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~ ABSTRACT

A nonhnear model! was fitted by least -squares methods to wet werght and ash-free dry
welght data from gastnc evacuation experiments conducted on Atlantic cod (Gadus
morhua L) The regression model contained parameters for estrmatrng the slope and
shape of the digestion curve. Stomach contents samples were collected usrng a modified
gastric Iavage method that determined the amount of partrculate material that passed
through the collection screens.

Computer—rntensrve bootstrap and Jackkmfe technrques were used to resample the data to
estimate variance in evacuatron rates. Joint 95% confidence intervals were constructed
for the model parameters in order to compare experrmental effects such as prey type,
meal size, and sample constituents. Reésults from different studies could also be
compared by using these techniques.

INTRODUCTION

There has been a consrderable amount of discussion what is the exact model that
describes food evacuation in fishes. Several functions, ranging from linear to curvilinear,
have been routrnely fitted to gastrrc evacuation data: linear (Jones 1974; Bagge 1977;
Bromley, 1991) exponentlal (Tyler, 1970; Elliott and Persson, 1978; Elllott 1991) and
square root (Joblmg, 1981). Temmrng and Andersen (1992) suggested usrng a primary

model that defines the depletron rate in stomach contents as dependent upon the amount
of food present in the stomach.

| =R 0
Where S = stomach contents.
t = time.
-R = rate of depletron (slope of curve).

B = degree of curvilinearity (shape of curve).
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Temmtng and Andersen's model mcorporates all of these models by not pre- defmlng the
shape of the curve but retalnlng itasa parameter:

B = 0.00: linear model.

B = 0.50: square-root model.

B = 0.67: volume dependent model.
B = 1.00: exponential model.

Integrating equation (1) over a specific time gives théi following:
St=[So — R+(1-B)-t]1-B - (2

Where S, = original meal size at time (0).
S; = stomach contents at time (t).
t = post-prandial time. l

Recently computer-mtensrve statistical technlques f|or estlmatlng variance, namely the

bootstrap (Efron, 1982, 1987) and jackknlfe (Mlller, 1974; Duncan; 1978; Fox; et al.,

1980), have become more prevalent in blologlcal studies. Jackknlfe and bootstrap

methods make no assumptions about the dtstnbuttons of variables and in problems where

lt is difficult to measure variance dlrectly, these techn‘lques have been helpful Meyer et
(1986) have used resamplmg methods to compare growth rates in cladoceran

populatlons by determlnlng the variance and reducmg the bias in their estimates.

In this study, ]ackkmfe and bootstrap techmques were Lsed in conjunctron with the pnmary

model to estimate rates and variances of gastric evacuatlon in Atlantic cod. The

expenmental factors investigated were prey type, meal size, and stomach content sample

constituents. |

METHODS

DATA

Gastric evacuation data were collécted from expenments conducted on Atlantic cod at the

Umversrty of Rhode Island Graduate School of Oceanography Aquanum facilities dunng

the summer of 1992. Atlantic cod (x = 1665 g; range 972 3072 g;N= 45) were caught

south of Cape Cod Massachusetts, USA and were malntalned at 10 + 0.5°C in'two "

7000-L. tanks (3 m in dlameter) Dunng expenments mdtvrdually tagged cod were
: voluntanly fed known meals of prawn (Pandalus sp) or hernng (Clupea harengus)
consisting of 1, 2, or 3 prey items (Table 1) Thlree to five cod were. sampled
approxumately every 2 hours for 24 hours. Stomach contents were collectéd on baskets
with 500-um nylon- -mesh screen by a modified gastric lavage techmque (Robertson 1945

dos Santos, 1990).




