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ﬁgizzard is the only gastrointestinal organ in birds for a-mechanical digestion by-having-seme-degree-of
museulardevelopment. Many birds ingest and utilize grits in igizzard to enhance mechanical digestion
efficiency. Ih-is—st—ud-yiconducted an experiment on the regulatory factors of grit use by using 68 male
layer chicks of Gallus gallus domesticus, which were divided into two different groups in gizzard
muscularity (muscular and less-muscular gizzard). Each muscularity group was fed by two different types
of diet (herbivory and non-herbivory) to test whether diet and gizzard muscularity of chicks Feg-u-taiee*grit
characteristics such as size, amount, and shape (circularity, roundness, and solidity) of different stages
(ingested grits, gizzard grits, and excreted grits).

%e*pe%imeat—demenst—mted—t—ha’emgested grits weFeLIarger and that—t-hey—ha-veilower circularity and
solidity than +n-|-t+a-l-g-|=|-t-s regardless of bypes-of dieiand gizzard muscularity. Gn—@he-et-htha-Hd,—ihe
amount of ingested grlts el-bﬁﬁeﬁed-by—d-iet—@reater in herbivorous groups). The size and amount of| gizzard
grits-aise-differed-by-diet-{larger and greater in herblvorous groups}, and the size o1l<;|zzard grtsforther

differed-by-gizzard-ruseutarity-{larger in the Iess muscular gizzard group}. The shape indexes
(circularity, roundness, and solldlty of gizzard grits were higher than those of+n+HaJ—g-H-t-s The circularity

and solidity of glzzard gﬁts-d-#eFed-b»,hdmt—aﬁd—g-lz-za;d—m&seeﬂaﬂ-ty-éhlgher in herblvorous and muscular

gizzard groups-) The size and solidity of excreted grits were smaller and higher. than those ofi_:jlzzard
grits: The size and amount of excreted g%ﬁsd-pﬁe#ed—by—d-ret—ﬂarger in non-her i orous groups), and the

size of excreted gﬂ%s—ﬁu-theFd#ﬁeFed-by—g-l-z-za%d—maeewaﬂt-y-ﬂarger in less-muscular gizzard groups).

These results show that diet regutates the characteristics of ingested and excreted grits, whereas gizzard

muscularity regulates the characteristics of excreted grits. The use of large size and amount of gizzard

may be regulations .01 needs of digesting hard, coarse materials. Flexible regulations on
gizzard grit use might reflect uie omnivorous nature of Gallus gallus domesticus and may aid their
smooth diet shifts. The results also show that gizzard grit shapes do not reflect the shapes of ingested
grits-untikg previously eensidered; but mstead,—g-i—z—za%d—g-ﬁ*ishapeslreﬂecidiet and gizzard muscularity of
chicks,
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ABSTRACT

A gizzard is the only gastrointestinal organ in birds for a mechanical digestion by
having some degree of muscular development. Many birds ingest and utilize grits in a gizzard to
enhance mechanical digestion efficiency. This study conducted an experiment on the regulatory
factors of grit use by using 68 male layer chicks of Gallus gallus domesticus, which were divided
into two different groups in gizzard muscularity (muscular and less-muscular gizzard). Each
muscularity group was fed by two different types of diet (herbivory and non-herbivory) to test
whether diet and gizzard muscularity of chicks regulate grit characteristics such as size, amount,
and shape (circularity, roundness, and solidity) of different stages (ingested grits, gizzard grits,
and excreted grits).

This experiment demonstrated that ingested grits were larger and that they have lower
circularity and solidity than initial grits, regardless of types of diet and gizzard muscularity. On
the other hand, the amount of ingested grits differed by diet (greater in herbivorous groups). The
size and amount of gizzard grits also differed by diet (larger and greater in herbivorous groups),
and the size of gizzard grits further differed by gizzard muscularity (larger in the less-muscular
gizzard group). The shape indexes (circularity, roundness, and solidity) of gizzard grits were
higher than those of initial grits. The circularity and solidity of gizzard grits differed by diet and
gizzard muscularity (higher in herbivorous and muscular gizzard groups). The size and solidity
of excreted grits were smaller and higher than those of gizzard grits. The size and amount of
excreted grits differed by diet (larger in non-herbivorous groups), and the size of excreted grits
further differed by gizzard muscularity (larger in less-muscular gizzard groups).

