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2. Streszczenie

Urbanizacja w duzym stopniu wplywa na srodowisko naturalne, a zwierzeta zyjace na
terenach miejskich muszg mierzy¢ si¢ z warunkami, ktére moga by¢ inne niz te spotykane
w naturalnych warunkach. Jednym z gatunkow, ktéry przystosowatl si¢ do zycia w
miastach 1 osigga w nich wysokie zageszczenia populacji jest wiewidrka pospolita
Sciurus vulgaris. Wiedza na temat funkcjonowania zwierzat w srodowiskach poddanych
W roznym stopniu antropopresji wcigz jest niewielka. W mojej pracy doktorskiej,
sktadajacej sie z cyklu publikacji, zostaly pordéwnane dwie miejskie populacje wiewidrek,
zyjace na terenach rdznigcych sie od siebie pod wzgledem przeksztalcenia
antropogenicznego. Jedna populacja zamieszkiwata park miejski w centrum miasta
(Lazienki Krolewskie w Warszawie), chetnie odwiedzany przez mieszkancow i turystow,
a wiewiorki tam sg dokarmiane caty rok. Druga badana populacja Zzyta na terenie lesnego
rezerwatu przyrody polozonego na obrzezach miasta i zamknietego dla odwiedzajacych
(Rezerwat Przyrody Las Natolinski w Warszawie). W sklad cyklu publikacji wchodza
cztery artykuly, w ktorych porownywane byly m.in.: 1) aktywnos$¢ dobowa i sezonowa,
2) kondycja zdrowotna i aktywnos$¢ plciowa, 3) reakcje na stres (wyrazone kilkoma
wskaznikami) oraz 4) poziom zanieczyszczenia organizmu metalem ciezkim, na
przykladzie rteci. Wykazano szereg réznic pod wzgledem funkcjonowania obu populacji.
Wzorzec aktywnosci dobowej roznit sie w zaleznosci od pory roku oraz terenu badan: w
rezerwacie wzorzec ten bardziej przypominat tereny pozamiejskie, gdzie widoczne byly
dwa szczyty aktywnosci (jeden po wschodzie stonca, a drugi przed zachodem), w parku
natomiast wiewiorki prezentowaly glownie jeden szczyt aktywnosci (ktory zaczynat sie
po wschodzie stonca i trwal do popohudnia). Wykazano tez réznice w kondycji
zdrowotnej oraz aktywnosci plciowej: wiewiorki zamieszkujace park miaty nizszg mase
ciata i gorszg kondycje, cho¢ jednoczesnie zaobserwowano tam wiecej aktywnych
plciowo samic. Nie wykazano natomiast réznic pod katem reakcji na stres pomigdzy
obiema populacjami, cho¢ wiewiorki zyjace w rezerwacie lesSnym wykazywaly wyzszy
poziom stresu podczas bezposredniego kontaktu z czlowiekiem (mierzonego
czestotliwoscia oddechu). Na poziom zanieczyszczenia siersci metalem ciezkim (rtgcia)
wplyw mialy teren badan, pte¢ oraz status ptciowy — wartosci te byly wyzsze u wiewiorek
zamieszkujacych park oraz u aktywnych plciowo samic.

Wyniki badan przedstawionych w artykutach sugeruja, ze wiewiorki zamieszkujace

tereny o réznym stopniu przeksztalcenia antropogenicznego réznig si¢ od siebie pod
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wieloma aspektami — te zamieszkujace rezerwat lesny maja wiecej cech wspolnych z
populacjami zasiedlajacymi naturalne srodowiska, a te z parku miejskiego, funkcjonuja
odmiennie. Zwierzgta z parku najprawdopodobniej zmodyfikowaly swoja aktywnosé
dobowa, by dostosowac ja do obecnosci odwiedzajacych, co zwieksza szanse na zdobycie
pokarmu i jednocze$nie pozwala na skrécenie czasu potrzebnego na znalezienie
odpowiedniej ilosci pozywienia. Roznice w masie ciala oraz kondycji moga by¢
spowodowane duza konkurencjg miedzy osobnikami w populacji o duzym zageszczeniu
(tj. w parku), cho¢ z drugiej strony, stabilny dostep do pokarmu uzupetniajacego przez
caly rok moze zmniejszaé znaczenie zapaséw thuszczu dla przezycia i1 sukcesu
rozrodczego. Dostepnos¢ pokarmu moze rowniez skutkowaé wigksza liczbg samic
aktywnych ptciowo i potencjalnie wplywac pozytywnie na rozrodczos$¢. Brak roznic w
reakcji na dhugo i srednioterminowy stres (tj. w poziomie metabolitow hormonoéw stresu
w siersci 1 odchodach) pomiedzy populacjami wskazuje na podobny wpltyw czynnikdéw
srodowiskowych (m.in.. pogody, pory roku), a zmniejszona reakcja na bezposredni
kontakt z czlowiekiem wiewidrek z parku moze wynika¢ z przyzwyczajenia do jego
obecnosci. Wieksze zanieczyszczenie siersci metalem cigzkim w populacji wiewiorek
zamieszkujacych park miejski moze by¢ wynikiem zmian w sposobie zerowania (co
moze mie¢ bezposredni wplyw na poziom metali ciezkich w organizmie). Wyniki badan
zawartych w czterech artykutach potwierdzaja duza plastycznos¢ wiewidrek pospolitych
zamieszkujacych obszar o duzej antropopresji oraz dostosowanie si¢ tych zwierzat do
specyficznych miejskich warunkow. Ponadto wyniki podkreslaja role miejskich

srodowisk lesnych jako wazng ostoje (refugium) dla dzikich zwierzat.

Stowa kluczowe: aktywnos¢ dobowa, aktywnos$¢ sezonowa, kondycja, masa ciala,

Sciurus vulgaris, stres, urbanizacja, zaburzenia srodowiskowe
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3. English summary

Urbanization highly affects the environment, and animals living in urban areas encounter
conditions that may differ from rural habitats. One of the species that has adjusted to these
specific conditions and can reach high population density is the red squirrel Sciurus
vulgaris. Knowledge of how wildlife cope with this anthropogenic disturbance is still
scarce. In this thesis, consisting of a series of papers, two populations of red squirrels
inhabiting utterly different habitats are compared. One population lived in an urban park
in a city centre (Royal Lazienki Museum in Warsaw), which is popular among inhabitants
and tourists, and squirrels have access to supplementary feeding throughout the year. The
second population lived in an urban forest reserve (Las Natolinski Nature Reserve), which
is closed to the public and located in a suburban area. This thesis consists of four papers,
in which, among others, I compared 1) daily and seasonal activity, 2) body condition and
sexual activity, 3) reaction to stress, and 4) level of intoxication by heavy metal (mercury).
A number of differences between both populations were found. Daily and seasonal
activity patterns differed: in the urban forest, activity patterns were similar to rural
populations, with two activity peaks (one after sunrise and a second before sunset); in the
urban park, squirrels presented mostly one peak of activity (which started after sunrise
and lasted until the afternoon). Differences in body condition and sexual activity were
also shown: squirrels from the park had lower body mass and worse body condition. At
the same time, more sexually active females and more juveniles were observed there. In
contrast, there were no differences in terms of stress reaction between the two
populations, although squirrels from the urban forest showed higher reactions to stress
during direct contact with humans (measured by breath rate). Levels of heavy metal
(mercury) contamination in fur were influenced by study area, sex, and sex status — values
were higher in squirrels from the urban park and sexually active females. The results
suggest that squirrels inhabiting areas of different anthropogenic disturbances may differ
in many aspects — those living in an urban forest are similar to populations inhabiting
rural habitats. In contrast, those from an urban park show a number of changes. Animals
from the park probably have modified their diurnal activity to adjust to the presence of
humans visiting the park, which increases the chances of obtaining food and,
simultaneously, reduces the time needed to find enough food. Differences in body weight
and fitness may be due to high competition between individuals in a high-density

population (i.e., urban park). On the other hand, stable access to supplemental food
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throughout the year may reduce the importance of fat reserves for survival and
reproductive success. Food availability may also result in more sexually active females
and potentially positively affect reproduction. The lack of differences in reactions to
stress indicates that both populations are similarly subject to environmental stressors (e.g.,
weather, season), and the reduced response to direct contact with humans of park squirrels
may be due to habituation to their presence. Higher heavy metal contamination may be
due to changes in foraging patterns. The results of the studies included in the four articles
confirm the high plasticity of red squirrels living in environments affected by
anthropopression and the adjustment of these animals to specific urban conditions. In
addition, the results highlight the role of urban forests as important refuges for wild

animals, where their populations may remain relatively natural.

Keywords: body mass, daily activity, condition, environmental disturbances, hormone

stress metabolites, seasonal activity, Sciurus vulgaris, stress, urbanization.
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4. Wstep i cel badan

Urbanizacja to proces, ktéry ma bardzo duzy wptyw na dzikg przyrode i oddziatuje na
nig na wiele sposoboéw (Grimm i in. 2008; Johnson i Munshi-South 2017; McDonald i in.
2019). W ciagu ostatnich dekad miasta si¢ gwaltownie powickszaja i przewiduje sie, ze
w kolejnych latach wzrost liczby ludzi mieszkajacych w miastach bedzie jeszcze wigkszy
(Liiin. 2021). Tereny zurbanizowane sa znaczaco odmienne od srodowisk naturalnych,
a ich ekspansja powoduje m.in. utrate lasoéw (Birnie-Gauvin i in. 2016; Alberti i in. 2017,
McDonald i in. 2019). Wiele gatunkdw zwierzat nie jest w stanie poradzi¢ sobie ze
specyficznymi warunkami miejskimi, co prowadzi do zmniejszenia réznorodnosci
biologicznej (McDonald i in. 2019; Lopucki i1 in. 2019). Zmiany wprowadzone przez
czlowieka oddziatuja bezposrednio na dzikie zwierzeta, a specyficzne warunki miast
moga negatywnie wptywac na populacje i/lub poszczegdlne osobniki. Przyktadem takich
zaburzen srodowiskowych, ktore wpltywaja na zwierzeta jest halas, ktéry moze zmieniac
poziom czujnosci, sposdb szukania pozywienia (Sweet i in. 2022), moze powodowac
wyzszy stres, obnizong odpornos¢ i zmiany w ekspresji genow (Kight i Swaddle 2011;
Francis i Barber 2013). Zanieczyszczenie $wiatlem z kolei powoduje zmiany w
aktywnosci, interakcjach migdzy osobnikami, wykorzystaniu przestrzeni (Ciach i
Frohlich 2019; Hoffmann 1 in. 2019), strategiach zerowania i reprodukeji (Longcore i
Rich 2004; Gaston i in. 2014). Intensywny miejski ruch uliczny moze prowadzi¢ do
kolizji pojazdow ze zwierzetami, a ulice zwickszaja fragmentacje s$rodowiska, co
prowadzi do utrudnia przemieszczania si¢ osobnikdw, ogranicza dostepnos$¢ srodowisk
oraz przeptyw gendéw miedzy populacjami (Fahrig 2003; Johnson i Munshi-South 2017,
Seiler i Bhardwaj 2020). Zwierzeta zyjace w miastach narazone sg rOwniez na r6znego
rodzaju zanieczyszczenia (Murray i in. 2019), a zwiekszone stezenie metali cigzkich w
miastach moze by¢ potencjalnym zagrozeniem dla populacji oraz ekosystemow (Dietz i
in. 2006; Poissant i in. 2008; Dietz, Outridge, i Hobson 2009; Rea i in. 2013; Herring,
Eagles-Smith, i Varland 2018; Dietz i in. 2022). To moze skutkowaé¢ obnizeniem
odpornosei organizmu i powodowac nieprawidlowosci rozwojowe u poszczegdlnych
osobnikow (Serieys 1 in. 2018). Biorac pod uwage rosnaca ilos¢ terenow
zurbanizowanych i ich wptyw na dzikie zwierzeta (Baker i Harris 2007) oraz potencjalnie
wyzsza ekspozycje zwierzat na zanieczyszczenia w miastach (Newman 2006), wpltyw
metali ciezkich na populacje ssakéw powinien by¢ monitorowany. Dodatkowo choroby i