Unlike other studies that have used gastric lavage, the filtrate water was collected to
determine the amount of partlculate matenal that passed through the screens. Filtrate
water volume was meastred and three sub- samples of water were filtered through glass-
fiber filters (type A/E, Gelman, Inc) capable of extractlng 95% of material greater than
1 um. Total partrculate material was measured from these three sub- samples and
extrapolated to the entire water sample Vanous components ‘of the stomach content
samples were measured: wet welght >500 um (WET) ash-free dry welght >500 um
(AFD) and total ash-free dry weight with particulate material <500 pum (TAFD)

STATlSTlCAL ANALYSES
Expenmental data were cut off after 2 data pomts fell below 10% of the onglnal meal size

(Elashoff 1 982) and the resultlng sets included 21 — 33 data points for each series

(Table 1).

An 1BM PC equ1pped with Statistical AnalySIs Systems (SAS versron 6. 03) software for _

the PC was used to fit the model by non-linear least squares methods that dld not use
derivatives (NLIN procedure secant method SAS, 1988)

For the jackknife samples each successrve data pornt was removed and the parameter
estimates were recalculated, resultlng in N recalculations, each completed with N = 1 data
.pomts Because —-R’ and B were hlghly correlated and non- normally dlstnbuted the
estimates had to be transformed (Miller, 1974) The slope parameter, —R, was
transformed by the exponentlal function transformed, whlle the shape parameter B was
square-root transformed. The resultmg N number of palrs of parameter estlmates were
multlplled by (N ~ 1) and subtracted from N times the transformed orlgmal estlmate from
the full sample: - '
=N — (N - 1B, .» 3)

Where i = (1 2, 3 N) data pOint number

i
®

@ = full sample estlmates, transformed.
8, esumate with ith data point removed, transformed.

This essentrally reduces the bias (Efron 1982) and creates “pseudo-values“ whose
average and variance was then further studted

The jackkmfe estimator is the average of the pseudo-values

@J-NZ@ | o (4)



and the 95% joint confidence regions (Duncan, 1978) are defined by:
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Where @J = Jackknife estimators, transformed pair of parameter estimates.
S
Fi.a

p = 2, number of parameters in model.

variance-covariance matrix of transformed pseudo- -values.
F value for N — p degrees of freedom

For all data sets, bootstrap procedures consisted of randomly samplrng N number of -
orrglnal data points (with replacement) N number of tlmes Each data point may be
sampled more than once or not at all. Sampled data pomts were tallied and welght
coefficients were calculated. These steps were repeated to create 250 coefficient vectors.
The 250 x N matrix of welghts was then merged with each onglnal data set to create 250
bootstrap samples Nonlinear flttmg procedures gene:rated pairs of parameter estlmates
(B, —R) from the merged bootstrap samples These estrmates were then transformed
similar to the jackknife pseudo-values. Univariate statlstlcs were performed on the flnal
set of transformed estimates, now normally dlstnbuted

The bootstrap estlmator is the average of the bootstrap values
250

&= 2502@b S | - (6)

Where b = (1 2, 3, ... 250) sample number“ ,
bootstrap value, transformed pair of parameter estimates, (B —R)

S &
T

Bootstrap estimator, transformed

——— T —

Because of the larger number of resamplmg points, the followrng equation (Duncan, 1978)
was used to create joint 95% confidence intervals from the Means and variances of the
~ bootstrap values.

—
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Where ®g = Bootstrap estimators, transformed parr of parameter estrmates

S variance-covariance matrix of transformed bootstrap values.
%%1.o = chisquared value forp degrees of freedom.

p = 2, number of parameters in model.
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Finally, bootstrap estimators were adjusted for bias by using the following equation
(Meyer, et al., 1986):

A A A
BBp.a)y = 20 - G

Where ®gy,,)= bias adjusted estimates.

full sample estimates.

> O>
I

©g Bootstrap estimator.
RESULTS

Parameter estimates from the jackknife and bootstrap procedures are summarized in

Table 2. The ]ackkmfe and bootstrap values for the estimates of B and -R were very'

S|m|Iar The shape of hernng prey evacuation (10 g) was approxrmately 1.0 (exponentlal
model); while prawn evacuation varied from —0.181 to 0.815 dependlng upon what
constituent was measured. Slopes ranged from —0.136 to —0.043 for the jackkmfe and
-0.431 to —0.049 for the bootstrap.

