efficient against predation (e.g. Pitcher & Parrish 1993). 

The adaptive behavior of predator and prey could thus be explained by the diel predation 
dynamics in combination with their vertical distribution, the environmental settings, and 
fitness optimization based on bioenergetics and different trade-offs. A prerequisite for 
establishment and quantification of the diel predation dynamics was the availability of a 
reliable model of GER. The combination of the different approaches used here should prove 
useful in general for attainment of a better mechanistic understanding of small-scale predator-
prey interactions. 
 

 
6.4  Summary 
 
A basic understanding of the interactions between predatory fish and their prey requires 
knowledge about their behaviour and the predation process obtained at a spatial range 
comparable to that perceived by the involved species. Direct observations of these 
interactions in situ are mostly impossible to accomplish with present technologies. Instead, 
interactions are usually inferred from aggregated information about amount and composition 
of prey recovered from stomachs of sampled predators. Frequently, estimates of diel feeding 
patterns at the sampling location level of the predator are obtained from information about 
total stomach contents models using gastric evacuation rate (GER) models or functions. 
However, these approaches rarely permits analyses of small-scale species interactions and the 
dynamics of feeding on a particular prey species. 

Information about the diel feeding dynamics of individual predators preying on a 
particular prey can be acquired by estimating ingestion times of the individual prey recovered 
from the predator stomach. The principle is to use a GER model to hindcast the remaining 
prey mass until estimated fresh body mass at ingestion. This method has been used in a few 
cases, however its application has been hampered by poor performance of available GER 
models, as well as lack of consistent error considerations to evaluate the validity of the 
results. The cylinder model with its inherent ability to accurately predict ingestion time of 
individual prey, irrespective of prey and meal composition offers a tool for unbiased 
estimation of ingestion times with confidence limits. Generic error and bias considerations 
further allow for preliminary examination of the precision and accuracy and thus clarify the 
benefit of the method for specific field studies on feeding dynamics and species interactions. 

Hydroacoustics have been used for examination of spatial distribution dynamics of fish 
shoals or for tracking of individuals to infer about species interactions and prey encounters – 
occasionally by coupling the hydroacoustics results to aggregated information about prey 
contents in the stomachs of predators sampled in connection with the acoustic survey. The 
usefulness of combining hydroacoustics data on diel vertical distribution dynamics of fish 
with physico-chemical profiles and estimates of ingestion times obtained by the use of the 
cylinder model was demonstrated for a predatory fish and its major prey in a stratified water 
column. The vertical dynamics of the predator and its prey could be explained by fitness 
optimizations, and this combination of approaches should prove useful in general for 
attainment of a better mechanistic understanding of predator-prey interactions. 
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Chapter 7 
 
Dimensioning of assimilative capacity 
___________________________________________________________________________ 
 
 
7.1  Introduction 
 
The maximum rate at which an animal is able to digest, absorb and process ingested food is 
termed the assimilative capacity. Food is a basal requirement for all heterotrophic organisms 
to subsist, grow and reproduce, and dimensioning of the assimilative capacity is therefore a 
central life history choice. Jeschke et al. (2002) suggest that most predators are digestion 
limited, which implies that their assimilative capacity is decisive for formulation of their 
functional response (the per capita consumption rate of the predator as a function of prey 
density) and hence for predator-prey dynamics and predation mortality (Rall et al. 2012). 

Predatory fish are usually living in a heterogeneous world with unpredictable feeding 
opportunities characterized by food abundance and scarcity, which is reflected by long 
periods of empty stomachs at a regular basis (Arrington et al. 2002). This challenges the 
scaling of local observations of functional response to population, community and ecosystem 
levels (Englund & Leonardsson 2008), which is a prerequisite to obtain unbiased estimates of 
species interactions in order to inform ecosystem and fishery models (Levin 1992). There has 
therefore been much focus on the problems associated with this scaling (Hunsicker et al. 
2011). 

However dimensioning of the assimilative capacity has not attracted much attention. 
According to the theory of quantitative evolutionary design (Diamond 2002), the size of the 
capacity emerges as an adaptive response to the trade-off between suboptimal exploitation of 
episodes of food abundance and maintenance costs that penalize excess capacity. As a result, 
predators subject to variable feeding opportunities should develop an excess capacity relative 
to the average feeding situation (Armstrong & Schindler 2011). 

The sustained maximum daily energy intake Cmax obtained from laboratory experiments 
on long-term feeding to satiation is usually applied to quantify the assimilative capacity of 
fish. Results from laboratory experiments on compensatory growth after a period of 
starvation demonstrate however that fish are able to feed at rates far above Cmax, and it is 
suggested that this hyperphagia is the major cause of the compensatory growth response 
when the lipid reserves have been depleted (Ali et al. 2003). This means that functional 
response formulations need elaboration to account for hyperphagia displayed by starving 
predators meeting favorable feeding conditions in natural settings. Hyperphagia per se of fish 
in the wild has not really been studied in the past, probably because it is difficult to quantify. 

In ecological contexts, the assimilative capacity associated with hyperphagia is termed the 
episodic assimilative capacity CMAX by Andersen et al. (2021). The maximum digestion and 
absorption rates determine the level of hyperphagia (Ali et al. 2003). The gastric evacuation 
rate (GER) is controlled by negative feedback mechanisms from the proximal intestine 
enabling digestion and absorption of food in the intestine to keep up with the amount 
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evacuated from the stomach (Jobling 1987). The maximum GER therefore determines CMAX, 
which can be estimated for wild fish from the maximum prey mass SMAX in sampled 
stomachs by application of a GER model.  

The cylinder model with its generic nature including scaling of GER with predator size 
and a common inter-predator value of the prey-specific basic rate parameter (Sections 2.7, 3.3 
and 4.1) is at present the only candidate for dimensioning of CMAX. Andersen et al. (2021) 
therefore applied this model in a study on the importance of hyperphagia for wild piscivorous 
fish and the adaptive background for the dimensioning and dynamics of the assimilative 
system. 
 