These results show that diet regulates the characteristics of ingested and excreted grits,
whereas gizzard muscularity regulates the characteristics of excreted grits. The use of large size

and amount of gizzard grits in herbivorous groups as well as a high ability to retain small gizzard
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grits in less-muscular gizzard groups may be regulations upon needs of digesting hard, coarse
materials. Flexible regulations on gizzard grit use might reflect the omnivorous nature of Gallus
gallus domesticus and may aid their smooth diet shifts. The results also show that gizzard grit
shapes do not reflect the shapes of ingested grits unlike previously considered, but instead,

gizzard grit shapes reflect diet and gizzard muscularity of chicks.

Peer] reviewing PDF | (2020:03:46973:0:0:CHECK 30 Apr 2020)



PeerJ

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

INTRODUCTION

Digestion, or food processing, is a key phase of animal feeding (Montuelle & Kane,
2019). In order to perform efficient digestion, animals have experienced morphological and
physiological adaptations during their evolutionary history. Birds have acquired specialized
gastrointestinal organs, including a crop for temporal storage of food (Proctor & Lynch, 1993),
caeca for fermentation of plant fiber (Potter et al., 2006), and a gizzard for mechanical digestion
of ingesta (Moore, 1999). In a gizzard, ingesta experience strong compressing and translational
stress to be mechanically processed (Moore, 1998a). Large food particles are selectively retained
in a gizzard until these are grinded to small size (Hetland et al., 2003; Moore, 1999)

For better digestion efficiency, birds ingest and retain grits in ¢ £izzard to break down
food particles as efficiently as non-ruminant mammals do with their teeth (Fritz et al., 2011).
Some birds even travel a long distance to obtain grits in cases where there is insufficient sands or
gravels in their surrounding environment (Mcllhenny, 1932). Grit use is especially common in
herbivorous and granivorous birds for fiiéehanicalibieakdowi o '« ugh, coarse food (Gionfriddo
& Best, 1999). Previous works generally agree that grits improve digestion efficiency in birds,
especially of the ones that feed on coarse, less-nutritional food (Fritz, 1937; Hetland et al., 2003;
Jin et al., 2014; Smith & Maclntyre, 1959). Despite of the importance of grits for a mechanical
digestion, the regulatory fz Ci( rs of grit use is not well-understood because previous studies are
based primarily on grits collected from gizzards (e.g., Best & Gionfriddo, 1991; Gionfriddo &
Best, 1996; Norris et al., 1975) although grit characteristics can be strongly modified in a gizzard
(Buckner et al., 1926; Wings & Sander, 2007).

Here we report an experiment which tests changes in the amount, size, and shape of
grits by different diet and gizzard muscularity, in order to understand the regulatory factors of

grit use in domestic chickens. It is commonly assumed that diet affects grit use in birds (e.g.,
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tested in order to understand the thorough process of chicken grit uses. This study will provide

insights into how domestic chicks benefit from changing their grit use behaviors upon demands.

MATERIALS AND METHODS
Ethics statement: An experiment in this study was approved by Hokkaido University
(Permission number: 16-0023) and followed the rules specified on Hokkaido University manual

for implementing animal experimentation.

Experimental design and managements

A total of 68 one-day-old male layer chicks (Gallus gallus domesticus), purchased from
a local feed manufacturer, were used in this experiment. This sample size was set based on the
Hokkaido University regulation, space availability, and several prior experiments conducted on
domestic chickens (Hetland et al., 2003; Van der Meulen et al., 2008). Prior to the experiment,
the chicks were raised for three weeks to produce a difference in gizzard muscularity (evaluated
as relative weight of a gizzard and the body mass of the chick). Following Sacranie et al. (2012),
the development of a gizzard muscularity was enhanced on half of the chicks (34 individuals) by
feeding larger amount of insoluble fiber through providing the mixture of 70 wt% of commercial
starter pellet and 30 wt% of rice hull, whereas only commercial starter pellet was fed on the other
half. The chicks had ad libitum access to feed and water.

