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Digestibility (82%) was measured directly for 10 cotton rats in the
laboratory. Subsequently, digestibility was estimated using the ratio
of ash in food and feces as well as the ratio technique with 15 specific
elements. Digestibility estimates were all too low, therefore, the fecal
ash values were corrected relative to a digestibility of 82%. Using the
same correction factor with the modified ash ratio technique, digestibility
was estimated to be 78% under field conditions. Digestibility values
for the 23 field-caught cotton rats were all too low using the ratio
technique for the 15 specific elements, however, the Ba estimate was
76%. Assimilation of each element under both laboratory and field
conditions were estimated from digestibility values and the elemental
concentration data for stomach contents and feces. Problems with
estimating elemental assimilation are discussed relative to the specific
elements examined.

Dept. Biol. Sci, State Univ. N. Y. Binghampton, Dept. Biol. Sci.,
Univ. Nevada, Las Vegas, Nevada; Savannah River Ecol. Lab., Drawer
E, Aiken, South Carol.].

I. INTRODUCTION

Ecological studies of energy and nutrient flow through a population
require the estimation of assimilation efficiencies for energy and nu-
trients. Estimation of energy assimilated and biomass digested in field
populations has been attempted using a variety of techniques (see review
by Golley, 1967). These include ratio techniques using indigestible
indicators in the food, e.g., cellulose, chromogen and silica (Van Dyne
& Meyer, 1964; Short & Remmenga, 1965) or applied to the
food, e.g., chromium-51 (Mautz & Petrides, 1967; Mautz, 1971).
Major problems arise when the indicator is partly digestible, low in
concentration or extremely variable in concentration in the foods (Van
Dyne & Meyer, 1964). Johnson & Maxell (1966) suggested
using the ratio inorganic ash in food and feces to estimate digestibility
in field-caught pikas. Their technique incorrectly assumed that the ani-
mals were in mineral balance and that there was effectively no loss
of ash from the feces. The technique was later modified by Johnson
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& Groepper (1970) so that the proportion of ash assimilated under
laboratory conditions was used to correct ash analyses of field animals.
Field digestibility was then estimated from the ratio of ash in food to
the corrected fecal ash value (Johnson & Groepper, 1970; S o-
holt, 1973).

Studies of nutrient flow through populations require estimates of in-
gestion, egestion and assimilation rates of specific elements as well as
assimilation of total biomass. Although elemental concentrations and
standing crops of small mammals have been studied (Beyers et al,
1971; Nab hoi z, 1973; Sella, 1973; Gentry et al, 1975), little is
known concerning elemental flow through the small mammal component
of ecosystems. Considerable effort has been devoted to the study of
elemental absorption and excretion in mammals in the laboratory {e.g.,
see review by Wiseman, 1964); however, most of these techniques
are not feasible for use in the field. Briese (1973) estimated egestion
for a population of cotton rats as the difference between the amount
of an element ingested and the amount used for growth and reproduction.
But again this approach is not very satisfactory for estimating elemental
assimilation in field populations.

We measured digestibility directly for cotton rats (Sigmodon hispidus)
in the laboratory and then calculated the correction factor for the mo-
dified ash ratio technique. We then examined digestibility estimates
calculated from the concentration of 15 individual elements in the sto-
mach contents and feces. Ash and elemental concentration of stomach
contents and feces were also used to estimate digestibility for field-caught
cotton rats. Finally, we present a technique for estimating elemental
assimilation in animals from elemental concentration in food and feces
when digestibility is known.

Il. METHODS AND MATERIALS
Laboratory Study

Rats were live-trapped on the Savannah River Plant and maintained under
laboratory conditions for over one month. Measurements of ingestion and egestion
were made over a 4-day period for 10 cotton rats maintained in metabolic cages.
Rats were kept in the metabolic cages for 1 week prior to these measurements.
Water was provided ad lib. Purina lab chow dried to constant weight was placed
in the cage daily. Food remaining after each 24-hour period was removed, placed
in a drying oven (25°C) and brought to constant weight. Feces were collected
daily and oven-dried until constant weight was achieved. Digestibility of food was
calculated from the amount of ingesta and egesta over the 4-day period for each
of the 10 animals.

