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Large plots of maize in agricultural landscapes are associated with reduced
reproductive output of females and impaired population development of free-
living populations of European brown hares (Lepus europaeus, Pallas 1778).
We investigated in captive brown hares experimentally whether these effects could
result from an undersupply of niacin due to a suspected maize-biased diet in such
areas. We repeatedly mated adult female hares, fed ad libitum either with a niacin
deficient pellet mainly consisting of maize plant parts, or with the same pellet
enriched with niacin to meet physiological requirements. We measured effects of
the experimental feeding on body mass of females, reproductive output, growth
and survival of leverets. We found significantly higher body mass of females fed
the control pellet, and faster body mass gain of their leverets until standardized
weaning. We found no significant difference between niacin deficient and control
diet groups in reproductive output of females and survival rates of leverets. Our
results show that even a diet severely depauperate of niacin affects reproductive
success of female brown hares only slightly, presumably because of sufficient
conversion of tryptophan to niacin, or of additional supply of niacin by caecal
microorganism.

maize biased diet, growth, survival, pellagra, nicotinamide, tryptophan, Lepus
europaeus, niacin

1. Introduction

Maize (Zea mays) is not only the most produced crop in the world (Nuss and Tanumihardjo,
2010), but also one of the main energy crops cultivated in Europe (Klenke et al., 2017). High
energy yield per area unit and high economical profit will make maize the most cultivated plant
in Europe in the future (Nielsen and Oleskowicz-Popiel, 2008). Economic advantages come,
however, with a high price regarding ecological aspects of maize cultivation. Intensive maize
cultivation is blamed for increasing threats to biodiversity, with particularly negative effects on
farmland animals (Fargione et al., 2009; Klenke et al., 2017). One of these species is the European
brown hare (Lepus europaeus, Pallas 1778). Brown hare populations show drastic declines in
many European countries since the 1960s (Edwards et al., 2000). Hunting bag records, reliably
reflecting population trends (Langbein et al., 1999), demonstrate this decline in several European
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countries (Poland: Pielowski and Raczynski (1976), Denmark: Madsen
etal. (1996); Wincentz Jensen (2009), parts of Croatia: Pintur et al.
(2006); Popovic et al. (2008), Serbia: Risti¢ et al. (2021), Germany,
Austria, Bulgaria, Luxembourg, Netherlands, Slovakia, Switzerland:
Mary and Trouvilliez (1995), United Kingdom: Smith et al. (2005)).

Several studies searched for causes of the hare decline. Reported
main driving factors are changes in climate (Hacklinder et al., 2002a;
Smith et al,, 2005; van Wieren et al., 2006), and intensification of
agricultural practices resulting in a loss of set asides, grass stripes and
habitat heterogeneity (Vaughan et al., 2003; Jennings et al., 2006;
Schai-Braun et al,, 2020; Johann and Arnold, 2021). Particularly maize
affects hare populations negatively when cultivated in large
monoculture (Meriggi and Alieri, 1989; Smith et al., 2005; Sliwinski
et al, 2019). Due to the loss of habitat heterogeneity and plant
biodiversity, hares are unable to meet their nutritional requirements
there, because these picky herbivores search for plants rich in fat and
protein (Schai-Braun et al., 2015). Left with no better choice, hares
select green parts of maize plants as well as grains throughout the year
in lower Austria (Steineck, 1978; Reichlin et al., 2006). Consequently,
large areas under maize have negative effects on population
development, ie., the difference between autumn and spring
population densities, and reproductive output of females, likely
mediated by impaired supply of niacin and tryptophan (trp)
(Selimovic et al., 2022). Both maize seeds and leaves are poor in niacin
and trp, an essential amino acid (Hogan et al., 1955; Henderson et al.,
1959; Goss, 1968; Mawson and Jacobs, 1978). The maize plant is not
only poor in niacin and trp. In addition to such deficiencies, up to 90%
of niacin is present as niacytin in mature maize grains, i.e., bound up
in a complex with hemicellulose which renders it unavailable to
vertebrates (Ammerman et al., 1995; Ball, 2005; Baker, 2008).