pasozyty mogag rozprzestrzenia¢ si¢ szybciej na terenach zurbanizowanych (Bradley i
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Altizer 2007; Oro 1 in. 2013), a zwierzeta sg bardziej podatne na choroby z powodu
obnizonej odpornosci (Birnie-Gauvin i in. 2016). Stala obecno$¢ ludzi moze takze by¢
czynnikiem stresowym dla zwierzat (Rangel-Negrin i in. 2009; Zwijacz-Kozica 1 in.
2013), cho¢ wyniki sg niejednoznaczne (Iglesias-Carrasco i in. 2020).

Pomimo  wymienionych powyze] negatywnych konsekwencji, $rodowiska
zurbanizowane moga mie¢ réwniez pozytywny wplyw na zwierzeta (Jakubiak i Klich
2021). W miastach obserwowane jest tzw. zjawisko miejskiej wyspy ciepta, czyli inne
ruchy wiatrow, wyzsze temperatury powietrza oraz gleby w poréwnaniu do okolicznych
terenow pozamiejskich (Rizwan i in. 2008; Han i in. 2014; Droste i in. 2018), co ulatwia
przezycie i zdobycie pokarmu, zwlaszcza zimg (Bateman i Fleming 2012). Co wigcej,
okres rozrodczy moze by¢ wydluzony w zwigzku z korzystniejszymi warunkami
srodowiska (Dominoni i in. 2013), a czg$¢ osobnikéw zimuje w miescie bez
podejmowania migracji sezonowej (Partecke i Gwinner 2007). Ponadto zabudowania
oraz inne konstrukcje znajdujace sie w miescie, moga zapewniaé¢ zwierzetom dodatkowe
schronienie (Herr i in. 2010; Lowry i in. 2013). Co wiecej, liczba naturalnych
drapieznikéw w miastach moze by¢ nizsza (Shochat i in. 2006), cho¢ z drugiej strony ich
role przejmuja drapiezniki udomowione, np. Koty (Felis catus) (Jokiméki i in. 2017).
Pokarm uzupetniajacy, oprécz wspomnianych wezesniej negatywnych efektow, moze
rowniez pozytywnie oddzialywa¢ na zwierzeta (Bateman i Fleming 2012; Lowry 1 in.
2013), np. powodowac¢ wzrost masy ciala, czy zwigkszong aktywnos¢ plciowa samic i
przezywalnos¢ (Oro i in. 2013; Lopucki i in. 2019). Niektore gatunki w miastach moga
tez osiggaé wyzsze zageszczenia niz w naturalnych $rodowiskach (McCleery 2009).
Dodatkowo zwierzeta z miast najczesciej sg bardziej Smiale oraz prezentuja mniejsza
neofobi¢ (Uchida i in. 2019). Z drugiej strony jednak miasta mogg by¢ swojego rodzaju
“putapka ekologiczng” — zwierzeta zachecone dostepnoscia pozywienia zajmuja
srodowiska miejskie, ktore jednak w dhuzszej perspektywie czasowej okazuja si¢ byé
niskiej jakosci, co wplywa negatywnie na przezywalno$¢ zwierzat, ich reprodukcje i
kondycje (Lepeczyk 1 in. 2017; De Satgé i in. 2019). Wcigz nie wiadomo czy srodowiska
miejskie sg takimi putapkami czy raczej petnig role refugium w dlugiej perspektywie
czasowej (Lepczyk i in. 2017).

Liczba badan podejmujacych tematyke wpltywu urbanizacji na srodowisko naturalne w
ostatnich latach rosnie (McDonnell i Hahs 2015), jednak ekologia srodowisk miejskich
(ang. ,,urban ecology”) jest wzglednie mloda dziedzing biologii. Wcigz niewiele wiadomo

na temat mechanizmoéw pozwalajacych na przezycie zwierzetom w srodowisku miejskim
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oraz jak i dlaczego osobniki zamieszkujace te srodowiska r6znig si¢ od przedstawicieli
tego samego gatunku zyjacych w srodowiskach naturalnych (Ouyang i in. 2018). Lepsze
zrozumienie, jak zwierzeta dostosowuja sie do srodowisk zurbanizowanych pozwala na
podejmowanie odpowiednich decyzji odnosnie planowania przestrzeni miejskiej i
ochrony przyrody.

Wiewiorka pospolita Sciurus vulgaris jest jednym tych z gatunkow, ktéry wystepuje w
miastach 1 osigga w nich duze zageszczenia (Rézouki i in. 2014; Fey i in. 2016; Reher i
in. 2016; Haigh i in. 2017; Uchida 1 in. 2019; Kostrzewa i Krauze-Gryz 2020; Krauze-
Gryz iin. 2021aa,b). Cho¢ pierwotnie byta zwigzana z lasami (Bosch i Lurz 2012), tereny
zielone w miastach moga stanowi¢ wazng ostoje dla tego gatunku (Jokiméki i in. 2017,
Fingland 1 in. 2022). W ciagu ostatnich lat zainteresowanie badaczy miejskimi
populacjami wiewidrek wyraznie wzrasta (Fingland 1 in. 2022). Zauwazono wiele roznic
miedzy populacjami zyjacych na terenach o réznym stopniu urbanizacji: osobniki
miejskie zajmujg mniejsze arealy osobnicze (Haméldinen i in. 2018; Krauze-Gryz i in.
2021a), korzystaja z réznych dostepnych struktur, np. budynkéw (Hadméldinen i in. 2018),
wigcej czasu spedzaja na ziemi oraz czesciej wchodzg w interakcje z czlowiekiem
(Krauze-Gryz i in. 2021a,b). W przypadku terendw zurbanizowanych, wiewiorki czesto
dokarmiane sa bezposrednio przez Iudzi, jak rowniez korzystaja z pokarmu
przeznaczonego dla ptakow w karmnikach (Bosch i Lurz 2012; Krauze-Gryz i Gryz 2015;
Reher i in. 2016; Thomas 1 in. 2018; Kostrzewa 1 Krauze-Gryz 2020; Krauze-Gryz i in.
2021a).

Celem badan bylo porownanie dwoch populacji wiewidrek zamieszkujacych to samo
miasto (Warszawe), ale dwa bardzo r6znigce sie od siebie srodowiska: park miejski oraz
rezerwat le$ny. Oba tereny sa w roznym stopniu przeksztalcone antropogenicznie: park
jest silnie zmodyfikowany przez czlowieka, a zwierzeta sa tam regularnie dokarmiane,
rezerwat natomiast jest zamknicty dla odwiedzajacych, a ingerencja czlowieka w
srodowisku jest niewielka.

Weczesniejsze badania wiewiorek prowadzone na tych samych terenach wykazaty istotne
zmiany w funkcjonowaniu populacji zamieszkujacej park w porownaniu do rezerwatu
(Krauze-Gryz i in. 2021a,b). W obecnych badaniach skupiono si¢ na tych aspektach
populacji, ktére pozostaja niezbadane lub wyniki innych badan sg niejednoznaczne. W
pracy zostaly porownane rézne aspekty funkcjonowania populacji: 1) dzienny i sezonowy
rytm aktywnosci, 2) masa ciala, kondycja fizyczna i aktywno$¢ rozrodcza, 3) poziom

stresu, 4) poziom zanieczyszczenia organizmu metalem ciezkim (rtecia).
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1)

2)

3)

4)

5. Gloéwne zalozenia badawcze

Dobowy i sezonowy wzorzec aktywnosci wiewiorek zyjacych na obu terenach
jest odmienny. Wiewidrki w rezerwacie lesnym, gdzie obecno$¢ ludzi jest
ograniczona, prezentuja typowy wzorzec aktywnosci dla gatunku w jego
naturalnym s$rodowisku, wiewiérki z parku dostosowuja swa aktywnos¢ do

obecnosci ludzi dostarczajacych pokarm.

Wiewiorki zamieszkujace park, gdzie sa dokarmiane, beda miaty wyzsza mase
ciata oraz lepsza kondycje, niezaleznie od pory roku. Dzieki wiekszej dostepnosci
pokarmu zima, wiewiorki w parku pozostang w lepszej kondycji, dzigki czemu

beda mogly wczesniej przystapi¢ do rozrodu.

W rezerwacie, gdzie jest mniejsze zageszczenie wiewiorek, zwierzeta bedg miaty
mniejszy poziom metabolitow tzw. hormonoéw stresu. Odpowiedz stresowa na
bezposredni kontakt z cztowiekiem (wokalizacja, czestotliwo$¢ oddechu oraz
poziom zaniepokojenia, ang. ,,struggle rate”) w parku miejskim bedzie stabsza,

poniewaz osobniki tam zyjace maja czestszy kontakt z ludzmi.

Wiewiorki zamieszkujace park w centrum miasta sg bardziej narazone na
zanieczyszczenia, dlatego beda sie charakteryzowaly wyzszym stezeniem
zawartosci rteci w siersci niz wiewiorki w rezerwacie. W zwiazku z tym, ze rteé
podlega bioakumulacji, poziom zanieczyszczenia rtecig poszczegolnych

osobnikow bedzie zalezat od ich wieku i kondycji.

16



6. Materiat i metody

Badania prowadzone byly na obszarze dwoéch terendw zielonych w Warszawie,
réznigcych si¢ stopniem przeksztalcenia antropogenicznego: w parku miejskim (Muzeum
Lazienki Krélewskie) oraz w rezerwacie leSnym (Rezerwat Przyrody Las Natolinski).
Poczatki Muzeum Lazienki Krolewskie siegajag XVII wieku. Obecnie teren znajduje si¢
W centrum miasta i jest bardzo popularny wsrdéd mieszkancoéw i turystow. Wedhug raportu
Polskiej Organizacji turystycznej Muzeum lazienki Krolewskie wraz z ogrodami
odwiedzito w 2022 roku ponad 5,2 mln os6b (https://www.pot.gov.pl/). Park zajmuje
powierzchni¢ 74 hektarow i wystepuja w nim 92 gatunki drzew i krzewdéw (Babinska-
Werka i Z6tw 2008). Okoto 20% drzew ma ponad 150 lat (Babinska-Werka i Z6tw 2008).
Wystepujace drzewa to przede wszystkim gatunki lisciaste: grab (Carpinus betulus), dab
szyputkowy (Quercus robur), buk (Fagus sylvatica) jak rowniez leszczyna (Corylus
avellana), orzech wloski (Juglans regia) oraz orzech czarny (Juglans nigra) (Babinska-
Werka i Z6tw 2008). Poza naturalng baza pokarmowa dostepna dla zwierzat, ptaki i
wiewiorki sg takze dokarmiane zarowno przez pracownikow parku jak réwniez
odwiedzajacych. Zwierzetom podawane sg przede wszystkim nasiona, w tym stonecznika
oraz orzechy (wloskie i laskowe).