Laboratory animals were sacrificed and weighed (x=99.7 g, 2SE =135 g). Sto-
mach contents and fecal pellets from the large intestine were removed and weighed.
Ingesta and egesta were freeze dried to a constant weight and then pulverized
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for use in ash and elemental analyses. Samples were ashed at 450°C for 4 hours.
Concentrations of all elements except N were analyzed on a Jarrell-Ash direct
reading 1.5-meter emission spectrograph. Procedures were similar to that of
Kaufman & Kaufman (1975). Nitrogen was determined by the micro-Kjeldahl
technique (Association Official Agricultural Chemists, 1960).

Field Study

Cotton rats were snap-trapped on the Savannah River Plant during November,
1973. Animals (N=23) were weighed (x=999 g, 2 SE=170 g) and contents of
stomach and large intestine removed. Samples were processed in the same manner
as in the laboratory phase.

Mathematical Analyses

Digestibility (D) was calculated from

_ d/y)-i
D= 1— X100
(I/yo)-1 W

where yo is the proportion of ash in the stomach contents and y is the proportion
of ash in the feces (Johnson & Maxell, 1966). Later, y included a correction to
account for loss of ash in the urine (Johnson & Groepper, 1970). The
correction factor was determined in the laboratory and applied to the field assum-
ing that the proportion of ash assimilated would remain the same. Digestibility
discussed in this paper will always refer to the ash-free portion of the food.

We cannot use Johnson & Maxell's (1966) equation with the elemental
concentrations because the equation would give the element-free digestibility rather
than the ash-free digestibility. The appropriate equation for digestibility from
elemental concentration data when the element is unassimilated is

p= 1. VO g @
fyi-y
where L and E; are the concentrations i in the ingesta and egesta, respectively
and yg and y are ash concentrations.
In egesta, the observed ratio (E, cpJ of an element to ash-free material is
E./l—y whereas the expected ratio (ej....) without elemental assimilation is
i/(I"Vq) (1—D/100). Assimilation for element i (AE.°/0) can then be calculated from

E

; E
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I11. RESULTS

Cotton rats consumed 8.2 g (2SE = 1.8) of lab chow (dry weight) with
an average digestibility of 82.4% (2 SE= 1.9) calculated from feeding
experiments. The estimate of digestibility (Eq. 1) from ash concentrations
in stomach contents and feces (Table 1) was only 62.0. Considerable ash
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Concentrations (+2 SE) of 15 elements in the ingesta (I-) and egesta

D. W. Kaufman et al.

Table 1

(Ej) for both laboratory and field cotton rats.

Laboratory Field

Element 7: E\ I E:
Al? 0.04+0.02 0.07+0.01 0.17+0.09 0.44+0.16
Ash? 9.74+0.99 22.13+2.43 8.54+3.30 16.46+5.32
B» 12.3+5.2 9.7+3.3 13.742.3 16.4+2.0
Ba*t 10.0+9.5 32.0+13.3 35.4+10.8 134.2427.7
Ca® 1.81+0.75 4.98+1.18 0.26+0.07 0.52+0.09
cu’ 24.7+12.1 40.3+7.9 17.2+5.4 30.6+6.4
Fe? 0.10+0.05 0.21+0.04 0.07+0.03 0.16+0.04
K? 0.95+0.53 0.70+0.21 1.14+0.15 1.31+0.13
Mg? 0.23+0.10 0.58+0.21 0.14+0.03 0.22+0.03
Mn? 116+63 294473 112+25 380+71
Mo® 2.4+0.6 3.9+0.6 6.1+2.6 15.3+4.8
N? 4.58+0.15 410" 3.43+0.41 3.12+0.34
Na? 0.34+0.23 0.28+0.14 0.24+0.05 0.31+0.04
p? 1.68+0.82 4.42+1.23 0.44+0.06 0.73+0.07
sré 35.0+18.2 90.0+20.1 18.3+5.3 50.8+8.0
Zn® 124+65 383+175 55+10 151+25

1

was available for only one rat. 2 Concentration given in pph.