This experiment was conducted for one week, on four groups (17 individuals each)
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90 under four combinations of two factors: diets (herbivorous and non-herbivorous) and gizzard
91 muscularity (muscular and less muscular) at the time of starting the experiment. These four
92  groups are as followed: non-herbivorous diet with a muscular gizzard (nH-M), herbivorous diet

93  with a muscular gizzard (H-M), non-herbivorous diet with a less-muscular gizzard (nH-IM), and

94  herbivorous diet with a less-muscular gizzard (H-IM). (Hefbivorousigroups (H=Mand HaM)fed
'on a mixture of Poaceae grass (Medicag sativa) and Fabaceae grass (Phleum pratense), whereas
non-herbivorous groups (nH-M and nH-IM) fed on dried fish (Engraulis japonicas). During the

97 experiment, all chicks were raised in separated .- 2s with wire mesh floor. Room temperature
98 was maintained between 28 °C to 30 °C. Lighting was controlled as 12 hours in light and 12
99  hours in dark. All of the chicks were given ad libitum access to total of 24 grams of grits per
100 chicks, which were provided separate from feed. Feces on the last day of the experiment were
101  collected to evaluate characteristics of excreted grits. All chicks were weighed and then
102 euthanized by cervical dislocation at the end of the experiment, following the Hokkaido
103 University regulations. Gizzards were removed from all of the carcasses and weighed after
104 removing stomach contents.
105
106  Grit characteristics
107 The amount, size, and shape of grits (initial, remained, gizzard, and excreted grits) were
108 evaluated. The amount of grits was evaluated in weights (grams). Size and shape were evaluated
109 quantitatively using image processing program ImageJ (Schneider et al., 2012). A minor axis
110 was employed as a grit size index. Circularity, roundness, and solidity were employed as the
111 indexes of grit shape. Circularity was calculated as four times the product of & and area, divided
112 by square of perimeter. Roundness was an inverse of an aspect ratio. Solidity was calculated as

113 an area of a grit divided by an area of convex hull. To take the images for the analyses, grits were
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positioned segregated from each other and were lighted from the background to obtain clear

outlines.

Terminology

Initial grits were the stones, which were given ad libitum access to each chick (Fig. 1).
Ingested grits were the stones, which were swallowed by the chicks out of the initial grits during
the experiment. Remained grits were the stones, which were not ingested by the chicks out of the
initial grits by the end of the experiment. Gizzard grits refer to the stones remained in the
gizzards of the chicks after euthanization. Excreted grits were the stones, excreted with the feces
on the last day of the experiment. Initial gizzard muscularity refers to the gizzard muscularity of
chicks at the start of the experiment. Muscular gizzard groups were set by feeding on a mixture
of rice hull and starter pellets for three weeks prior to the experiment and had relatively high
gizzard muscularity, whereas less-muscular gizzard groups were set by feeding on starter pellets
three weeks prior to the experiment and had relatively low gizzard muscularity. “Sharp” is used
to describe grits with relatively low circularity, roundness, and/or solidity and “dull” is used to

describe grits with relatively high shape indexes.

Ingested grits

The amount, size, and shape of ingested grits were evaluated by comparing the
characteristics of initial and remained grits. To test size preference by the chicks, the size
distribution of initial grits was controlled in advance. Grits were classified into six different size
classes by sieving (0.5-1.0 mm, 1.0-1.4 mm, 1.4-1.7 mm, 1.7-2.0 mm, 2.0-2.8 mm, 2.8-3.35
mm) and four grams of grits from each size classes were supplied in mixture as initial grits. Priot

to the experiment, 500 grits were randomly chosen from each size classes of initial grits and
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circularity, roundness, and solidity of the grits were evaluated. At the end of the experiment,
remained g 5 were collected and sieved 1o the six size classes. The amount of the ingested
grits in each size classes was evaluated by subtracting the weights of the remained grits from
weights of the initial grits by each size classes (4 grams each) to test size preferences. Average
values of the shape indexes of the remained grits were compared with those of the initial grits to
test if there was any shape preference on the ingested grits. The amount, size, and shape of the

remained grits were then compared among different diet and gizzard muscularity groups.