Nicotinic acid and nicotinamide are products of niacin
decomposition, and are essential for in vivo synthesis of nicotinamide
adenine dinucleotide (NAD) (Wan et al., 2010). Too low supply of trp
and niacin with the diet can lead to severe health issues like dementia,
skin rashes, diarrhea, or aggressiveness and growth retardation (Krehl
et al., 1945; Kantak et al., 1980; Hegyi et al., 2004; Wan et al., 2010;
Walz et al., 2013; Tissier et al., 2017). Tissier et al. (2017) further
demonstrated in European hamsters (Cricetus cricetus, Linnaeus
1758), that niacin deficiency, resulting from a maize dominated diet,
severely reduces reproductive output mainly due to increased
infanticide by mothers.

We investigated in this study experimentally in captive brown
hares the effects of solely feeding pellets mainly consisting of maize
plant parts, but containing sufficient amounts of trp. Control diet
groups received the same pellet further enriched with niacin to meet
physiological requirements. We tested for effects of the diet poor in
niacin on survival, body mass, reproductive success, and on growth of
leverets. We expected severe health issues and high mortality in both
mothers and leverets receiving the experimental pellet, or milk from
mothers on the niacin depauperate diet.

2. Materials and methods

All procedures were carried out in accordance with the Austrian
legislation as assessed and approved by the institutional ethics
commission of the University of Veterinary Medicine Vienna (GZ:
BMBWF-68.205/0080-V/3b/2019).
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2.1. Animal keeping

The study was conducted during 2021. Experimental hares were
kept in a large barn with open sidewalls at natural ambient
temperatures. Twenty adult females, 2.5-4.5 years old, were used for
experimental feeding and reproduction twice, once at begin of the
annual reproductive season (Mai-April), and once at the end (August-
September). Four of the experimental does were primiparous during
the first experimental period. Daily mean air temperature in the barn
was during the first experimental period 12.3°C (min=6.2°C and
max=21.4°C), during the second 18.0°C (min=11.6°C and
max =26.7°C). Each doe was kept in a fenced 6 m*2 m enclosure with
two wooden boxes as cover (size 60 cm*60 cm*100 cm). The ground
was filled and regularly re-filled with wood chips. Additionally, each
enclosure contained as enrichment two 50 cm*40 cm wooden frames,
height 4 cm, regularly filled with fresh soil. Further, fresh branches
were provided once a week. In order to exclude possible effects of
consummation of wood chips and branches on our results, these were
tested for niacin in our lab and tested samples lacked any detectable
niacin concentrations. Food and water was available ad libitum in two
bowls, cleaned and refilled daily. Does were mated by releasing an
adult male into an enclosure for two consecutive days.

For both experimental periods, females were randomly assigned
to an experimental and control diet group containing 10 individuals
each. Both groups were fed pelleted food, a food source readily
accepted by brown hares as known from our long time experience of
keeping and breeding brown hares (Hacklinder et al., 2002a,b;
Valencak and Ruf, 2009; Schai-Braun et al, 2021). During an
experimental feeding period, each doe was weighed twice at begin and
end to the nearest g. Leverets were weighed to the nearest g every day,
beginning with day one after birth. At each weighing, the health status
of an individual was checked by a veterinarian. Five leverets reaching
our animal welfare endpoint criteria during the experiment (body
mass <20% than the mean body mass of other leverets of the same age,
or severe disease symptoms like diarrhea, or neurological disorders),
were sacrificed by several blunt blows to the neck. Body mass data
from two sacrificed and one other leveret with diagnosed coccidiosis
at the age of 18 days were omitted from analyzes because of obviously
impaired growth. We kept the body mass data from three sacrificed
animals in our dataset, because growth curves of these individuals
showed no visible deviation from those of other leverets in
the experiment.