3 Concentration given in ppm.

Table 2

Ash-free digestibility coefficients (D) estimated from con-
centrations of 15 elements in stomach contents and feces
for laboratory and field-caught cotton rats.

Elements are ranked in order of descending digestibility
for the laboratory group; relative ranking for field animals
are given in parentheses. AE.°/o calculated from D=82.4°/0 in

laboratory and 78°0 in field.

Laboratory Field

D ~~ AEJ°/o D~ AE;°/0 Rank
Ba 73 35 76 9 (1
Zn 72 37 67 34 (3
Oa 69 44 54 52 8
P 67 46 43 60 Elog
Mg 66 49 42 62 (11)
Sr 66 48 67 3 (3
Mn 66 48 73 18 (2
Fe 59 57 60 45 (7
Al 51 64 65 38 ( 5)
Cu 47 67 49 57 (9
Mo 47 67 64 40 6
N 4 82 0 78 215;
Na - 5 83 29 69 (12)
B -9 84 24 71 (13)
K -17 85 21 72 (14)



Digestibility and elemental assimilation in cotton rats 151

was assimilated, 53.4% as calculated using Eq. 3, resulting in a correction
factor of 2.15. Using the corrected ash concentration in feces, the average
estimate of digestibility in field-caught animals was 78.0% (Eq. 1) (the
non-corrected ash estimate of digestibility was 53%).

Estimates of digestibility (Eq. 2) in the laboratory ranged from — 17
to 73°/o (Table 2) using elemental concentrations in ingesta and egesta
(Table 1). Ash and elemental concentrations of ingesta and egesta for
field-caught cotton rats differed considerably from concentrations in the
laboratory (Table 1). Digestibility estimates for field-caught animals were
also different from estimates for laboratory animals (Table 2).

Table 3

Amounts of elements assimilated per gram food ingested and per 100 g
rat per day using laboratory and field-caught cotton rats.

Per Gram Food Per 100 g Rat Per Day"’

Element

Laboratory Field Laboratory Field
Al? 0.3 0.6 25 4.3
B® 10.3 9.7 84.5 65.2
Ba® 35 32 28.7 21.3
Ca? 8.0 14 66 9
cu® 165 9.8 135.3 65.7
Fe? 06 0.3 49 2.1
K? 8.1 8.2 66 55
Mg? 11 0.9 9.0 5.8
Mn3 56 20 459 135
Mo® 16 2.4 131 16.3
N? 1376 26.8 308 179
Na' 2.8 17 23 11
P 7.7 26 63 18
Sr' 168 6.0 137.8 40.5
Zn® 46 187 377 125.3

! Food ingested per day was 82 g for laboratory animals (this study)
and 6.7 g for field animals (Briese, 1973). * Amounts given in mg.
® Amounts given in ng.

Elemental assimilation efficiency (AE™o) relative to a digestibility of
82%, ranged from 35 to 85% in the laboratory (Eq. 3; Table 2). The
four elements with the greatest assimilation were K, B, Na and N. In
the field, elemental assimilation efficiency ranged from 9 to 78% (Ta-
ble 2) with the field digestibility of 78%. Although values are lower and
in a different sequence for the field study, N, K, B and Na still had
the greatest assimilation efficiencies.