Rezerwat przyrody Las Natolinski znajduje si¢ na obrzezach miasta, w odleglosci okoto
10 km od centrum Warszawy. Rezerwat zostal utworzony w 1991 roku, a jego
powierzchnia to 105 hektaréw. Obszar jest objety ochrong oraz wstep do niego jest bardzo
ograniczony (do wejscia niezbedna jest przepustka wydawana przez Regionalng Dyrekcje
Ochrony Srodowiska). Obecnie praktycznie caly teren rezerwatu jest zalesiony.
Najstarsze drzewa maja ponad 250 lat, martwe sg pozostawiane do naturalnego sktadu.
Bezposredni wptyw ludzi jest bardzo ograniczony. Teren stanowi ostoje przyrody, gdzie
wplyw antropopresji jest nizszy niz na obszarach otaczajacych. Drzewa sg glownie
lisciaste, wystepuje miedzy innymi grab, dab szypulkowy, jesion wyniosty (Fraxinus
excelsior), wiaz pospolity (Ulmus minor), leszczyna oraz olsza czarna (4lnus glutinosa).
Wiewidrki na tym terenie nie s3 w zaden sposob dokarmiane.

Na obu terenach obecne sg drapiezniki, w tym puszczyki (Strix aluco, Gryz, Krauze i
Goszczynski 2008) oraz krogulce (Accipiter nissus, Gryz J. os. obs.). Stwierdzono
rowniez gniazdujace jastrzebie Accipiter genitilis na terenie rezerwatu Las Natolinski
(Gryz J. os. obs.). Z kolei na terenie parku liczne sg ptaki krukowate, ktére moga rowniez

polowa¢ na wiewiorki: wrony siwe (Corvus corone) oraz gawrony (Corvus frugilegus)
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(Beliniak i1 Krauze-Gryz 2024). Na obu terenach mozna spotka¢ ssaki drapiezne: lisa
pospolitego (Vulpes vulpes) (Jackowiak iin. 2021) kune domowa (Martes foina) (Krauze-
Gryz D., os. obs.) oraz dziko zyjace koty, szczegolnie czgsto obecne na terenie parku
(Jankowska 2021).

Wedtug poprzednich badan prowadzonych na obu obszarach zageszczenie wiewiorek
zostalo oszacowane w parku na wiecej niz 2 os./ha oraz na 0,29 os./ha na terenie
rezerwatu (Krauze-Gryz i in. 2021a).

Na obszarze parku miejskiego i rezerwatu lesnego prowadzone byly odlowy wiewidrek
oraz obserwacje za pomocg fotopulapek. Odlowy byly prowadzone od lipca 2018 do
grudnia 2020 roku. Do badan wykorzystywane byly putapki zywolowne (51x15x15 cm)
(“Jerzyk™ Jerzy Chylarecki, Bialowieza, Polska). Na terenie parku miejskiego uzyto 30
pulapek, a w rezerwacie le$nym 40 pulapek. Putapki umieszczone byly na ziemi lub na
drewnianych polkach przykrytych folig i czesciowo zakryte plastikowa folig, ktora
chronila przed deszczem 1 $niegiem. W celu zachecenia i nauczenia wiewidrek
wchodzenia do pulapek, przez 7 dni przed odlowami do srodka wrzucane byly orzechy
laskowe i wloskie.. Po tym tygodniowym okresie necenia, przeprowadzania byla sesja
polowowa trwajaca $rednio cztery dni (od czterech do dziewigciu). Odlowy byly
prowadzone w tym samym miesigcu na obu terenach. Pulapki nastawiane byly okolo
godziny 6-7 rano, sprawdzane po 2-4 godzinach, a nastgpnie zabezpieczane przed
zamknieciem. Po zlapaniu, wiewiorka byla przekladana do jutowego worka, gdzie
mierzony byl wskaznik zaniepokojenia (“struggle rate”). Przez 30 sekund mierzono czas,
w ktorym wiewiorka poruszala si¢ niespokojnie w worku. Nastepnie wiewiorka byta
przektadana si¢ do zamknigtego z jednej strony drucianego cylindra, gdzie dokonywano
pomiaru liczby oddechow w ciggu 20 sekund oraz gdzie oceniana byta wokalizacja w
czterostopniowej skali. Kazda nowo zlapana wiewidrka miata zakladany kolczyk (2x8
mm, National Tag&Band, Newport, KY, USA). Mierzona byla masa ciata z dokladnoscia
do 10 g (waga sprezynowa Pesola). Dodatkowo, za pomocg miarki, mierzona byta prawa
tylna stopa (bez pazuréw) z dokladnoscig do 1 mm. Kondycja ciala byla oceniana na
podstawie porownania dlugosci stopy oraz masy ciata (Wauters i Dhondt 1995). Oceniana
byla rowniez ple¢ i status plciowy samic: nieaktywne ptciowo, aktywne plciowo i w cigzy
lub w trakcie laktacji (wedlug Santicchia i1 in. 2018). Okreslany byt rowniez wiek
osobnikéw, przy podziale na osobniki doroste i mtodociane (Wauters i Dhondt 1993). W
trakcie pomiaré6w pobierano probki siersci, ktore wycinano nozyczkami z ogona, a

nastepnie umieszczano w torebkach strunowych. Zbierane byly réwniez odchody
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pozostawione w klatce, ktdre nastepnie byty umieszczane w probowkach typu Eppendorf
i transportowane w lodowce do laboratorium. Po kazdym odlowie zmieniano foli¢ pod
klatka, co pozwalato na zbieranie jedynie swiezych odchodow. Siers¢ i odchody zostaty
nastgpnie przeanalizowane w laboratorium w celu oceny zawartosci metabolitow tzw.
hormondw stresu.

Fotopulapki zostaly uzyte do monitorowania dobowej aktywnosci wiewiorek, wyrazonej
jako liczba obserwacji wiewidrek na godzine. Fotoputapki (LTL — Acorn 6210MC/MG,
USA) uzywano w okresie od wrzesnia 2018 do lipca 2019 roku. Fotopulapki umieszczone
byly na drzewach przed pulapkami zywoltownymi okoto 20-150 cm nad ziemig. Na
kazdym terenie badan wykorzystane bylo 5 fotoputapek w odlegtosci minimum 100
metréw od siebie. Liczba pulapkodni w rezerwacie le$nym wynosita 432, w parku 482.
Pozwolenie na wstep do Rezerwatu Przyrody Las Natolionski oraz na tapanie wiewiorek
zostalo wydane przez Regionalna Dyrekcje Ochrony Srodowiska (WPN-
1.6205.124.2018.AS i WPN-1.6401.208.2018.PF). Procedura lapania wiewidrek byla
przeprowadzona zgodnie z obowigzujacymi zasadami oraz za zgoda Lokalnej Komisji
Etycznej (WAW2/072/2018).

Badania zostaly czesciowo dofinansowane przez Wydziat Lesny SGGW w Warszawie z
grantu dla mlodych naukowcow oraz Instytut Ochrony Srodowiska — Panstwowy Instytut
Badawczy.

Publikacja artykutu: Beliniak A., Gryz J., Klich D., Jasinska K., Krauze-Gryz D. 2022.
Body Condition and Breeding of Urban Red Squirrels: Comparison of Two Populations
Affected by Different Levels of Urbanization. Animals, 12(23): 3246.
https://doi.org/10.3390/ani12233246. byla mozliwa dzieki finansowaniu przez
Ministerstwo Nauki i Szkolnictwa Wyzszego ze $rodkéw Instytutu Nauk Lesnych
SGGW.

Publikacja artykuhu: Beliniak A., Gryz J., Klich D., Lopucki R., Sadok I., Ozga K.,
Jasinska K.D., Scibior A., Golebiowska D., Krauze-Gryz D. 2024. Long-term, medium-
term and acute stress response of urban populations of Eurasian red squirrels affected by
different levels of human disturbance. PLoS ONE.
https://doi.org/10.1371/journal.pone.0302933. byta mozliwa dzigki finansowaniu przez
Ministerstwo Nauki i Szkolnictwa Wyzszego ze srodkow Katolickiego Uniwersytetu

Lubelskiego Jana Pawtla II.
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7. Streszczenia rozdzialdow

Rozdzial 1.

Réznice we wzorcach dziennej aktywnosci wiewiorek pospolitych zamieszkujacych

miejski park oraz rezerwat lesny

Beliniak A., Krauze-Gryz K., Jasinska K., Jankowska K., Gryz J. 2021. Contrast in daily
activity patterns of red squirrels inhabiting urban park and urban forest. Hystrix, the
Italian Journal of Mammalogy, 32(2):159—-164. https://doi.org/10.4404/hystrix-00476-
2021.

W pierwszym artykule porownano aktywnos$¢ dobowa i sezonowa wiewidrek przy uzyciu
zdje¢ z fotopulapek. Badania pilotazowe prowadzone w poprzednich latach wykazaty
zmiane zachowania wiewidrek w parku miejskim w odpowiedzi na obecnos¢ czlowieka,
m.in. spedzaly one wiecej czasu na ziemi (Krauze-Gryz i in. 2021a). Na tej podstawie
zalozono, ze dobowy i1 sezonowy wzorzec aktywnosci wiewidrek na dwoch terenach
bedzie si¢ roznil — w rezerwacie lesnym bedzie on typowy dla gatunku w warunkach
naturalnych, a w parku bedzie on zmieniony pod wptywem obecnosci odwiedzajacych.
By to sprawdzi¢ uzyto po pie¢ fotopulapek na obu terenach badan (w sumie 10
fotoputapek), ktore dzialaly przez calg dobe od wrzesnia 2018 do lipca 2019 roku (okres
badawczy objat wszystkie pory roku). W sumie liczba putapkodni dla rezerwatu wynosita
432 1482 dla parku, a wiewiorki zaobserwowano 323 razy w rezerwacie i 604 razy w
parku miejskim. Na podstawie zdje¢ z fotoputapek wykazano, ze wzorzec aktywnosci
dobowej roznit si¢ w zaleznosci od pory roku oraz terenu badan. Wiewiorki w rezerwacie
prezentowaly bimodalny wzorzec aktywnosci, typowy dla pozamiejskich populacji, tzn.
widoczne byly dwa szczyty aktywnosci — jeden po wschodzie stonca, a drugi przed
zachodem (wiewiorki podczas najcieplejszych godzin w ciggu dnia odpoczywaja w
gniazdach) (Tonkin 1983; Wauters i Dhondt 1987, 1992). Osobniki z parku natomiast
prezentowaly nietypowy, pojedynczy szczyt aktywnosci, ktory zaczynat si¢ kilka godzin
po wschodzie stonca i trwal do potudnia/wczesnego popotudnia (w zaleznoscei od pory
roku). Przypuszczalnie wiewiorki zamieszkujace park zmienity swoj wzorzec aktywnosci