 

7.2  A new concept of assimilative capacity 
 
The duration of hyperphagia depends on the level of reserve depletion (e.g. Russell & 
Wootton 1992, Xie et al. 2001) whereas the hyperphagic response to periods of unfavourable 
feeding conditions is always close to the maximum digestion rate if abundance of food turns 
up (Ali et al. 2003). 

The duration of hyperphagia seems to be closely associated with the restoration of targeted 
reserves after a period of food deprivation (Won & Borski 2013), which complies with two 
physiologically based models of compensatory growth. Broekhuizen et al. (1994) assume that 
assimilated energy is allocated to reserve and structural tissues, and that appetite is regulated 
in response to the instantaneous ratio of reserve to structural tissue. Jobling & Johansen 
(1999) advanced a related lipostat model. Here appetite is controlled by the lipid level so that 
hyperphagia ceases when the targeted lipid level is reached. Centrally, appetite in mammals 
and fish is regulated through the neuropeptides galanin (stimulatory) and leptin (inhibitory) 
(Won & Borski 2013). The mechanisms involved in the appetite control in fish are, however, 
more diversified and complex compared to those in mammals and not clearly understood 
(DePedro & Bjornsson 2001, Volkoff 2016). 

In response to their nutritional status, the fish then seem to operate with either Cmax or 
CMAX. Andersen et al. (2021) included these dynamics in a type II functional response of the 
predator to explain the principle of a new concept of assimilative capacity. Jeschke et al. 
(2002) suggest that most predators are digestion limited. The daily energy intake C(x) was 
thus described by the response function 
 

                                                       𝐶𝐶(𝑥𝑥) = 𝑥𝑥
𝑥𝑥+𝐶𝐶MAX

𝐶𝐶MAX           (7.1) 
 

if the reserves are below the targeted level and x is a measure of daily feeding opportunity 
considered proportional to encountered prey. Predators with reserves at the targeted level 
become satiated already at Cmax, which implies a cut-off on the response curve (Figure 7.1). 

The absolute hyperphagic scope was expressed by (𝐶𝐶MAX − 𝐶𝐶max), and the factorial scope 
by 𝐶𝐶MAX𝐶𝐶max−1 . 
 
 

7.3  Estimation of SMAX and CMAX from stomach content data 
 
SMAX and its allometry 
 
The maximum volume capacity of the stomach related to body size has previously been 
estimated for a number of fish applying two different approaches. One method uses isolated 
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stomachs that are inflated to maximum lumen by injection of air or water (e.g. Jobling et al. 
1977, Flowerdew & Grove 1979, Burley & Vigg 1989). Alternatively, the total prey mass is 
obtained from individual stomachs sampled in the wild, and the maximum stomach content 
mass SMAX as a function of body mass is estimated by a curve that delineates the ‘upper edge’ 
of the distribution of total prey mass in the stomachs (e.g. Hellawell 1971, Pope et al. 2001). 
These studies generally find an isometric relationship. 
 
 

                               
 
Figure 7.1. The type II functional response curve of a starved predator with depleted reserves using 
its episodic assimilative capacity 𝐶𝐶MAX and hence displaying hyperphagia. A well-fed predator with 
full reserves is following this response curve until a cut-off at the sustained capacity 𝐶𝐶max, which then 
forms the upper response limit at higher prey encounter rates due to appetite regulation for 
maintenance of homeostasis. The absolute hyperphagic scope (𝐶𝐶MAX − 𝐶𝐶max) (yellow area) is 
increasingly being utilised by the starved fish with increasing prey encounter rate above the point of 
cut-off (green area) (from Andersen et al. 2021). 
 
 

Andersen et al. (2021) estimated SMAX (g) from a large dataset on Atlantic cod (Gadus 
morhua) from the Barents Sea. They calculated the 99.9th percentile of total content mass S 
by 1-cm length class from 20–80 cm L cod (n = 121877) to represent body size-specific 
values of SMAX (Figure 7.2) Then, nonlinear regression of the power function SMAX = κMAX Lb 
provided a value of b close to 3 – representing the isometric relationship in accordance with 
most literature values. Using the isometric relationship an estimate of κMAX was obtained. A 
smaller stomach dataset on 20+ cm L whiting (Merlangius merlangus) from the central North 
Sea (n = 7526) did not allow for split into 1-cm L classes. Instead all data on S were 
normalized to L = 1 cm under the assumption of an isometric relationship and split into three 
L classes to obtain an estimate of κMAX with confidence limits from the 99.9th percentiles. The 
estimate obtained from whiting was significantly lower than the value estimated from cod. 
 
 

CMAX and its allometry 
 
Andersen et al. (2021) estimated CMAX from SMAX of the sampled cod and whiting stomachs 
using the cylinder model (Box 7.1). To cover the extremes of foraging patterns, the 
estimation was accomplished in the two scenarios of no feeding and continuous feeding, 
respectively, for the next 24 h (Figure 7.3). Average temperature and prey energy density for 
the two populations were used. 
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Figure 7.2. (a) Total prey mass S (o) in 121877 individual stomachs of Atlantic cod by 1-cm length 
class between 20 cm and 80 cm total body length L from the Barents Sea. The estimated SMAX (solid 
line) and its 95 % CLs (broken lines) corresponding to the episodic assimilative capacity CMAX are 
obtained from all stomachs using the 99.9th percentile by L class (red circles). Smax corresponding to 
the sustained capacity Cmax is calculated from laboratory estimates (Jobling 1988) using the gastric 
evacuation model and assuming one feeding event per day (solid line) or continuous feeding (broken 
and dotted line). The percentages represent the allometric increase in the prevalence of stomachs with 
S > Smax that are located in the yellow shading.  (b) Distribution of S for cod of 50 cm L (n = 2379). 
The stomachs are binned into classes of increasing S-width. Black column represents the number of 
empty stomachs. The other elements are explained in (a) (from Andersen et al. 2021). 
 
