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1. STRESZCZENIE
1.1. Wstep

Poczawszy od XVIII w., tj. od czasu rewolucji przemyslowej, czlowiek staje si¢ coraz
bardziej istotnym czynnikiem zmian zachodzacych w  $rodowisku Ziemi. Przejawem
dzialalnosci czlowieka byly i sa miedzy mnymi konsekwencje zwigzane ze zmiang W
uzytkowaniu ziemi. W wyniku tej dzalalno$ci kosztem $rodowisk naturalnych powstaly
roZlegle 1 ciagle powigkszajace si¢ obszary przemyslowe, zurbanizowane i rolicze. Tak
uksztaltowane krajobrazy sa zrddlem skazen substancjami toksycznymi przez przemyst
wydobywczy, metalurgiczny, chemiczny, spalanie na wiclkg skale wegla, gazéw 1 paliw
plynnych, rohictwo (nawozy mineralne, S$rodki ochrony roslin) oraz ladunki zanieczyszczen
powstajacych przy przemystowym chowie zwierzat, itp. (Pacyna i Pacyna 2001; Pacyna i in.
2007; Norgate i in. 2007; Garcia i in. 2011; Chauhan i in. 2012). Zanieczyszczenia
przemyslowe o charakterze gazowym i pylowym zwlaszcza te drugie, zawierajagce metale
cigzkie, na skutek emisji do atmosfery stajg si¢ zrédlem skazenia gleb, wody i1 zywych
organizméw (Markert 1993; Kabata-Pendias i Pendias 2001; Palczewska-Komsa i in. 2016).
Podwyzszona zawarto$§¢ tych pierwiastkow w s$rodowisku kumuluje sie w tkankach roslin, a
nastepnie s3 one whczane do fancucha pokarmowego obejmujgcego zwierzeta oraz ludz
(Bowen 1979; Mankovska 1980; Holm 1 Wester 1988; Pokorny i in. 2004) i moga stac
przyczyng problemow zdrowotnych (np. Fraga 2005; Czeczot i Skrzycki 2015).

Poniewaz sarna europejska Capreolus capreolus spehia szereg kryteriow organizmu
wskaznikowego, takich jak: szeroki zasigg geograficzny, stosunkowo male terytoria (16—80
ha) (Jeppesen 1990; Pandini i Cesaris 1997), osiadlo§¢ - zwlaszcza samic (Ellenberg 1978 i
Kurt 1991), ograniczong strategic  zerowania, dostgpno$¢ podstawowych danych
populacyjnych, oraz prosta procedure pobierania probek, gatunek ten jest powszechnie
uznawany za dobry (np. Grodzinska i in. 1983, Tataruch 1991, Findo i in. 1993) lub nawet
doskonaly (Wren 1986) bioindykator skazen $rodowiska metalami cigzkimi oraz mnymi
pierwiastkami Sladowymi. W monitoringu tego rodzaju wykorzystuyje si¢ zaro6wno tkanki
twarde ciala, takie jak: zeby (np. Zaccaroni 1 n. 2008; Sobota i mn. 2011), poroze (np.
(Sawicka-Kapusta 1979; Tataruch 1995; Kierdorf oraz Kierdorf 2003; Pokorny 2006;
Pokorny 1 mn. 2009; Jablonska 1 mn. 2016), wlosy (Kucharczak i1 in. 2003, 2004, 2006),
odchody (Babinska-Werka i Czarnowska 1988; Pokorny i in. 2004a, b), krew (Baroni i in.
2000; Zele i Vengust 2012; Humann-Ziehank i in. 2008) oraz tkanki mickkie (np. Pokorny
2000; Pokorny 1 Ribaric-Lasnik 2002; Balos i n. 2015; Durkalec i in. 2015; Lehel i in. 2016).



Dotychczasowe badania wskazuja, ze pierwiastki $ladowe, w tym metale cigzkie,
kumulowane sg w tkankach organizméw z rézng szybkoscig (Ericson i in. 1991; Komarnicki
2000; Garcia 1 in. 2011; Kubaszewski i in. 2014), a tempo ich akumulacji moze zalezen¢ od
plci 1 wieku zwierzat (Kierdorf i in. 1989; Gasparik i in. 2004; Rudy 2010; Garcia i in. 2011;
Jarzynska 1 Falandysz 2011; Lanocha i in. 2012).

Chociaz pierwotnymi siedliskami saren byly rozmorodne typy lasow, to gatunek ten
przystosowat si¢ do zycia w otwartym krajobrazie roliczym na znacznych obszarach Europy
(Pielowski 1984; Ellenberg 1978). Przeprowadzone badania populacji zamieszkujgcych tak
odmienne siedliska pozwolily na odnotowanie miedzy nimi réznic w organizacji populacji
oraz behawiorze, co pozwolidlo na wyodrgbnienie ekotypu ,Jlesnego” i ,polnego” (Pielowski
1984). Te dwa ekotypy wykazujg roznice w rozmiarach i masie ciala, ekologii i fizjologii
(Zejda 1 Homolka 1980; Fruzinski 1 . 1982; Majewska i1 in. 1982; Kaluzinski 1982;
Pielowski 1 Bresinski 1982; Zejda i Bauerova 1985; Hofmann i in. 1988; Pételis i Brazaitis
2003; Flis 2011). Ekotypy sarny lesnej i polnej roznig si¢ takze preferencjami zywieniowymi
(Tixier i Duncan 1996). Dieta ekotypu polnego oparta jest przede wszystkim na roslinach
uprawnych (pszenica, zyto, jeczmien, kukurydza, owies, gryka, warzywa), ktore stanowiag
66% calkowitej masy ich paszy. Dieta sarny lesnej zawiera wigcej twardszych fragmentow
ro§lin, w tym drzew (grab zwyczajny, dab szypulkowy, brzoza, klon zwyczajny, osika
pospolita, $wierk), krzewoéw 1 krzewinek (trzmiclina, leszczyna pospolita, jezyna, jagoda
czernica), ktore stanowia okolo 11-13% calkowitego spozycia pokarmu i az do 25% pokarmu
spozywanego jesienig 1 zimg (Ggbcezynska 1980). Wykazano rowniez, ze sarna lesna chetnie
uzupelia swoja diete w sezonie jesienno-zimowym innymi twardymi pokarmami, takimi jak
7zoledzie (Krasnov i1 . 2015). Sarny zyjace w otwartym krajobrazie, gdzie warunki
klimatyczne sa surowsze 1 bardziej zmienne, a znalezienia odpowiedniego schronienia jest
ograniczona, s3 wieksze 1 ciezsze w poréwnaniu do osobnikoéw ekotypu lesnego (Fruzinski i
n. 1982, Narauskaite 1 Petelis 2010). Z kolei badania kraniometryczne s3 mniej
jednoznaczne, z jednej strony Petelis i Brazaitis (2003) oraz Kulak i Wajdzik (2009) wskazali
na znaczne roznice w wymiarach czaszki miedzy ekotypami, z drugiej strony inne badania
takich roznic nie potwierdzity (Sabalinkiene 1. 2017).

Warto zauwazy¢, ze badacze wskazujacy na znaczne réznice w wymiarach czaszki
miedzy ekotypami wykazali je przede wszystkim w obrebie aparatu gnatostomatycznego
(dlugo$¢ gornego 1 dolnego rzedu zgbow oraz dlugos¢ zuchwy). Uzebienie u ssakow jest
morfologicznie 1 funkcjonalnie dostosowane do diety 1 zachowan Zywieniowych. Zeby sarny
skladajg si¢ z trzech tkanek: szkliwa, zebiny 1 cementu. Szkliwo jest warstwa bezkomorkowa



zlozong z mocno zmineralizowanej ciasno upakowanej masy krysztalow hydroksyapatytu,
ktéra tworzy zewngtrzng krystaliczng powierzchnie zebow 1 jest najtwardszg tkankg zeba
(Winkler 1 Kaiser 2015). Moza zatem oczekiwa¢ réznic miedzy ekotypami sarny w cechach
zwigzanych z cechami morfologi z¢bow, takimi jak grubo$¢ szkliwa, ktéra jest cecha
pewolucyjnie lastyczng i zdolng do szybkiej adaptacji w odpowiedzi na zmiang diety (Hlusko
2004).

1.2. Podsumowanie publikacji

Niniejsza rozprawa doktorska sklada si¢ z cyklu trzech artykuldow dotyczacych
zagadnien zwigzanych z zawarto$cig wybranych pierwiastkow Sladowych w  réznych
tkankach twardych sarny europejskiej, a takZze pordwnania zmienno$ci pomigdzy rdznymi
ekotypami zamieszkujagcymi teren Polski Srodkowej 1 okolic Wina na Litwie. Przy kazdej
pozycji podano warto$¢ wspolczynnika Impact Factor oraz punktacje Ministerstwa Nauki i
Szkolictwa Wyzszego aktualne dla roku publikacji.

W sklad rozprawy doktorskiej wchodzg nastepujace artykuly:

1. Jan Demesko, Janusz Markowski, Mirostawa Slaba, Janusz Hejduk, Piotr Minias.
2017. Age Related Patterns in Trace Element Content Vary Between Bone and Teeth of the
European Roe Deer (Capreolus capreolus). Archives of Environmental Contamination and
Toxicology 74(2): 330-338. (IF 2017 = 2,497, punkty MNISW = 25, lista A).

Zwierzeta lowne, takie jak sarna, s3 czgsto wykorzystywane jako bioindykatory
skazenia $rodowiska. Jak dotad wigkszo$¢ badan ekotoksykologicznych na zwierzetach
kopytnych koncentrowala si¢ na zawartosci pierwiastkow $§ladowych w tkankach migkkich 1
porozu, natomiast sg jedynie fragmentaryczne informacje na temat tego, czy i w jaki sposob
stezenia pierwiastkow Sladowych zmieniajg si¢ w zaleznosci od wieku 1 jak ksztaltujg sie
wzorce akumulacji dla réznych rodzajéw tkanek. Celem tego badania bylo okreSlenie stezenia
siedmiu metali §ladowych (baru, miedz, Zelaza, olowin, manganu, strontu, cynku) i fluioru w
ko$ciach i zebach sarny oraz ustalenie, czy wykazuja one zmienno$¢ w zaleznosci od wieku.
Do badan poshizyly stale zgby trzonowe 1 fragmenty kosci zuchwy od 130 samic sarny
pozyskanych w latach 2009-2015 w centralnej Polsce. Wick osobnika byl ustalony wedlug
starcia zgbow. Przygotowane probki tkanek twardych (zgby 1 fragmenty kos$ci) przeplukiwano

W wodzie dejonizowanej, a nastepnie suszono w piecu w temperaturze 70°C przez 48 godzin.,



po czym zmineralizowano je w grafitowym bloku mineralizujgcym. Nastepnie zawarto$¢
pierwiastkow mierzono za pomoca spektrofotometru absorpcji atomowej. Srednie stezenia
pieciu metali Sladowych (miedZ oldw, mangan, stront i cynk) wykazaly statystycznie istotne
roznice migdzy tkanka kostng z zebami. W szczegélnosci stgzenia miedzi 1 olowm byly
wyzsze w tkance kostnej, podczas gdy stezenia manganu, strontu i cynku byly wyzsze w
zebach. W pieciu z siedmu pierwiastkow Sladowych (bar, Zelazo, mangan, stront, cynk)
wykazano istotng zalezno$¢ od wieku badanych osobnikow. Roznice w  bioakumulacji
elementow Sladowych zwigzanych z wiekiem pomiedzy tkanka kostng a zebami mozna
najprawdopodobniej wytlumaczy¢ znacznie szybszemu obrotowi materi w tkance kosci w

poroOwnaniu ze strukturg zeba.

2. Jan Demesko, Janusz Markowski, Eva Demesko, Mirostawa Staba, Janusz Hejduk,
Piotr Minias. 2018. Ecotype Variation in Trace Element Content of Hard Tissues in the
European Roe Deer (Capreolus capreolus). Archives of Environmental Contamination and
Toxicology 76(1): 76-86. (IF 2018 = 2,497, punkty MNISW = 25, lista A).

Zwierzeta zyjace w  siedliskach antropogenicznych ponoszg wiele kosztow, ktore sa
bezposrednio lub posrednio zwigzane z dzalalhoscia czlowieka. Nalezy do nich migdzy
mnymi podwyzszone narazenie na zanieczyszczenie Srodowiska, ktore moze mie¢ negatywne
konsekwencje dla kondycji 1 przezywalnosci osobnikéw. Celem tego badania bylo
przetestowanie roznic w zawartosci pierwiastkow Sladowych miedzy ekotypem polnym a
leSnym sarny europejskiej. Aby oszacowa¢ poziom ogdlnego zanieczyszczenia Srodowiska w
kazdym siedlisku, zmierzylismy zawartos¢ metali Sladowych we czterech gatunkach rosln,
bedacych waznym skladnikiem diety sarny. Stezenia trzech pierwiastkéw (miedz, zelaza i
olowiu) byly istotnie lub niemal istotnie powigzane z czynnikiem lesistosci u wszystkich
czterech badanych gatunkow roslin, gdzie rosliny z obszardw o nizszej lesistosci (zwigzanych
Z wystepowaniem ekotypu polnego sarny) wykazywaly wyzsze stezenia ww. pierwiastkow.
Podobny, negatywny zwigzek miedzy lesistoscia a stezeniem wykazywaly rowniez bar i cynk,
ale jedynie u niektorych z analizowanych gatunkéw ro$lin. Analiza pierwiastkow sladowych u
saren przy uwzglednieniu czynnikow: ekotyp, wiek oraz typ proby (kos$¢ vs. zgby), wykazala,
7ze stezenmia pieciu pierwiastkow (czterech metali: miedz, Zelaza, olowiu, strontu oraz fluoru)
pozostawaly w istotnej statystycznie zaleznosci z ekotypem i byly wyzsze u saren ekotypu
polnego, zaréwno w probkach tkanki kostnej, jak 1 zgbdéw. Te wyniki wskazuja na Scisle

powiazanie zawartosci elementow Sladowych w tkankach saren z zawartoscia wybranych



metali w spozywanym przez nie pokarmie, a sarny ekotypu polnego cechuja sie wyzsza
koncentracjg pierwiastkow $ladowych w stosunku do saren ekotypu lesnego.