tak, by pokrywal si¢ on ze zwigkszong obecnoscig ludzi odwiedzajacych park, co
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zwicksza szanse na zdobycie dodatkowego pokarmu antropogenicznego. Wiewidrki to
zwierzeta typowo dzienne, poczatek ich aktywnosci jest $cisle zwigzany ze wschodem
storica (Wauters i Dhondt 1992), jednak gdy dni sa krétkie, zwierzgta te moga by¢
aktywne juz przed wschodem a nawet po zachodzie stonca (Wauters i Dhondt 1987).
Potwierdzono to réwniez w przypadku wiewiorek z rezerwatu, ktdre rejestrowane byty
zardwno przed wschodem slonca oraz po jego zajsciu. Inaczej bylo w przypadku
wiewiorek z parku, ktore aktywne byly prawie wytacznie w ciggu dnia. Co zaskakujace,
w parku czgstos¢ rejestracji wiewidrek byta najmniejsza latem, a najwyzsza zima. Taka
wysoka aktywno$¢ wiewiorek zimg jest sprzeczna ze znanym z literatury wzorcem
aktywnosci sezonowej; w czasie niskich temperatur wiewiorki ograniczajg swoja
aktywno$¢ 1 odpoczywaja w gniazdach by unikac¢ strat energii (Wauters i Dhondt 1987).
Przypuszczalnie wiewiérki z parku byly w stanie utrzymac¢ wysoka aktywnos$¢ zima
dzieki obecnosci pokarmu antropogenicznego w ciggu catego roku. Podsumowujac, w
artykule wykazano odmienne wzorce aktywnosci wiewiorek z dwoch populacji, co moze

by¢ spowodowane m.in. catlorocznym dokarmianiem przez ludzi.

Stowa kluczowe: dokarmianie, fotopulapki, Sciurus vulgaris, zaburzenia sSrodowiskowe
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Rozdzial 2.

Kondycja ciata i aktywnos$¢ plciowa miejskich wiewidrek pospolitych: poréwnanie

dwéch populacji bedacych pod wplywem odmiennej urbanizacji

Beliniak A., Gryz J., Klich D., Jasinska K., Krauze-Gryz D. 2022. Body Condition and
Breeding of Urban Red Squirrels: Comparison of Two Populations Affected by Different
Levels of Urbanization. Animals, 12(23): 3246. https://doi.org/10.3390/ani12233246.

W drugim artykule zostata poréwnana masa ciata, kondycja ciata oraz aktywnos$¢ piciowa
wiewiorek z rezerwatu lesnego oraz parku miejskiego. Wiedzac, ze populacja wiewidrek
z rezerwatu nie jest dokarmiana (poniewaz teren ten jest zamkniety), zatozyliSmy, ze
wiewiorki z parku miejskiego, ktore przez caly rok maja dostep do dodatkowych zrédet
pokarmu, beda mialy lepsza kondycje i wigksza mase ciata. W celu sprawdzenia tej
hipotezy w okresie od lipca 2018 do grudnia 2020 roku prowadzono odlowy wiewiorek
w pulapki zywolowne. W sumie wiewiorki tapano podczas trzynastu przecietnie 4-
dniowych sesji, ktore odbywaly sie co dwa miesigce, rownolegle na obu terenach. W
sumie zostato zlapanych 36 osobnikow w rezerwacie lesnym (19 samic i 17 samcow)
oraz 106 wiewiorek w parku (48 samic i 58 samcoéw). W rezerwacie lesnym lgczna liczba
zlowien wynioslta 129 ($rednio kazdy osobnik tapat si¢ 3,58 razy, minimum 1, maksimum
11), w parku miejskim natomiast 266 (Srednio kazdy osobnik tapat si¢ 2,44 razy,
minimum 1, maksimum 12). Zlapane wiewiérki znakowano oraz okreslano ich mase
ciata, dlugos$é stopy (potrzebng do oceny kondycji), wiek oraz aktywnos$¢ plciowa.
Whbrew oczekiwaniom okazalo sie, ze wiewiorki zamieszkujace rezerwat byly cigzsze
oraz mialy lepsza kondycje ciala niz wiewiorki z parku (wiewiorki z rezerwatu wazyly
$rednio 355 g, a wskaznik kondycji wynosit 6,58, wiewiorki z parku wazyly srednio 337
g 1 wskaznik kondycji wynosil 6,21). Nizsza masa ciala wiewiorek zamieszkujacych park
moze by¢ z jednej strony spowodowana konkurencja migdzyosobnicza, wynikajaca z
duzego zageszczenia populacji (w parku zageszczenie populacji wynosito 1,05-1,89
os./ha, w rezerwacie 0,2-0,28 os./ha). Z drugiej strony, moze by¢ rowniez efektem
catorocznego dostepu do pokarmu, w zwigzku z czym gromadzenie tkanki thuszczowe;j
przed zima nie jest tak istotne. Prawdopodobnie dostepnos¢ wysokokalorycznych nasion

(orzechow laskowych, orzeszkow grabowych i zotedzi) na terenie rezerwatu pozwolita
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na osiggniecie wystarczajaco wysokiej masy ciata, co jest kluczowe dla przezywalnosci
poszczego6lnych osobnikow (Wauters 1 in. 2007). Otrzymane wyniki nawigzujg do innych
badan, gdzie masa ciala i kondycja nie byly zwigzane z dostepnoscia dodatkowego
pokarmu (Klenner i Krebs 1991; Shuttleworth 2000; Magris i Gurnell 2002). Masa ciata
jest szczegdlnie istotna dla samic, poniewaz odpowiednia ilo$¢ thiszczu zapewnia
stabilne zrodlo energii podczas laktacji i opieki nad mtodymi (Wauters i Dhondt 1989).
Sukces reprodukcyjny samic rosnie wraz z masa ciala i kondycjg — wiewiorki ciezsze
dtuzej zyja i maja wiecej mtodych (Wauters i Dhondt 1989, 1995; Wauters i in. 2007;
Santicchia i in. 2018). Co ciekawe, mimo ze wiewiorki w parku byly generalnie w gorszej
kondycji, udziat aktywnych pilciowo samic byl wyzszy (35%) w poréwnaniu do
wiewiorek z rezerwatu (23%). Niezaleznie od terenu badan, najwiecej samic aktywnych
plciowo zaobserwowano wiosna, cho¢ aktywne plciowo samice rejestrowano rowniez
zima. Wczesniejsze przystapienie do rozrodu jest mozliwe dzigki wigkszej dostepnosci
pokarmu i wyzszym temperaturom w miescie (Selonen i in. 2016). Samice majace mtode
odpowiednio wezes$nie w roku maja odpowiednio duzo czasu, by mie¢ drugi miot w roku
(Gurnell 1983) oraz wigksze sa tez szanse, ze ich potomstwo znajdzie optymalne
srodowisko podczas dyspersji (Klenner i Krebs 1991). Uzyskane wyniki uzupetniaja
wykazane wczesniej roznice pomiedzy dwiema populacjami wiewidérek i dowodza

wysokiej plastycznosci gatunku.

Stowa kluczowe: aktywnos¢ plciowa, lapanie w putapki zywolowne, masa ciata, Sciurus

vulgaris, zmiany sezonowe, ssaki miejskie
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Rozdzial 3.

Dhugoterminowa, $rednioterminowa i nagla reakcja na stres miejskich populacji

wiewidrek w r6znym stopniu dotknigtych zaburzeniami antropogenicznymi

Beliniak A., Gryz J., Klich D., Lopucki R., Sadok I., Ozga K., Jasinska K.D., Scibior A.,
Golgbiowska D., Krauze-Gryz D. 2024. Long-term, medium-term and acute stress
response of urban populations of Eurasian red squirrels affected by different levels of

human disturbance. PLoS ONE. https://doi.org/10.1371/journal.pone.0302933.

Tereny zurbanizowane, ktére réznia sie od naturalnych, moga potencjalnie wywotywac
stres u dzikich zwierzat. Osobniki bytujace w takich srodowiskach musza sobie radzi¢ w
specyficznych warunkach, do ktorych naturalnie nie byly przystosowane. Celem badania
bylo poréwnanie dlugoterminowej, S$rednioterminowej i naglej reakcji na stres u
wiewiorek. W badaniu przeanalizowano reakcje dwdch populacji wiewiorek pospolitych
zyjacych na terenach w r6znym stopniu przeksztalconych antropogenicznie: wysokim
(park miejski) oraz niskim (rezerwat le$ny). Reakcje na potencjalnie czynniki stresowe
oceniono w trzech perspektywach czasowych: dhugoterminowej, srednioterminowej i
naglej. Dane zbierane byly w okresie od lipca 2018 do grudnia 2020 roku.
Dhugoterminowa reakcje na stres oceniono poprzez analize poziomu metabolitoéw
hormondéw stresu (kortyzolu i kortyzonu) w siersci (N=93), sredniofalowa poprzez
analize poziomu metabolitdw hormonu stresu (kortyzolu) w odchodach (N=112).
Reakcje na nagly stres oceniono w oparciu o trzy wskazniki mierzone tuz po zlapaniu
danego osobnika: 1) czestotliwos$é oddechéw (N=333), 2) wskaznik zaniepokojenia (ang.
“struggle rate”, N=336) oraz 3) wokalizacje (N=335). Nie wykazano r6znic pomiedzy
populacjami, plciami oraz aktywnoscig pilciowa (osobnik aktywny/nieaktywny) w
odpowiedzi na stres dlugoterminowy i $rednioterminowy. Poziomy metabolitéw
hormonu stresu wyraznie zalezaty od pory roku — wyzsze wartosci odnotowano jesienig
1 zima, niezaleznie od terenu badan, plci i statusu rozrodczego. Poszczegdlne wskazniki
reakcji na nagly stres zalezaly od réznych czynnikéw: 1) czestotliwo$¢ oddechu byta
wyzsza u osobnikow z rezerwatu lesnego (Srednio 28,661 oddechow w ciagu 20 sekund,
w parku wynosita $rednio 25,597 oddechéw w ciggu 20 sekund), 2) wskaznik

zaniepokojenia (“struggle rate”) byl podobny na obu terenach (7,178 w rezerwacie 1 7,956
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w parku), cho¢ zalezal od pory roku i byl najwyzszy zima, 3) wokalizacja nie réznila si¢
pomiedzy populacjami (wskazniki wynosity odpowiednio 1,619 w rezerwacie i 1,820 w
parku), ale byla najmniej intensywna w przypadku pierwszego ztapania danego osobnika.
Podsumowujac, populacje wiewidrek zyjace na dwoch terenach o réznym stopniu
dotknietych zaburzeniami antropogenicznymi r1éznily si¢ wyraznie jedynie
czestotliwoscig oddechu (jednym ze wskaznikow reakcji na nagtly stres). Brak réznic w
reakcji na dlugo- i §rednioterminowy stres (tj. poziomach metabolitow hormonéw stresu
w siersci 1 odchodach) pomiedzy populacjami wskazuje na podobny wptyw czynnikow
srodowiskowych (tj. pory roku, warunkow pogodowych). Odmienna reakcja wiewidrek
z rezerwatu lesnego w przypadku naglego stresu (wyzsza czestotliwo$¢ oddechu)
najprawdopodobniej byta spowodowana ograniczonym kontaktem z ludzmi. Wiewidrki
z parku miejskiego reagowaly stabiej, poniewaz przyzwyczaily sie do bliskiej obecnosci
czlowieka. To rowniez wskazuje, ze czestotliwo$é oddechu moze by¢ traktowana jako
najdokladniejszy wskaznik reakcji na nagly stres w kontakcie z czlowiekiem (w
porownaniu do wskaznika zaniepokojenia (“struggle rate”) i wokalizacji). Powyzsze
wyniki wyraznie wskazuja, ze zastosowanie szerszego zakresu wskaznikéw i roznych
metod analitycznych, w tym analiz behawioralnych, jest najbardziej odpowiednie przy
doktadnej ocenie wplywu antropogenicznych czynnikdw stresogennych na zwierzeta.
Takie podejscie umozliwia kompleksowe zbadanie reakcji zwierzat na stres, a takze
identyfikacje wskaznikow odpowiednich do przyszlych badan nad wptywem urbanizacji
na dzika przyrode.

