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Fig. 6.7. Grazing and browsing herbivores. Photos: Forages and giraffe J. Hummel, Grevy’s zebra P. Steuer.

more strongly abraded teeth in a brachydont (low-crowned)
browsing species like giraffe).

Table 6.2. Mean particles sizes in feces of zoo elephants (all
diets were based on grass hay, in zoos B and C supplemented
with some straw, tree branches and limited concentrates)."

Mean particle size Diet Age
[mm] [years]
African elephant 4.2 Zoo A 23
5.5 Zoo A 23
7.6 Zoo A 23
5.8 Zoo A 23
5.5 Zoo A 23
5.6 Zoo A 29
8.0 Zoo B 21
5.6 Zoo B 26
Asian elephant 6.1 Zoo B 55
7.9 Zoo B 40
71 Zoo C 42
12.9 Zoo C 28

1 Two other results of the latter data set deserve attention:
(1) The oldest individual in this sample (55 years) was not
characterized by a deviating fecal particle size, demonstrating
the effectiveness of the lifelong tooth replacement mechanism
in elephants. (2) The elephant characterized by conspicu-
ously large fecal particles (12.9 mm) was an individual with
a known history of tooth problems, potentially resulting in less
effective chewing.

Feed intake during lactation

While food comminution must be sufficient to meet meta-
bolic requirements, its highest performance is necessary
in times of significant additional nutrient requirements like
during lactation. The latter can be considered to be the
period of highest energy requirements and of highest food
intake in mammals. Changes like increased rumination
investment, increased digesta particle sizes, increased gut
filland increased passage rate are potential consequences
of increased food intake (Welch & Smith 1969). In sheep,
increasing intake from 0.5 to 1.0 kg DM decreased time
spent ruminating per kg DM for approximately 20 %, while
chewing during feeding was influenced very little (Grimaud
1999, as cited in Baumont et al. 2006).

Changes can be expected to be most extreme in the
case of domestic animals bred for milk production like
high yielding dairy cows, well known for a particularly
high increase in energy requirements during lactation. In
fact, increasing fecal particle sizes are reported by some
authors for ruminants with increased feed intake (Luginbuhl
et al. 1990, Okine & Matthison 1991), while other studies
did not see an increase (Kovacs et al. 1997a,b, 1998). In
dairy goats, a triplication of feed intake (from 0.9 to 2.8 kg
DM; maintaining a constant ratio of 50 % concentrate/50 %
grass hay) during lactation led to considerable changes in
mean retention time of particles (MRT ;) (from 71+8.9 h
to 31+2.3h) and in organic matter digestibility (from
68+2.1 % to 59+2.1 %), but only to minor differences in

T. Martin & W. v. Koenigswald: Mammalian Teeth — Form and Function. — Minchen (Pfeil) 2020 — ISBN 978-3-89937-266-3



95

Fig. 6.8. Comparative head morphology of browsers and grazers. Artiodactyls/ruminants: brachydont (low-crowned) giraffe
(Giraffa camelopardalis, upper left) and hypsodont (high-crowned) cattle (Bos taurus taurinus, lower left); perissodactyls:
brachydont tapir (Tapirus sp., upper right) and hypsodont domestic horse (Equus caballus, lower right). Note that hypsodont
species must shift the eye socket to the rear due to the space taken by maxillary molars. Photos: J. Hummel.

fecal particle sizes (from 0.53+0.02 mm to 0.59+0.02 mm
for mean particle size) (Findeisen 2012).

While it can be expected that results on fecal particle
sizes are influenced by the selective retention mechanism
in ruminants, an effect of increased intake should be more
direct in non-ruminating animals. Only limited data are
available in this respect. However, in a study on rabbits, no
difference in fecal particle size was present if feed intake
was increased twofold during lactation from 110 g DM/

day to 220 g DM/day (again with a constant ratio of 50 %
grass hay/50 % pelleted concentrate) (Findeisen 2012).
While retention time was influenced again from 31+2.5 h
to 19+3.1 h for MRT e, NO change in mean fecal particle
size was present (0.56+0.02 mm and 0.59+0.02 mm),
suggesting that the animals maintained chewing intensity
(per unit food), and thus most likely increased their daily
chewing time with increasing intake.

Tentative calculations on the energy budget
of food comminution in herbivores

Several interactions of food comminution and energy
budget have been outlined in the sections above and are
summarized in Figure 6.9. A comparison of performance
of herbivorous reptiles and mammals clearly demonstrates
the advantageous consequences of food comminution.
Particle size reduction by chewing requires energy
investment by the animal. This becomes evident from
studies in which the energy required for eating forages
of different particle size is quantified — typically, the same

Chapter 6. J. Hummel et al.: Aspects of food comminution in ungulates

forage offered in a size-reduced form (chopped, or ground)
facilitates intake at lower energetic costs (Osuiji et al. 1975,
Susenbeth et al. 1997).