 

The cylinder model predicts that GER scales with Lλ where 5/4 ≤ λ ≤ 3/2 (Chapter 2, Eq. 
2.25). Assuming that both SMAX and body mass W scale isometrically with L3 and that the 
predator is feeding continuously, then 𝐶𝐶MAX ∝ ρ�𝑆𝑆MAX (Eq. B7.3), which scales with 𝐿𝐿𝜆𝜆+

3
2 ∝

𝑊𝑊
λ
3+

1
2 = 𝑊𝑊β, where 11/12 < β < 1. If the predator does not feed the following 24 h, then CMAX 

still scales with the same value of the exponent β if λ = 3/2. For 5/4 ≤ λ < 3/2 the scaling 
exponent for CMAX that emerges from Eq. 7.2 is only marginally higher because ρ ≪ �𝑆𝑆MAX. 

The theoretical range of λ predicted by the cylinder model is corroborated by empirical 
values obtained from a variety of predatory fish with a common estimate of 1.35 (Chapter 3, 
Section 3.3). This empirically based value of 1.35 is used in the following, which implies that 
 

                                                       𝐶𝐶MAX  ∝  L2.85  ∝  W 0.95           (7.2) 
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Box 7.1. Calculation of CMAX from SMAX 
 
If τ is the (equidistant) times (h) between discrete feeding events where the stomach 
content mass is replenished to SMAX, then according to the cylinder model the mass Sτ 
immediately before refilling of the stomach is 
 

                                                 𝑆𝑆τ = (�𝑆𝑆MAX −
1
2
ρτ)2   (g)                                          (B7.1) 

 

where ρ is the rate parameter. 
 

Given the prey energy density E (kJ g–1), CMAX is quantified by 
 

               𝐶𝐶MAX =  24𝐸𝐸
τ

(𝑆𝑆MAX −  𝑆𝑆τ) = 24𝐸𝐸
τ
�𝑆𝑆MAX − ��𝑆𝑆MAX −

1
2
ρτ�

2
� 

                         = 24ρ𝐸𝐸 ��𝑆𝑆MAX −
ρτ
4
� = 24ρ𝐸𝐸�𝑆𝑆MAX �1 − ρτ

4�𝑆𝑆MAX
�  (kJ d–1)          (B7.2) 

 

In one extreme scenario, the predator does not feed during the following 24 h; i.e. τ = 24 in 
Eq. B7.2. At the other extreme, the predator is feeding continuously, which implies that 
SMAX is maintained throughout (and τ → 0 in Eq. S7.2 for Sτ > 0) so that 
 

                                                𝐶𝐶MAX = 24ρ𝐸𝐸�𝑆𝑆MAX   (kJ d–1)                                     (B7.3) 
 

Predatory fish are typically not continuous feeders, so scenarios with one or a few feeding 
periods a day are probably the more realistic ones (from Andersen et al. 2021). 
 

 
 
7.4  Scope and prevalence of hyperphagia 
 
Factorial hyperphagic scope 
 
The sustained maximum food consumption rate Cmax is usually considered to scale with W 0.75 
∝ L2.25 (e.g. West et al. 1997, Hanson et al. 1997), which is considerably lower than the 
scaling of CMAX. The factorial hyperphagic scope consequently increases with increasing 
predator size according to the scaling 
 

                                                   𝐶𝐶MAX𝐶𝐶max−1   ∝  L0.60  ∝  W 0.20            (7.3) 
 

Jobling (1988) and Andersen & Riis-Vestergaard (2003) obtained the scaling L2.40           
(∝ W 0.80) and L2.28 (∝ W 0.76) for Cmax from long-term feeding trials on cod and whiting, 
respectively. This provides a scaling of the factorial scope of L0.44 (∝ W 0.15) and L0.57           
(∝ W 0.19) for the two species, which was used by Andersen et al. (2021). The factorial scope 
increased consequently with body size from 1.45 to 2.71 for cod and from 1.28 to 1.92 for 
whiting (Figure 7.3). Average temperature and prey energy density for the two populations 
were used. The sensitivity of the factorial scope to the normal ranges of temperature and prey 
energy density for the two predator populations was quite modest because of the similar 
effects of temperature on Cmax and CMAX, and because GER expressed in evacuated energy is 
almost independent of prey energy density (Section 3.3). 
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Figure 7.3. The relationship between assimilative capacity and body size of (a) Atlantic cod from the 
Barents Sea (n = 121877) and (b) whiting from the North Sea (n = 7526). The episodic capacity CMAX 
is estimated from field data on maximum stomach content SMAX using the gastric evacuation model 
and assuming one feeding event per day (estimate and lower 95% CL, orange lines) or continuous 
feeding (estimate and upper 95% CL, blue lines). The sustained capacity Cmax is estimated from 
feeding trials (cod, Jobling 1988; whiting, Andersen & Riis-Vestergaard 2003). The yellow shading 
represents the absolute hyperphagic scope (CMAX – Cmax), and the red numbers indicate the allometry 
of the factorial scope (CMAX/Cmax) (from Andersen et al. 2021). 
 
 

In accordance with the principles of Diamond (2002), the allometric increase in factorial 
hyperphagic scope should indicate that the variability in foraging opportunity increases when 
the fish grow larger. This may be explained by a shift in the trade-off between maximizing 
food intake and minimizing predation mortality during the ontogenetic development. Small 
fish take advantage of any foraging opportunity, whereas large fish take less risk and thus 
miss foraging opportunities (Rosland & Giske 1994). The higher capacity to accumulate 
reserves as well as the higher energy density of large fish further supports the allometry of 
hyperphagia (Schultz & Conover 1999, Pedersen & Hislop 2001, Byström et al. 2006). 