Gizzard grits

Gizzard grits were separated from other stomach contents by a floatation method
(decantation). Stomach contents were soaked with water in a beaker over one night, and low
density food particles were gently disposed. This procedure was repeated until only grits were
remained in the beaker. The amount, size, and shape of the gizzard grits were compared among

different diet and different gizzard muscularity groups.

Excreted grits

Excreted grits were separated from fecal particles using the same method as separating
gizzard grits. The amount, size, and shape of the excreted grits were evaluated and compared
with those of the gizzard grits to test on selection of excretion. Grit characteristics were also

compared among different diet and gizzard muscularity groups.

Statistical analyses

All statistical analyses were conducted using basic functions of software R (R Core

Team, 2019). Tukey-Kramer HSD tests were performed for mean comparisons. Chicks,
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euthanized following the Hokkaido University rules prior to the end of the experiment, were
excluded from the analyses. The data analyzed are provided as Supplemental Information (Data

S1-S5).

RESULTS

During the experiment, two chicks from non-herbivorous, muscular gizzard group (nH-
M), one chick from the non-herbivorous, less-muscular gizzard group (nH-IM), five chicks from
the herbivorous, muscular gizzard group (H-M), and two chicks from the herbivorous, less-
muscular gizzard group (H-IM) were euthanized following the Hokkaido University regulations

before the end of the experiment. Therefore, all of the analyses were performed on total of 56

chicks.

Ingested grits

Large grits (>2.8 mm) were ingested significantly more than smaller grits (<2.8mm) in
all groups (Table £ ) The average amount of 111 sested grits was significantly higher in the
herbivorous and less-muscular gizzard group than in the non-herbivorous and less-muscular
gizzard group (H-IM > nH-IM) for grits larger than 1.7 mm (Fig. 2, Table S2). Remained grits
generally had higher average circularity and solidity than initial grits in all groups (Fig. 3A,
Table S3). This trend for circularity was statistically supported in nearly all of the girt sizes other
than 1.0-1.4 mm. The trend for solidity was statistically supported for grits larger than 1.7 mm.
There was generally no difference in average roundness between initial and remained grits. No
general difference in size and shape of ingested grits among different diet and gizzard

muscularity groups was confirmed (Table S1, Table S2).
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Gizzard grit

Herbivorous groups retained significantly more gizzard grits than non-herbivorous
groups in average weights relative to the body mass (F'-* [ > nH-M, H-IM > nH-IM; Table S4).
The average sizes of gizzard grits, normalized by cubic root of a body mass, v 1 significantly
larger in herbivorous groups than in non-herbivorous groups (H-M > nH-M, H-IM > nH-1M,;
Table S5). Within non-herbivorous groups, the less-muscular gizzard group contained larger

gizzard grits in respect to their body mass than the muscular gizzard group (nH-IM > nH-M).

(Eritshimallgroups(TablelSe)h Average roundness of gizzard grits were also significantly higher

than those of initial grits in herbivorous groups (H-M and H-IM). The average circularity and
solidity of gizzard grits of herbivorous groups were significantly higher than those of non-
herbivorous groups (H-M > nH-M, H-IM > nH-1M; Fig. 3B; Table S7). Within herbivorous
groups, the gizzard grits of the muscular gizzard group have significantly higher average
circularity (with exception of gizzard grits sized 1.4-1.7 mm and 2.8-3.35 mm) and solidity (with
exception of gizzard grits sized 1.4-1.7 mm and <2.0 mm) than those of the less-muscular

gizzard group (H-M > H-IM).