2.2. Experimental feeding

For designing an experimental food pellet mirroring a maize
biased diet of free-living hares, we used as primary material
commercially available pellets made purely from air dried maize plant
parts (Mais cobs™, Agrobs GmbH Degerndorf, Germany), and pellets
made from air dried alfalfa (Luzerne cobs™, Agrobs GmbH
Degerndorf, Germany). Regarding the content of macro-and
micronutrients, we aimed at a composition of the experimental food
pellet similar to the standard pellet used for many years of successfully
keeping and breeding European hares at our institute (Hasenpellet,
Garant Pochlarn, Austria). In order to meet the protein and fat
content of the standard pellet, we added pea protein isolate
(Erbsenproteinpulver, Erdschwalbe GmbH, Neu-Ulm, Germany), and
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commercial sunflower oil (Sonnenblumendl, Delikatessa GesmbH,
Wiener Neustadt, Austria). Addition of the pea protein isolate also
compensated for the low trp content of maize. As binding material,
we used molasses (3% Melasse Konigshofer GmbH, Ebergassing,
Austria). Vitamin D3 was added in form of cholecalciferol (25 pg/kg
pellet). Minerals were added in form of calcium carbonate, calcium
dihydrogen phosphate, sodium chloride, magnesium oxide, trace
minerals as zinc oxide, copper sulfate, potassium iodide, and sodium
selenite. As an additional precaution against unwanted trp deficiency,
we supplemented the niacin deficient experimental pellet with
0.109 g L-trp/kg during the first experimental period. Because of the
surprisingly low effects of feeding the niacin deficient diet, evident
already during the first experimental period, we dispensed L-trp
supplementation of the experimental pellet fed during the second
experimental period. The control diet group received during both
experimental periods the experimental pellet supplemented with
niacin to meet a dietary supply as recommended for rabbits
(Weisbroth et al., 1974). We chose nicotinamide as source, because
this form of niacin is well tolerated, without unwanted side effects
known for other forms of niacin. For a full description of the
ingredients of the fed pellets, see Table 1.

Food pellets were produced in 15kg batches. We grounded the
maize and alfalfa pellets with an electric grinder (Maximilian Fuchs &
Co, Vienna, Austria) with a 3 mm sieve. For each batch, we created a
pre-mix by adding all supplements as well as the pea protein isolate,

TABLE 1 Ingredients and their quantities in the pellets fed during the
experiment.

Ingredients Quantities per kg of pellet
material
Maize pellet (air dried material of whole 520g
plants)
Alfalfa pellet (air dried material of 160g
whole plants)
Pea protein isolate 109g
Sunflower oil 41g
Calcium carbonate 11.8g
Calcium dihydrogen phosphate 219¢g
Sodium chloride 3.1g
Magnesium oxide 4.6g
Zinc oxide 95mg
Copper sulfate 24mg
Potassium iodide 5.1mg
Sodium selenite 0.49mg
Vitamin D3 (Cholecalciferol) 25ug
Water 98.5g
Molasses 30g
Tryptophan, experimental pellet 1,391 mg
Nicotinamide, experimental pellet 19.7mg
Tryptophan, control pellet (supplement 1,500 mg
109 mg/kg April/May)
Nicotinamide, control pellet 150 mg
(supplement 130.3 mg/kg)
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and the sunflower oil to 2kg of grounded plant components. This
pre-mix was then added to the rest of plant components and mixed
thoroughly with an electrical mixer (TX-MXI1200E™, Einhell
Landau/Isar, Germany). This mixture was pelleted with an electric
pellet press (Magic PTO™, Ceccato Olindo San Giorgio delle Pertiche,
Italy). After cooling and drying overnight, pellets were stored in sun
proof plastic containers.

Does were slowly familiarized to consume the experimental
pellets during 5weeks before mating by gradually replacing our
standard food pellet with the experimental pellet, either niacin
deficient or control. After 5weeks, does only received experimental
pellets and were mated thereafter. Each feeding period with solely
experimental pellets lasted for 28 days after removal of the male when
a female did not give birth, or for 28 days after giving birth. We selected
this time period, because it corresponds to the approximate age of
leverets at weaning in free-living hares (Broekhuizen and Maaskamp,
1980; Zorner, 1981).