3. Jan Demesko, Marta Kurek, Patrycja Podlaszczuk, Janusz Markowski. 2020.
Enamel thickness differs between field and forest European roe deer Capreolus capreolus.
Polish Journal of Ecology 68(1):100-107. doi.org/10.3161/15052249PJE2020.68.1.009. (IF
2018 = 0,590, punkty MNISW = 40, lista A).

Niektore cechy morfologiczne zebow, takie jak grubo$¢ szkliwa, uznawane s3 za
cechy ewolucyjnie plastyczne, zdolng do szybkiej adaptacji w odpowiedzi na zmiang diety.
Poniewaz uzgbienie ssakdéw jest morfologicznie 1 funkcjonalnie dostosowane do diety oraz
zachowan zywieniowych, w niniejszej pracy podjeto probe przetestowania wplywu bytowania
w siedliskach lesnych i polnych na grubos¢ szkliwa u sarny. Szkliwo to warstwa zlozona z
mocno zmineralizowanej ciasno upakowanej masy krysztalow hydroksyapatytu, ktéra tworzy
zewnetrzng  krystaliczng powierzchnie zgbow 1 jest najtwardsza tkanka zebowa. Stad uznaje
sig, ze stanowi ono strukturalne wzmocnienie zebow, chronigce przed zuzyciem i
rozprzestrzenianiem si¢ peknie¢. Dieta ekotypu polnego sarny oparta jest przede wszystkim
na ro$linach uprawnych, ktére stanowiag 66% calkowitej masy ich pokarmu, natomiast dieta
sarny lesnej zawiera wigcej twardszych fragmentow roslin, w tym drzew. W obecnej pracy
wykazalismy, Ze osobniki ekotypu polnego mialy istotnie nizsze S$rednie wartosci grubosci
szkliwa (0,19 mm + 0,063 [SE]) w porownaniu do osobnikéw ekotypu lesnego (0,21 mm =+
0,052 [SE]). Analiz¢ zréznicowania wiekowego przeprowadzono dla dwoch kategorii —
osobnikkow miodych (od 2 do 4 roku zycia) oraz starych (5 lat 1 powyzej 5 roku zycia).
Osobniki mlode wykazywaly tendencje do posiadania grubszego szkliwa niz osobniki stare.
Ciensza warstwa szkliwa korony trzeciego dolnego trzonowca u sarny ekotypu polego moze
by¢ wyjasniana z jednej strony adaptacja do diety realizowanej w $rodowisku polnym, a z
drugiej strony efektem stresu na jaki sa narazone ze wzgledu na mniejszg mozliwos¢ ukrycia
sig. Czesta ekspozycja na stres moze znacznie zaklocié wydzelanie ameloblastow, a tym

samym wplyng¢ na grubos¢ szkliwa

1.3. Introduction

Since the industrial revolution of the eighteenth century, man has exerted a growing
influence on the changes occurring in the Earth’s environment. Human activity is most clearly

reflected in widespread changes in land use, characterized by the extensive and constant



growth of industrial, urbanized and agricultural areas at the expense of natural environments.
Landscapes shaped in this way are a source of contamination by toxic substances produced by
a range of industries, including those associated with mining, metallurgy and chemical
production, as well as the large-scale combustion of coal, gases and liquid fuels; heavy
pollution loads are also exerted by the agriculture sector in the form of mineral fertilizers and
plant protection products, and by industrial animal husbandry (Pacyna & Pacyna 2001;
Pacyna et al. 2007; Norgate et al. 2007; Garcia et al. 2011; Chauhan et al. 2012). Further
contamination of soil, water and living organisms also occurs through the emission of
industrial gas and dust pollutants, the latter containing heavy metals (Markert 1993; Kabata-
Pendias & Pendias 2001; Palczewska-Komsa et al. 2016). These elements accumulate in plant
tissues due to their increased content in the environment, and then enter the food chain
including animals and humans (Bowen 1979; Mankovska 1980; Holm & Wester 1988;
Pokorny et al. 2004) and may cause health problems (e.g. Fraga 2005; Czeczot and Skrzycki
2015).

As the European roe deer (Capreolus capreolus) fulfils a number of the criteria
required for an indicator organism: their wide geographical range, relatively small territories
of only 16-80 ha (Jeppesen 1990; Pandini and Cesaris 1997), the sedentary habits of females
(Ellenberg 1978; Kurt 1991), limited feeding strategy, availability of basic population data
and a simple sampling procedure. The species is widely recognized as a good (see:
Grodzinska et al. 1983; Tataruch 1991; Findo et al. 1993) or even an excellent (Wren 1986)
load indicator of heavy metals and other trace elements in the environment. Such pollutant
monitoring is typically performed on hard body tissues such as teeth.

Research to date indicates that trace elements, such as heavy metals, accumulate in the
tissues of organisms at different rates (Ericson et al. 1991; Komarnicki 2000; Garcia et al.
2011; Kubaszewski et al. 2014). This rate also depends on the sex and age of the animals
(Kierdorf et al. 1989; Gasparik et al. 2004; Rudy 2010; Garcia et al. 2011; Jarzynska &
Falandysz 2011; Lanocha etal. 2012).

Although roe deer originally inhabited various types of forests, the species gradually
adapted over time to life in the open agricultural landscape of large areas of Europe
(Pielowski 1984; Ellenberg 1978). Differences have since been identified in the organization
and behavior of the populations inhabiting such different habitats, and these have allowed the
“forest” and “field” ecotypes to be distinguished (Pielowski 1984). These two ecotypes show
differences in body size, weight, ecology and physiology (Zejda & Homolka 1980; Fruzmnski
et al. 1982), as well as in their food preferences (Tixier & Duncan 1996). The field ecotype



diet is based on crops (wheat, rye, barley, corn, oats, buckwheat, vegetables), which constitute
66% of the total weight of their feed; in contrast, the forest roe deer consume harder plant
fragments, including trees (European hornbeam, European oak, birch, Norway maple, aspen,
spruce), shrubs and bushes (common spindle, hazel, blackberry, blueberry); these harder
fragments constitute about 11— 13% of total food consumption, rising to 25% in autumn and
winter (Gebczynska 1980). It has also been shown that in the autumn and winter season, deer
willingly supplement their diet with other hard foods such as acorns (Krasnov et al. 2015).
The field-type roe deer living in an open landscape, where climatic conditions are more severe
and variable, and lacking shelter, are larger and heavier than those of the forest ecotype
(Fruzinski etal. 1982, Narauskaite & Petelis, 2010).

Interestingly, the findings of craniometric studies are more contradictory: Petelis and
Brazaitis (2003) and Kulak and Wajdzik (2009) note significant differences in skull size
between ecotypes, while Sabalinkiene etal. (2017) report no such difference.

It is noteworthy that the studies indicating such significant differences in skull
dimensions were based on measurements of the gnatostomatical apparatus, such as the lengths
of the upper and lower rows of teeth, and the length of the jaw. Roe deer teeth consist of three
tissues: enamel, dentin and cement. The hardest of these, enamel, is a cell-free layer
composed of a highly mineralized, tightly packed mass of hydroxyapatite crystals that serves
as the outer crystalline surface of the tooth (Winkler & Kaiser 2015). As the teeth of mammals
are morphologically and functionally adapted to diet and feeding behavior, it would be
reasonable for tooth-related features, such as enamel thickness, which is an evolutionary
plastic feature and capable of rapid adaptation in response to a change in diet, to differ
between the two roe deer ecotypes (Hlusko 2004).

1.4. Articles synopsis

This doctoral dissertation consists of a series of three articles on issues related to the
content of selected trace elements in various hard tissues of European roe deer, as well as
analyses of the variability between different ecotypes living in central Poland and the vicinity
of Vilnius in Lithuania. For each item, the Impact Factor value and the Ministry of Science

and Higher Education scores are current for the year of publication.

The doctoral dissertation consists of the following articles:
1. Jan Demesko, Janusz Markowski, Miroslawa Slaba, Janusz Hejduk, Piotr Minias.
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2017. Age Related Patterns in Trace Element Content Vary Between Bone and Teeth of the
European Roe Deer (Capreolus capreolus). Archives of Environmental Contamination and
Toxicology. 74 (2): 330-338. (IF 2017 = 2.497, MNISW points = 25, list A)

Game animals such as roe deer (Capreolus capreolus) are used as bioindicators of
environmental contamination. So far, most ecotoxicological studies on ungulates have focused
on the content of trace elements in soft tissues and antlers, but little information exists about
whether, and how, the concentrations of trace elements vary according to age and tissue type.
The purpose of this study was to evaluate the concentrations of seven trace metals, viz.
barium, copper, iron, lead, manganese, strontium, zinc and fluoride, in bone and tooth tissue
samples from deer and to determine whether they show significant relation to age. The
analysis was performed on the permanent molars and fragments of mandibular bones of 130
female roe deer obtained by regular hunting in 2009-2015 in central Poland. The age of the
individuals was determined by tooth wear.

Briefly, the hard tissue samples, ie. the tooth and bone fragments, were rinsed in
deionized water and then dried in an oven at 70°C for 48 hours. They were then mineralized
in a graphite mineralization block and their content was analyzed using an atomic absorption
spectrophotometer. The mean values of five trace metal concentrations, viz. copper, lead,
manganese, strontium and zinc, differed significantly between the sampled bone tissue and
teeth: the copper and lead concentrations were higher in bone tissue, while manganese,
strontium and zinc concentrations were higher in teeth. In addition, five of the seven studied
trace elements (barium, iron, manganese, strontium, zinc) demonstrated a significant
relationship with the age of the tested individuals. Such age-related differences in trace
element levels between bone and teeth can most likely be explained by the much faster

rotation of matter in bone tissue compared to teeth.

2. Jan Demesko, Janusz Markowski, Eva Demesko, Mirostawa Staba, Janusz Hejduk,
Piotr Minias. 2018. Ecotype Variation in Trace Element Content of Hard Tissues in the
European Roe Deer (Capreolus capreolus). Archives of Environmental Contamination and
Toxicology. 76(1):76-86. (IF 2018 = 2,497, punkty MNISW = 25, lista A).

Animals living in anthropogenic habitats bear a lot of the costs that are directly or
indirectly related to human activities, including increased exposure to environmental

pollution; such exposure can have negative consequences for free-living populations. The
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purpose of this study was to examine the differences in trace element content between the
field and forest ecotype of the European roe deer. To estimate the level of overall
environmental pollution in each habitat, the study determined the content of trace metals in
four plant species constituting an important component of the roe deer diet. The
concentrations of three elements (copper, iron and lead) were significantly or almost
significantly related to the forest cover factor in all four tested plant species: they were found
at higher concentrations in plants from areas with lower forest cover, i.e. those associated with
the occurrence of the roe deer ecotype. A similar, negative relationship between forest cover
and concentration was also observed for barium and zinc, but only in some of the analyzed
plant species.

A further analysis was performed of the concentration of trace elements with regard to
the ecotype and age of deer, and the tissue type of the sample (bone vs. teeth). It was found
that the levels of five elements, viz. the four metals copper, iron, lead and strontium, and the
non-metal fluorine, were significantly higher in the bone and tooth samples from the field
ecotype than those of the forest ecotype. These results indicate a close relationship between
the content of trace elements in roe deer tissues and the content of selected metals in the food
they eat. Roe deer living in the field are characterized by higher concentrations of trace

elements those inhabiting forests.

3. Jan Demesko, Marta Kurek, Patrycja Podlaszczuk, Janusz Markowski. 2020.
Enamel thickness differs between field and forest European roe deer Capreolus capreolus.
(IF 2018/2019 = 0,590, punkty MNISW = 40, lista A).

Some morphological features of the teeth, such as enamel thickness, are considered
evolutionary plastic features capable of rapid adaptation in response to a change in the diet.
As  mammalian teeth are morphologically and functionally adapted to diet and feeding
behavior, the present study examined the impact of living in forest and field habitats on the
thickness of roe deer tooth enamel. The enamel is a layer consisting of a highly-mineralized,
tightly-packed mass of hydroxyapatite crystals, which creates the outer crystalline surface of
the teeth and is the hardest dental tissue. Therefore, it is considered to strengthen the structure
of the teeth, protecting against wear and propagation of cracks. The diet of the field ecotype
of roe deer is primarily based on crop plants, which constitute 66% of the total mass of their

food; in contrast, roe deer tend to consume harder plant fragments, including trees.
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Our findings indicate that field ecotype individuals showed significantly lower average
enamel thickness values (0.19 mm + 0.63 SE) compared to those in the forest ecotype (0.21
mm + 0.52 SE). The analysis of age diversity was carried out based on two categories: young
deer, i.e. those aged from two to four years, and old ones, i.e. those aged five years and over.
Young individuals tended to have thicker enamel than the older ones. The presence of a
thinner enamel crown on the third lower molar in a roe deer field ecotype can be explained on
the one hand by adaptation to a diet implemented in a field environment, and on the other
hand by the stress effect they are exposed to due to less concealment. More frequent exposure
to stress can significantly disrupt the secretion of ameloblasts, and thus affect the thickness of

the enamel.
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1. Samny ekotypu polnego mialy wyzsze S$rednie stezenia czterech pierwiastkow

sladowych: miedz, zelaza, olowm, strontu i fluoru w poréwnanu z sarng lesng.
Romice te byly zgodne ze zrézmicowaniem stg¢zen metali cigzkich w $rodowisku (w
obwodach lowieckich o rézmym stopniu lesistosci), co zostalo ocenione na drodze
analizy ich poziomu w organach czterech gatunkow roslin bedacych waznym

elementem diety sarny.