Excreted grits

(Theyaveragesizesiof excretedigritshv - - significantly smaller than those of gizzard grits
of corresponding groups (Table S8). The @¥eragersolidityiof exeretedigtits \ - also significantly

smaller than the gizzard grits of the corresponding groups except in the non-herbivorous and

muscular gizzard group (nH-M). At the same time, the average circularity and solidity of

excreted grits were (Highefithanthoselofifitialigrits. = - ount of excreted grits are larger in non-

herbivorous groups than in herbivorous groups in total weights (nH-M: 0.83 g, H-M: 0.26 g, nH-
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IM: 1.34 g, H-IM: 0.09 g). The average sizes of excreted grits were significantly larger in non-
herbivorous groups than in herbivorous groups (nH-M > H-M, nH-IM > H-1M; Table S9). The
average size of the excreted grits of the non-herbivorous and less-muscular gizzard group was
also significantly larger than that of the non-herbivorous and muscular gizzard group (nH-1M >
nH-M). The average circularity, roundness, and solidity of excreted grits did not differ

significantly among different diet or muscularity groups (Table S9).

DISCUSSION
Amount regulations

The larger amounts of ingested and gizzard grits in herbivorous groups than in non-
herbivorous groups (H-IM > nH-IM; Fig. 2, Tables S2, S4) are concordant with previous studies
(comprehensive review done in Gionfriddo and Best, 1999). The larger amounts of excreted grits
in non-herbivorous groups than in herbivorous groups (nH-M > H-M, nH-IM > H-IM) suggests that
the large amounts of gizzard grits in herbivorous groups are regulated by both large amount of
grit ingestions and limited grit excretions. These regulations to retain larger amount of gizzard
grits are likely to benefit herbivorous groups to supply higher digestion ability for breaking down
tough plant fibers, since larger amount of gizzard grit improves digestive performance in
domestic chickens (Bale-Therik et al., 2012) as long as the amount is not excessive (Moore,

1998b).

Size regulations
Since the size of gizzard grits is unlikely to affect digestion efficiency in domestic
chickens (Smith, 1960), or larger gizzard grits may even have lower digestion efficiency than

smaller gizzard grits (Moore, 1998c), dominances of grits larger than 2.8 mm among the ingested
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grits in all groups (Table S1) may simply be due to ease to pick large grits. The smaller size of
excreted grits than gizzard grits (Table S8) in all groups suggest that size is one of the primary
factors that determine which grits to be excreted in domestic chickens. While the excretion of
small grits is concordant with a trend in domestic chicken (Smith, 1960), it is controversial with
this trend in house sparrow (Gionfriddo & Best, 1995). Therefore, the size regulation of excreted
grits may vary taxonomically.

The larger sizes of ingested and gizzard grits in herbivorous groups than in non-
herbivorous groups (H-M > nH-M, H-IM > nH-IM) are concordant with previous works

(Gionfriddo & Best, 1999; Hoskin et al., 1970; May & Braun, 1973; Norris et al., 1975; Soler et

al., 1993; Thomas et al., 1977). (DCIETEETSIZEONeXCTe A STlS IORETbIVOroUSIEToupSIian
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252
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254
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retain small gizzard grits in the herbivorous groups is likely to result in retaining larger amount
of gizzard grits, which provide better digestion efficiency (see above). The larger sizes of gizzard
and excreted grits in the non-herbivorous and less-muscular gizzard group than in the non-
herbivorous and muscular gizzard group (nH-IM > nH-M) indicate that gizzard muscularity also

contributes to the size regulation of gizzard grits.

Shape regulations and abrasions

The greater sharpness o i1 gested grits than that of initial grits in all groups (Fig. 3A,
Table S3) is consistent with previous knowledge in domestic chickens (Smith, 1960) as well as
in House Sparrows and Northern Bobwhite (Best & Gionfriddo, 1994). Since sharp gizzard grits
function as “blades” in a gizzard, this selection would increase digestion efficiency (Moore,

1998c). The active ingestions of sharp grits in all groups are likely to be a congenital behavior
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duller than the initial grits (Table S9), the best explanation is that the gizzard grits are severely
abraded inside of the gizzards upon mechanical digestion of ingesta.