2.3. Statistics

We calculated linear mixed effects models (Ime) using the “nlme”
package (Pinheiro et al., 2021) of the statistical package R (R Core
Team, 2021) to test for possible effects and interactive effects of diet
group and experimental period. We accounted for a possible effect of
ambient temperature by including the daily mean air temperature in
the stable as a covariate in each model. In the models analyzing body
mass of leverets, we further adjusted for possible effects of litter size,
mother’s age, and mother’s body mass at mating, or weaning,
respectively. Litter size was analyzed with and without failures to litter.
In both models, we adjusted for mother’s body mass and age at mating.
Further, we analyzed with a binomial test whether diet group
influenced failure to litter. When investigating effects on the body
mass of mothers, we adjusted for age and initial body mass. In all
models, we accounted for repeated measurements of individuals by
including a random effect individual ID. For the analysis of growth of
juveniles, we nested the random factor “leveret ID” within “mother
ID” to further account for potential, but unknown differences in
maternal care between mothers. Differences between slopes of
regressions were tested with type III Anova. We checked with
diagnostic plots the distribution of model residuals, and, if necessary,
Box-Cox-transformed response variables to avoid deviation from
normality. We used the “visreg” package (Breheny et al., 2020) for
plotting results from Ime models. In order to test and plot the effect of
experimental feeding on survival of leverets, we used the function
“survdiff” from package “survival” (Therneau, 2022) which uses tests
from the G-rho family and Kaplan-Meier estimates of survival.

3. Results

3.1. Effects on mating success and
gestation

The gradual replacement of our standard hare pellet with
experimental pellets during the 5weeks before mating did not result
in significant changes of body mass of females at mating, although
there was a tendency of lower body mass of females receiving the
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niacin deficient diet [Table 2, effect of diet type F, ;5 =3.0, p=0.106].
The 40 mating events resulted in 16 litters, with 17 leverets born in
April-May and 13 in August-September. Body mass of mothers at
mating, leverets at birth, litter size, and failures of giving birth were
similar in both the niacin deficient and control diet group (Table 2, all
tests for effects of diet group and experimental period, n.s.). However,
leveret body mass at birth differed significantly according to diet
group and experimental period, with lower body mass at birth during
the second experimental period in offspring born to mothers fed the
niacin deficient diet [Table 2, interaction F; 15 =6.4, p=0.024].

3.2. Effects during the nursing period

During both experimental periods, body mass of mothers
increased during lactation [F, g, =38.1, p=0.006], was higher during
the late summer experimental period [Fg,=19.2, p<0.001], but
lower in both experimental periods of individuals receiving the niacin
deficient diet [F(;40)=11.3, p=0.001, Figure 1]. Independent of these
seasonal and diet group difference, mothers’ seemed to gain more
body mass during the nursing period at higher daily mean ambient
temperatures [F( 40 =3.7, p=0.058].

Leverets increased their body mass after birth rapidly, but slightly
slower when nursed by a mother receiving the niacin deficient diet
[Figure 2, interaction of leveret’s age and diet type fed to mother on
leveret body mass, F; 559 = 64.3, p<0.001]. Leverets were during the
second lactation period in August — September heavier [F; ;5=6.8,
p=0.028]. Litter size had a borderline significant negative effect on
body mass development of leverets [F; ;4 =4.2, p=0.068]. Independent
of season, there was a strong negative correlation between body mass
of leverets and daily mean ambient temperature in the stable
[Fy55=64.9, p<0.001].

Of the 30 leverets born during the two experimental periods, two
leveret from the niacin deficient diet group and three from the control
diet group were sacrificed because they had reached our animal
welfare endpoint criteria. Four had severe infectious diseases of the
gastrointestinal tract, and one showed severe neurological disorders.
For analyzing the effect of diet type on leveret survival, we considered
these five individuals as having died during the experiment. However,
there was no statistically detectable difference in the survival
probabilities of leverets from both diet type groups (CHI* =0.7, p=0.4;
Figure 3). A similar survival analysis for does was not possible,
because all 20 experimental does survived the experiment.

TABLE 2 Descriptive statistics of birth data.