. Badania ujawnily rozmice we wzorcach bioakumulacji pierwiastkow $§ladowych

migdzy tkankami twardymi u sarny. Stezenia baru, magnezu, cynku i fluoru w zgbach
roslo wraz z wiekiem, podczas gdy nie odnotowano takich trendow w przypadku

tkanki kostnej.

. Wykazana istotnic statystycznie ciensza warstwa szkliwa korony trzeciego dolnego

trzonowca u sarny ekotypu polnego moze by¢ wyjasniana z jednej strony adaptacja do
diety realizowanej w $§rodowisku polnym, a z drugiej strony efektem stresu na jaki sa
narazone ze wzgledu na mniejszg mozliwo$¢ ukrycia sie. Czgsta ekspozyCja na stres
moze znacznie zaklocié wydzelanie ameloblastow, a tym samym wplynag¢ na grubosé
szkliwa.

Badania wskazuja, Zze tkanki twarde: kostna i zeby sarny mozna wykorzysta¢ jako

wiarygodny wskaznik zanieczyszczenia $rodowiska.

. Mozna oczekiwaé, ze dalszy wzrost zanieczyszczen S$rodowisk antropogenicznych

moze mie¢ negatywne konsekwencje dla populacji zwierzat lownych, a takze dla

konsumentow dziczyzny.

. Nasze badanie potwierdza rowniez potrzeb¢ uwzglednienia czynnika jakim jest wiek

w badaniach ekotoksykologicznych dzko zyjacych zwierzat.



. The field-ecotype roe deer display higher mean concentrations of four trace elements,

viz. copper, iron, lead, strontium and fluorine, compared to those of a forest ecotype.
These differences were consistent with the level of their concentration in the
environment, in hunting districts, which was determined by analyzing their levels in

the organs of four plant species.

. Differences in bioaccumulation patterns of trace elements were observed between hard

tissues in roe deer. The concentrations of barium, magnesium, zinc and fluorine

increased with age in teeth; however, no such trends were found in bone tissue.

. The layer of the enamel crown of the third lower molar was found to be significantly

thinner in field ecotype deer; this can be explained, on the one hand, by adaptation to a
diet implemented in a field environment, and on the other hand, by the stress effect
they experience due the lack of hiding spaces. Frequent exposure to stress can
significantly disrupt the secretion of ameloblasts, and thus affect the thickness of the
enamel.

Our research indicates that hard tissues of roe deer, e.g. bone and tooth tissue, can be

used as important indicators of environmental pollution.

. It can be expected that a further increase in pollution by anthropogenic environments

may have negative consequences for the wild game animal population, as well as for

Venison consumers.

. Our study also confirms the need to take age into account as an important factor in

ecotoxicological studies of free-living animals.
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Abstract Game animals, such as the roe deer (Capreolus
capreolus), have long been used as bioindicators of environ-
mental contamination. Most ecotoxicological research on
ungulates has focused on trace element content in soft tis-
sues and antlers. Also, only fragmentary information exists
about whether and how trace element concentrations vary
with the age of wild-living animals and whether these age-
related patterns are similar for different types of tissues. The
purpose of this study was to measure concentrations of seven
trace metals (barium, copper, iron, lead, manganese, stron-
tium, zinc) and fluoride in bone and teeth of roe deer and
to determine whether significant variation is evident with
individual age. For this purpose, we collected permanent
molars and fragments of mandible bone from more than 130
female roe deer in Central Poland. We found that concentra-
tions of four trace elements (barium, manganese, zinc, and
fluoride) in teeth of deer showed positive linear relation-
ships with individual age. No such trends were recorded
for trace element content in bone. We suggest that these
striking differences in age-related patterns of trace element
bioaccumulation between bone and permanent teeth of roe
deer might be explained by higher turnover rate and constant
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remodelling of bone tissue. The results suggest that analysis
of permanent teeth may be useful for assessing throughout-
life intoxication by environmental pollution in the roe deer
and possibly in other mammal species. Our study reinforces
the need to carefully account for age-related variation in
ecotoxicological research on wild-living animals.

Technological developments and changes that occur in the
modern world have a significant impact on natural environ-
ment. It is widely acknowledged that urbanization consti-
tutes one of the most important threats to wildlife and its
biodiversity in the present day (McKinney 2008). Expanding
urban landscape, industrialization, and modern agriculture
practices are all associated with growing emission of gase-
ous and particulate matter to the environment (Pacyna and
Pacyna 2001; Pacyna et al. 2007; Norgate et al. 2007; Gar-
cia et al. 2011). Contamination from burned fuel and other
sources gets to the air, water, and plants (Markert 1993;
Kabata-Pendias and Pendias 2001; Palczewska-Komsa
et al. 2016). Increasing concentrations of heavy metals in
the environment often leave a detectable trace in human and
animal organisms (Bowen 1979; Martikovska 1980; Holm
and Wester 1988; Pokorny et al. 2004a, b).

Game animals, such as the European roe deer (Capre-
olus capreolus), have long been used as indicators of
environmental contamination (Sawicka-Kapusta 1979;
Maitikovska et al. 2012). Roe deer are found in high
abundance across almost all of Europe and the Middle
East. Roe deer show large behavioural plasticity and can
occupy wide range of habitats, including those strongly
affected by human activities (Burbaité and Csanyi 2009).
Despite broad geographical distribution, individual
roe deer typically have small home ranges of 16-80 ha
(Jeppesen 1990; Pandini and Cesaris 1997). Thus, it
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seems likely that concentrations of trace elements in roe
deer tissues could reflect concentrations of pollutants in
the local environment (Kucharczak et al. 2006). However,
different trace elements might be deposited in different
tissues at a varying rate (Ericson et al. 1991; Komarnicki
2000; Garcia et al. 2011; Kubaszewski et al. 2014). Also,
there might be large age-related variation in the trace ele-
ment content in different types of tissues (Kierdorf et al.
1989; Gasparik et al. 2004; BilandZi¢ et al. 2009; Rudy
2010; Garcia et al. 2011; Jarzyriska and Falandysz 2011;
Lanocha et al. 2012).

Ecotoxicological studies of roe deer have mostly
focused on heavy metal concentrations in blood (Baroni
et al. 2000; Zele and Vengust 2012; Humann-Ziehank
et al. 2008) and soft tissues, such as liver, kidney, and
muscle (Pokorny 2000; Pokorny and Ribari¢-Lasnik 2002;
Balos et al. 2015; Durkalec et al. 2015; Lehel et al. 2016).
This is understandable, because venison is allowed for
consumption within the European Union (EU) and must
comply with the EU standards (Ziembinska and Kras-
nowska 2007; Lehel et al. 2016). Trace element concen-
tration was also studied in deer hair (Kucharczak et al.
2003, 2004, 2006) and feces (Babinska-Werka and Czar-
nowska 1988; Pokorny et al. 2004a, b). Finally, extensive
ecotoxicological research has been performed on deer
antlers (Sawicka-Kapusta 1979; Tataruch 1995; Kierdorf
and Kierdorf 2000, 2001, 2002, 2003; Pokorny 2006;
Pokorny et al. 2009; Jabtoriska et al. 2016), possibly due
to wide availability of hunting trophies. Other hard tis-
sues, such as skeletal bones and teeth, have been much
less researched (Marikovska 1980; Zaccaroni et al. 2008;
Sobota et al. 2011; Mainikovska et al. 2012). It remains
unknown whether concentrations of trace elements in tis-
sues change over the life cycle of roe deer and whether
these age-related trends, if present, are similar for different
types of tissues. We believe that such knowledge is crucial
to draw reliable conclusions about the exposure of indi-
viduals or populations to environmental pollution while
investigating concentrations of trace elements in animal
tissues.

The purpose of this study was to measure concentra-
tions of seven trace metals (barium, copper, iron, lead,
manganese, strontium, zinc) and fluoride in skeletal bone
and teeth of roe deer and to determine if they show sig-
nificant variation with individual age. For this purpose,
we collected permanent molars and fragments of mandi-
ble bone from more than 130 female roe deer in Central
Poland. Although we had no quantitative data on environ-
mental pollution in our sampling area, the trace elements
chosen for this study are all toxic and potentially toxic, and
they are among those in greatest commercial use or emis-
sion, likely exerting ecotoxicological effects on humans
and wildlife (Wong et al. 2006).
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Materials and Methods
Study Area

All samples were collected in £6dZ voivodship, Cen-
tral Poland. In terms of physiography, £.6dZ voivodship
is situated on the border of two major units: the Central
European Lowland and the Polish Highlands (Kondracki
2002). The entire study area has the lowest share of forests
(21.1%) in the country. The rate of urbanization is 63.8%,
and the share of agricultural area is 60.4%. Samples were
collected in seven Game Breeding Centres (GBCs): Brzez-
iny (51°45" N, 19°43" E), Kolumna (51°34’ N, 19°13" E),
Kutno (52°14' N, 19°08’ E), Poddgbice (51°54' N, 18°53’
E), Smardzewice (51°26' N, 19°60" E), Spata (51°31' N,
20°11" E), and Wieluni (51°11' N, 18°44" E), all managed
by the Regional Directorate of State Forest in L6dz. All
GBCs were located relatively close (25-100 km) to a large
urban centre, £.6dz (51°46' N, 19°28' E; 293 km?, 708,500
inhabitants).

Sample Collection and Processing

Female roe deer were culled during regular hunting period
from 30 September to 15 January in accordance with local
hunting plans and regulations. A total sample consisted of
132 female skulls obtained in 2009-2014. Skull preparation
followed standard procedures: boiling in water for 2-2.5 h,
cleaning from soft tissues, rinsing in clean water, bleaching
in oxidized water, and air drying for 24 h. Age of sampled
specimens was evaluated based on dental wear (Przybyl-
ski 2008) by the members of the Regional Commission for
Hunting Evaluation in £.6dZ. Tooth wear forms the mecha-
nistic basis of senescence in ungulates (Gaillard et al. 1993)
and have been frequently used for age determination in many
cervid species (Brown and Chapman 1991; Ericsson and
Wallin 2001; Hgye 2006). Although tooth wear in roe deer
has been reported to show some interpopulation variation
due to differences in diet and habitat (Hewison et al. 1999),
our samples were collected within small geographical area,
which was characterized by relatively uniform environmen-
tal conditions. Age of roe deer in our sample varied between
2 and 12 years. For the purpose of analyses, animals were
grouped into four age classes: (1) 2 years old (n = 49), (2)
3—4 years old (n = 35), (3) 5-6 years old (n = 27), and
(4) > 6 years old (n = 19). The third permanent molar and a
small fragment of mandible bone were collected from each
skull and used in further analyses. The teeth were usually
collected from the left side, but in a few cases teeth from the
right side were extracted, because those on the left side were
mechanically damaged, missing, or exhibited pathological
alterations.
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Measurements of Trace Metal and Fluoride
Concentrations

All teeth and bone fragments were rinsed in deionized
water to remove externally absorbed elements. The sam-
ples used for the measurements of metal concentrations
were dried in an oven at 70 °C for 48 h and then weighed
to the nearest 0.01 g. Average mass of dried samples
was 0.71 + 0.02 [SE] g and 0.48 + 0.01 [SE] g for teeth
and bone, respectively. Dried samples were dissolved in
the proportion of 1:15 in 65% nitric acid, kept in 20 °C
for 24 h, and then digested at 105 °C for another 24 h
using a graphite digestion block (DigiPREP Mini, SCP
Science, Quebec, Canada). After digestion, all samples
were diluted with deionized water to the total volume of
30 mL and stored in polypropylene metal-free vials at
20 °C until analysis.

Concentrations of barium, copper, iron, lead, manga-
nese, strontium, and zinc were measured in the samples
using atomic absorption spectrophotometer SpectrAA
300A AAS, GTA-96 graphite tube atomizer, and pro-
grammable sample dispenser (Varian Techtron, Mel-
bourne, Australia). The analyses were performed in the
Laboratory of Computer and Analytic Techniques, Fac-
ulty of Biology and Environmental Protection, University
of L.6dz. For copper, iron, lead, manganese, and zinc, we
used certified reference material (ERM-186 pig kidney)
from the Institute for Reference Materials and Measure-
ments (Geel, Belgium). For strontium, we used Strontium
Standard for AAS (TraceCERT®, 1000 mg/L Sr in nitric
acid), and for barium, we used Barium Standard for AAS
(TraceCERT®, 1000 mg/L Ba in nitric acid) to verify the
quality and accuracy of the analyses. Recovery rates for
the certified reference materials were within an accept-
able margin.

Measurements of fluoride concentration followed
methodology recommended by Campus et al. (2007).
First, we powdered 1.2 g of each tooth and bone sample
in a ball mill Mixer Mill MM 400 (Retsch, Germany)
with zirconium oxide beads (frequency 25 Hz, time 60 s).
Powdered samples were transferred to a volumetric flask,
dissolved in 8 mL of 37% HCI solution, and then diluted
with deionized water to the total volume of 10 mL. A
5-mL aliquot of the above solution was transferred to
another volumetric flask, diluted 1:1 with deionized
water, neutralized with a 6 M NaOH solution to pH 4.5,
and diluted with deionized water to the total volume of
25 mL. Sample solution was diluted with TISAB (1:1)
and fluoride concentration was measured with ion-selec-
tive fluoride electrode (Hydromet S.C., Gliwice, Poland).
All trace element concentrations were expressed in mg
per kg dry mass.

Statistical Analyses

Before analyses, we identified outliers using criteria of > 4
SD. Outlier analyses were conducted separately for teeth
and bone samples. Between one and three outliers were
identified in 10 of 16 analysed measurements, whereas 6
measurements showed no outliers (Fig. S1 in the Electronic
Supplementary Material). All outliers were removed from
the dataset. After outlier removal, measurements with high
(> 1) skewness (copper, iron, lead, manganese, and fluoride)
were log-transformed to improve normality.