Using the results from two laboratory experiments on pre-starved and well-fed cod fed 
satiation meals, Andersen et al. (2021) indicated that the stomach filling depends on the 
nutritional status (Figure 7.4). The stomach filling of the pre-starved fish furthermore 
corroborated SMAX estimated from the stomach contents of the sampled Barents Sea cod. The 
experiments were conducted by Andersen & Riis-Vestergaard (2003) who fed cod of c. 30 
cm to satiation once a day with lesser sandeel (Ammodytes tobianus). The stomach filling Sn 
(g) immediately after feeding on day n is the result of the prey mass remaining from the 
preceding day and the consumption of the new meal Cn (kJ): 
 

                                               𝑆𝑆𝑛𝑛 = (�𝑆𝑆𝑛𝑛−1 −
1
2
ρ24)2 + 𝐶𝐶𝑛𝑛𝐸𝐸−1 ,           (7.4) 

 

where Sn–1 (g) is the prey mass after feeding the previous day, ρ (�g h−1) the GER rate 
parameter of the cylinder model for the sandeel, and E (kJ g–1) the sandeel energy density. 

The results from the feeding experiments were compared to the curves of CMAX, Cmax, 
SMAX, and Smax. These curves were calculated as a function of the current cod size during the 
experiments: CMAX from SMAX of the Barents Sea cod by use of Eq. B7.2 with τ = 24 h and 
Smax from Cmax of Jobling (1988) by use of Eq. B7.4 likewise with τ = 24 h. 
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Box 7.2. Calculation of Smax from Cmax 
 
Replacing the subscript ‘MAX’ by ‘max’ and reorganizing Eq. B7.2 provides 
 

                                                     𝑆𝑆max = (𝐶𝐶max
24ρ𝐸𝐸

+ ρτ
4

)2   (g)                                         (B7.4) 
 

with τ = 24 when the predator does not feed during the following 24 h. 
 

Similarly, reorganization of Eq. B7.3 produces 
 

                                                         𝑆𝑆max = �𝐶𝐶max
24ρ𝐸𝐸

�
2
   (g)                                             (B7.5) 

 

in the case of continuous feeding (from Andersen et al. 2021). 
 

 
 

The daily food intake was variable for both groups of cod (Figure 7.4a). After the first two 
and three days on restricted food rations, respectively, the well-fed and pre-starved fish 
consumed a large meal to fill the stomach. The initial maximum food intake therefore 
represents a transition, which cannot be compared to the calculated curves of Cmax and CMAX. 

The fish seemed to replenish the amount of stomach content to a relatively constant level 
that differed significantly between the two groups (Figure 7.4b). The level in the well-fed fish 
corresponds well to Smax calculated from the results on Cmax of Jobling (1988) whereas the 
pre-starved fish filled their stomachs to a level close to SMAX estimated directly from the 
stomachs of the Barents Sea population. This corroborates the presumption that SMAX 
represents the hyperphagic response to poor nutritional conditions when foraging opportunity 
allows. Accordingly, the factorial scope of hyperphagia amounted to 1.63 for the pre-starved 
laboratory fish, close to the value of 1.71 obtained from wild cod of similar size in the 
Barents Sea population. 
 
 

Prevalence of hyperphagia 
 
To examine the prevalence of displayed hyperphagia by the cod in the wild, the stomach 
content Smax corresponding to the laboratory based Cmax (Jobling 1988) was estimated 
according to Eq. B7.4 in a first step. Then, the length-specific frequency of wild fish with 
total stomach content mass S > Smax was calculated. The prevalence increased with increasing 
fish size from 4% to 16 % for cod of 20–80 cm L (Figure 7.2). 

Essington et al. (2000) found that c. 13 % of largemouth bass (Micropterus salmoides) 
subject to rare prey encounters in three small lakes displayed stomach content masses above 
Smax. This result was however estimated from Cmax (obtained from feeding trials in the 
laboratory) using an exponential GER function. The exponential overestimates GER of large 
meals and high stomach contents (Figure 2.5), which implies that the obtained value of Smax 
is probably too low and that the prevalence of exerted hyperphagia is consequently 
overestimated in this case. 
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Figure 7.4 Experiments at 10 °C on two groups of cod (length, ~30 cm) fed satiation meals of sandeel 
(energy density, 6 kJ g-1). The cod were either fed to satiation (blue symbols) or pre-starved (orange 
symbols) for 8 weeks period prior to day 0 of the experiment. The fish were fed restricted rations the 
first two (well-fed fish) or three days (starved fish) of the experiment. (a) The daily food intake of the 
two groups and the corresponding sustained assimilative capacity Cmax (blue broken line) obtained 
from Jobling (1988) and episodic capacity CMAX (orange broken line) obtained from field data on 
maximum stomach content SMAX using the gastric evacuation rate (GER) model. (b) The mass of 
stomach content each day immediately after feeding as the result of the prey mass remaining from the 
preceding day plus the consumption of the new meal for the two groups. The corresponding values of 
Smax (blue broken line) are obtained from Jobling’s (1988) Cmax function using the GER model 
whereas SMAX (orange broken line) comes directly from field data on cod (from Andersen et al. 2021). 
 
 

A part of the cod from the Barents Sea with S < Smax (Figure 7.2) might have been 
predisposed to hyperphagia due to poor nutritional status without having the opportunity to 
exert it because of insufficient feeding opportunity. The hepatosomatic index IHS (liver mass 
relative to total body mass) is a good indicator of the lipid level and nutritional status of 
gadoids (e.g. Marshall et al. 1999) and is included in a large part of the dataset on cod from 
the Barents Sea. Relating IHS to S, Andersen et al. (2021) encircled the nutritional status of 
cod clearly displaying hyperphagia to let the upper limit of their IHS-values define the upper 
limit for predisposition to hyperphagia. This limit should then be used to estimate the fraction 
of cod with S < Smax that would have displayed hyperphagia if the feeding opportunity had 
allowed. However, the median and range of the values of IHS for cod displaying hyperphagia 
corresponded well to those for cod with S < Smax (Figure 7.5). On this basis, Andersen et al. 
(2021) suggested that the vast majority of the sampled cod was predisposed to hyperphagia. 
This is corroborated by the fact that their IHS and lipid levels seldom reach those that 
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characterize farmed fish and fish fed to satiation in long-term feeding trials (e.g. Jobling 
1988, Grant et al. 1998, Andersen & Riis-Vestergaard 2003). Jobling (1988) finds for 
example that IHS of farmed cod exceeds 12% (Figure 7.5), which is probably caused by a 
combination of high sustained feeding levels and low costs of locomotion (Andersen & Riis-
Vestergaard 2004). 