The different herring meal sizes (10, 20, and 30 g) represented 0.7%, 1.2%, and 1.7% wet
welght BW%, respectively (Table 1) The slope parameter was apprommately the samé
for the different meals (TAFD werght baSIS Table 2); while there was a trend for
decreasmg shape parameter with mcreasmg meal size. The larger meal was less
curvilinear (exponential) and possrbly more volume dependent (B 0. 67)

Equatlons (5) and (7) delineate ellipses i in the context of transformed parameters but the

95% confidence regions become unsymmetrical and stretched shapes when B and -R are
untransformed (Figures 1 and 2). Because of this, a companson of regions is more
descrrptrve than a comparison based upon statistics. All confidence reglons were tilted in
the same direction with higher shape parameters favored with more posrtrve slopes. 95%
confldence reglons for wet weight samples extended well beyond valid values of -R and
B, posmve values and negative values, respectrvely, while AFD and TAFD confldence
regions for both shrimp and herring prey were almost coincident.

DISCUSSION

Jackkmfe and bootstrap estimators were approxrmately the same. It appears that the
jackknlfe and bootstrap methods worked equally well in defmlng gastnc evacuation rates.
There may be an advantage to the jackknife, because they the same N are required for
both methods but the jackkmfe is less computer intensive.



l
l
l
|
|

|

Stomach contents werghed on a wet werght basrs do not accurately estimate gastrrc
evacuation (Hopkms and Larson, 1990) When compared to AFD werght wet weight
overestimates the slope while underestrmatrng the’shape parameter (prawn prey, frgure
1A 2A) When shrrmp prey are drgested the percentage of water in the stomach contents
rncreases presumably to hydrolyse or break down chrtrn in the carapace and exoskeleton
The added water werght smooths a curvilinear functron to make it appear more linear. If
the amount of water is large enough, a lag phase or delay in the begrnnrng of evacuation
may result. The differences are not as dramatic for herring (Frgures 1B, 2B)

On the other hand, the AFD welght of stomach contents collected on mesh screens does
not accurately estimate gastric evacuation rate as compared to total AFD weight contents
mcludrng material <500 um (Frgures 1A, 2A and Table 2)." A considerable amount of
partrculate material is consrstently berng lost in gastrrc lavage filtrate water. On the

average this material represents only 5% of the ongrnal meal, but can reach up to 25%.

The amount of material <500 um is not constant over the whole drgestrve process. In the
early stages of drgestron this fraction does not contnbute very much but by the end can
srgnrfrcantly influence the evacuation curve. This would make a seemingly linear process
more curvilinear, as seen wrth prawn prey (frgures 1A 2A) For herring prey the effects
are not as great, although —R is overestimated and B i rs roughly the same.

standardized. Different components of stomach content samples have been used to
estimate evacuation rates. Stomach contents retrre!ved by gastrrc lavage are usually
screened to remove excess water, but the mesh size of the screens has varied from 200
um to 1 mm. The fraction of material that is collected on the screens can represent
different proportions of the orrgrnal meal when comparrng separate studies.

{

CONSUMPTION RATES l '

Previous consumptron estimates were calculated with shape parameters of 0.27 — 0.47. I
the gastric evacuation process is more exponentral (B s 1.0), then the true consumptron
rates for cod populatrons are 3 -5 times hrgher than those from Temming and Andersen.

l
l
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Table 1. Summary of conditions for Atlantic cod gas;tric evacuation experiments.

!

!
|

!