The dominance of dull gizzard grits in herbivorous groups more than in non-herbivorous
groups (H-M > nH-M, H-IM > nH-1M; Fig. 3B, Table S7), as well as in muscular gizzard groups
than in less-muscular gizzard groups (H-M > H-IM, nH-M > nH-IM), strongly suggests that diet
and gizzard muscularity affect the degree of abrasions on gizzard grit. Since dietary structures
largely affect gizzard muscularity in birds, including domestic chickens (Dekinga et al., 2001;
Hetland et al., 2003; Sacranie et al., 2012), gizzard muscularity may be the primary factor which
determines the degree of gizzard grit abrasion. (COFfelati6HS) be (v *en gizzard grit shape indexes
(average values of circularity, roundness, and solidity per individual) and gizzard muscularity (p
< 0.05) further support this assumption. Therefore, the shapes of gizzard grits are unlikely to
reflect grit selection patterns in domestic chickens unlike previously considered in birds (Best &
Gionfriddo, 1991; Gionfriddo & Best, 1996). Instead, our experiment suggests that the
differences in gizzard grit shapes reflect differences in diets and gizzard muscularities, although

investigations in broader taxonomic sets are essential to test the assumption.

Regulations of chick grit use behaviors

This study is the first attempt to examine the regulatory factors of chicken grit uses
throughout ingestion, retention, and excretion among different diets and gizzard muscularities.
This experiment strongly suggests that chick grit use behaviors are primarily regulated by a diet

and secondarily by a gizzard muscularity (Fig. 4, Table 1). The flexible regulations upon needs
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of digesting tuff, coarse ingesta may be reflecting omnivorous nature of Gallus gallus domesticus
and might have benefited for their shifts between herbivorous and carnivorous diets. Since
numerous birds are known for omnivory and seasonal diet shifts (e.g., del Hoyo et al., 2005),
flexibility in gizzard grit use behaviors may not be limited to domestic chickens but might had
been a key importance for wide diet range of omnivorous birds, together with the gizzard
phenotypic flexibility (Dekinga et al., 2001; Starck, 1999; van Gils et al., 2005). Further studies

on other birds are mandatory to test the hypothesis.

CONCLUSION

This experiment on grit use behaviors demonstrated that chicks had a selection on size,
amount, and the shape of ingested and excreted grits. ([flalSoifevealedithatigizzard gritiShapes
‘were greatly modified through abrasion therefore did not reflect the original shapes upon
([fgestiony [nstead, gizzard grit shapes reflected diets and gizzard muscularities of chicks.
Ingestion of sharp grits regardless of diet and gizzard muscularity suggested that the behavior
which facilitates better digestion efficiency was congenial to chicks. On the other hand, the
ingestion and retention of larger amount of grits by herbivorous groups and non-herbivorous,
muscular gizzard groups may be behavioral adaptation to supple digestion ability upon need of

digesting coarse ingesta. The flexibility might be reflecting the omnivorous nature of chickens.

ACKNOWLEDGEMENTS

We thank Y. Deguchi and F. Kobari for allowing access to the experimental rooms and
loan of experimental equipment, and T. Matsushima to detailed advises on chick management
and experimental designs. We also thank K. Inada, M. lijima, Junki Yoshida, Chinzorig

Tsogtbaatar, and A. R. Fiorillo for their helpful discussions and valuable insights.

Peer] reviewing PDF | (2020:03:46973:0:0:CHECK 30 Apr 2020)


marcus
Highlight

marcus
Highlight

marcus
Highlight

marcus
Sticky Note
the same should apply for size! grit in the gizzard will surely be reduced in size!


PeerJ Manuscript to be reviewed

306

Peer] reviewing PDF | (2020:03:46973:0:0:CHECK 30 Apr 2020)



PeerJ

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

REFERENCES

Bale-Therik JF, Sabuna C, and Jusoff K. 2012. Influence of grit on performance of local chicken

under intensive management system. Global Veterinaria 9:248-251.

Best LB, and Gionfriddo JP. 1991. Characterization of grit use by cornfield birds. Wilson

Bulletin 103:68-82.