Stowa kluczowe: metabolity kortyzolu, Sciurus vulgaris, urbanizacja, wokalizacja,

wskazniki stresu
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Rozdzial 4.

Czynniki warunkujace bioakumulacje rteci u wiewidrek pospolitych w miescie

Jackowiak M., Krauze-Gryz D., Beliniak A., Jasifiska K. D., Gryz J., Zyfka-Zagrodzinska
E., Matracka A. The heavy burden of city life: factors affecting mercury bioaccumulation

in urban red squirrels.

Manuskrypt w trakcie recenzji w Environmental Science and Pollution Research

W ostatnim artykule z cyklu publikacji zostalo ocenione stezenie rteci w organizmach
wiewiorek, traktowane jako przyktad zaburzenia srodowiskowego. Do analiz zostaty
uzyte probki siersci pobrane podczas tapania wiewiorek na terenie rezerwatu leSnego oraz
parku miejskiego w Warszawie. Zawarto$¢ rteci zostala oceniona laboratoryjnie za
pomoca absorpeyjnej spektrometrii atomowej. Srednia zawarto$¢ rteci w siersci
wiewiérek wynosita 100,65 ng/kg. Zawarto$¢ rteci u osobnikéw miodocianych byla
nizsza niz u doroslych i wynosita 35,27 pg/kg (u dorostych 105,08 pg/kg). Zawartosé
rteci  zalezala od terenu badan, plci oraz aktywnosci plciowej (osobniki
aktywne/nieaktywne). Zawarto$¢ rteci w siersci osobnikow z rezerwatu wynosita $rednio
60,21 pg/kg, w parku miejskim natomiast 135,13 pg/kg. Taka dwukrotna réznica moze
wynika¢ z zanieczyszczenia srodowiska, jak rowniez skladu pokarmu, poniewaz metale
ciezkie moga by¢ dostarczane do organizmu wraz z pozywieniem. Zawartos¢ rteci w
siersci osobnikow mlodocianych byla wyraznie nizsza niz osobnikéw dorostych,
poniewaz rte¢ akumuluje sie w tkankach, a dluzszy czas ekspozycji powoduje wigksza
koncentracje tego pierwiastka. Dodatkowo stezenia rteci byly najwyzsze u samic, ktore
byly w cigzy lub karmily ($rednio 165,63 ng/kg), co moze by¢é wynikiem wiekszego
zapotrzebowania na sktadniki odzywcze w tym okresie. Podsumowujac, mozna uznaé, ze
stezenie rteci w siersci wiewidrek moze by¢é uznawane za wskaznik zaburzen
srodowiskowych oraz zanieczyszczenia Srodowiska. Poziom zanieczyszczenia metalami
ciezkimi moze by¢ zalezny m.in. od strategii zerowania i zachowania, poniewaz metale
ciezkie mogg by¢ dostarczane z pokarmem. Planowane sg dalsze badania oceniajace

zawartosci rteci w glebie oraz roslinach, stanowiacych pokarm wiewiorek.

Stowa kluczowe: aktywnos¢ plciowa oraz ple¢, masa ciata, pierwiastki sladowe, probki

siersci, wiek, zanieczyszczenie
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8. Rozdzialy

Rozdzial 1.

Beliniak A., Krauze-Gryz K., Jasinska K., Jankowska K., Gryz J. 2021. Contrast in daily
activity patterns of red squirrels inhabiting urban park and urban forest. Hystrix, the
Italian Journal of Mammalogy, 32(2):159-164. https://doi.org/10.4404/hystrix-00476-
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Abstract

The Eurasian red squirrel is one of the species that has well adapted to urban habitats and is habitu-
ated to human presence. Its urban populations difter from those in rural habitats in terms of e.g.
abundance, spatial organisation and behaviour. Food availability affects the ecology of red squir-
rels, so in this study we hypothesise that in the urban park with supplemental food, red squirrels
will alter their activity rhythms to benefit from human presence. We therefore compared seasonal
changes in the daily activity patterns of two red squirrel populations, inhabiting two different areas
in Warsaw: a busy urban park (with plentiful supplemental feeding) and an urban forest reserve
(closed for public). Between September 2018 and July 2019 we used camera traps to monitor red
squirrels activity round-the-clock. In the park (contrarily to the forest), the number of records of
red squirrels per 100 trap days was lowest in summer and highest in winter. Probably squirrels in
the urban park, were able to maintain high activity during winter thanks to all-year-round availab-
ility of supplementary food. Daily activity patterns differed seasonally and between the study sites.
In the forest they resembled those recorded in natural habitats, i.e. two activity peaks, one after the
sunrise and second before the sunset. In contrast, park squirrels showed mostly one activity peak,
beginning some hours after the sunrise and lasting until noon/early afternoon (depending on the
season). Park squirrels were almost exclusively day-active, while forest squirrels were also recor-
ded before sunrise and after sunset. We suggest that park squirrels shifted their activity to times
with higher visitor frequency, which, assumingly, increased chances to obtain supplemental food.

Introduction

Historically, urban habitats have been ignored as potentially suitable
wildlife habitats (McCleery et al., 2014). However, many animal spe-
cies may adapt to these specific conditions (Jackowiak et al., 2021;
Jasiniska et al., 2021; Lesiniskiet al., 2021; Gryz and Krauze-Gryz,
2018; Francis and Chadwick, 2012; Alvey, 2006), by changing e.g.
their diet preference, home range size, behaviour, including vigilance
and activity budget (Ritzel and Gallo , 2020). Wildlife species exhibit a
variety of responses to human presence, ranging from attraction to ha-
bituation to avoidance (review in Patten and Burger, 2018). In example,
bobcats (Lynx rufus) and coyotes (Canis latrans) clearly avoided hu-
mans by becoming more nocturnal (George and Crooks , 2006), while
striped-field mouse (Apodemus agrarius), which is strictly nocturnal in
nonurban habitats, became diurnal in town parks, despite the constant
presence and high levels of human activity (Gliwicz et al., 1994). Un-
derstanding impacts of increasing urbanisation on wildlife is crucial for
conservation of animal species (McCleery et al., 2014).

Eurasian red squirrel Sciurus vulgaris is one of the species that has
adjusted to urban habitats and is habituated to human presence (Krauze-
Gryz et al., 2021a,b; Kostrzewa and Krauze-Gryz, 2020; Uchida et
al., 2019; Fay et al., 2016; Reher et al., 2016; Rézouki et al., 2014;
Babiniska-Werka and Z6tw, 2008). In the past few years, research in-
terest in urban populations of red squirrel has increased (reviewed in
Fingland et al., 2021), and they were shown to differ from rural habitats,
e.g. abundance of this species increased with human population dens-
ity (Jokimaki et al., 2017), individuals occupied smaller home ranges
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(Krauze-Gryz et al., 2021a; Héméldinen et al., 2018), and utilized vari-
ous urban structures ( Himildinen et al., 2018). Animals spent more
time on the ground and frequently interacted with humans (Krauze-
Gryz et al., 2021a,b), and an increasing boldness was one of the most
prevalent behavioural modifications (Uchida et al., 2016, 2019). Sur-
prisingly, little is known about activity pattern of red squirrels inhab-
iting cities. Yet, in Hamburg it was noted that red squirrels inhibiting
city centre were less active throughout the day than their conspecifics
in semi-natural habitat (Thomas et al., 2018). Nevertheless, that study
was based only on late-winter/early-spring data.

Readily available food in urban environments is believed to be one of
the reasons why numerous animal species are thriving in cities around
the world (review in Spelt et al. 2021). In urban conditions, red squir-
rels are offered various sources of supplementary foods including the
gathering of food from bird feeders as well as the provision of nuts
offered directly by park visitors (Krauze-Gryz et al., 2021a; Kostrzewa
and Krauze-Gryz, 2020; Krauze-Gryz and Gryz, 2015; Bosh and Lurz,
2012). It has been shown that supplemental food is a crucial factor that
may attract squirrels in urban environments (Jokiméki et al., 2017), and
this extra food is most important when natural food availability is low
(Magris and Gurnell, 2006). Because food availability (i.e. tree seeds)
affects the ecology of red squirrels (Jokimiki et al., 2017; Selonen et
al., 2016; Wauters et al., 2007, 2008), we can hypothesise that in the
urban park with plentiful supplemental food, red squirrels will alter
their activity rhythms to benefit from human presence. Indeed, food
provided by humans to wildlife in urban areas may lead to changes in
behaviour of animals that use this resource (Sol et al., 2013; Lowry
et al., 2013). For example chipmunks (Tamias striatus), in urban en-
vironment altered their seasonal behaviour patterns, i.e. there was no
reduced activity levels, normally observed in rural habitats, because
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of human-suppled food resources (Ryan and Larson, 1976). Coypus
(Myocastor coypus) in the urban habitat (differently that in non-urban
areas) were active during the day and early evening and this reversal
of activity patterns was attributable to deposition of human food in the
city area during the daytime (Meyer et al., 2005). Finally, gulls adap-
ted their foraging behaviour to human time schedules when beneficial
(Spelt et al., 2021).

The aim of a study was to compare seasonal changes in the daily
activity patterns of the two red squirrel populations inhabiting the same
city but two utterly different areas: a busy urban park and an urban
forest. Both green spaces are within city districts. Nevertheless, one
is expected to be highly influenced by the human presence and supple-
mentary food from park visitors, whereas the effect of human disturb-
ance on the other population should be negligible. Indeed, an earlier
study showed that park squirrels significantly altered their behaviour
in response to human presence by spending more time on the ground
and tolerating close contact. Moreover human-delivered nuts made the
bulk of a diet (Krauze-Gryz et al., 2021a). We hypothesise that daily
activity patterns of squirrels inhabiting urban park will also differ from
those observed for forest squirrels as they may adjust their activity to
benefit from supplemental feeding.