The effects of age and sample type (teeth vs. bone) on
trace metal and fluoride concentrations were analysed with
general linear mixed models (GLMMs). Because teeth
and bone samples were collected from the same individu-
als, we included individual identity as a random factor to
avoid pseudoreplication (Hurlbert 1984). The effect of year
also was included as a random factor to control for inter-
annual variation in the collected measurements. Age and
sample type were included as fixed factors. To test whether
age-related differences were similar for both sample types,
we entered age-sample interaction in each model. GLMM
models were fitted using the restricted maximum likeli-
hood (REML) method. With this approach, denominator
degrees of freedom are calculated by using a Satterthwaite
approximation, which can result in fractional degrees of
freedom (Satterthwaite 1946). The results of full models
were reported. For measurements that showed significant
age-related variation, we used contrast analysis (follow-
ing recommendations by Ruxton and Beauchamp 2008) to
test for an a priori hypothesis of linear increase or decrease
with age. We also used Tukey post hoc comparisons to test
for pairwise differences between age classes. All statistical
analyses were conducted in JMP 12.1.0 (SAS Institute Inc.,
Cary, NC).

Results

We found that mean concentrations of five trace metals (cop-
per, lead, manganese, strontium, and zinc) differed signifi-
cantly between teeth and bone (Tables 1, 2). Specifically,
concentrations of copper and lead were higher in bone,
while concentrations of manganese, strontium, and zinc were
higher in teeth (Tables 1, 2). No differences between teeth
and bone were recorded in the concentration of barium, iron,
and fluoride (Tables 1, 2).

Significant age variation was found in the concentrations
of five of seven trace metals (barium, iron, manganese,
strontium, and zinc), although in most cases the effect of
age depended on the sample type (Table 2). Concentration
of only one trace metal, iron, varied with age irrespectively
of sample type. Concentration of iron in both teeth and
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Table 1 Mean (+SE) concentrations of seven trace metals and fluo-
ride in bone (mandible) and teeth (third permanent molar) in roe deer
from Central Poland

Trace element Bone Teeth
Mean + SE n Mean + SE n

Barium 209.25 + 6.12 131 200.74 + 6.39 132
Copper 5.74 £ 0.40 130 5.28 +0.27 130
Tron 21.71 £ 0.61 130 20.68 + 0.49 132
Lead 0.62 +0.04 131 0.51 +0.04 130
Manganese 6.33+0.18 132 82.78 + 6.70 131
Strontium 89.09 + 1.98 132 92.03 +2.29 132
Zinc 94.52 + 1.19 130 107.49 + 2.10 132
Fluoride 4.82 +0.45 129 3.81 +0.38 130

All concentrations are given in mg per kg dry mass

bone showed a decreasing linear trend with age (contrast
analysis: F| 5,5 = 8.99, p = 0.003), but the only signifi-
cant difference was between youngest individuals (2 years
old) and older age classes (Tukey: all p < 0.05; Fig. 1c¢).
The effect of age on all other trace metal concentrations
depended on the type of sample, as indicated by significant
age-sample interactions (Table 2). In all of these cases, we
recorded no age-related variation in trace metal concentra-
tions in bone (barium: Fj ;56 3 = 0.99, p = 0.40; manganese:
F3 1249 = 1.56, p = 0.20; strontium: Fj 15 4= 1.16, p = 0.33;
zinc: Fj 19,3 = 0.70, p = 0.55; Fig. 1). In contrast, teeth
samples showed significant age-related variation in the con-
centrations of barium (F3 153 = 4.75, p = 0.004; Fig. 1a),
manganese (F; 55, = 4.85, p = 0.003; Fig. le), and zinc
(F3.1062 = 23.31, p < 0.001; Fig. 1g), whereas no age varia-
tion was found for strontium concentration (F; 1569 = 1.03,
p = 0.38; Fig. 1f). Concentrations of barium, manganese,
and zinc in teeth showed significant linear increase with age,
as indicated by the contrast analysis (barium: F 1,5, = 8.78,
p = 0.004; manganese: F| 554 = 7.70, p = 0.006; zinc:

F 1262 = 57.35, p < 0.001). An interaction between age
and sample type for fluoride concentration approached
significance (Table 2). Analysis of fluoride concentrations
separately for the two types of samples revealed no age-
related differences in bone (F 15, = 0.97, p = 0.33) and
a significant increase with age in teeth (contrast analysis:
F 1204 = 13.40, p < 0.001; Fig. 1h). No age-related differ-
ences were recorded for copper and lead (Table 2; Fig. 1b,
d).

Discussion

Our study provided strong evidence for age-related variation
in the concentrations of several trace elements in permanent
teeth of roe deer from Central Poland. Concentrations of
three trace metals (barium, manganese, and zinc) in teeth
of deer showed positive linear relationships with animal’s
age, indicating that some elements can accumulate in tooth
structure throughout life. A similar trend was observed for
fluoride concentration in teeth. In contrast, none of trace ele-
ments in bone showed an age-related increase in concentra-
tion, suggesting that bone and teeth show different patterns
of trace element accumulation.

Differences in age-related patterns of bioaccumulation
between bone and teeth can be most likely attributed to much
higher turnover rate of bone when compared with tooth
structure (Malara et al. 2016). Bone tissue, mainly formed
from carbonated hydroxyapatite, is remodelled throughout
entire animal life and its microelements can be transported
to other tissues or excreted from organism. Specifically,
bone can serve as a metal reservoir, because trace metals
accumulated in this tissue are released into the bloodstream
during its reconstruction. We are not aware of any quantita-
tive data on bone turnover rate in the roe deer. However, it is
estimated that more than 10% of total human bone tissue is
remodelled each year, making an adult skeleton completely

Table 2 Effects of age and sample type (bone vs. tooth) on the concentrations of seven trace metals and fluoride

Factor Barium Copper Iron Lead
F p F p F p F p
Age 7.70 0.065 0.68 0.57 6.01 < 0.001 1.23 0.30
Sample type 0.44 0.51 5.16 0.025 0.89 0.35 15.46 < 0.001
Age*Sample type 10.19 < 0.001 0.37 0.77 0.73 0.53 0.69 0.56
Manganese Strontium Zinc Fluoride
F p w p F p F p
Age 2.99 0.033 0.77 0.51 13.63 < 0.001 4.31 0.006
Sample type 1105.3 < 0.001 7.35 0.008 97.41 < 0.001 2.80 0.097
Age*Sample type 4.74 0.004 2.77 0.045 20.87 < 0.001 2.25 0.086

Significant terms are marked in bold
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Fig. 1 Age-related variation in the concentrations of seven trace metals (a barium, b copper, ¢ iron, d lead, e manganese, f strontium, g
zinc) and fluoride (h) in bone (solid line, line, filled circles) and teeth (dotted line, open squares) of roe deer. Means + SE are presented
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rebuilt in less than 10 years (Arnett and Henderson 1998).
In animals with shorter lifespan, such as the roe deer (maxi-
mum recorded lifespan of 17.5 years according to the AnAge
database; De Magalhaes and Costa 2009), the period of the
total skeletal turnover might be even shorter. Bone tissue
is characterized by longer redevelopment period than most
soft tissues, and thus, its trace element content is thought
to reflect long-term exposure to environmental pollution
(Glimcher 2006; Zaichick et al. 2011; Malara et al. 2016).
Nevertheless, our study of roe deer suggests that, at least
in this species, bone might not be a reliable indicator of
throughout-life exposure to contaminants.

This is in sharp contrast to our findings for permanent
teeth. Although ungulates have two generations of teeth, the
deciduous set of teeth is replaced relatively early in the post-
natal development and permanent teeth usually start to erupt
before individuals finish their first year of life (Loe et al.
2004). When permanent teeth are developed their structure
does not undergo remodelling and they are likely to bioaccu-
mulate trace elements effectively from food and air. Conse-
quently, long-term exposure of an organism to certain pollut-
ants is likely to produce positive relationships between trace
element concentrations in permanent teeth and individual
age. Although we are aware that trace element content of
permanent teeth cannot capture an exposure to pollutants
in early postnatal period (first year of life), we suggest that
permanent teeth are likely to more reliably, compared with
bone tissue, indicate contamination that occurs throughout
the entire adult life of roe deer. High reliability of teeth as
the marker of environmental pollution by heavy metals also
has been reported for small mammals, e.g., the bank vole
(Clethrionomys glareolus) (Appleton et al. 2000).

Information on age-related variation in trace element con-
centrations in roe deer and other wild-living mammals is
scarce and fragmentary. Many authors investigated trace ele-
ments in antlers, bone, and soft tissues of roe deer, but they
either neglected age of animals in their studies (Sileo and
Beyer 1985; Babirniska-Werka and Czarnowska 1988; Zac-
caroni et al. 2008; Balos et al. 2015; Durkalec et al. 2015)
or they distinguished two broad age categories of young and
adults (Nowicka et al. 2006; Millan et al. 2008; Sobota et al.
2011). For example, Garcia et al. (2011) tested for differ-
ences in the contamination of liver, kidney, and muscle by
cadmium, lead, and zinc between young (< 3 years old) and
adult roe deer. Age-related differences were found for all
tissues; cadmium and lead concentrations were higher in
adults, whereas zinc concentration was higher in young indi-
viduals (Garcia et al. 2011). While separation of age into the
categories of young and adults can provide some insight into
age variation in trace element content, it is certainly insuffi-
cient to draw any detailed conclusions on how trace element
concentrations change during an adult life. In contrast, our
classification of age into four relatively narrow categories
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allowed us to effectively explore age-related trends in trace
element bioaccumulation by roe deer.

In our study, age-related accumulation of trace elements
in permanent teeth has been recorded for barium, manga-
nese, and zinc. Consistently, mean concentrations of man-
ganese and zinc were significantly higher in teeth than in
bone tissue, and the same pattern was found for strontium.
In fact, all these elements are thought to be important for
hard tissues, especially for enamel (Lynch 2011) but pos-
sibly also for bone. For example, Marie et al. (2001) showed
that application of large strontium dose had a positive effect
on the hardness of the bone tissue in humans. However, two
other trace elements, copper and lead, showed the opposite
trends, as higher concentrations were recorded in bone that
in teeth. Similar results were found in the forest reindeer
(Rangifer tarandus fennica) from Karelia, Russia, where
lead concentration was higher in bone than in teeth and
antler (Medvedev 1995). In our study, neither copper nor
lead showed any age-related variation in bone or teeth sam-
ples. Consistent with these results, an analysis of antlers
and bone tissue by Sobota et al. (2011) provided no sup-
port for differences in lead concentration between young
and adult roe deer. In contrast, Kierdorf and Kierforf (2002)
found that lead concentration in antlers of young roe deer
was significantly lower than in older individuals. Apparent
inconsistency between these two studies suggests that age-
related patterns in trace element content may vary between
populations, possibly as a result of spatial and temporal
variation in environmental pollution. In fact, trace element
concentrations in roe deer have been reported to depend on
the soil and water contamination and to show large geo-
graphical variation (Anderson et al. 2011). Accumulation
rate of trace elements is also acknowledged to depend on
the physiological state of animals (Zakrzewska et al. 2005),
which may show some interpopulation variation. Finally,
iron was the only element in our study of roe deer that had
higher concentration in young than adult individuals, both
in teeth and bone. While the mechanism responsible for this
pattern merits further research, similar trends were found in
other wild-living mammals, such as red fox Vulpes vulpes
(Lanocha et al. 2012) and domestic mouse Mus musculus
(Kennedy et al. 1986).

Conclusions

Our study revealed striking differences in age-related pat-
terns of trace element bioaccumulation between bone and
permanent teeth of roe deer. Most importantly, we found that
concentrations of several trace elements in teeth increased
with individual age, whereas no such trends were recorded
for bone tissue. The results suggest that permanent teeth
are likely to indicate reliably throughout-life intoxication
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by environmental pollution in the roe deer and possibly in
other mammal species. Our study also reinforces the need to
account carefully for age-related variation in ecotoxicologi-
cal research on wild-living animals.
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Abstract

Animals living in anthropogenic habitats bear a multitude of costs, which are directly or indirectly associated with human
activities. Among others, an elevated exposure to environmental pollution can have negative consequences for wildlife
populations. We examined the differences in the concentrations of trace elements between the field and forest ecotype of
the European roe deer (Capreolus capreolus). Naturally, roe deer inhabited various types of woodlands (forest ecotype),
but within the last century, they adapted to life in a human-transformed agricultural areas (field ecotype), which could be
associated with an increased exposure to pollution. In this study, we measured concentrations of seven trace metals (barium,
copper, iron, lead, manganese, strontium, zinc) and fluoride in skull bones and permanent teeth of more than 230 roe deer
from 8 study plots in East-Central Europe. We found that field roe deer had higher concentrations of four trace metals (copper,
iron, lead, strontium) and fluoride compared with forest roe deer. These differences were consistent with variations in the
general level of environmental contamination within the study plots, as assessed with trace element content in wild plants.
Our study indicates that bone and teeth of the European roe deer can be used as a valid indicator of environmental pollution.
Also, we expect that elevated exposure of field roe deer to environmental pollution can have negative consequences for wild
populations of this species, as well as for the consumers of venison.

Rapidly increasing urbanization and industrialization in the
second half of XX and the first decade of XXI century have
led to large amounts of toxic contaminants being released
into the environment worldwide. Many toxic elements occur
naturally in the environment, but their concentrations can
increase dramatically as a result of anthropogenic activities,
such as mining, metal smelting, coal-based energy produc-
tion, solid waste incineration, industrial manufacturing, as

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00244-018-0580-4) contains
supplementary material, which is available to authorized users.