Experimental
period

Variable/Diet
type

April—May

Niacin deficient

Mean S.E.M. Mean n

Control
S.EM.

10.3389/fevo.2023.1083045

4. Discussion

Survival and reproduction is impaired in hare populations living
in areas characterized by maize monoculture. Niacin undersupply due
to a maize biased nutrition was suspected to contribute to this
phenomenon (Selimovic et al., 2022). We conducted this study to
evaluate experimentally effects of dietary niacin deficiency on health
and reproductive success of European brown hares. In contrast to our
expectation, poor supply of niacin, as a result of feeding exclusively a
niacin deficient pellet, did not increase mortality, or cause any severe
health issues, neither in the experimental does nor in their offspring.
The minimum amount of dietary supply of niacin and trp is unknown
for European hares. The closest related species for which such
information is available is the rabbit. The amount of niacin provided
with our experimental pellet was only 13.1% of the required
concentration of niacin per kg food (Weisbroth et al, 1974).
Conversely, the pellet contained a sufficient concentration of trp
(100% of the recommended amount during the first experimental
period, 93% during the second when trp supplementation was
suspended; cf. Table 1; Adamson and Fisher, 1973).

Reasons for the lack of pathologies in brown hares, well known for
other species to result from a dietary undersupply of niacin, could
be (i) compensatory synthesis of niacin from trp (Krehl et al., 1945;
Wooley, 1947; Hegyi et al., 2004; Terakata et al., 2012; Tissier et al.,
2017). The conversion of trp to niacin occurs at maximum rate when
trp requirements are covered (Olcese et al., 1949), a condition fulfilled
with our experimental pellet. Although this conversion is inefficient
(67:1, Olcese et al,, 1949; Goldsmith, 1965), it could supply enough
niacin when trp rich food is available ad libitum, as it was the case in
our experiment. However, as maize tissues are not only deficient in
niacin but also in trp, this pathway may be limited in the wild. Further,
the conversion of trp to niacin becomes more effective during late
pregnancy (Fukuwatari et al., 2004), another possible contribution
why our experimental females remained healthy despite a severe
nutritional undersupply with niacin, (ii) Despite the widely accepted
inability of vertebrates to hydrolyze niacytin to make it bioavailable,
hares may be able to accomplish this at least to a small degree as
reported for rats (Mason and Kodicek, 1970), and (iii) Niacin could
be delivered in sufficient amount by caecal microorganism (McBee,
1971; Hunt and Harrington, 1974; Halls, 2010). The caecum is in
many small herbivorous mammals the principal site of microbial
activity (Hume, 1989). Some of these caecum fermenters excrete and
re-ingest fermented caecal material as so-called “soft feces” or

August—September

Niacin deficient Control

Mean n S.E.M. Mean n S.E.M.

Body mass of does at 3,344 10 61.0 3,612 10 97.6 3,163 9 71.9 3,515 11 85.0
mating
Leverets’ body mass 129 10 3.7 120 7 3.6 118 7 6.4 138 6 7.4
at birth
Litter size 2.5 4 0.50 1.8 4 0.48 1.8 4 0.25 1.5 4 0.29
No litter 6 6 5 7
Frontiers in Ecology and Evolution 04 frontiersin.org
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FIGURE 1

Body masses of European brown hare mothers measured during
lactation in April-May (red circles) and August—September (blue
circles). Animals were fed ad libitum exclusively with a niacin
deficient pellet, or a niacin supplemented control pellet (horizontal
lines indicate group means, shaded areas 95% confidence intervals
of the means).

® Control diet
® Niacin deficient diet

Residual body mass
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FIGURE 2

Residuals of Box-Cox-transformed body masses of leverets
measured during the period of nursing (shaded areas indicate 95%
confidence intervals of the estimated regression lines). Leverets had,
like their mothers, access ad libitum to either a niacin deficient pellet,
or a niacin supplemented control pellet.