The amounts of elements assimilated per gram of food eaten and
amounts of elements assimilated per 100 g cotton rat per day are sum-
marized in Table 3 for both laboratory and field studies.
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IV. DISCUSSION
1. Digestibility

Our digestibility coefficient for the cotton rat in the laboratory (82%)
was similar to most values (range 71—83%) reported for other rodents
feeding on rat chow (Johnson & Groepper, 1970). The estimate
of the digestibility from ash concentrations was only 62% since 53% of
the ash in food was assimilated by the cotton rats under laboratory
conditions. Assuming similar ash assimilation in the field, amounts of
ash in feces of field animals were corrected using a factor of 2.15.
Estimated digestibility in the field using the modified ash-tracer method
was 78% which is similar to values for other foliage-eating rodents
(72—93%; 7 of the 8 values between 72 and 82%; Johnson & Groep-
per, 1970).

Estimates of digestibility using each of the elements were lower than
the true value in the laboratory. Considerable variability among the 15
estimates was found with the highest value of 73% for Ba (Table 2).
Estimates of digestibility for field-caught animals also showed consider-
able variability across the 15 elements (Table 2). Again, Ba gave the
highest estimate (76%) and was similar to the estimate from the modi-
fied ash-tracer method. The estimate of digestibility from Mn was also
quite high (73%).

Examination of values for laboratory and field (Table 2) suggests that
a few elements (e.g., Ba, Zn, Mn and Sr) may prove useful as estimators
of digestibility. The potential of these elements is due to the fact that
although they are assimilated to varying degrees, most excretion is
through the intestine rather than in the urine (Bow e n, 1966; see discus-
sion below). Therefore, when the animal is in mineral balance, elemen-
tal concentrations in stomach contents and feces may be reasonable esti-
mators of digestibility. Of these, Ba which is non-essential is the most
promising, especially when the concentration of Ba in the food is rela-
tively high as under field conditions (Table 1). More work remains to
be done on individual elements since even slight assimilation and loss
in urine would decrease the effectiveness of the use of an element as
a tracer. However, utilization of elements as estimators may be improved
by the development of correction factors in much the same manner as
was done for ash (Johnson & Groepper, 1970).

2. Elemental Assimilation

Considerable information is available from laboratory studies on the
assimilation of elements by mammals (Wiseman, 1964); however, few
data are available for mammals under natural conditions. Our approach
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has been to estimate fecal excretion and, therefore, to be able to make
minimal estimates of the assimilation of elements for field-caught ani-
mals. These estimates of assimilation are minimal since the values for
fecal excretion include non-assimilated molecules plus compounds that
have been secreted back into the intestine. In addition, the difference
between the true AE"o and our estimate of AEo would be almost
impossible to determine under field conditions and in fact would vary-
spatially and temporally due to the large number of factors that affect
elemental absorption (Wiseman, 1964; Bow en, 1966).

Bow en (1966) presented a summary of elemental metabolism in
humans using data given in Spector (1956). Bowen grouped the ele-
ments into three classes with respect to their absorption and for the
elements we examined the classification is as follows:

Class 1: >70% absorbed across the gut wall
Excretion largely in the urine. Anions: B, Mo, N
Cations: K, Na

Class 2: 5—70% abhsorbed across the gut wall

Excretion ~ 10% in the urine. Anions: P
Cations: Cu, Mg
Excretion largely in the feces Cations: Ba, Ca, Sr

Class 3: <5% absorbed across the gut wall
Excretion largely in the feces. Cations: Al, Fe, Mn, Zn

Assuming that elemental metabolism of small mammals is similar to
that of humans, we can relate our findings to this information. Therefore,
we would expect our assimilation efficiencies to be high for B, K, Na,
Mo and N which is true (AEVo=85 (K), 84 (B), 83 (Na), 82 (N) and
67 (Mo). Assimilation efficiences for these Class 1 elements should also
approach the true value of AEMo and be very useful in field studies.
Assimilation efficiency values for P, Cu and Mg (Class 2 elements) may
or may not approach the true value of AE;% since as little as 10% is
excreted in the urine. The other seven elements (Ba, Ca and Sr of Class 2
and Al, Fe, Mn and Zn of Class 3) are excreted primarily in the feces
and because of this, AEYo may be much too low.