Thus the maximum sustained consumption rate Cmax, obtained from feeding experiments, 
is probably not a viable way to define the assimilative capacity of predatory fish in the wild. 
In fact, as it seems to be the case for Barents Sea cod, it may be the exception rather than the 
norm, considering the unpredictable feeding opportunities, which are reflected by long 
periods of empty stomachs at a regular basis as shown by Arrington et al. (2002). 
Consequently, it is then important to acquire knowledge about the episodic capacity CMAX to 
avoid underestimation of the role of predatory fish in food webs. This is further emphasized 
by the apparent importance of small-scale hot spot predation episodes on large-scale 
predation rates (e.g. Floeter et al. 2005, Trenkel et al. 2005). Temming et al. (2004) 
demonstrated for example that a single short episode of binge feeding by whiting on large 
aggregations of newly settled cod in the North Sea resulted in the removal of around 3 
percent of an average year class of cod. 

A GER model that accurately predicts the evacuation rate of stomach contents is a 
prerequisite to obtain reliable estimates of CMAX from SMAX and quantify the upper limit of 
the functional response, for example in these seemingly important small-scale situations of 
gorging on high prey densities. In addition, it is important to acquire old as well as new data 
on the nutritional status of wild predators for examination of the extent to which CMAX should 
be used in general rather than Cmax. 
 
 

Foraging strategy 
 
Predators’ foraging strategy is tightly linked to their physiology and morphology (Huey & 
Pianka 1981), and their food-searching mode can be classified within a spectrum ranging 
from sit-and-wait (ambush) predators to active foragers. The allocation of metabolic capacity 
to digestion and locomotion is thus an important characteristic associated with the foraging 
strategy (Bennet & Hicks 2001). The ambush predator southern catfish (Silurus meridionalis) 
allocates most of its metabolic scope to digestion, so that its locomotory ability decreases 
substantially after ingestion of a large meal. The more active crucian carp (Carassius 
auratus) allocates less of its metabolic scope to digestion and is able to search for food and 
digesting at the same time (Fu et al. 2009). Andersen et al. (2021) similarly find that the 
ambush-like cod displayed significantly higher values of SMAX and CMAX than did the actively 
foraging whiting, which points to the same relationship between assimilative capacity and 
food-searching mode. 

Andersen et al. (2021) further demonstrated this trend for a wider range of predators. They 
related the predator-specific mass and length of the stomach proper to its ability to dilate and 
expand its lumen, and thus to its assimilative capacity via SMAX in accordance with the 
cylinder model of GER. Values of this proxy for the assimilative capacity was obtained for 
cod, whiting, saithe (Pollachius virens), haddock (Melanogrammus aeglefinus), grey gurnard 
(Eutrigla gurnardus) and turbot (Psetta maxima) sampled in the North Sea. The value was 
substantially higher for cod compared to the active hunters whiting and saithe, whereas it was 
situated in between for the other predatory fish with a more sluggish food searching 
behaviour. 
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Figure 7.5. The relationship between total body length L and hepatosomatic index IHS of wild Atlantic 
cod from the Barents Sea. The cod were split into two groups by total prey mass S in the stomach. 
Fish in one group (blue open circles) contained S < Smax where Smax corresponds to the sustained 
assimilative capacity Cmax (n = 27074). Those in the other group (yellow circles) displayed significant 
hyperphagia with the lower limit of S lying halfway between Smax and SMAX (n = 710). SMAX 
corresponds to the episodic assimilative capacity CMAX. Lines represent 2.5th, 50th and 97.5th 
percentiles for fish with S < Smax. Jobling (1988) reported a lower limit of IHS for farmed cod (●) (from 
Andersen et al. 2021). 
 
 

The costs of keeping the assimilative system is most likely not the only variable restricting 
the assimilative capacity. In accordance with Diamond (2002), also excessive space demand 
of the assimilative apparatus that impairs the body shape and swimming performance of 
active predators would be penalized. Higher capacity for swimming and prey searching 
should in return lead to more frequent encounter rate and lower variability in feeding 
opportunity, which counteract the lower assimilative capacity of these predators. 
 
 

7.5  Summary 
 
Predatory fish typically live in an unpredictable foraging environment ranging from 
starvation to prey abundance. According to the theory of quantitative evolutionary design, the 
predator should then hold an assimilative capacity that is excessive relative to the average 
food intake to profit from situations of abundance. The episodic assimilative capacity CMAX 
associated with the hyperphagic response to starvation is here regarded as the adaptive 
response to variability in feeding opportunity rather than the sustained assimilative capacity 
Cmax obtained from long term satiation feeding in laboratory experiments. In a new concept 
of assimilative capacity, CMAX is limited only by the digestive capacity, which enables the 
fish to replenish depleted energy reserves, whereas Cmax is constrained by appetite control in 
well-fed fish. The ratio of CMAX to Cmax is here called the factorial hyperphagic scope. 

The exclusive use of Cmax and ignorance of CMAX in ecological contexts in the past – for 
example to establish the upper limit of the functional response – may be a result of 
difficulties involved in estimation of CMAX from field data. The generic cylinder model is 
able to predict gastric evacuation rate GER and thus digestion and absorption rates 
irrespective of predator species, prey composition and feeding pattern. Estimation of CMAX in 
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natural settings from maximum mass SMAX of the contents in sampled predator stomachs can 
therefore be accomplished in a consistent way by use of the cylinder model. The maximum 
feeding rate obtained from the laboratory experiment on pre-starved cod corroborates the 
values of SMAX and CMAX estimated from field data on Barents Sea cod. 