“caeotrophs” Caecotrophs are rich in nutrients and vitamins,
particularly of the B-group, including niacin (Halls, 2010).
Caecotrophy is considered most sophisticated in leporids (Hirakawa,
2001). This may explain why a maize-biased diet produced more
detrimental effects in European hamsters (Tissier et al., 2017)
compared to European brown hares, the subject of our study. Even
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among leporids, there seem to be differences. Rabbits also use niacin
produced by ceacum microorganism (Kulwich et al., 1953; Hunt and
Harrington, 1974), but compensation of a dietary undersupply is
apparently less efficient than in the European hare, considering the
relatively high niacin concentration recommend for rabbit nutrition
(Weisbroth et al, 1974). This surprising difference calls for a
comparison of the nutrient contents of soft feces and the caecum
microbiomes of European hares and rabbits. According to our results,
substantial differences may exist.

Despite the lack of increased mortality or health issues when
feeding the experimental pellet, we found significant effects on body
mass at birth and on growth of leverets. Leveret body mass at birth
was significantly lower in the niacin deficient diet group in August-
September. An undersupply of trp, and therefore impaired conversion
of trp to niacin, could have been responsible for this difference.
Although still 93% of the recommended trp supply was provided with
the experimental pellet fed during August-September, this difference
may have been crucial, because trp plays an important role in fetal
development (Badawy, 2015). During the nursing period, offspring of
mothers fed the niacin deficient pellet gained mass at a lower rate. A
shortfall of niacin availability is known to negatively affect the fat
content of milk (Havlin et al., 2017). Apparently, this holds true for
European brown hare mothers as well. Although we have no
information about the fat content of milk produced by the does in our
experiment, a too low fat content of milk most likely explains retarded
growth of offspring from does fed the niacin deficient pellet. The
effects of dietary niacin deficiency on growth of leverets occurred on
top of a strong effect of ambient temperature. The negative effects of
higher daily mean ambient temperature on body mass gain could
result from impaired dissipation of heat produced as a byproduct of
the high metabolic rate of rapidly growing juveniles (Valencak and
Ruf, 2009).

Notwithstanding that, an experimentally induced undersupply
with niacin had astonishingly little negative effects. However, it has
been shown that maize monoculture, probably increasing the
consumption of maize by herbivores (MacGowan et al., 2006),
impairs the development of free-living European brown hare
populations (Selimovic et al., 2022). The maize plant is not only
poor in niacin but also in trp. Therefore, detrimental effects of a
maize biased diet on European brown hare populations may to a
large degree be mediated more by trp deficiency than by niacin
undernutrition. Nevertheless, the weak effects of low niacin
concentration in the food, found in this study under buffered
environmental conditions, could translate into increased mortality
under natural conditions. Free ranging leverets are in spring
frequently exposed to not only much lower ambient temperatures,
but also to wind and precipitation (Hacklinder et al., 2001). Such
conditions increase the basal metabolic rate of leverets (Hacklinder
et al., 2002a). In addition, free-living leverets have no shelter and
thus have most likely higher energy requirements than leverets in
our study, at least in spring. When mothers are unable to deliver
enough energy with milk because of malnutrition caused by maize
monoculture in their home ranges during lactation, or the fattening
period preceding the reproductive season, growth of juveniles may
well be much more impaired as found under our experimental
conditions. As a result, juvenile mortality may become substantial
under natural conditions, considering that weak juveniles are also
more likely to fall victim to predators. High juvenile mortality
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FIGURE 3
Probability of survival of leverets during the nursing period from birth
to forced weaning at the age of 28days (solid lines, estimated survival
probability, dashed lines 95% confidence intervals of survival
estimates). Leverets had, like their mothers, access ad libitum to
either a niacin deficient pellet, or a niacin supplemented control
pellet.

negatively affects population development particularly when spring
litters suffer, because early born leverets are most important for
population growth (Olesen and Asferg, 2006).

5. Conclusion

Altogether, our study showed that a niacin deficient diet negatively
affects growth of brown hare leverets. Combined with low plant
biodiversity due to monoculture, and increasingly unfavorable
climatic conditions, a maize biased nutrition seem to be an additional,
so far neglected factor contributing to the decline of brown hares
throughout Europe.

Data availability statement

The raw data supporting the conclusions of this article will
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