Assimilation efficiency for any element may vary under different diets
due to differences in concentration of the element in various foods. The-
refore, we compared field and laboratory estimates of elemental assimi-
lation per day for a 100 g rat (Table 3). Several elements were assimilated
in similar amounts in both field and laboratory animals whereas others
were quite different (Table 3). The variation may be related to factors
such as differences in growth and water intake between laboratory and
field. In addition, differences in molecular forms of elements may have
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existed between lab chow and the natural diet of the cotton rat thus
causing variation in assimilation.

Our approach to estimating elemental assimilation in the field is quite
crude when compared to complex laboratory experiments. However, these
estimates along with estimates of the amounts of elements used in growth
and reproduction can be used to further dissect elemental flow in a po-
pulation. Even though the assimilation efficiencies are minimal, the allo-
cation of elements to maintenance, growth and reproduction relative to
our AEWo should be useful in examining inter- and intraspecific differen-
ces in elemental flow.
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STRAWNOSC | ASYMILACJA PIERWIASTKOW U BAWELNIAKA
Streszczenie

Strawno$¢ mierzono w warunkach laboratoryjnych u 10 bawetniakéw (Sigmodon
hispidus). Nastepnie zbadano u tych samych osobnikéw koncentracje popiotu i 15
pierwiastkow w tresci zotadka i w kale (Tabela 1). Dodatkowo zmierzono kon-
centracje popiotu i pierwiastkdbw w tresci zotgdka i kale 23 baweiniakéw ztowio-
nych w terenie (Tabela 1).

Wspotczynnik strawnos$ci w laboratorium wynosit 82% a obliczony przy uzyciu
popiotu jako wskaznika byt réwny 62% (réwnanie 1). Niska strawno$¢ uzyskana
ostatnim sposobem byta powodowana tym, ze cze$¢ pierwiastkdw zawartych w po-
piole byta asymilowana i dlatego wprowadzono poprawke (2,15) na zniwelowanie
tej straty. Wspotczynnik strawnosci oznaczony na podstawie pierwiastkow (row-
nanie 2) byt takze zbyt niski (Tabela 2).

W terenie wspotczynnik strawno$ci wynosi 78% co oznaczono przy uzyciu zmo-
dyfikowanej metody wskaznikowej z zastosowaniem popiotu (poprawka 2,15).
Wskazniki strawno$ci oznaczane przy uzyciu pierwiastkbw wszystkie byty nizsze
niz 78% jakkolwiek oznaczenia za pomocg Ba (76%) i Mn (73%) byty bliskie usta-
lonej warto$ci. Niektére z pierwiastkéw (Ba, Zn, Mn i Sr) moga okaza¢ sie uzy-
teczne jako wskazniki strawnos$ci, po zastosowaniu poprawki takiej jak zostata
uzyta w przypadku popiotu.

Dokonano takze obliczeA tempa asymilacji 15 réznych pierwiastkow i to zaréwno
w laboratorium jak i w warunkach terenowych, postugujac sie przy tym danymi
0 ich zawarto$ci w tresci zotagdka i w kale (réwnanie 3). Dane o gospodarce mine-
ralnej skalkulowano dla bawetniaka o ciezarze 100 g, na podstawie dobowego po-
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brania pokarmu i tempa asymilacji pierwiastkow (Tabela 2). Tempo asymilacji dla
niektérych pierwiastkdw jest inne w terenie a inne w laboratorium, co cze$ciowo
powodowane jest r6zng koncentracjg substancji mineralnych w diecie laborato-
ryjnej i w pokarmie naturalnym. Poza tym zmienia sie tez poziom asymilacji do-
bowej co dowodzi, ze zaréwno wzrost jak i pobranie wody majag takze wptyw na
wielkos¢ asymilacji. Dyskutowano takze sprawe doktadno$ci oznaczen asymilacji
substancji mineralnych, gdyz zalezy to nie tylko od wieku zwierzecia i jego stanu
fizjologicznego, ale takze i retencji tych substancji.