Materials and methods

Study area

We conducted our study in Warsaw (52°14'13.37" N, 21°1’13.1” E),
Poland, a large city with approximately two million inhabitants. It is
located in the central part of the country, a region that is affected by
both the mild oceanic climate of Western Europe, and the harsh and
dry continental climate of Eastern Europe and Asia. The duration of
the growing season is approximately 210 days, the total precipitation
measures 600 mm per year, and the mean ambient temperature ranges
from -4° in January to 18° in July. Nevertheless, the minimum tem-
perature may drop below -30° and the maximum temperature may rise
above 35°.

This research was conducted in two green areas. The first was an
urban park (together with historical buildings) named Lazienki Royal
Museum (52°12/27.60" N, 21°1’34.80" E). The park was formed in
the 17 century, is located in the city centre and is very popular among
visitors and local inhabitants: every year the park is visited by more
than 2 million people (Kruczek, 2015). Squirrels are often fed nuts by
visitors (Krauze-Gryz et al., 2021a,b; Krauze-Gryz and Gryz, 2015).
The park covers 76 ha and it has 92 species of trees and shrubs. Tree
cover is about 70% and about 20% of trees reach more than 140 years
(Babiniska-Werka and Z6tw, 2008). Tree species are mostly decidu-
ous, e.g. hornbeam (Carpinus betulus), common oak (Quercus robur),
beech (Fagus sylvatica), as well as hazel (Corylus avellana), walnut
(Juglans regia) and North American walnut (Juglans nigra) (Babinska-
Werka and Z6tw, 2008).

The second study site was Natolin Forest Reserve (52°8'20" N,
21°4'25" E), which is located about 10 km from the city centre (we
assumed the Palace of Culture and Science to be the most central point
of the city). An area of the reserve measuring 105 ha has been pro-
tected since 1991, the reserve is closed to the public and a permis-
sion is needed for entrance. Although this land was formerly parkland,
spontaneous regenerations of woodland occurred during the post-war
period, nowadays the whole area of the reserve is tree covered. The
oldest stands are more than 250 years old, dead or fallen trees are left
for natural decomposition, only natural regeneration occurs, in practice
very little human intervention is allowed. Trees are mostly deciduous,
e.g. hornbeam, common oak, ash (Fraxinus excelsior), elms (Ulmus
spp.), hazel and black alder (Alnus glutinosa).

In both areas avian predators were present, this included tawny owl
Strix aluco (Gryz et al., 2008), and sparrowhawk Accipiter nissus (Gryz
J., pers. observ.). One pair of the Northern goshawk Accipiter genitilis
nested in the Natolin reserve (Gryz J., pers. observ.), while corvids
(mainly hooded crows Corvus corone and rooks Corvus frugilegus)
were numerous in the Lazienki park (Beliniak A. pers. obs.). As for
mammals, red fox Vulpes vulpes (Jackowiak et al., 2021), stone marten
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Martes foina (Krauze-Gryz D., pers. obs.), and free-ranging domestic
cat (Felis catus) were present in both areas, with the last species being
recorded very often in the urban park (Krauze-Gryz D., pers. obs.).
In the Lazienki Park, squirrel density was estimated to be more than 2
ind./ha (Krauze-Gryz et al., 2021a; Babiriska-Werka and Zétw, 2008)
whereas in the Natolin Reserve it was 0.29 ind./ha ((Krauze-Gryz et al.,
2021a).

Camera-trap data collection

In this study, we used camera traps to monitor red squirrels activity, i.e.
the number of squirrel observations per hour of a day (e.g. Andreoni
et al., 2011; Jasinska et al., 2021; Cerbo and Biancardi, 2013, please
see below for more details), and round-the-clock. The study started in
September 2018 and ended in July 2019. We used camera traps (LTL
- Acorn 6210MC/MG, USA), which recorded date of the observation,
time (24 h record) in Central European Time (CET). Each camera trap
captured three still images, and a 5-sec video, shortly one after another
(no interval was set). It also recorded date and hour. Cameras were loc-
ated in front of the live-traps for squirrels (squirrels were live-trapped
for another study, this data is not analysed here but the study design
was similar to Krauze-Gryz et al. (2021a,b), about 20-150 cm above
ground (depending if a trap was located on a ground or in a tree on a
wooden platform). Traps were pre-baited with unshelled hazelnuts and
walnuts for seven days (mostly around 8-10 AM), and then baited and
set for five to nine days. They were set at dawn and checked after ap-
proximately 2—4 h, depending on the temperature, and blocked open
for the night (with nuts left inside). After every checking and securing
traps, bait was provided, regular baiting ensured the presence of food
at all times (including night). Five camera traps, located at least 100
meters apart, were placed in each study site. In the forest, the camera
traps were set at one of trapping points (i.e. locations of live-traps) that
were distributed on a regular grid. In the park, due to its representa-
tional character and high-visitor frequency, the traps were hidden and
placed in three trapping areas distributed in different park zones and
separated by 200-400 m (Krauze-Gryz et al., 2021a). Camera traps
were set in each of these locations. In total, data was collected in six
months: September, November 2018 and January, March, May, July
2019 in both study areas, for a total of 76 days in the forest and 104
days in the park (Table S1). Trap-days, an index of the trapping effort,
were calculated as the number of devices multiplied by the number of
operational days. Number of trap-days was 432 in the forest and 482
days in the park, the trapping effort depended on the number of trap-
ping sessions (i.e. months in which trapping was done) in a given sea-
son (Tab. 1). Every photo was checked for presence of animals, the
species and number or individuals were recoded (if present together on
the same photo). We recorded each squirrel appearing in the images
without distinguishing between individuals. A new observation was
considered if a minimum of 15 minutes elapsed between subsequent
photos or series of photos showing an animal/animals. This rule was
abandoned only when an animal in the photo was different in plumage,
age class or in other characteristics (i.e. had a radio-collar, ear-tag), in-
dicating clearly that the animal in the photo was a different one than
the previously registered. The intermission length ranged from 0 to
30 min in other studies (review in Cerbo and Biancardi, 2013). In our
case, there were mostly cumulated observations of one squirrel tak-
ing bait, which were treated as a single observation; new observations
took place after a few/several hours or on the other day. Thus, we be-
lieve 15 minutes break allowed to avoid pseudo-replication. The year
was divided into four astronomical seasons: spring (1 March-31 May),
summer (1 June—31 August), autumn (1 September—30 November) and
winter (1 December—28 February). Squirrel records were attributed
to one of four parts of 24-hours day: dawn (one hour before sunrise),
day (the time between sunrise and sunset), dusk (one hour after sunset)
and night (the time between one hour after sunset and one hour before
sunrise) (Jasinska et al., 2021). Time of sunrise and sunset was down-
loaded for Warsaw from https://www.timeanddate.com and converted
to CET.



Contrast in squirrels’ activity in park and forest

Table 1— Number of trap-days, squirrel records in total and records per 100 trap days as recorded by camera traps by season in the two study sites in Warsaw: park and forest.

Park Forest
Season Trap days Squirrel records  Records per 100 trap days Trap days Squirrel records  Records per 100 trap days
Spring 102 108 105.9 176 139 79.0
Summer 51 19 37.3 72 98 136.1
Autumn 135 153 113.3 100 61 61.0
Winter 194 324 167.0 84 25 29.8
Total 482 604 - 432 323 -

Access to the Natolin Forest Reserve was allowed with the permis-
sion issued by the Regional Directorates for Environmental Protection.

Statistical analysis

Differences between the frequencies of records of red squirrels in the
two study sites and in subsequent seasons, subsequent hours and times
of a day were compared with chi-square test. For observation of squir-
rels that took place before 12 PM, we calculated time that elapsed from
the sunrise, for observations after 12 PM, we measured time between
the observation and the sunset. Next, to compare the number of hours
after the sunrise and before the sunset and the time when squirrels were
recorded, Kruskal-Wallis test was used, with Mann-Whitney pairwise
test for post hoc analysis (Bonferroni-corrected p). Normality of data
distribution was checked with Shapiro-Wilk W test (p <0.05). The ana-
lyses were done in Past 4.05 (Hammer et al., 2001) software.

Results

Number of records of red squirrels per 100 trap days in a given sea-
son (Tab. 1) differed between study areas (Chi-square test: y2= 158.3,
DF=3, p<0.0001). In the park, the number of records per 100 trap-days
was lowest in summer and highest in winter. In the forest the number of
records was lowest in winter and highest in summer (Tab. 1). Number
of observations of squirrels recorded per hours of a day varied between
the two study sites in all seasons: in spring (Chi-square test: y2=53.4,
DF=15, p<0.0001), summer (%= 28.8, DF=15, p<0.05), autumn (}%=
66.8, DF=11, p<0.0001), and winter (y2=160.3, DF=10, p <0.0001)
(Fig. 1).

Activity patterns of squirrels in the two study areas seemed to be
different (Fig. 1). In spring, forest squirrels were mostly recorded in
the early morning (6—7 AM), after sunrise, and then in the afternoon
(3—5 PM), two peaks of activity were visible (Fig. 1). On the other
hand, park squirrels were mostly recorded between 6 and 11 AM, with
no afternoon activity peak. In summer, most records of forest squir-
rels were taken between 4 and 8 AM, with some observations recorded
also in other day hours (till 8§ PM). Park squirrels were also recorded in
high proportion in the morning (4—8 AM), but bigger share of observa-
tions were from noon and some afternoon hours (i.e. 2 and 5 PM). In
autumn, activity of park squirrels was clearly unimodal, with biggest
share of observations between 9 AM to 1 PM and very few observa-
tions afterwards. In contrast, forest squirrels showed bimodal activity
pattern, i.e. first between 6-8 AM, and later 2-3 PM, clearly connec-
ted to the sunrise and the sunset. This difference was even clearer in
winter. Park squirrels were recorded almost exclusively between 7 and
11 AM, while forest squirrels had two activity peaks, i.e. between 6-8
AM and 1-4 PM (Fig. 1).

Observations of forest squirrels were distributed across all defined
times of a day, while park squirrels were almost exclusively active dur-
ing day (Chi-square test: ¥2=333.6, DF=21, p<0.0001) (Fig. 2). No
more than 1% of observations of park squirrels came from dawn (one
record in spring and autumn, four records in winter), with 100% of
diurnal observations in summer. In all seasons, there were no obser-
vations of park squirrels at dusk or at night. Forest squirrels were also
recorded mostly during day in most seasons, but dawn and dusk ob-
servations were always recorded. Only in winter, half of records came
from dawn, around one third came from day while 12 and 8% of obser-
vations came from dusk and night, respectively.