When comparing the comminution and forage en-
ergy processing capacity of herbivores, a set of variables
becomes interesting for a complete description of food
processing strategy. These include:

(1) Intake and particle size of ingested food;
(2) fecal particle sizes, food digestibility and retention time;
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Fig. 6.9. Aspects of digestive physiology in herbivores. Data
from Clauss et al. (2007), Fritz et al. (2009, 2010, 2012), Franz
et al. (2011).

(3) characteristics of dentition influencing particle com-
minution per chew (total length of cutting edges) (in
the short term invariable part of the chewing process);

(4) duration and frequency of chewing during feeding and
rumination (how many chews per day and per unit of
feed, amplitude of chewing strokes (= number of cutting
edge contacts of a single stroke), plus possibly chew-
ing force);

(5) energy requirement for chewing (energy effort per chew
or per unit of feed intake).

Available variables have been summarized in Table 6.3 for
two extant herbivores, equids represented by the horse and
ruminants by cattle. The differences in fecal particle sizes
are obvious and have been quantified as mean particle
sizes of 1.24 and 0.38 mm for horse and cattle, respectively.
The energy needed for a single feeding chewing stroke can
be considered to be higher in horses, which have been
described to have three times the chewing muscle mass of
a comparably or even larger ruminant (bison) (Becht 1953,
as cited in Fortelius 1985). Data from Osuiji et al. (1975)

and Vernet et al. (1995) support this assumption in show-
ing that ingestive activity represents a higher proportion of
overall maintenance energy intake in horses compared to
ruminants. In addition, ruminants shift much of their chewing
efforts to pre-digested material, which appears to lower the
burden of comminution energy. Considerably less energy
necessary for grinding has been found in pre-fermented
compared to untreated feed (Kennedy et al. 1993). This
is reflected in the values published by Susenbeth et al.
(1998), indicating a threefold higher energy requirement
for chewing during feeding compared to rumination, and
supported in other studies on sheep and cattle (Suzuki et
al. 2008, 2014).

Using the different published data to make more de-
tailed, quantitative comparisons includes a large number
of uncertainties and potential sources for mistakes. Experi-
ments in which all measures — body mass, food intake,
chewing behavior, particle size reduction, and energy
required for chewing — have been recorded on the same
animals, on the same diets, do not exist. But we consider
such calculations an informative exercise nevertheless,
and present two different sets of calculations.

For the first, we assume that chewing energy in inges-
tive chewing is the same for horses and cattle, and simply
use data measured in cattle by Susenbeth et al. (1998)
for horses and cattle. For the second, we use data from
Vernet et al. (1995) to calculate the energy required for
ingestion of a given amount of dry matter for cattle and
horses, and assume that the proportion of energy required
for rumination in cattle is the same as that in the data of
Susenbeth et al. (1998). One of the many differences in the
approaches between the two studies is the use of animals
with empty rumens by Susenbeth et al. (1998), which en-
sures that only costs due to chewing but not energy due
to initiated digestion is recorded. Correspondingly, values
using the Vernet et al. (1995) data are generally of a higher
magnitude. This is also the reason why data from the two
studies cannot be compared directly.

We assume two similar-sized animals of 600 kg with
typical values for intake (Table 6.3). Total ME requirements
for maintenance would be around 60 MJ/day for a 600 kg
animal, assuming an energy requirement of 0.5 MJ/kg
BMO75 (GfE 1995, 2014). The first approach using the
Susenbeth et al. (1998) data suggests a daily energy
expenditure for chewing of 1.38 MJ ME for the horse
compared to 1.08 MJ ME for cattle. The value for cattle is
composed of 0.70 MJ due to ingestion and only 0.38 MJ
due to rumination. The cost of rumination chewing would
therefore be only about half the value of that for chewing
during feeding, irrespective of the higher amount of chews
spent during rumination. The second approach using the
Vernet et al. (1995) data yields a daily energy expenditure
for food processing of 10.05 MJ ME for the horse and
4.21 MJ ME for cattle, suggesting a more distinct difference.

Assuming a uniform particle size of 50 mm in the diet of
horse and cattle, the difference to the mean fecal particle
size can be calculated (representing the reduction of parti-
cle size; 49.62 mm for cattle and 48.76 mm for the horse),
weighted by the daily intake (7.5 kg DM for a 600 kg cow
and 12.6 kg DM for a 600 kg horse) and divided by the
daily amount of chews to arrive at a number quantifying
the “particle comminution capacity” of a single chewing
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stroke. Thus, the particle comminution capacity of cattle is
49.62 mm-7.5 kg DM/34 074 chews = 0.011 mm-kg/chew;
whereas that of horses is 48.76 mm-12.6 kg DM/27 625
chews = 0.022 mm-kg/chew. In other words, a single
chewing stroke in the horse is about twice as efficient as
that of cattle. Most likely, this is achieved by a combination
of an extended chewing surface due to the molarisation
of horse premolars (whereas the premolars of cattle are,
on the opposite, reduced), and the most intricate set of
enamel folds found in large mammal molars to date (plus
possibly the more elaborate chewing muscles in horses).
The calculation thus is evidence for the putative power
of morphological adaptations to achieve a high chewing
efficiency.