CMAX scales almost linearly with body mass (exponent of c. 0.95), which generates an 
increasing factorial hyperphagic scope (exponent of c. 0.20). This may be explained by a shift 
in fitness optimization strategy during the ontogenetic development from maximizing growth 
rate of juveniles to minimizing predation mortality of adults: young fish exploit any foraging 
opportunity whereas older conspecifics are less risk taking and miss foraging opportunities. 
This is further supported by the higher capacity to accumulate energy reserves as well as by 
the higher energy density of older fish. Inter-specific differences in the digestive capacity 
resulting from different foraging strategies come on the top of the allometric trend of CMAX. 

The prevalence of displayed hyperphagia increased with increasing body size of cod in the 
Barents Sea. However, the nutritional status of Barents Sea cod indicates that most of the 
individuals were actually predisposed to hyperphagia, which they would probably have 
displayed if the feeding opportunity had allowed. Provided this is a general characteristic 
among predatory fish, then their upper limit of assimilative capacity is substantially higher 
than previously acknowledged, which has substantial consequences for formulation of 
predator-prey interactions and functional response. This consequence is further emphasized 
by the apparent importance for large-scale predation rates of small-scale hot spot episodes of 
gorging. 
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Chapter 8 
 
Perspectives 
___________________________________________________________________________ 
 
 
The development of the cylinder model described in this thesis forms a significant step 
towards a better understanding of the dynamics of gastric evacuation in predatory fish. The 
model framework provides a versatile tool that for the first time accurately describes the 
evacuation of prey from the stomach. Implementation of the model in fishery and ecological 
research should therefore significantly improve the quantification of predator-prey interaction 
strength and facilitate studies on feeding dynamics and small-scale species interactions. The 
model allowed the identification of the upper limit of the assimilative capacity in wild 
predatory fish, which lead to the development of a new concept of assimilative capacity. This 
new concept predicts local dynamics of functional response with fundamental implications 
for scaling-up to population level in the real world of feast and famine. 

At this point it is pertinent to reflect on the cylinder model and its applications. Where are 
the inconsistences, limitations, and shortcomings? Some topics are already discussed in the 
preceding chapters. Here I take up some additional issues and challenges that are relevant for 
future research. 
 

 
8.1  The model 
 
Small heterogeneous fish prey and invertebrate prey 
 
According to the cylinder model, energy density and resistance to the digestive processes are 
the two prey characters that influence the course and rate of the gastric evacuation of meals 
composed of a single prey type. The difference in resistance among the examined prey fish, 
ranging from fragile (clupeids, herring) to robust (pleuronectids, dab) species, is minor and 
the model accounts for the effect of energy density on evacuation rate in the same way for all 
prey species (Andersen 2012). 

The basic cylinder model considers the prey body homogeneous with regard to energy 
density and resistance, which results in the emergent simple square root function being the 
descriptor of the course of evacuation. For most purposes fish prey can be considered 
homogeneous. However, the course of evacuation as described by the model need to be 
especially accurate when ingestion times and diel feeding dynamics are established (Chapter 
6). For this purpose it may therefore be necessary to take into account the heterogeneity of 
some small fish prey with a large proportion of outer easily digestible body parts as compared 
to the central more resistant musculature of the trunk (Section 2.3). This can be accomplished 
by use of a two-stage model in the same way as for crustaceans with robust exoskeletons 
(Section 2.6). In compliance with reality (Figure 2.6), the evacuation of these small fish is 
described by a curve of higher curvature than that of the simple square root function if an 
outer shell of less resistance is added to an inner cylinder core in the cylinder model. The 



114  Chapter 8 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

thickness of this outer shell will depend on the ratio of the easily digestible body parts to the 
central trunk mass, and the basic rate parameter values for the two stages of the model can be 
estimated along the same principles as described for crustacean prey (Section 3.3). 

Among invertebrate prey, only the evacuation of crustaceans has been addressed in 
relation to the cylinder model. Mollusks, polychaetes and echinoderms are other relevant prey 
groups although they generally comprise only a minor part of the diet of piscivorous fish in 
multispecies models for sub-arctic and temperate sea areas. Squids and polychaetes are for 
example reported as prey for Atlantic cod (Gadus morhua) in the North Sea (Daan 1973), 
polychaetes for whiting (Merlangius merlangus) in the western Baltic Sea (Ross et al. 
2016b), and brittle stars for haddock and cod in the Barents Sea as well as in the North Sea 
(Jiang & Jørgensen 1996, Beyer et al. 2008).  Polychaetes seem to be digested much faster 
than fish prey (e.g. Temming & Herrmann 2003). A peculiarity of polychaetes is that their 
thin exoskeleton seems to work like an onion bag in which the body parts are digested 
relatively fast through the holes of the exoskeleton netting whereas the exoskeleton itself is 
left in the stomach for a longer time. Brittle stars are hard to disintegrate and digest and 
therefore evacuated much slower than fish prey (Jones 1974). Squids are evacuated at 
approximately the same rate as fish prey (Temming & Herrmann 2003). The course and rate 
of evacuation of these prey types should be examined and the prey-specific parameter values 
estimated within the mechanistic framework of the cylinder model to complete its field of 
application for predatory fish. 
 

 
Stomach length 
 
The present work has shown that the stomach length is a common predictor of the prey-
specific evacuation rate across marine predatory fish at higher latitudes (Section 4.1). This 
supports the assumption that the digestive performance per unit of mucosa surface area of the 
stomach is optimized. The difference in the ratio of stomach length to total body length 
among the examined predator species was however modest (Figure 4.3). The cylinder model 
together with the assumption about mucosa optimization should therefore be further 
challenged by including fish with more extreme ratios. Garfish (Belone belone) and Atlantic 
saury (Scomberexos saurus) hold for example high ratios. Results from gastric evacuation 
experiments on one of these marine species fed lesser sandeel (Ammodytes tobianus) would 
therefore complement the range of species examined in the thesis. To include studies on 
freshwater species, pike (Esox Lucius) with a long relative stomach might likewise be 
contrasted with Eurasian perch (Perca fluviatilis) or pikeperch (Sander lucioperca) of 
‘normal’ stomach length using a common prey like for example roach (Rutilus rutilus) in the 
evacuation experiments. 
 