For all observations of squirrels recorded before noon we calculated
time (n of hours) that elapsed from the sunrise, these values (2.4 and 2.5
for park and forest, respectively) did not diftfer between the two study
sites (Kruskal-Wallis test, H=0.055, p>0.05). Nevertheless, in both
study sites (Fig. 3), differences were found between seasons (Kruskal-
Wallis test, park: H=45.22, p<0.001, forest: H=50.61, p<0.001). In
the park, in winter, squirrels were recorded earlier than in spring or au-
tumn, as shown by Mann-Whitney post hoc test (p<0.05), i.e. in winter
squirrels were recorded on average two hours after the sunrise, while in
other seasons approximately three hours after the sunrise. In the forest,
red squirrels were recorded approximately three hours after the sunrise
in spring and autumn, less than two hours in autumn while in winter
they were observed mostly before the sunrise (mean=-0.48) (Fig. 3).
In this case, Mann-Whitney post hoc test showed difterences (p<0.05)
between autumn and winter and the remaining seasons.

Similarly, for all observations of squirrels recorded after noon we cal-
culated time (n of hours) before the sunset. On average, observations
of squirrels in the forest were recorded closer to the sunset (on average
2.4 hours before the sunset) than those in the park (3.5 hours before
the sunset) (Kruskal-Wallis test, H=18.04, p<0.001). Again, for both
study sites (Fig. 4), seasonal differences were found (Kruskal-Wallis
test, park: H=36.00, p<0.001, forest: H=17.12, p <0.001). In the park,
red squirrels were recorded shortest before the sunset in autumn (2.7
hours before sunset) as compared to other seasons (i.e. in spring and
summer this was approximately 5 hours before the sunset). Differences
were also found between winter and spring (Mann-Whitney test for post
hoc-comparisons, p <0.05). In the forest, in winter, red squirrels were
on average recorded almost at the sunset, i.e. 0.4 hours before the sun-
set, while in spring and summer this was approximately three hours be-
fore the sunset (Mann-Whitney test for post-hoc comparisons showed
differences between spring and autumn and winter, p <0.05).

Discussion

In this study we compared seasonal changes in the activity patterns of
red squirrels based on camera traps observations in two study areas: a
busy urban park (with plentiful supplemental feeding) and an urban
forest reserve (closed for public). These two habitats were located
within city districts of Warsaw, and the study was conducted in the same
months in both areas, which was supposed to minimise an influence of
abiotic cues such as photoperiod and temperature. Daily activity pat-
terns differed seasonally and between the study sites. In the forest, they
resembled those recorded in natural habitats, i.e. two activity peaks,
one around the sunrise and second around the sunset, while park squir-
rels were almost exclusively day-active. We suggest that park squirrels
shifted their activity to times with higher visitor frequency, which, as-
sumingly, increased chances of obtaining supplementary food and may
allow for limiting time devoted to food search. This is the first paper
that shows changes in the activity patterns of red squirrels in relation
to urbanization round-the-year.

In the park, the number of records per 100 trap days was lowest in
summer and highest in winter. This high activity level in winter seems
counterintuitive because at low temperatures, resting in the nest is an
important behavioural response, which decreases the energy costs of
thermoregulation (Wauters and Dhondt, 1987). Moreover, the effect
of temperature is more distinct in deciduous habitats, which do not
provide much shelter for squirrels in winter (Wauters et al., 1992) and
deciduous trees dominated in this areas. In contrast, in the forest the

161



Hystrix, It. J. Mamm. (2021)  32(2): 159-164

45 03:22; 06:14 spring 17:22; 19:46

40 |

illl
1

112 13 14 15 16 17 18 19 20

summer

18:27; 20:00

03:19; 04:45

9 10 11 12 13 14 1516 17 18 19 20

45 04:46;07:21 AUIUMN  45:28; 18:25 45 . 06:53; 07:44 WINTET  45:49; 16:49
40
35 |
[}
2 30
3 25 |
(9] g
- 20 |
o 15 | ‘ &
X .
10 | H |
5 | . .
. . ; 0 . ; . » ; IEI“HIEIIII‘ II ; ; ; ;
19 20 3456 7 8 910111213 14 1516 17 18 19 20
hours hours
B park m forest

Figure 1— Percentage of records of red squirrels in hours of a day in subsequent seasons in the two study sites in Warsaw: park and forest, as recorded by camera traps. Hours of the
earliest and latest times of sunrise or sunset (converted to CET) are given above the graphs. The total number of records of squirrels in each season was in the park: spring 108, summer

19, autumn 153, winter 324; and in the forest: spring - 139, summer 73, autumn 42, winter 25 .

number of records was lowest in winter and highest in summer, which
reflects typical decrease in the activity level of red squirrels with low
ambient temperatures (Bosh and Lurz, 2012; Wauters et al., 1992) be-
cause of the high thermoregulatory cost of foraging at low ambient
temperature and shorter day-length (Bosh and Lurz, 2012; Wauters et
al., 1992; Pullianen, 1973). Abundant and predictable food sources
in urban habitats can result in minimal physiological responses to the
seasons through small changes in metabolism and conductance. In one
study in Germany, squirrels were able to maintain a high body mass and
positive energy balance year-round despite living in a climate with large
seasonal changes in temperature. This was because of the presence of
diverse food trees, and artificial food supplemented by cemetery visit-
ors, as well as the modification of activity patterns (Turner et al., 2017).
Probably also in our case, red squirrels in the urban park were able to
maintain high activity during winter thanks to all-year-round availab-
ility of supplemental food. Also, higher temperature in the city centre
(Kim, 1992) might have allowed for high activity in winter. The lowest
number of observations in summer may result from high availability of
natural food combined with a very high frequency of park visitors (in-
cluding tourists) during holidays. Squirrels are offered so much food
they assumingly search for alternate food sources less often.

In spring and autumn, forest squirrels presented crepuscular activity,
similarly to what was recorded in other rural habitats, both in conifer-
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Figure 2 — Seasonal changes in the share of records of red squirrels in four parts of
24-hour day: dawn (one hour before sunrise), day, dusk (one hour after sunset) and night
as recorded by camera traps, in the two study sites in Warsaw: park and forest. The total
number of records of squirrels in each season was in the park: spring 108, summer 19,

autumn 153, winter 324; and in the forest: spring 139, summer 73, autumn 42, winter 25 .
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ous and deciduous habitats (Wauters et al., 1992). In turn, park squir-
rels were mostly recorded in the morning, between the sunrise and till
noon, with no afternoon activity peak. In warm months, red squirrels
in rural habitats show bimodal activity pattern, with a rest period in the
warmest hours of the day (Wauters et al., 1992; Wauters and Dhondt,
1987; Tonkin, 1983). In our study, no clear rest period was visible, pos-
sibly also due to small sample collected in the summer. In winter, we
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Figure 3 — Seasonal changes in the mean (+SE) number of hours than passed from the
sunrise to time of observations of red squirrels as recorded by camera traps in the two
study sites in Warsaw: park and forest. Only observations that were recoded before noon
(CET) were taken into analysis. The number of records of squirrels in each season was
in the park: spring 95, summer 6, autumn 106, winter 303; and in the forest: spring 82,

summer 54, autumn 23, winter 18.
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Figure 4 — Seasonal changes in the mean (+SE) number of hours before the sunset to
time of observations of red squirrels as recorded by camera traps in the two study sites
in Warsaw: park and forest. Only observations that were recoded after noon were taken
into analysis. The number of records of squirrels in each season was in the park: spring
10, summer 13, autumn 47, winter 17; and in the forest: spring 57, summer 19, autumn 19,
winter 7.



Contrast in squirrels’ activity in park and forest

noticed the clearest difference between the two populations: activity of
park squirrels was unimodal, i.e. they were recorded almost exclusively
after the sunrise and till noon. In turn, forest squirrels showed crepus-
cular activity. As shown by earlier studies, winter activity of squirrels
was unimodal in coniferous forest (Steen and Barmoen, 2017; Waut-
ers et al., 1992; Wauters and Dhondt, 1987), and bimodal in deciduous
forest (Wauters et al., 1992). In our case, both study sides were decidu-
ous, so other factors should have affected this result. Consequently,
forest squirrels were observed across all defined times of a 24-hour day
(e.g. night, dusk, day and dawn), while in the park squirrels were al-
most only active during a day. In general, red squirrels are exclusively
day-active, and the start of activity is closely related to sunrise (Waut-
ers et al., 1992). Yet, when length of day is shortest, squirrels can be
active soon after the first light, thus somewhat before sunrise and after
sunset (Wauters et al., 1992; Wauters and Dhondt, 1987). Indeed, in
a study conducted in South Korea, which also involved camera traps,
about 11% of photos were captured in night time photo rate (Lee et
al., 2019). In the urban park we did not record any images of active
squirrels before the sunrise and after the sunset and very few observa-
tions came from dawn (with none from dusk or night). It seems that
squirrels in urban forest behaved more like their conspecifics in nat-
ural habitats and park squirrels changed their activity rhythm, i.e. their
activity concentrated shortly after sunrise (as in natural habitats) and in
the subsequent hours. We may assume that one of the possible factors
driving this difference was the presence of park visitors and supple-
mentary food supplies provided by people (Krauze-Gryz et al., 2021a;
Kostrzewa and Krauze-Gryz, 2020). Red squirrels can reduce activ-
ity and foraging time if food items are energy-rich and easy to handle
(Wauters et al., 1992) and food availability affects duration of activity
during a day (Wauters and Dhondt, 1987; Tonkin, 1983). Availability
of anthropogenic food increases the habitat quality, especially in urban
habitats (Fingland et al. 2021). Consequently, activity of red squir-
rels may be altered by food provisioning in urban parks (Thomas et
al., 2018), which may also help animals to maintain a positive energy
balance (Turner et al., 2017). It was previously suggested that food
provided by people may be more important than abiotic factors in urban
habitats (Thomas et al., 2018). The primary abiotic environmental cues
influencing red squirrel activity timing appear to be temperature (Waut-
ers et al.,, 1992), photoperiod (i.e., day length,Wauters and Dhondt,
1987; Tonkin, 1983) or a combination of both (Holm, 2018). In our
study, in both study sites, we compared data collected during the same
month, with similar weather conditions (recordings were conducted at
the same time or maximum seven days apart). We may thus assume that
differences in activity patterns between urban and forest squirrels were
not driven by those abiotic factors. We suggest that park squirrels shif-
ted their activity to times with higher visitor frequency. Indeed, they
also changed their behaviour in a way that made receiving food from
people more likely, i.e. squirrel spent much time on the ground and of-
ten approached people and begged for food (Krauze-Gryz et al., 2021a).
This was different from population of squirrels inhabiting wildlife park
in Ireland, which altered their activity to avoid human encounters, were
observed to concentrate their activity in non-public areas and moved
into public areas when the human disturbance was lower (Haigh et al.,
2017). What is more, squirrels inhibiting city centre were less active
throughout the day than their conspecifics in semi-natural habitat in
urban areas of Hamburg (Thomas et al., 2018). This shows that, in our
case, urban park squirrels adjusted to human presence. Indeed, humans
are important source of disturbance for animals (Sol et al., 2013), yet,
the flight initiation distance (FIDs), is often shortened in urban habitats
(Uchida et al., 2016, 2019; Sol et al., 2013).