< Jan Demesko
jan.demesko@biol.uni.lodz.pl

Department of Biodiversity Studies and Bioeducation,
Faculty of Biology and Environmental Protection, University
of £.6dz, Banacha 1/3, 90-237 Lodz, Poland

Faculty of Medicine with Dentistry Division, Medical
University of Lublin, Al. Ractawickie 1, 20-059 Lublin,
Poland

Department of Industrial Microbiology and Biotechnology,
Faculty of Biology and Environmental Protection, University
of £.6dz, Banacha 12/16, 90-237 Lodz, Poland

Published online: 15 November 2018

well as erosion of road surfaces by traffic and the abrasion
of brakes and tires (Nriagu 1996; WHO 2013; Clemens and
Ma 2016). Modern agricultural practices also contribute to
increasing environmental pollution via application of agro-
chemicals and inorganic fertilizers (Chauhan et al. 2012). As
a result, environmental concentrations of toxic elements can
substantially exceed their normal background level, which
disturbs biological balance of ecosystems and produces
harmful effects on wildlife and human health (Tchounwou
et al. 2012; Jaishankar et al. 2014), requiring implemen-
tation of pollution monitoring procedures (Wolkers et al.
1994; Srebocan et al. 2011). Wild animals, especially game
species, are used relatively often as bioindicators of envi-
ronmental pollution. In Europe, extensive ecotoxicological
research has been conducted on cervids, which usually have
wide geographical distribution and relatively long life-span
(Sawicka-Kapusta 1979; Frank 1986; Tataruch and Kierdorf
2003). Also, their meat is a valuable and desired component
of the human diet (Jarzyriska and Falandysz 2011), which
has to comply with the World Health Organization standards
for the content of heavy metal as pollutants (Lehel et al.
2016).
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The European roe deer (Capreolus capreolus) is recog-
nized as one of the most ecologically plastic species among
cervids, because it can tolerate strong anthropogenic pres-
sure and can thrive in a human-impacted landscape (Augus-
tine and McNaughton 1998; Tinoco Torres et al. 2011).
Although the natural habitats of roe deer include a wide
variety of forest types, the species has adapted to life in an
intensively cultivated agricultural land across large areas of
Europe (Pielowski 1984; Ellenberg 1978). Based on diver-
gence in habitat selection, field and forest dwelling roe deer
were identified as different ecotypes (Pielowski 1984). These
two ecotypes have been reported to show remarkable phe-
notypic differences in morphology and anatomy (Fruzinski
et al. 1982; Hofmann et al. 1988; Pételis and Brazaitis 2003;
Flis 2011), ecology (Zejda and Homolka 1980, Pielowski
and Bresinski 1982; Katuziriski 1982; Zejda and Bauerova
1985), and physiology (Majewska et al. 1982). Jeppesen
(1990) estimated that home range of forest ecotype varies
from 15 to 85 ha, while it was at least twice bigger in the
field ecotype. Forest and field ecotypes of roe deer also dif-
fer in feeding preferences (Tixier and Duncan 1996). The
diet of the field roe deer is primarily based on cultivated
plants, which may constitute up to 66% of the total feed mass
(Katuziriski 1982). In contrast, forest deer ecotype typically
feeds on the shoots of shrubs and trees, as well as wild her-
baceous grasses and plants (Gebczynska 1980).

Heavy metal content in wildlife can be assessed across
different types of tissues, which substantially vary in an aver-
age turnover time of their elements. For example, analysis
of body fluids (e.g., serum, urine, or cerebrospinal fluid),
which have the highest turnover rate, is only useful for evalu-
ation of short-term exposure to pollutants, and thus, these
tissues are rarely used in ecotoxicological research (Baroni
et al. 2000; Humann-Ziehank et al. 2008; Zele and Vengust
2012). In contrast, analysis of soft tissues and internal
organs, especially liver and kidney, which accumulate toxic
elements, can capture longer periods of exposure to con-
tamination and these types of tissues have commonly been
used in ecotoxicological monitoring of roe deer (Krynski
et al. 1982; Frank 1986; Babinska-Werka and Czarnowska
1988; Pokorny and Ribari¢-Lasnik 2002; Pompe-Gotal and
Prevendar-Crni¢ 2002; de Mendoza et al. 2011; Sreboc¢an
et al. 2011; Dtugaszek and Kopczynski 2013; Wieczorek-
Dabrowska et al. 2013; Durkalec et al. 2015; Lehel et al.
2016). Finally, hard tissues, such as bone or teeth, have the
lowest turnover rates, and they are known to accumulate
trace elements over years or decades (Glimcher 2006). For
example, the biological half-life of trace elements in human
bone tissue is up to 30 years, and the content of heavy met-
als in bones is known to comprise up to 90% of their total
body content (Zaichick et al. 2011). In cervids, heavy metal
content has been commonly assessed in antlers, because they
are regularly collected as hunting trophies and can easily
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be used as research material (Kierdorf and Kierdorf 2002,
2004, 2006). However, cervids usually produce new ant-
lers each year, and thus, they are not particularly suitable
to investigate long-term exposure to pollutants. Taking all
this into account, bone and teeth are expected to more reli-
ably indicate long-term bioaccumulation of pollutants, and
consistent with this prediction, we have recently shown that
heavy metal content of permanent teeth reliably indicate
throughout-life intoxication by environmental pollution in
the European roe deer (Demesko et al. 2018).

The purpose of this study was to test for the differences
in trace element content between the field and the forest
ecotype of the Eurasian roe deer. For this purpose, we meas-
ured concentrations of seven trace metals (barium, copper,
iron, lead, manganese, strontium, zinc) and fluoride in
skull bones and permanent teeth of more than 230 roe deer
from 8 study plots in East-Central Europe. We predicted
higher trace element concentrations in the field ecotype of
roe deer, which could be due to: (1) differences in general
environmental pollution between areas inhabited by the two
ecotypes of roe deer, or (2) difference in the ecology of the
two roe deer ecotypes, i.e., an alteration in diet composition
from wild forest plants (forest ecotype) to cultivated crops
(field ecotype). To estimate the level of general environmen-
tal pollution within each study plot, we measured trace metal
content in the common forest plants (2 species of trees and 2
genera of wild fruit plants) that are an important component
of roe deer diet.

Materials and Methods
Study Area and Classification of Ecotypes

Samples were collected in seven game breeding centres
from L.6d7 voivodship, Central Poland: Brzeziny (51°45'N,
19°43'E; n=25), Kolumna (51°34'N, 19°13'E; n=11),
Kutno (52°14'N, 19°08'E; n=26), Poddgbice (51°54'N,
18°53'E; n=11), Smardzewice (51°26'N, 19°60'E; n=32),
Spata (51°31'N, 20°11'E; n=13), Wielun (51°11'N,
18°44'E; n=21), and in one game breeding centre from
Vilnius area, Lithuania: Mickunai forest (54°41'N, 25°35'E;
n=94). Polish game breeding centres were located relatively
close (25-100 km) to a large urban centre, £.6dZ (51°46'N,
19°28'E; 293 km?, 708 500 inhabitants), while Mickunai
forest was located ca. 20 km from the Vilnius city (54°41'N,
25°17'E; 401 km?2, 574,200 inhabitants). The share of urban-
ized areas within the study plots ranged from 5.2 to 26.8%
(mean 9.0 +2.6%). The distinction between the field and
forest roe deer ecotype was based on the share of woodland
area within the study plots. Forest ecotype was defined as
inhabiting areas with >50% share of woodland, while field
ecotype was identified in the study plots with <35% share
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of woodlands (there were no study plots with 35-50% share
of woodlands). Determination of roe deer ecotypes was
consistent with legal classification of forest and field hunt-
ing units (Flis 2011) and with morphological variation of
roe deer within our dataset, showing that forest individuals
were significantly smaller than field individuals (as meas-
ured with height at the withers and chest circumference;
P <0.05). Mean share of woodland and agricultural areas
was 58.2 £4.6% versus 36.1 +4.7% for the forest ecotype,
and 22.7 +4.8% versus 66.2 +5.3% for the field ecotype. In
total, samples for the field ecotype were collected in five
study plots (Brzeziny, Kolumna, Kutno, Poddg¢bice, and
Wielun), while forest ecotype was sampled in three study
plots (Mickunai, Smardzewice, and Spata). There were no
significant differences in the level of environmental con-
tamination, as measured with concentrations of six heavy
metals (barium, copper, iron, lead, strontium, and zinc) in
wild forest plant species (see details below) between Pol-
ish and Lithuanian forest study plots (all P> 0.05), which
provided support for our joint analysis of these data. The
only difference was found for the manganese concentration
in wild forest plants, which was higher in Polish than Lithu-
anian forest study plots (P <0.001).

Sample Collection

Roe deer were culled during regular hunting period and in
accordance with local hunting plans and regulations during
2009-2015. A total sample of 233 skulls was collected (139
and 94 samples for the forest and field ecotype, respectively).
Age of sampled specimens varied between 2 and 12 years,
as assessed based on dental wear by the members of the
Regional Commissions for Hunting Evaluation (details in
Demesko et al. 2018). For the purpose of analyses, four
age classes were recognized: (i) 2 years old (n="77), (ii)
3—4 years old (n="70), (iii) 5-6 years old (n=49), and
(iv) > 6 years old (n=27). A small part (ca. 0.7 g of dry
mass) of mandible located between foramen mental and
front edge of premolar, as well as the left third permanent
molar were collected from each animal using a diamond saw.
Material from the entire teeth was included in the analysis,
because there may be differences in the mineral composi-
tion between crown and root, as well as between dentine and
enamel (Vieira et al. 2004, 2005).

To assess the level of environmental pollution within the
study plots, we also collected samples of four wild forest
plant species. A total of 96 plant samples were collected in
the corresponding 8 game breeding areas during June 2015.
Plant specimens collected included silver birch (Betula pen-
dula)—Ileaves, Scots pine (Pinus sylvestris)—needles, black-
berry (Rubus ssp.)—entire plant, and European blueberry
(Vaccinium myrtilus)—entire plant. Samples from each
plant taxon were collected from three specimens located in

different parts of each study plot; however, three samples
of blueberry and one sample of pine were excluded from
analyses for technical reasons. Ten leaves from birch and
ten needles from pine were collected at the height of up to
1 m from the ground.

Measurements of Trace Metal and Fluoride
Concentrations

All samples were washed in deionized water to remove any
elements absorbed at the surface. Bone and tooth samples
were powdered in a ball mill Mixer Mill MM 400 (Retsch,
Germany) with zirconium oxide beads (frequency 25 Hz,
time 60 s) and dried in an oven at 70 °C for 48 h. Plant sam-
ples were dried at 70 °C for 24 h. After drying, all samples
were weighed to the nearest 0.01 g and 0.1 g of each sample
was taken for the measurements of seven trace metal concen-
trations (barium, copper, iron, lead, manganese, strontium,
and zinc). First, each sample was dissolved in solution of
nitric acid (65%) and deionized water in the proportion of
1:15, kept in 20 °C for 24 h, and then digested at 105 °C for
another 24 h using a graphite digestion block (DigiPREP
Mini, SCP Science, Quebec, Canada). After digestion, all
samples were diluted with deionized water to the total vol-
ume of 30 mL and stored in polypropylene metal-free vials
at 20 °C until analysis.

Trace metal concentrations were measured with atomic
absorption spectrophotometer SpectrAA 300A AAS, GTA-
96 graphite tube atomizer, and programmable sample dis-
penser (Varian Techtron, Melbourne, Australia). The anal-
yses were performed in the Laboratory of Computer and
Analytic Techniques, Faculty of Biology and Environmental
Protection, University of £.6dz. Certified reference material
from the Institute for Reference Materials and Measure-
ments (Geel, Belgium) were used for each measurement
as a quality control: ERM-186 pig kidney for copper, iron,
lead, manganese, and zinc; Strontium Standard for AAS
(TraceCERT®, 1000 mg/L Sr in nitric acid) for strontium;
and Barium Standard for AAS (TraceCERT®, 1000 mg/L
Ba in nitric acid) for barium. Recovery rates for the certified
reference materials were within an acceptable margin.

Measurements of fluoride concentration followed the
methodology recommended by Campus et al. (2007): 1.2 g
of each bone and tooth sample was transferred to a volumet-
ric flask, dissolved in 8 mL of 37% HCI solution, and then
diluted with deionized water to the total volume of 10 mL.
A 5 mL aliquot of the above solution was transferred to
another volumetric flask, diluted 1:1 with deionized water,
neutralized with a 6 M NaOH solution to pH 4.5, and diluted
with deionized water to the total volume of 25 mL. Sample
solution was diluted with TISAB (1:1), and fluoride concen-
tration was measured with ion-selective fluoride electrode
(Hydromet S.C., Gliwice, Poland). Fluoride concentrations
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were not measured for plant samples. All trace element con-
centrations were expressed in mg per kg dry mass (Table 1).

Trace Element Distributions and Outlier Analysis

Since distributions of most trace element concentrations
showed strong right-skewness (mean skewness 2.09 +0.58
[SE] and 2.47 + 1.00 [SE] for bone/tooth and plant sam-
ples, respectively), we performed an outlier analysis on the
dataset. We used conservative criteria (>5 SD) for outlier
detection. Outlier analyses were conducted separately for
tooth and bone samples, while all plant species were ana-
lysed jointly. We identified between one and three outliers
for the concentrations of barium, copper, and manganese
in bone, while two outliers were identified for the copper
concentration in tooth samples. Also, two outliers were iden-
tified for the concentration of barium in plants. No outliers

were identified for any other measurement. All outliers
were removed from the dataset. Measurements that retained
strong (> 1) right-skewness after outlier removal were log-
transformed to improve normality.