When putting this particle comminution capacity in per-
spective with the required daily energy expenditure for chew-
ing, our two different approaches lead to diverging results.
In the first approach, horses achieve 0.022 mm - kg/chew
using 1.38 MJ ME, or 0.016 mm-kg/chew per MJ ME.
Cattle achieve 0.011 mm-kg/chew using 1.08 MJ ME, or
0.010 mm-kg/chew per MJ ME. Based on this approach,
the ruminant system partially, but not completely compen-
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sates for the difference in chewing efficiency based on the
effect per chew. In the second approach, with a much larger
difference in energy used for chewing, horses achieve an
energetic efficiency of chewing of 0.0022 mm - kg/chew per
MJ, and cattle are even superior at 0.0026 mm -kg/chew per
MJ. Based on the many assumptions necessary to derive
the figures, these results should not be used to construe
an energetic advantage of ruminants based on chewing
only, but rather underline that very different organismal
solutions — the equid and the ruminant system — arrive at
similar efficiencies, where differences may or may not await
detailed investigation. While it may appear surprising that
the ruminant system is not distinctively superior in these
calculations, one needs to consider in addition the higher
digestive efficiency achieved by ruminants, which is also
due to their higher digesta particle comminution. In evo-
lutionary terms, animals should not be conceptualized at
excelling at individual feats, such as chewing efficiency, but
in overall traits such as energetic efficiency that, ultimately,
results in an efficiency of turning environmental resources
into offspring (Clauss et al. 2019).

Conclusion and final remarks

Efficient food comminution is a key requirement for
evolutionary successful herbivores.
Physical processing and processing characteristics of
animal food represent interesting fields of research,
where we still have much to learn.
In most plants, an increasing effect of particle com-

minution on fermentation rate is present; on average,
it appears to be higher in grass than in browse.

In the comparison of grazer vs. browser, all available
data on differences on the level of physical character-
istics of forage and its interaction with morphology/
physiology of the animal (particle shapes, rumen

Table 6.3. Variables relevant for the energy budget of food comminution of ruminants and horses.

Cattle Horse
Body mass (kg) 600 600
Intake (g DM/kg BMO°7%) 62 104 Foose (1982)
(kg DM/day) 7.5 12.6
Chewing frequency (chews/min) Ingestion: 75 (65-85)1, 732 772 "Jarrige et al. (1995),
Rumination: 60 (55-65)' 2Dittmann et al. (2017)
Total number of chews per day Ingestion: 139423 27625* 3Piatkowski et al. (1977)
Rumination: 201328 4Porzig & Sambraus (1991)
Total: 34074 27625
Total duration (min/d) Ingestion: 185 359
Rumination: 336
Total: 521 359
Energy requirement chewing (J/ Ingestion: 30 30 Susenbeth et al. (1998)
(min - BM°7%) Rumination 8.9
Daily energy for chewing (MJ) Ingestion: 0.70 1.38 Susenbeth et al. (1998)
Rumination: 0.38
Total: 1.08 1.38
Ingestion: 2.73 10.05 using data from Vernet et al. (1995) for
Rumination: 1.48 ingestion, and assuming the proportions
Total: 4.21 10.05 of energy for ingestion and rumination as
Susenbeth et al. (1998)
Fecal particle size (mean size, mm) 0.38 1.24 Clauss et al. (2015)
Chewing efficiency (mm -kg/chew) 0.011 0.022
Energy efficiency for comminution 0.010 0.016  using energy from Susenbeth et al. (1998)
(mm-kg/chew-MJ) 0.0026 0.0022 using energy from Vernet et al. (1995)

Change of fermentation rate
with particle size

15 %/mm particle size (grass)
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stratification, abrasiveness) point to differences at least
as large as those on the chemical level.

Body size appears to be a relevant factor for food com-
minution when observing it on the level of larger phy-
logenetic groups like ruminants, elephants, rhinos or
equids, while within these groups, the influence of body
size is far less pronounced. This opens the possibility
that larger forms are not optimized in the particular trait
under consideration (here: chewing efficiency), but that
they have survived for other reasons that prevent the
superiority of smaller forms to take effect on niche
occupation.

On a comparative level, data that facilitate a compari-
son of species in terms of chewing efficiency (account-
ing for the energy required to achieve a specific degree
of particle size reduction by chewing, and weighting
by the effects on intake capacity and rate of digestion)
are still largely missing. Tentative comparisons between
horses and ruminants illustrate that different morpho-
physiological solutions for a biological challenge exist.
The degree by which such differences in a single
system (here: digestive physiology) can account for
perceived differences on the scale of ‘evolutionary
success’ remains speculative.
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