 
Temperature 
 
Within most of their natural temperature range, a simple exponential with a common value of 
the temperature coefficient describes well the evacuation rate of a variety of marine predatory 
fish at higher latitudes. The use of simple multiplicative effects of temperature and body size 
on the GER in literature as well as the cylinder model presented here seems therefore to be a 
reasonable approach. 

However, an optimum value followed by a decline in GER towards the upper thermal 
tolerance limit has been reported for a number of fish including cod in the present thesis (e.g. 
Andersen 2012, Section 2.7). At the same time, the optimum temperature for growth and food 
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conversion efficiency of cod and several other marine fish species decreases with increasing 
body size (e.g. Björnsson et al. 2001, 2007). This also applies to the preferred temperature as 
for example reflected by the vertical distribution dynamics of different size groups, especially 
at summer time when the surface waters warm up (e.g. Lafrance et al. 2005, Freitas et al. 
2015). Due to the present era of global warming, many fish populations are facing high 
temperatures at the limit of their temperature tolerance. 

All this together makes it important to examine the capacity of fish to deal with high 
temperatures including the interaction between temperature and body size. The GER and 
eventually the assimilative capacity are important traits, and the allometry of the temperature 
optimum should therefore be thoroughly examined and quantified. In addition, local 
adaptations of a species may have resulted in sub-populations holding different optimum 
temperatures, which should be taken into consideration as well. Cod with a wide 
geographical distribution and a total thermal niche ranging from –1.5 °C to 19 °C consists for 
example of a number of local populations each experiencing only a thermal niche width of 
approximately 12 °C (Righton et al. 2010). 
 

 
Dissolved oxygen 
 
In addition to increased temperatures, marine fish in some stratified shelf and coastal waters 
(e.g. the Baltic Sea, the Gulf of St. Lawrence, and the Benguela current) are experiencing 
significantly reduced levels of dissolved O2 in the water. This depletion has moreover 
worsened over the years in some areas because of altered hydrographic conditions together 
with human discharge of nutrients into the sea. Nutrient enrichment causes increased primary 
production of algae in the water column that eventually decompose and use more O2 in the 
bottom layer of the water column. 

Just like high temperatures, low levels of O2 limit the fish’s maximum metabolic rate 
(MMR) due to the decreased availability of O2 for metabolism (Claireaux et al. 2000). This 
puts a constraint on the aerobic metabolic scope (MS), which is the difference between MMR 
and standard metabolic rate (maintenance costs) and used by the fish primarily for swimming 
activity and growth (digestion and assimilation of food). At least for the marine species cod, 
sea bass (Dicentrarchus labrax), common sole (Solea solea) and turbot, the MS decreases in 
the same way at an accelerating rate with decreasing O2 saturation. It becomes zero at c. 20% 
saturation, whereas its reduction down to c. 70% saturation is modest (Chabot & Claireaux 
2008). The same response to decreasing O2 saturation appears to be the case for the GER and 
growth of cod (Brach 1999, Chabot & Dutil 1999, Chabot et al. 2015). 

The effect of reduced level of O2 has not been included in the present work except for 
some considerations in Section 6.3 (p. 99). Considering the concomitant reduced level of MS, 
the effect on GER will probably depend on the amount of stomach contents that are present to 
be digested, evacuated, and assimilated. The fish may furthermore to some extent mitigate the 
effects of low O2 saturation by behavioral or physiological responses (Schurmann et al. 1998, 
Bell & Eggleton 2005, Claireaux & Chabot 2016). Use of the current MS as a function of 
temperature and O2 saturation (Claireaux et al. 2000) may nevertheless serve as a first step 
towards more holistic evacuation, assimilation and eventually bioenergetics models that 
include the effects of reduced levels of O2 together with high temperatures. 
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Limitations – prey numbers and prey size 
 
The accuracy of the cylinder model to predict the current evacuation rates and especially the 
ingestion times of individual prey in stomachs with multiple prey depends on the validity of 
the model assumption about the individual prey surface areas exposed to the digestive 
processes (Section 2.5). The model was challenged with up to eight prey items in the 
laboratory experiments. The model accurately forecast the preys’ course of evacuation and 
total evacuation time and as a result, it also correctly hindcast their ingestion times (Sections 
4.1, 4.3 and 6.2). Similarly, the model also properly hindcast the ingestion times of individual 
sprat (Sprattus sprattus) observed in numbers up to nine in the cod stomachs sampled in the 
Baltic Sea (Section 6.3). 

Usually, only relatively few individuals of prey fish are found in sampled stomachs (e.g. 
Temming & Mergardt 2002, Johansen et al. 2004). In some situations however, the predators 
are gorging on large aggregations of fish prey that are small relative to their own body size 
(Andersen et al. 2021). The prey are then usually of the same species and size, and the 
estimation of GER of total contents composed of a large number of these prey should not be 
biased. Still, the accuracy of hindcast ingestion time of the individual prey may be biased if 
the model prediction about its surface contribution fails due to a lodged prey configuration in 
the stomach with some prey located inside the food bolus rather than the contents being 
shuffled. The spatial dynamics of stomach contents composed of large numbers of prey and 
the consequences for the model predictions should therefore be examined to determine the 
possible limits of the cylinder model’s simple surface considerations. 