Interspecific Variation in Plant Trace Elements

There were significant differences in trace element content of
different plant species. Concentrations of all trace elements,
except for lead, showed significant differences between plant
species, as assessed with the analysis of variance (ANOVA).
In most cases (copper, iron, lead, manganese, and strontium),
trace element concentrations were lowest in pine (Table 2).
Post-hoc Tukey HSD comparisons showed that iron, man-
ganese, and strontium concentrations in pine were signifi-
cantly lower than in all other plant species (all P <0.05),
whereas copper concentrations in pine were significantly

Table 1 Mean (+SE)

. Trace element  Bone Teeth
concentrations and sample
sizes for seven trace metals and Forest ecotype Field ecotype Forest ecotype Field ecotype
fluoride in bone (mandible) and
teeth (third permanent molar) of Mean+SE n Mean+SE n Mean +SE n Mean+SE n
gi]r‘:);z:nf‘r’;zséggftypes ofthe  Borium 204.1+7.0 128  1984+7.6 91 1969469 128 197.9+78 92
Copper 4.73+0.12 124 545+0.22 91 4.56+0.08 127 496+0.17 88
Iron 18.15£0.52 128 2298+0.77 90 17.15+0.38 128 21.87+0.55 91
Lead 0.32+0.02 127 0.69+0.05 91 0.29+0.02 127 0.58+0.05 91
Manganese 7.22+0.58 121 6.07+0.19 92 64.9+5.6 125 65.0+5.9 92
Strontium 86.5+3.3 128 952+2.1 92 88.6+3.3 128 98.9+2.8 92
Zinc 98.1+1.6 128 94.1+1.4 90 1059+1.8 128 109.1+24 91
Fluoride 2.76+030 134 495+0.56 90 2.14+0.23 133 342+039 89
All concentrations are given in mg per kg dry mass
Table 2 Mean (+SE) Woodland cover Trace element  Silver birch Scots pine Blackberry European blueberry
concentrations for seven trace
metals in four plant species Mean+SE Mean +SE Mean+SE Mean+SE
;ﬁgehci:’}? gg{‘)‘c’lﬁfgixé}r‘ low Low Barium 34054437 123545549 17.06+351  54.65+8.66
Copper 6.68+0.38 5.74+0.30 8.71+0.71 7.18+0.71
Iron 80.72+6.43  48.31+5.13 98.52+8.81 75.67+7.36
Lead 0.54+0.20 0.46+0.29 0.48+0.13 0.58+£0.18
Manganese 1107.7+£186.1 210.8+34.6 706.2+143.5 1308.0+295.9
Strontium 14.60+1.64 2.95+0.45 9.31£1.56 717175
Zinc 200.9+21.1 37.33+3.18 44.84+3.59 31.82+3.38
High Barium 3546+4.84 10.17+3.37 93.21+£70.66  50.41+6.82
Copper 5.07+0.42 4.55+0.25 5.36+1.00 5.40+0.93
Iron 7596+6.71  39.54+4.09 95.03+5.62 53.23+3.22
Lead 0.67+0.41 0.16+0.07 0.41+£0.24 0.37+0.19
Manganese 1437.1+£389.2 217.1+£58.1  1623.2+692.2 2280.2+554.2
Strontium 12.09 £2.55 2.38+£0.29 14.27+2.54 573+1.34
Zinc 21634272 41.34+2.44 58.11+13.66 19.37+1.93

All concentrations are given in mg per kg dry mass
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lower compared with blackberry (P=0.010). Zinc concen-
trations were lowest in blueberry (Table 2; Tukey compari-
sons with other plant species: all P <0.05), whereas barium
concentrations were lowest in birch (Table 2; nonsignificant
differences in Tukey comparisons: all P>0.05). Maximum
trace element concentrations were found in blackberry (cop-
per and iron), blueberry (manganese), birch (lead, strontium,
and zinc), and pine (barium) (Table 2). Because of these
differences, we included plant species as a fixed factor in all
further analyses of trace element content in plants.

Statistical Analyses

We used general linear mixed models (GLMMs) to test
for the ecotype variation in trace element content in bone
and teeth of the roe deer. Ecotype, sample type (bone vs.
teeth), and age were entered as fixed factors. To test whether
ecotype-related differences in trace element content were
similar for both sample types, we also entered an ecotype-
sample type interaction in each model. As age-related bio-
accumulation rate of trace elements can vary between bone
and teeth of the roe deer (our previous research on roe deer
provided support for positive correlations between trace
element concentrations and age in teeth, but not in bone
(Demesko et al. 2018)), we also included age-sample inter-
action to account for these differences. Because teeth and
bone samples were collected from the same individuals,
we included individual identity as a random factor to avoid
pseudoreplication (Hurlbert 1984). The effect of year was
included as the second random factor to control for interan-
nual variation in the collected measurements. All GLMM
models were fitted using the restricted maximum likelihood
(REML) method. With this approach, denominator degrees
of freedom are calculated using a Satterthwaite approxima-
tion, which can result in fractional degrees of freedom (Sat-
terthwaite 1946). Significance of independent variables was
assessed with Wald 4 statistic.

Differences in trace element content of plants collected in
the study plots with low (<35%) and high (>50%) woodland
cover (consistent with field and forest deer ecotypes) were
assessed with general linear models (GLMs). Plant species
and the binary effect of woodland cover (low vs. high) were
entered as fixed factors. To test whether the effect of wood-
land cover on trace element concentrations was similar for
different plant species, we also included an interaction term
between these two factors.

All GLMMs were run using Imer function as imple-
mented in Ime4 package (Bates et al. 2015) developed
for R statistical environment (R Development Core Team
2013). We used car package (Fox and Weisberg 2011) to
obtain Wald y? statistics and p values for all independ-
ent variables. GLMs were conducted in Statistica 10.0

(StatSoft, Tulsa, OK, USA). The results of full models
were reported. All values are shown as mean + SE.

Results

After accounting for age-related variation in trace element
content, we found that concentrations of four trace met-
als (copper, iron, lead, strontium) and fluoride in roe deer
significantly varied with ecotype (Table 3). The effects
of ecotype on the concentrations of these elements were
similar for bone and tooth samples, as indicated by non-
significant ecotype-sample type interactions (Table 1).
In all these cases, trace element concentrations were sig-
nificantly lower in the forest ecotype compared with the
field ecotype, both in bone and teeth of roe deer (Table 1,
Fig. 1). There was a significant ecotype-sample type inter-
action for zinc concentration (Table 3), but no significant
effect of ecotype on zinc concentration was found in sep-
arate analyses of bone and tooth samples (all P> 0.05).
Also, we failed to find any differences in the concentra-
tions of barium and manganese between the forest and
field ecotypes of roe deer.

Concentrations of two trace elements, copper and iron,
in plants varied with woodland cover irrespectively of sam-
pled plant species (Table 4). Specifically, plants collected
in areas with lower woodland cover had higher concentra-
tions of copper (7.10+0.30 mg/kg vs. 5.10 +0.35 mg/kg)
and iron (76.3 £4.2 mg/kg vs. 65.9 +4.3 mg/kg) (Fig. 2).
Lead concentration in plants showed nearly significant var-
iation with woodland cover (P =0.061; Table 4), as plants
from areas with lower woodland cover had a tendency
for higher concentrations of lead (0.51 +0.10 mg/kg vs.
0.40+0.13 pg/kg). Relationships between woodland cover
and concentrations of two other trace elements, barium and
zinc, varied between plant species, as indicated by signifi-
cance of appropriate interaction terms (Table 4). Barium
concentration in pine and zinc concentration in blueberry
varied nearly significantly or significantly (respectively)
with woodland cover (barium: F,; =3.18, P=0.089;
zinc: F1’19=7.60, P=0.013), and in both cases, element
concentrations were higher in areas with lower woodland
cover (barium: 123.5 +55.5 mg/kg vs. 10.2 + 3.4 mg/kg;
zinc: 31.8 +3.4 mg/kg vs. 19.4 + 1.9 mg/kg). Barium and
zinc concentration in other plant species did not vary with
woodland cover (all P> 0.10). Manganese and strontium
concentrations in plants did not differ between areas of low
and high woodland cover (Table 4).
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Table 3 The results of general linear mixed models assessing the effect of ecotype and other factors (sample type and age) on the concentrations
of seven trace metals and fluoride in bone and teeth of the European roe deer

Factor Barium Copper Iron Lead

w P w P w P w P
Ecotype 0.08 0.77 16.08 <0.001 81.17 <0.001 39.92 <0.001
Ecotype*sample type 1.37 0.24 1.91 0.17 0.01 0.93 3.35 0.067
Age 1.99 0.57 6.56 0.087 44.58 <0.001 2.58 0.46
Age*sample type 59.80 <0.001 1.15 0.77 4.46 0.22 7.45 0.059
Sample type 2.71 0.10 16.41 <0.001 4.10 0.043 2.04 0.15
Factor Manganese Strontium Zinc Fluoride

w P w P w P w P
Ecotype 0.49 0.48 4.71 0.030 0.37 0.54 16.49 <0.001
Ecotype*sample type 1.52 0.22 0.30 0.58 4.47 0.035 1.26 0.26
Age 9.97 0.019 3.65 0.30 58.66 <0.001 21.18 <0.001
Age*sample type 16.08 0.001 26.51 <0.001 102.1 <0.001 9.30 0.026
Sample type 729.1 <0.001 6.47 0.011 67.23 <0.001 14.28 <0.001

Individual identity was entered as a random factor in each model
Significant terms are marked in bold

Discussion

The results of our study clearly indicate that field and forest
ecotypes of the European roe deer showed significant dif-
ferences in trace element content. Field roe deer had higher
concentrations of four trace metals (copper, iron, lead, stron-
tium) and fluoride in both bone and teeth compared with
forest roe deer. Animal data were consistent with respective
plant data, which indicated higher environmental contami-
nation of areas inhabited by the field ecotype of roe deer.

It is widely accepted that animals living in heavily
transformed habitats bear many costs, which are directly
or indirectly associated with human activities (Gaillard
et al. 1993; Benhaiem et al. 2008; Demesko et al. 2018).
These costs may include direct human threat (e.g., hunt-
ing or poisoning with human waste; Kie 1999; Burbaité
and Csanyi 2009), pollution with light and noise that may
cause elevated levels of physiological stress (De Vires
1995; Lima 1998; Pierce et al. 2004; Benhaiem et al.
2008), and exposure to novel predators, such as feral dogs
and cats (May and Norton 1996; Apfelbach et al. 2005).
The results of our study provide support for the hypothesis
that intoxication with harmful substances of anthropogenic
origin can be an important cost for wild animal popula-
tions from human-altered landscapes. So far, urbanization
and human-related land alteration (e.g., intensive agricul-
tural activities) has been associated with increasing intoxi-
cation level in a relatively wide spectrum of wildlife. For
example, red foxes (Vulpes vulpes) and stone martens
(Martes foina) from suburban area had higher content of
copper and lead in soft tissues (muscle, liver, and kidney)

@ Springer

compared with individuals originating from rural popula-
tions (Bilandzi¢ et al. 2010). Analysis of trace element
content in hair of three bat species indicated highest con-
centrations of lead and zinc in those species that collected
food in human-dominated landscapes, including cities
(Flache et al. 2015). Similarly, rook (Corvus frugilegus)
eggshells from colonies located in large cities had sig-
nificantly higher concentrations of chromium, nickel, and
lead than those from villages (Ortowski et al. 2014). These
results provided support for a huge variation in the habitat-
dependent bioaccumulation of heavy metal in avian eggs,
which occurred as a result of the clear pollution gradient
from rural to urbanized areas (Ortowski et al. 2014). Lead
and cadmium concentrations also were higher in blue tit
(Cyanistes caeruleus) and great tit (Parus major) nest-
lings raised in urban parkland site than in the suburban
semi-natural woodland site (Markowski et al. 2014). The
levels of lead found in the tissues of urban house spar-
rows (Passer domesticus) were significantly higher than in
an agricultural control group in Vermont, USA (Chandler
et al. 2004) and Finland, where concentrations of several
heavy metals were generally higher in urban than rural
groups (Kekkonen et al. 2012). We are also aware of two
previous studies on the European roe deer, which tested for
associations between trace element content in deer tissues
and habitat-related environmental contamination. First, roe
deer from the major industrial sites in Poland had much
higher (up to an order of magnitude) concentrations of
lead and cadmium in tissues and stomach content than
deer from the natural lake-forest ecosystems (Durkalec
et al. 2015). The same study revealed similar patterns in
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Fig. 1 Concentrations of trace elements (a copper, b iron, ¢ lead, d strontium, and e fluoride) in bone (solid line, filled circles) and teeth (dotted
line, open squares) of the two ecotypes (field and forest) of the European roe deer. Mean + SE are presented

trace element content of the wild boar (Sus scrofa) tis-
sues (Durkalec et al. 2015). The second study provided
evidence for higher concentrations of arsenic and chro-
mium in teeth of roe deer that lived in a closer proximity
to agricultural and industrial areas (Zaccaroni et al. 2008).
We provided convincing evidence for high concentrations
of several trace elements in the field ecotype of roe deer,
which primarily feeds on crop fields and pastures. In con-
trast, trace element concentrations were significantly lower

in the forest ecotype of deer, which prefers more natural
ecosystems, such as various types of woodlands.

Five of eight measured trace elements (copper, iron,
lead, strontium, and fluoride) had concentrations signifi-
cantly higher in the field than forest ecotype of roe deer.
Although the patterns were consistent between tooth and
bone samples, we suggest that our results for fluoride should
be treated with caution. The mean content of fluoride in
the samples ranged from 2.14 +0.23 to 4.95 +0.56 mg/kg
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Table 4 The results of general linear models assessing the effect of woodland cover on the concentrations of seven trace metals in four wild plant

species
Factor Barium Copper Iron Lead

F P F P F P F P
Forest cover 0.33 0.57 17.74 <0.001 4.47 0.037 3.59 0.061
Species 6.30 <0.001 0.94 0.43 29.37 <0.001 1.62 0.19
Forest cover*species 3.47 0.020 0.76 0.52 1.23 0.30 0.55 0.65
Factor Manganese Strontium Zinc

F P F P F P

Forest cover 0.93 0.34 0.01 0.94 0.24 0.62
Species 12.88 <0.001 28.62 <0.001 1114.7 <0.001
Forest cover*species 0.55 0.65 1.65 0.18 2.75 0.048

Significant terms are marked in bold
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Fig.2 Concentrations of copper (a) and iron (b) in four wild plant
species sampled in study plots with low (<35%) and high (>50%)
woodland cover. Mean + SE for all taxa combined are presented

of dry matter, depending on the type of tissue and ecotype
(Table 1). In contrast, fluoride concentrations previously
reported for different wildlife ungulate and non-ungulate
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species coming from unpolluted European areas often
achieved hundreds or thousands mg/kg of dry matter (Kier-
dorf et al. 2000, 2012; Jelenko and Pokorny 2010; Kalisinska
and Palczewska-Komsa 2011; Vieira et al. 2005). On the
other hand, our fluoride measurements yielded higher aver-
age values than reported by Sobota et al. (2011) for skull
bone and antler samples from roe deer collected in West
Pomerania, Poland (<1 mg/kg d.m.). Also, many authors
(Kierdorf and Kierdorf 2003, 2009; Dabkowska et al. 1995;
Jelenko and Pokorny 2010) emphasized that environmental
concentrations of fluoride have been significantly decreasing
in the recent decades, which could possibly be responsible
for low fluoride content in our samples.