Best LB, and Gionfriddo JP. 1994. Effects of surface texture and shape on grit selection by house

sparrows and northern bobwhite. The Wilson Bulletin:689-695.

Buckner GD, Martin JH, and Peter A. 1926. Concerning the gowth of chickens raised without

grit. Poultry Science 5:203-208.

Dekinga A, Dietz MW, Koolhaas A, and Piersma T. 2001. Time course and reversibility of

changes in the gizzards of red knots alternately eating hard and soft food. Journal of

Experimental Biology 204:2167-2173.

del Hoyo J, Elliott A, and Christie D. 2005. Handbook of the Birds of the World. Volumel :

Cuckoo-shrikes to Thrushes. Barcelona: Lynx Edicions.

Fritz J, Kienzle E, Hummel J, Wings O, Streich WJ, and Clauss M. 2011. Gizzard vs. teeth, it's a

tie: food-processing efficiency in herbivorous birds and mammals and implications for

dinosaur feeding strategies. Paleobiology 37:577-586.

Fritz JC. 1937. The effect of feeding grit on digestibility in the domestic fowl. Poultry Science

Peer] reviewing PDF | (2020:03:46973:0:0:CHECK 30 Apr 2020)



PeerJ

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

16:75-79.

Gionfriddo JP, and Best LB. 1995. Grit use by house sparrows - effects of diet and grit size.

Condor 97:57-67.

Gionfriddo JP, and Best LB. 1996. Grit-use patterns in North American birds: the influence of

diet, body size, and gender. The Wilson Bulletin:685-696.

Gionfriddo JP, and Best LB. 1999. Grit Use by Birds: a Review. In: Nolan Jr. V, Ketterson ED,

and Thompson CF, eds. Current Ornithology. New York: Kluwer Academic/Plenum

Publishers, 89-148.

Hetland H, Svihus B, and Krogdahl A. 2003. Effects of oat hulls and wood shavings on digestion

in broilers and layers fed diets based on whole or ground wheat. British Poultry Science

44:275-282.

Hoskin CM, Guthrie RD, and Hoffman BL. 1970. Pleistocene, Holocene and recent bird

gastroliths from interior Alaska. Arctic:14-23.

Jin L, Gao Y-y, Ye H, Wang W-c, Lin Z-p, Yang H-y, Huang S-b, and Yang L. 2014. Effects of

dietary fiber and grit on performance, gastrointestinal tract development, lipometabolism,

and grit retention of goslings. Journal of Integrative Agriculture 13:2731-2740.

May TA, and Braun CE. 1973. Gizzard stones from adult white-tailed ptarmigan (Lagopus

leucurus) in Colorado. Arctic and Alpine Research:49-57.

Peer] reviewing PDF | (2020:03:46973:0:0:CHECK 30 Apr 2020)



PeerJ

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

Mcllhenny E. 1932. The blue goose in its winter home. The Auk 49:279-306.

Montuelle SJ, and Kane EA. 2019. Food Capture in Vertebrates: A Complex Integrative

Performance of the Cranial and Postcranial Systems. In: Bels V, and Whishaw IQ, eds.

Feeding in Vertebrates: Evolution, Morphology, Behavior, Biomechanics. Cham:

Springer International Publishing, 71-137.

Moore S. 1998a. The gizzard morphology of an avian herbivore: the domestic goose, Anser

anser. Australian Journal of Zoology 46:345-357.

Moore SJ. 1998b. The comparative functional gizzard morphology of several species of birds.

Australian Journal of Zoology 46:359.

Moore SJ. 1998c. Use of an artificial gizzard to investigate the effect of grit on the breakdown of

grass. Journal of Zoology 246:119-124.

Moore SJ. 1999. Food breakdown in an avian herbivore: who needs teeth? Australian Journal of

Zoology 47:625.

Norris E, Norris C, and Steen JB. 1975. Regulation and grinding ability of grit in the gizzard of

Norwegian willow ptarmigan (Lagopus Lagopus). Poultry Science 54:1839-1843.