Related to the above discussion on large numbers of small prey in the stomach is the 
question about the lower limit of prey size at which GER can be described solely by surface 
digestion and hence the cylinder model with its emergent square root function. This function 
describes well the GER of meals composed of small prey like krill (Meganyctiphanes 
norvegica) or common goby (Pomatoschistus microps) of 0.2 – 0.4 g body mass (Andersen 
1999, 2001). Still, is the cylinder model for example able to predict the GER and course of 
gastric evacuation in planktivorous fish? Even the high surface to mass ratio of the individual 
zooplankton organism may disqualify pure surface considerations in favor of mass 
considerations and concomitant exponential description of GER. The latter functional 
relationship is furthermore relevant, as the access of the digestive processes to the inner part 
of zooplankton seems to be facilitated by extensive autolysis (self-digestion) of these prey in 
the alimentary canal of fish larvae (e.g. Kolkovski 2001). 

The exponential has actually been widely used to describe GER in planktivorous fish, but 
generally without any validation other than the best statistical fit to data compared to a few 
alternative functions. The exception is Bernreuther et al. (2009) who studied GER of sprat 
(Sprattus sprattus) fed meals of brine shrimp nauplii (Artemia sp.). They estimated the course 
of gastric evacuation from GER data by use of the general power function (Section 2.2) and 
obtained the value 0.67 ± 0.01 (95% CI) of the exponent, which excluded both the square 
root function and the exponential. The surface of brine shrimp nauplii is, however, especially 
resistant to the digestive processes compared to other zooplankton organisms like copepods 
(e.g. Pedersen 1984). A function closer to the exponential might therefore be a general 
descriptor of GER for planktivorous fish. This remains to be thoroughly examined. 
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A paradox? 
 
The evacuation of prey mass is slowed by high energy density of the evacuated chyme, 
supposedly to avoid overloading of the intestinal digestive capacity and reduction of the 
absorption efficiency (Jobling 1986b). Via negative feedback signals from the upper 
intestine, the flow of energy through the stomach is adjusted to be of almost the same size for 
a specific prey mass in the stomach irrespective of prey energy density (Section 3.3). If GER 
of prey mass was described by a linear function independently of the current prey mass as 
suggested by Bromley (1994), then the full intestinal digestive capacity would be utilized 
throughout evacuation of a meal. 

As demonstrated in the thesis there is ample evidence that the GER is described by the 
square root function. This implies that the flow of energy through the stomach decreases with 
decreasing prey mass in the stomach. Consequently, the intestinal capacity only seems to be 
fully utilized when the stomach is full, which for an immediate consideration appears to be 
suboptimal: why is the inhibiting effect of high energy density on GER not relaxed in pace 
with the decreasing prey mass in the stomach? 

One possible explanation within the simple framework of the cylinder model could be that 
also the mucosa surface of the intestine folds and unfolds in pace with the amount of its 
contents, so that only the glands and eventually the absorptive parts exposed to the lumen are 
activated. Yet the regulation of gastric and intestinal activity is complex (Section 2.1) and 
quantitative physiological studies seem to be missing. Therefore a more holistic knowledge 
about the dynamics of digestion including gastric evacuation remains to be acquired to 
formulate an evacuation model that is less reductive compared to nature or stronger 
physiologically backed up than the cylinder model. 
 

 
8.2  Applications 
 
Chapter 6 shows how the cylinder model together with stomach content data and 
hydroacoustics is useful to describe the diel feeding dynamics and vertical interaction 
between a predatory fish and its major prey fish. Still, the benefits of being able to estimate 
feeding chronology from information about stomach contents go beyond this limited case 
study. 

During the latest decades, data storage tags (DSTs) attached to or implanted in fish have 
been used to examine the whereabouts of the fish for longer periods (months or years). Data 
from temperature and depth sensors of the DSTs have enabled examination of the thermal 
habitat and vertical movements of the fish (e.g. Righton et al. 2010, Grabowski et al. 2011). 
Some studies employing this technology show that fish on a regular basis are crossing steep 
thermal gradients (e.g. Pálsson & Thorsteinsson 2003). Other drivers such as food abundance 
also define the total habitat of a species, and it was suggested that the crossing of thermal 
gradients was most likely linked to foraging activity cf. the interaction between foraging 
possibility and temperature preference (e.g. Levy 1990a,b, Sogard & Olla 1993, Despatie et 
al. 2001). 

Similarly, results based on DST data show that some Atlantic cod in the Baltic Sea dive 
briefly but often into hypoxic water (Neuenfeldt et al. 2009). The authors suggest that the cod 
make use of high prey availability in the hypoxic bottom water and return to normoxic water 
for food digestion. 
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These suggestions were however not substantiated with feeding data. The scientific value 
of the DST data would therefore be significantly enhanced if they were juxtaposed with 
information about prey choice and temporal foraging activity. Use of the cylinder model to 
estimate the diel dynamics of food intake from information on stomach contents sampled in 
the examined areas and seasons should provide such feeding data. 

Furthermore, the advance in multibeam and wideband hydroacoustics (e.g. Guillard et al. 
2011, Demer et al. 2017) as well as high-frequency, three-dimensional sonars on buoys and 
mobile platforms allow long-term in situ observations and analyses of fine-scale abundance 
and distribution dynamics of fish and their prey. 

Concerted actions using all these complementary approaches with different temporal 
windows should prove a useful tool to enhance significantly our empirical knowledge about 
the feeding biology of fish at different geographical scales. In particular, knowledge about 
individual specialization, temporal switches in prey preference and predator-prey 
interactions, including local functional responses on relevant local scales, is vital for a proper 
quantification of interaction strength at population, community and ecosystem level (e.g. 
Hunsicker et al. 2011). 

Lastly, it has increasingly been realized that digestion rather than handling is the important 
internal limitation in predatory fish, and it has therefore been incorporated into mechanistic 
foraging and functional response models that disentangle internal and external limitations on 
feeding rates in fish (Jeschke et al. 2002, Fall & Fiksen 2019). Here, the cylinder model 
should play an important role to quantify feeding rates in natural settings. It should further 
prove useful to determine under which conditions with regard to temperature, prey density 
and prey characters (resistance to digestion and energy density) the fish is digestion limited 
vs. encounter limited, cf. Jeschke et al. (2002), which includes determination of assimilative 
capacity (Chapter 8). 
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