In our study, large differences in trace element content
between the two deer ecotype were consistent with differ-
ences in the general level of environmental contamination,
suggesting that bone and teeth of the European roe deer can
be used as a valid indicator of environmental pollution. We
found that wild forest plant collected from areas with low
woodland cover (characteristic for field ecotype of deer)
showed significantly higher concentrations of copper and
iron, and a nearly significantly higher concentration of lead.
Also, concentrations of barium and zinc were higher in the
areas with lower woodland cover but only in specific plant
taxa (pine and blueberry, respectively). It is possible that dif-
ferences in the environmental contamination between more
and less wooded areas could be directly explained with vari-
ous intensity of farming activities. It is widely known that
chemicals (fertilizers and pesticides) commonly applied in
agriculture can lead to the higher accumulation of elements,
such as iron, manganese, copper, or zinc in the soil (Singh
1994; Kabata-Pendias 1995; Romic and Romic 2003; Mic6
et al. 2006; Martiniakova et al. 2011). Also, agriculture often
is associated with bigger traffic, which can further increase
air pollution (Bunce 1985; Sobota et al. 2011). Finally, trees
act as biological filters, removing a lot of airborne particles
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and, at the same time, improving the quality of air in pol-
luted areas (Nowak et al. 2006). Thus, in most cases a nega-
tive correlation between woodland cover and environmental
contamination should be well expected (Beckett et al. 1998),
resulting both from lower exposure to contaminants and their
more efficient removal in the wooded areas.

We did not study differences in foraging by the two
ecotypes. However, large differences in trace element con-
tent of wild plants sampled from predominantly agricul-
tural and predominantly wooded study plots suggests that
high concentrations of trace minerals in hard tissues of field
roe deer may not be a direct consequence of variation in
diet between the two ecotypes. Foraging strategy and diet
composition differs considerably between the two ecotypes
(Katuzinski 1982), whereby field roe deer predominantly
forage on agricultural plants and herbs with a small share
of bushes and trees, while forest roe deer prefer grasses, as
well as shoots and bark of woody plants (Katuziriski 1974,
1982; Szmidt 1975). The two ecotypes also differ in many
other aspects of ecology, which under certain scenarios
could possibly affect their exposure of contamination. For
example, forest deer has much smaller home range, which
was estimated at only 3-8 ha in dense coniferous/deciduous
woods, although it may be a few times larger in more frag-
mented landscape (Tufto et al. 1996). The two ecotypes also
differ in the level of sociality (field deer form large winter
groups of up to 100 individuals, while forest deer are more
solitary; Zejda 1978; Bresinski 1982) and behaviour, e.g.,
antipredator strategies (Fruzinski et al. 1983; Pielowski and
Bresiniski 1982; Aulak and Babiriska-Werka 1990; Hewison
et al. 2001). While it might be difficult to offer specific pre-
dictions about how these differences could affect trace min-
eral content in deer, we cannot exclude that factors, such as
the size of home range and the level of sociality, for exam-
ple, could determine movement propensity of animals across
different habitats, which could possibly alter their exposure
to environmental contamination.

Conclusions

Our study provided correlational evidence for increased con-
centrations of trace elements in the field ecotype of the Euro-
pean roe deer, which primarily inhabits human-transformed
agricultural landscape. Although the field ecotype of the
European roe deer was first described in 1929 (Katuzirski
1974), its population size is thought to have considerably
grown over the past decades, mainly due to the increasing
fragmentation of forest habitats and greater availability of
human-derived food. Future monitoring of European roe
deer is warranted to explore ecotoxicological differences
between field and forest roe deer.
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ABSTRACT

Dental enamel is the hardest tissue of the mammalian body, con-
sisting of 96-98% inorganic compound. As the dentition is func-
tionally adapted to diet and feeding behaviour, relative differences
in enamel thickness can reflect dietary adaptations. We hypoth-
esize that differences in enamel thickness are related to adaptation
for diet associated with habitat quality dwelling of European roe
deer Capreolus capreolus. To test this hypothesis, 49 first perma-
nent left lower molars were extracted from the mandible of roe
deer (from Lithuania - 28 and Poland - 21 molars) inhabiting
two type of habitats: field and forest. The linear thickness of total
enamel (mean value of enamel thickness measured at three differ-
ent points) was found to differ between the roe deer from the field
and forest habitats, irrespective of age, with the animals of field
ecotype tend to have thinner enamel (F,, = 6.845, P = 0.025).
This suggests that there is an adaptation in enamel thickness to
various types of diet in the field and forest habitat. On the other
hand, roe deer from the field habitat can be also more exposed to
stress, due to the lower possibility to hide or are more vulnerable
to potential threats. More frequent exposure to stress can signifi-
cantly disrupt ameloblasts secretion and thus affect the thickness
of the enamel.
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The dentition in mammals is morphologi-
cally and functionally adapted to diet and
feeding behavior. Most mammalian teeth are
composed of three dental tissues: enamel,
dentine and cementum. Enamel is acellular
layer made up of highly mineralized a tight-
ly packed mass of hydroxyapatite crystals,
which forms the outer crystalline surface of
teeth and is the hardest dental tissue (Win-
kler and Kaiser 2015). Hence it is recognized
to constitute a structural reinforcement of
teeth, to protect against to wear and crack
propagation (Koenigswald et al. 1987, Maas
and Dumont 1999, Simmer et al. 2001). The
enamel thickness, as rarely other dental trait,
have elicited more interest in the research of

origin and evolution in adaptation to differ-
ent habitats of mammals over the past several
decades. They mainly included extinct and
extant taxa: as primates (e.g. Dumont 1995,
Shimizu 2002, Grine et al. 2005, Ungar 2008,
Constantino et al. 2009, McGraw et al. 2012,
Galbany et al. 2014), ungulates (e.g. Archer
and Sanson 2002, Heywood 2009, Kaiser et
al. 2010, Famoso et al. 2013, Winkler et al.
2013, Gailer and Kaiser 2014), rodents (e.g.
Flynn et al. 1987, Grayson et al. 1990, Mar-
tin 1993, Moinichen et al. 1996, Sander et al.
2008) as well as chiropterans (Dumont 1995),
carnivores (Koenigswald 1996, Crossley 1995,
Stefen and Rensberger 1999) and marsupialia
(Stefen 1999).
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The European roe deer, Capreolus cap-
reolus L. is a medium sized ungulate and the
most abundant species among cervids fam-
ily in Europe (Burbaité and Csanyi 2009). It
is considered as species preferring wooded
landscapes (Hewison et al. 2001), but also
recognized as one of the most ecologically
adaptable species of deer (e.g. Pielowski 1977,
Lehmann and Sdgesser 1986, Kurt 1991). Its
ability to adapt to a wide range of environ-
mental gradients allows it to colonize on
intensively cultivated agricultural land (cf.
Pielowski 1977, Ellenberg 1978, Hewison
et al. 2001) and even suburban zones. Field
and forest dwelling roe deer have been iden-
tified as different ecotypes and showing dis-
tinct phenotypic variability and differences
in breeding biology and social organization
(e.g. Pielowski 1977, Fruzinski et al. 1982,
Fruzinski and tabudzki 1982, Pielowski and
Bresinski 1982, Kurt 1991) and in some phys-
iological parameters (Majewska et al. 1982).
The two ecotypes also differ with regard to
their feeding preferences (Kaltuzinski 1982,
Tixier and Duncan 1996).

Generally, roe deer consume from 250 to
400 species of plants depending on the geo-
graphical area (Mihalusev et al. 1997, Kras-
nov et al. 2015). The diet of the field ecotype
is based on cultivated plants (wheat, rye, bar-
ley, corn, oats, buckwheat, vegetables), which
constitute 66% of the total mass of their feed.
This proportion is the highest in the summer
and winter, while in spring the roe deer of
this ecotype prefer grasses and other plants
(creeping buttercup, wood anemone, marsh-
marigold, other grasses and sedges species
(Katuzinski 1982). In contrast, the diet of the
forest roe deer contains more harder plant
fragments, including trees (European horn-
beam, common oak, Birch, Norway maple,
common aspen, European spruce) and shrubs
(European spindle, common hazel, brambles,
European blueberry), which constitute about
11-13% of the total food intake up to 25% in
autumn and winter (Gebczynska 1980). It has
been also shown that forest roe deer eagerly
supplements their diet with other hard food
items, such as acorns in the autumn and win-
ter seasons (Krasnov ef al. 2015).

Roe deer dwelling in the field have adapt-
ed to live in an open landscape where climate
conditions are harsher due to lack of shelter,

thus individuals are larger and heavier than
individuals of the forest ecotype (Fruzinski et
al. 1982, Narauskaite and Petelis 2010).

In turn, craniometric studies are more am-
biguous, on the one hand Petelis and Brazaitis
(2003) and Kulak and Wajdzik (2009), who
pointed out significant differences in the di-
mensions of the skull between ecotypes, while
on the other hand Sabalinkiene et al. (2017)
emphasized the lack of such differences. Also
Aragon et al. (1998), who studied the vari-
ability of roe deer skulls throughout Europe
showed that individuals with comparatively
short and wide skulls feeds selectively on trees
and shrubs throughout the year in opposition
to individuals with longer and narrow skulls
feeding both on woody and herbaceous plants.
It is worth noting that researchers indicating
significant differences in cranial dimensions
between ecotypes showed them within the
gnatostomatic apparatus, such as the length of
upper and lower teeth row, mandible length.
Thus it can be expected also the differences
in dental related features as enamel thickness,
which is an evolutionary plastic trait and ca-
pable to rapid adaptation in response to diet
change (Hlusko 2004). Therefore an attempt
this study was made here to elucidate the in-
fluence of dwelling in forest and field habitats
on enamel thickness in roe deer. We expected
that roe deer from field ecotype may have a
thinner enamel as and less differences be-
tween age groups as an adaptation to consume
more herbaceous plants. We verified this as-
sumption on a sample of females that are less
mobile than males and are therefore strongly
associated with the habitat occupied (Ellen-
berg 1978 and Kurt 1991).

The study was conducted on the first low-
er permanent molar (M,) of 49 females of roe
deer obtained during regular hunt and man-
agement culls in the six Game Management
Centres (Central Poland): Brzeziny (51°45'N,
19°43'E, Kolumna (51°34'N, 19°13'E), Kut-
no (52°14'N, 19°08'E), Poddebice (51°54'N,
18°53'E), Smardzewice (51°26'N, 19°60'E),
Spala (51°31'N, 20°11'E), managed by the
Regional Directorate of State Forest in Lodz
(N = 21 molars) and one from Lithuania —
Vilnius district (54°41'N, 25°35'E) managed
by the local Vilnius Hunting and Fishing De-
partment (N = 28 molars) during the period
2009 to 2014.
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Central Poland is situated in transi-
tory belt between Central Polish Lowland
and Polish Upland in the south and the less
diverse fragment of Lakeland in the north
(Kondracki 2002). Afforestation of Game
Management Centers varied from 26.7 to
61.2%; except Kutno where only 0.1% area
is forested. In Central Poland dominate the
coniferous stands (65%) represents mainly
by fresh coniferous forest (30%) and fresh
mixed coniferous forest (26.5%). The habi-
tat with deciduous forest stands cover 35%
of forest area and the most common is fresh
forest — 20.6% (WIOS 2004). Vilnius district
is located in southeast Lithuania within the
East Baltic-Belarussian Lowlands (Kondracki
2002), and afforested in 80% with predomina-
tion of fresh coniferous stands (http://vilmu.
It/about-us/about-us).

The age hunted animals was estimated by
dental wear (Pielowski 1999) and corrected
by the experts of the Regional Commission
for Hunting trophies in Lodz and Vilnius.

In total, 49 female mandibles of roe deer
aged between 2 and 8 years were at our dis-
posal. The first molars (M,) were extracted
from the alveolus — mainly left (n = 42), but
in a cases when the tooth was mechanically
damage or exhibited pathological changes we
used the tooth from the right side (n = 7).

Following this, the histological samples
were prepared. Each tooth was degreased in
a bath containing 70% alcohol for 24 hours

B E — enamel
D - dentine

Fig. 1. A distal cusp of the lower molar of European
roe deer Capreolus capreolus showing measurements
of enamel thickness at buccal surface at: 1) the cervical
level; 2) the lateral region near to the dentin horn; 3) the
midpoint between these two levels.

and dried with compressed oil-free air. Sec-
tions of the collected teeth were cut off using
a 0.5 mm diamond-wafering blade (BuehlerI-
soMet 1000) after prior embedding in epoxy
resin (Biodur®). The molars were sectioned
along the long axis in the labiolingual plane.
The sections passed through the highest
point of the posterior (distal) cusp. The cut-
ting surface of one tooth half was polished
using a series of abrasive papers (grades 600,
1200, 2400, 5000) and polishing paste, and
were mounted on a glass slide. The block was
then removed from the slide using a rotary
saw, leaving behind an approximately 300 um
thick section. This section was ground and
polished to a final thickness of approximately
100 um and cover-slipped.

The sections were examined under an
optical microscope (Delta Optical Evolution
300) under 10x and 40x magnification. For
each section, photographs were taken with a
Delta Optical HDCE - 50B camera attached
to the light microscope with an apochromatic
objective lens 40x/0.65 o=/0.17.

The thickness of the enamel was initially
measured in the lingual and buccal surface
at three levels from the cement-enamel junc-
tion: at the cervical level, at the lateral region
near to the dentin horn, and at the midpoint
between these two levels (Fig. 1). The analysis
of the measurements in the subsample (n =
10) revealed a significant correlation between
the buccal and lingual sides of the distal cusp
(r=0.64, P =0.045, n = 10); therefore, further
measurements were performed on the lingual
surface.