Potter MA, Lentle RG, Minson CJ, Birtles MJ, Thomas D, and Hendriks WH. 2006.

Gastrointestinal tract of the brown kiwi (Apteryx mantelli). Journal of Zoology 270:429-

436.

Peer] reviewing PDF | (2020:03:46973:0:0:CHECK 30 Apr 2020)



PeerJ

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

Proctor NS, and Lynch PJ. 1993. Manual of ornithology: avian structure & function: Yale

University Press.

R Core Team. 2019. R: A language and environment for statistical computing. Vienna, Austria:

R Foundation for Statistical Computing.

Sacranie A, Svihus B, Denstadli V, Moen B, Iji PA, and Choct M. 2012. The effect of insoluble

fiber and intermittent feeding on gizzard development, gut motility, and performance of

broiler chickens. Poult Sci 91:693-700.

Schneider CA, Rasband WS, and Eliceiri KW. 2012. NIH Image to ImagelJ: 25 years of image

analysis. Nature Methods 9:671-675.

Smith R. 1960. The influence of size and surface condition of grit upon the digestibility of feed

by the domestic fowl. Canadian Journal of Animal Science 40:51-56.

Smith R, and MaclIntyre T. 1959. The influence of soluble and insoluble grit upon the

digestibility of feed by the domestic fowl. Canadian Journal of Animal Science 39:164-

169.

Soler 1J, Soler M, and Martinez JG. 1993. Grit ingestion and cereal consumption in five corvid

species. ARDEA-WAGENINGEN- 81:143-143.

Starck JM. 1999. Phenotypic flexibility of the avian gizzard: rapid, reversible and repeated

changes of organ size in response to changes in dietary fibre content. Journal of

Peer] reviewing PDF | (2020:03:46973:0:0:CHECK 30 Apr 2020)



PeerJ

379

380

381

382

383

384

385

386

387

388

389

390

Experimental Biology 202:3171-3179.

Thomas G, Owen M, and Richards P. 1977. Grit in waterfowl at the Ouse Washes, England.

Wildfowl 28:3.

Van der Meulen J, Kwakernaak C, and Kan CA. 2008. Sand intake by laying hens and its effect

on egg production parameters. J Anim Physiol Anim Nutr (Berl) 92:426-431.

van Gils JA, Battley PF, Piersma T, and Drent R. 2005. Reinterpretation of gizzard sizes of red

knots world-wide emphasises overriding importance of prey quality at migratory stopover

sites. Proc Biol Sci 272:2609-2618.

Wings O, and Sander PM. 2007. No gastric mill in sauropod dinosaurs: new evidence from

analysis of gastrolith mass and function in ostriches. Proceedings of the Royal Society B:

Biological Sciences 274:635-640.

Peer] reviewing PDF | (2020:03:46973:0:0:CHECK 30 Apr 2020)



PeerJ Manuscript to be reviewed

Table 1l(on next page)

Summarized results of the present experiment.
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Stone characteristics

Ingested grits
Size
Amount
Shape

Gizzard grits
Size

Amount

Shape

Excreted grits

Size

Amount

Shape

Larger than the initial grits
H-IM > nH-IM
Sharper than the initial grits

H-M > nH-M, H-IM > nH-IM
nH-IM > nH-M
H-M > nH-M, H-IM > nH-IM
‘More dull than the initial grits
H-M > nH-M, H-IM > nH-IM
H-M > H-IM

Smaller than the gizzard grits
nH-M > H-M, nH-IM > H-IM
nH-IM > nH-M
nH-M > H-M, nH-IM > H-IM
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Figure 1

Visualized terminology regarding the grits treated in this study.
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Figure 2

Boxplots showing amount of ingested grits by experimental groups, shown per grit size
categories.
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Figure 3

Boxplots comparing grit shapes.

(A) Boxplots comparing shapes of the initial grits and the remained grits by each
experimental group, shown per grit size categories. (B) Boxplots comparing shapes of the

stones by the experimental groups, shown per stone size categories. The brackets represent

p-values < 0.05.
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Figure 4

Schematic summary of the results this experiment
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