1.67% + 0.25%

Temp. Predatorsize.  Preytype. Meal siz;e, BW% N
(+Cl) wet wt. (Cl)  wet wt. basis. (Cl)
10°C 1928+ 185 g Prawn 10.1 0.23 g 0.56% * 0.07% 22
: ; : : '
1638+ 164 g Herring 10.8* O; g 0.72% % 0.08% , 33
1789 +208¢g Herring 20.1 % 0% g 1.21% £ 0.14% . 25
1992+ 247 g Herring 304+11g 21

Table 2. Summary of results. Estimated slope and stimape parameters from bias adjusted

bootstrap and jackknife methods.

|
|
i
|

1
H
1

1

P

Prey Meal Sample Parameters (B , —R)

type. size. constituents. Jackknife estimate. Bootstrap estimate.
Prawn  10g WET (0.004 , -o.1i36) (-0.181, -0.431‘)
Prawn 109 AFD (0.690 , —0;111 4) (0.682, ~0.113)
Prawn 109 TAFD (0.846 , —0.0287) (0.815, —0.088)
Herring 10g WET (1.073, —0.0j}S) (1.069 , -0.055)
Hering 10g AFD (1.216, —0.0%9) (1.258 , -0.090)
Herring 10 g TAFD (1.235, —0.0%0) (1.237 , -0.071)

1

Herring 20g TAFD (1.425, —0.0415) (1.180 , —0.049)
Herring  30g TAFD (0.698, -0.0529) (0.610, -0.072)

i
i
1
|
i
|
'z
i
!
|



/A. <Prawn prey, 10 g meal size.

0,103

e parameter (R

-0.20 - / [
~ 0. 10 ,
S 0.00;: ] BT B iy M L
@ . ] O et S T S :
£ -0.10 T O o e
& ] Qk'::l'i'g "
'8--0.204—1< I -~
: : W
,o—-030“ - -O- 'AFD
» 3 I @ “TAFD
'0.40 7] "I
-0-50: LR L "lj[lll LERIREL LR B LRI LR R
-0.5 00 05 1.0 15 20 25 30 35
‘Shape parameter.(B)
‘C. 10 g meal size,-WET:weight basis.
0.20 —
& 0101_*/ I ‘ 7/7‘
& 0.00- — ,,//
- ; ©)
QO 3 /
= -0.10 ] - —
o ] ¥ I /
'8--0.20 9% ,
™ 1/ or PRAWN -
3 -0. 30 [ 1o ,
= . HERRING
D 20403 -
‘-050- L RSN Ll T LERBLELE LR
-05 00 ‘05 10 1.5 20 25 30 35

‘Shape parameter (B)

)‘

:B. ‘Herring prey, 10 g meal size.

0.20+4

o
o
S

------------

-0.103-

20.20 \

] | -“@= WET
:0.-0.30 1 -O- AFD
> ; ~@ TAFD

-0.40-
A-O 50 LR LR LR M S I PrTrT LB l"l LR
0.5 00 05 1.0 15 20 25 30 3.5
‘Shape parameter (B)
-D. -Herring prey, TAFD weight basis.
0.20+
. 0.10 —
. 0.004 — /—.—t‘ -
2 . _._..rI--" --_--—y--ﬂ-..’. .....
o8 : /04’5:— ... . [ emesneeeasene®®’
E '0-10 ] , /, -
1] ] 3 Y~ ’ .
;‘g»--o 20 /
‘o S A R A AR N By © 10 g meal
.,Q.-030 - -0 20gmeal
3 _G 30 g meal
‘P 20,404 >
‘-050 LI B L L LR L LS
-05 00 05 10 1.5 20 25 3.0 35
‘Shape parameter (B)

Figure 1. Jackknife estimators and joint 95% confidence intervals for gastric evacuation

rates in Atlantic cod. A) Comparison of samplé consituents, prawn prey; B) Comparison
of sample consituents, herring prey; C) Comparison of praiwn and herring prey on a WET

weight basis; D) Comparison of meal size, herring prey on a TAFD weight basis.
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