All measurements were taken at the distal
cups, along enamel prisms. For each tooth,
the mean enamel thickness (MET) was cal-
culated from the measurements performed
at the described locations on the crown. All
enamel measurements were performed by
one researcher (PP) using Coolview 2.0 soft-
ware with an accuracy of up to 0.1 mm. All
sections were re-measured twice, with negli-
gible discrepancies (Fig. 1)

Because the measurements of enamel
thickness: a) concerned the same in terms of
type and location tooth (M,); b) in our ma-
terial there was no significant correlation be-
tween the enamel thickness and tooth size as
height of lingual cusp (r = -0.421, P = 0.825,
n = 30), we used directly calculated its mean
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value to compare this parameter between
ecotypes value.

The values of all the analysed measure-
ments of enamel linear thickness were charac-
terised by a homogeneity of variance (P > 0.05
in the Levene test) and a normal distribution
(P> 0.05 in the Shapiro-Wilk test). For the as-
sessment of differences in enamel parameters
between roe deer sample from Poland and
Lithuania, the Student’s t-test was used. As no
significant differences were observed between
the two samples (t = 1.07, df =32, P = 0.29), all
specimens from the two countries were gath-
ered together for further analysis.

The relationship between the thickness
of the enamel and ecotype was analysed with
general linear mixed models (GLMMs). Eco-
type (field when < 35% of habitat are covered
by forests (n = 14; only in Poland); forest when
> 35% of habitat are covered by forests (in Po-
land n = 7; in Lithuania n = 28) and age class
(Class 1 - one to three years; Class 2 — over
three years) were included as fixed factors.
We also included interactions between eco-
type and age. Since data from each location
are not non-independent, we added sampling
location as a random factor in the analysis.
The effect of location was nested within eco-
type, as all specimen collected from each lo-
cation were associated with a single ecotype
(either field or forest).

All statistical analyses were performed
using STATISTICA 12.0 software.

The individuals living in the field ecotype
displayed lower values for mean enamel
thickness than those of the forest ecotype.
The mean thickness of enamel was 0.19 mm
+ 0.63 SE in the field ecotype deer (mini-
mum 0.13 mm and maximum 0.23 mm) and
0.21 mm =+ 0.52 SE in the forest ecotype deer
(minimum 0.15 mm, maximum 0.29 mm).
The mean thickness was significantly thinner
in field ecotype deer (F ,; = 6.845, P = 0.025;
Fig. 2). Regarding age, the mean thickness
was found to be 0.22 mm + 0.70 SE in young-
er deer and 0.20 mm + 0.52 SE in older deer.
Age was not found to have any general effect
on enamel thickness (F, ,,=1.412, P = 0.242)
and no significant relationship was found be-
tween age-ecotype interaction and enamel
thickness (F, ,5 = 1.904, P = 0.176). The mean
thickness did not vary significantly with sam-
pling location (F ,, = 0.82, P = 0.543).

Our results are consistent with the hy-
pothesis that thickness of dental enamel in-
dicating that the habitat in which an animal
lives can affect facilitates a diet resistant to
fracture. Our findings indicate that dental
enamel tended to be thinner in the field roe
deer, suggesting that the habitat in which an
animal lives can affect the thickness of tooth
enamel. In addition, no significant relation-
ship was found between thickness of enamel
and age, indicating that the difference be-
tween ecotypes does not result in abrasion
of the enamel; however, it is possible that
microevolutionary adaptations can occur in
response to differences in diet.

The development of the first permanent
molars begins in the prenatal period (about
one month in utero) and the crown of the
tooth is completed four months after birth.
Females usually give birth in June, typically
to two fawns, after a 10-month gestation pe-
riod. Both sexes reach sexual maturity in the
second year, which coincides with the growth
of antlers. As the first molar is formed early, it
is unlikely that pregnancy or antler formation
are responsible for disturbances in its enamel
layer (Pielowski 1999).

Tooth wear is caused by a cumulative loss
of enamel and dentine caused by the action of
opposing teeth and the friction of hard and
abrasive food objects (Lucas et al. 2008). The
course of tooth wear is connected with the
consumption of hard food objects; the energy
needed in the process of effective chewing
and the direction of energy both influence
the surface of the tooth (Maas and Dumont
1999). In the case of herbivores, the degree
of tooth attrition significantly influences the
biological condition. A high level of tooth at-
trition will influence the effectiveness of mas-
tication, and hence the quantity of nutrition
absorbed by the animal. Research conducted
on koala bears by Logan and Sanson (2002)
has shown that scavenging time may extend
in response to changes in enamel thickness,
and Veiberg et al. (2007) report that roe deer
animals demonstrating a lower level of tooth
attrition have a longer expected lifetime. The
survival and reproduction of animals is de-
pendent on condition of the teeth. Kaiser et
al. (2008) in his article argues that captive
individuals have harder-to-kill teeth than
free animals that have a more varied diet. He
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Fig. 2. Differences in tooth enamel thickness between
two ecotypes of European roe deer (Capreolus capreo-
lus). Means + SE are presented. F(,,; = 6.845, P = 0.025.

argues that the non-natural tooth wear pat-
tern can be important for animals released
in re-stocking programs. Burak et al. (1999)
reports that food intake is important in the
abrasion process.

The first molars of roe deer wear down ear-
lier than other molars. In addition, the thick-
ness of enamel has been found to vary between
associated forms of primates and this variation
can be related to the hardness of food intake
(Dumont 1995). This was confirmed by Vogel
et al. (2008) in a study based on the analysis of
food intake by chimpanzees and orangutans. A
comparison of the diet and enamel thickness
revealed that chimpanzees consuming a great-
er proportion of soft parts of plants are char-
acterized by thinner enamel than gorillas, who
tend to consume the harder parts of plants.

Although differences in enamel thick-
ness between field and forest roe deer are
likely to be primarily explained with varia-
tion in diet, we cannot exclude the role other
mechanisms. For example, roe deer from
the field habitat can be also more exposed to
stress, due to the lower possibility to hide or
escape from danger (own observations). Nu-
merous studies of wild living animals have
shown that the noises caused by motor vehi-
cles and some human activities can result in
elevated levels of the stress hormone cortisol
(Creel et al. 2002, Barja et al. 2007, Freeman
2008, Zwijacz-Kozica et al. 2013) and higher
levels of such metabolites as glycogen and
lipid products (Majewska et al. 1982). Corti-
sol is a glucocorticoid, an example of a class

of compounds which allow the organism to
adapt to stress and maintain homeostasis.
Moreover, it has an anti-inflammatory and
immunosuppressive activity, inhibits bone
formation and delays healing (Fabue et al.
2010). An increased level of cortisol reduces
the absorption of calcium from the gastro-
intestinal tract and reduces its concentra-
tion in the blood. Such a reduction has been
found to result in calcium being expelled
in the urine (GOrski 2010). Research has
shown greater bone mineral density loss
when higher cortisol levels are found in the
blood (Dennison et al. 1999). Also, Mar-
kowski (1993) reports that field ecotypes
tend to demonstrate a higher level of vari-
able asymmetry, which is widely used as an
indicator of developmental stability, one that
defines the potential of the body to accu-
rately express genetically-determined devel-
opmental pathways, despite environmental
disturbances . This was taken into account
in a discussion of environmental stress.

This situation could also lead to the dis-
ruption of tooth development, because cal-
cium receptors (CaSR) are located in amelo-
blasts, allowing them to react to disorders in
the level of calcium. Kukita ef al. (1992) report
that primary cultured rat ameloblasts respond-
ed to high concentrations of Ca** by changing
their morphology, suggesting that the process
of enamel maturation could be controlled by
the rate of transport through the ameloblasts
into the matrix. Mathias et al. (2001) note that
CaR was expressed in ameloblasts in the early
secretory stage; hence, extracellular Ca** may
help modulate the function of early secretory
ameloblasts. Therefore, the administration of
corticosteroids to rats resulted in accentuated
surface perikymata and the increased spacing
of incremental lines (Hallett and Hall 1995).
More frequent exposure to stress can signifi-
cantly disrupt ameloblasts and thus affect the
width of the enamel.
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L6dz, dn. 14.05.2020r.

Janusz Hejduk

Katedra Badania R6znorodnosci Biologicznej
Dydaktyki i Bioedukacji

Wydziat Biologii i Ochrony Srodowiska
Uniwersytet £6dzki

ul. Banacha 1/3

90-237 Lodz

Os$wiadczenie o udziale w publikacji

Oswiadczam, ze jestem wspotautorem artykutu:

Jan Demesko, Janusz Markowski, Mirostawa Staba, Janusz Hejduk, Piotr Minias. 2017. Age
Related Patterns in Trace Element Content Vary Between Bone and Teeth of the European Roe Deer
(Capreolus capreolus). Archives of Environmental Contamination and Toxicology 74(2): 330-338.

(IF 2017 = 2,497, punkty MNiSW = 25, lista A),

a moj udzial w pracy oceniam na 5%. Polegal na:

zbieraniu i preparowaniu czaszek sarny uzytych do analiz oraz stworzeniu bazy danych.




Lo6dz, dn. 14.05.2020r.

Janusz Hejduk

Katedra Badania Réznorodnosci Biologicznej
Dydaktyki i Bioedukacjj

Wydziat Biologii i Ochrony Srodowiska
Uniwersytet £.6dzki

ul. Banacha 1/3

90-237 L6dz

Oswiadczenie o udziale w publikacji

Os$wiadczam, ze jestem wspotautorem artykutu:

Jan Demesko, Janusz Markowski, Eva Demesko, Mirostawa Staba, Janusz Hejduk, Piotr Minias.
2018. Ecotype Variation in Trace Element Content of Hard Tissues in the European Roe Deer

(Capreolus capreolus). Archives of Environmental Contamination and Toxicology 76(1): 76-86. (IF
2018 = 2,497, punkty MNiSW = 25, lista A),

a moj udzial w pracy oceniam na 5%. Polegat na:

zbieraniu i preparowaniu czaszek sarny uzytych do analiz oraz tworzeniu bazy danych,
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L6dz, dn. 14.05.2020r.

Marta Kurek

Katedra Antropologii

Wydziat Biologii i Ochrony Srodowiska
Uniwersytet £.0dzki

ul. Banacha 1/3

90-237 1.6dz

Oswiadczenie o udziale w publikacji

Oswiadczam, ze jestem wspotautorem artykulu:

Jan Demesko, Marta Kurek, Patrycja Podlaszczuk, Janusz Markowski. 2020. Enamel thickness

differs between field and forest European roe deer Capreolus capreolus. Polish Journal of Ecology
(w druku). (IF 2018 = 0,590, punkty MNiSW = 40, lista A),

a méj udzial w pracy oceniam na 30%. Polegat na: przygotowaniu preparatéw odontologicznych,

pomiarach parametréw szkliwa na zdjeciach wykonanych pod mikroskopem optycznym,

przygotowaniu bazy danych oraz czgsci wstepu i dyskusji.
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1.6dz, dn. 14.05.2020r.

Mirostawa Staba

Katedra Mikrobiologii Przemyslowej i Biotechnologii
Wydziat Biologii i Ochrony Srodowiska

Uniwersytet Lodzki

ul. Banacha 12/16

90-237 Lodz

Oswiadczenie o udziale w publikacji

Oswiadczam, ze jestem wspotautorem artykuiu:

Jan Demesko, Janusz Markowski, Mirostawa Slaba, Janusz Hejduk, Piotr Minias. 2017. Age
Related Patterns in Trace Element Content Vary Between Bone and Teeth of the European Roe Deer
(Capreolus capreolus). Archives of Environmental Contamination and Toxicology 74(2): 330-338.

(F 2017 = 2,497, punkty MNiSW = 25, lista A),

a moj udzial w pracy oceniam na 10%. Polegal na:
e konsultacjach odnosnie zakupu elementowniezbednych do homogenizacji préb,
e homogenizacji prob w homogenizatorze kulowym,

e korekcie i uscisleniu opisu metody homogenizcji.
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Lo6dz, dn. 14.05.2020 .

Mirostawa Slaba
Katedra Mikrobiologii Przemystowej i Biotechnologii

Wydzial Biologii i Ochrony Srodowiska
Uniwersytet Lodzki

ul. Banacha 12/16

90-237 £.6dz

Oswiadczenie o udziale w publikacji

Oswiadczam, ze jestem wspotautorem artykutu:

Jan Demesko, Janusz Markowski, Eva Demesko, Mirostawa Staba, Janusz Hejduk, Piotr Minias.
2018. Ecotype Variation in Trace Element Content of Hard Tissues in the European Roe Deer

(Capreolus capreolus). Archives of Environmental Contamination and Toxicology 76(1): 76-86. (IF

2018 = 2,497, punkty MNiSW = 25, lista A),

a modj udziat w pracy oceniam na 5%. Polegat na:
e homogenizacji materiatu,

e wprowadzeniu niewielkich korekt koncowej wersji manuskryptu




L6dzZ, dn. 14.05.2020r.

Patrycja Podlaszczuk

Katedra Badania R6znorodnosci Biologiczne;j
Dydaktyki i Bioedukacji

Wydziat Biologii i Ochrony Srodowiska
Uniwersytet £.odzki

ul. Banacha 1/3

90-237 L6dz

Oswiadczenie o udziale w publikacji

Oswiadczam, ze jestem wspotautorem artykutu:
Jan Demesko, Marta Kurek, Patrycja Podlaszczuk, Janusz Markowski. 2020. Enamel thickness
differs between field and forest European roe deer Capreolus capreolus. Polish Journal of Ecology

(w druku). (IF 2018 = 0,590, punkty MNiSW = 40, lista A),

a moj udzial w pracy oceniam na 20%. Polegal na wspotudziale w pomiarach szkliwa, analizie

statystycznej, pisaniu i redagowaniu manuskryptu.
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