Nevertheless, other abiotic factors that may diftfer between the two
study sites need to be considered, i.e. both artificial light at night and
anthropogenic noise can drive changes in activity patterns of animals
(Dominoni et al., 2020). In example, urban birds sing earlier during
the day, have similar singing effort in the dawn chorus, but sing less
than rural birds during the rest of the day (Bermidez-Cuamatzin et al.,
2020). Indeed, anthropogenic noise in the urban park, located in the
city centre, was surely higher than in the urban forest. However, being

a big park, this was rather a quiet zone, which was not close (at least
our study plot) to any busy road, no vehicles were allowed there and
gardeners used only electric cars. Also, times with highest noise (i.e.
rush hours) did not seem to affect activity of squirrels, i.e. animals were
mostly active in the morning but had a rest in the afternoon.

Although in this study we did not test directly an influence of sup-
plemental feeding on shifts in the activity patterns in the population of
urban squirrels, we suggest this factor played the crucial role. Squirrels
in this park were shown to differ in their behaviour, i.e. some squirrels
spent most of their time on the ground and reacted positively to people
(approached them and/or begged for food), while others were mainly ar-
boreal and reacted to humans with alert or escape behaviours (Krauze-
Gryzetal., 2021b). Assumingly, activity patterns of certain individuals
could also differ, which should be investigated in future studies.

To sum up, this study showed differences in daily activity patterns of
the two urban populations, inhabiting the same city but different green
areas with various levels of human disturbance. Urban forest squir-
rels showed mostly typical crepuscular activity, while park squirrels
were active from the morning and until midday. We suggest a reason
for these differences could have been a year-round access to supple-
mentary food in the urban park, i.e. squirrels stayed active at times
when park visitors were present and often provided food. This dif-
ference complete our earlier findings on how far urban park squirrels
differed from their forest counterparts in other aspects of ecology (i.e.
space use, food choice and interactions with people) and points to very
high plasticity of this species, inhabiting human-dominated landscapes.
Nevertheless, as we compared only two study sites located in one city,
and we did not have independent replicates for the two populations, we
cannot exclude other factors that could have played a role. Thus, more
studies are needed to confirm that red squirrels changed their activity
rhythms to benefit from human presence. €%
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Table S1. Number of days of trapping squirrels in seasons and months in two study sites:
urban park and urban forest.

Number of days of trapping

Season  Month squirrels
Park Forest

Spring

March 12 15

May 16 12
Summer

July 12 12
Autumn

September 12 12

November 16 13
Winter

January 36 12

Total 104 76
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Simple Summary: The red squirrel is among the mammals that have adjusted well to urban habitats.
We compared two populations inhabiting Warsaw: in a park (with plentiful supplemental feeding)
and in a forest (with no feeding and restricted visitor access). In previous studies, we showed that
squirrels in the park differed from forest squirrels in space use, food choice, activity patterns and
interactions with people. Now, we predicted that the supplemental feeding of park squirrels would
result in their higher body mass, better body condition, a higher share of breeding females and
extended breeding season. Contrary to our assumptions, forest squirrels were heavier and had better
body conditions. Yet, in both populations, better body conditions increased chances for breeding.
There were more breeding females and more young squirrels in the park. Squirrels from both areas
bred mostly in spring but also in winter. The lower body mass/condition of park squirrels may have
been due to competition in a high-density population, or may suggest that with year-round access
to food, accumulating fat was not crucial. The extended breeding season may have been thanks to
good feeding conditions and /or mild winters in the city. Again, we showed the high plasticity of red
squirrels living in human-transformed habitats.

Abstract: The red squirrel is among the mammals that have adjusted well to urban habitats. Here,
we focused on the two populations inhabiting Warsaw: in a park (with year-round supplemental
feeding) and in an urban forest. We hypothesised that park squirrels would have higher body mass
(and better body condition), being more stable over the year, and would have a higher breeding rate
(i.e., the share of breeding females). Contrary to our hypothesis, forest squirrels were heavier and had
better body condition than park squirrels. The body masses of squirrels from both areas were quite
stable (with the highest values obtained in spring). Females in better body conditions were more
likely to breed. More breeding females and sub-adults were trapped in the park. Regardless of the
study site, the highest share of breeding females was in spring, but they also bred in winter and in
the remaining seasons. The lower body mass/condition of park squirrels may be possibly explained
by high intraspecific competition, or by stable food (and thermal as typical for the city) conditions,
in which accumulating fat was not crucial. Mild winter conditions may have also enabled squirrels
to breed early. This study showed the high plasticity of red squirrels living in human-transformed
habitats.

Keywords: body mass; live-trapping; seasonal changes; breeding activity; Sciurus vulgaris; urban
mammals

1. Introduction

Human populations have become increasingly urbanised and, as an effect, cites and
their infrastructures are rapidly expanding [1]. These highly modified landscapes, however,
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may offer novel habitats for wildlife [2—4]. Anthropogenic changes in landscape can
impose rapid evolutionary change [5]. Urban habitats differ from natural environments
by their altered food availability, acoustic and light pollution, thermal conditions, or
different sources and rates of mortality [4,6,7]. Nevertheless, many animal species adjust to
urban conditions (e.g., [2,3,8-11]) by changing their diet preference, home range size, or
behaviour [6].

The high availability of food in urban environments is thought to be among the
reasons why many species of animals are thriving in cities (review in: [12]). Predictable
anthropogenic food subsidies affect the body conditions and breeding parameters of in-
dividuals [13]. The effect of anthropogenic food sources may vary; urban vertebrates can
benefit from increased food access and be in good body condition. Alternately, high food
predictability can result in reduced body mass thanks to the limited need to accumulate
body reserves. Finally, urban diet may lead to poor body condition in urban individuals
due to low food quality (review in: [14]). In general, increased body mass and fertility
are observed, yet this effect may be sex-dependent [13]. For example, male silver gulls
(Larus novaehollandiae Stephens, 1826) from urban environments with access to an anthro-
pogenic diet were heavier and had better body condition than non-urban male gulls, but
no differences were detected between females [15]. On the other hand, sparrows (Passer
domesticus L., 1758) in more urbanised habitats had reduced body size and body mass
compared to their rural conspecifics but with no differences in condition indices [14]. In
American red squirrel (Tamiasciurus hudsonicus Erxleben, 1777), there were no or very small
differences in the body mass between experimentally fed and control populations, although
males tended to be heavier in a fed population in winter [16], while urban female eastern
chipmunks (Tamias striatus L., 1758) were in better body condition than their non-urban
conspecifics [17].

Increased year-round food resources in urban conditions results in changes to the
onset and duration of breeding seasons, which was observed in numerous animals [18]. A
striking example of such is seen in the tawny owl (Strix aluco L. 1758), which, in cities starts
laying eggs a few weeks earlier even than in non-urban populations, potentially due to,
among other reasons, a stable food base [11,19]. Indeed, a case of American red squirrel
showed that the fed population had a longer breeding season, with some females having
more than one litter [16], which (also thanks to an increased survival) led to a ten-fold
increase in the density of the population [20].

The Eurasian red squirrel (Sciurus vulgaris L. 1758) has adjusted well to urban habi-
tats [21-27]. This species is strongly habituated to human presence, and its behavioural
flexibility helps it to adjust to these specific conditions [28]. Urban habitats serve as suitable
refugia for red squirrels [28,29], who are known to utilise urban structures [30] and move
through built-up landscapes [31]. The abundance of red squirrels increases with human
population density [29] and can be higher in cities than in rural areas [23,32,33]. Urban red
squirrels can change their activity pattern [34], interact more with humans [23,24] and be
bolder than their non-urban counterparts [35]. Nevertheless, little is known about the body
mass, condition and breeding of typically urban populations of red squirrels. In urban
conditions, red squirrels are offered various sources of supplementary food, including
the opportunity to gather food from bird feeders, as well as the provision of nuts offered
directly by park visitors [22,23,25,36-38]. It has been already shown that supplemental
food is a key factor that may attract squirrels, and this extra food is most important when
natural food is scarce [29,39]. Indeed, in Hamburg, in a supplementarily fed population,
red squirrels maintained stable body mass over the course of a year, likely indicating that
they were never food-stressed [25,38]. Moreover, individuals whose core areas were located
closer to high-energy anthropogenic food sources were heavier, while natural food sources
did not affect body mass [25].

The aim of this study was to compare two red squirrel populations inhabiting the
same city but two different areas: an urban park and an urban forest, both placed within
city districts. Nevertheless, one is expected to be highly affected by human and plentiful
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supplementary food from park visitors, whereas the effect of human disturbance on the
other population should be inconsiderable. Indeed, earlier studies showed that park
squirrels lived at higher densities and occupied smaller home ranges. They also changed
their behaviour and feeding strategies in response to human presence: they spent more
time on the ground, tolerated close contact, and human-delivered nuts made up the bulk
of their diet [23,24]. They also changed their activity pattern, making the most of human
presence [23,24,34]. In this work, we aimed to compare the body mass and body condition
of both sexes and the reproductive activity of females between the two populations. Because
food availability affects the ecology of red squirrels [29,31,40,41], we can hypothesise that
park squirrels, with access to abundant supplemental food and a rich natural food base,
will have higher body mass (and better body condition), which remains more stable over
the year, and females will start breeding earlier and prolong their breading season in
comparison to the urban forest squirrels.

2. Materials and Methods
2.1. Study Area

The study was conducted in two sites (Figure 1), both located in Warsaw (52°14'13.37" N,
21°1'3.11" E), the capital city of Poland. The city is populated by approximately two million
people and is placed in the central part of the country. This region is affected by both the
harsh and dry continental climate of Eastern Europe and Asia and the mild oceanic climate
of Western Europe. Growing season lasts for about 210 days, and the total precipitation
measures 600 mm per year. The mean ambient temperature is from —4 °C in January to
18 °C in July.
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Figure 1. Study areas: 1. Royal Lazienki Museum (an urban park) and 2. Natolin Forest Reserve (an
urban forest) in Warsaw, where red squirrels were live-trapped. Approximate locations of trapping
areas are shown.

The first study site was Royal Lazienki Museum, a park located in the city centre
(hereafter “urban park’) (Figure 1). This park is very popular among local inhabitants and
visitors. It is difficult to estimate how many people visit the park because no entrance
ticket is required, and the number of people passing through the gates is not monitored.
According to an annual report made by the Warsaw Tourism Organization, the Royal
Lazienki Museum park was visited by 3.5 million people in 2018, in 2019, by almost
5 million, and in 2020, by more than 4 million [42]. The urban park covers 76 ha, and it
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is surrounded by busy streets and built-up areas. The park has more than 90 species of
trees and shrubs, both native and foreign species. Deciduous trees are most numerous, e.g.,
common hornbeam (Carpinus betulus L.), common oak (Quercus robur L.), common beech
(Fagus sylvatica L.), as well as common hazel (Corylus avellana L.), English walnut (Juglans
regia L.) and North American walnut (Juglans nigra L.). Tree stands can reach more than
150 years old, and numerous old trees provide a rich natural food base for animals [32].
Squirrels here are fed by park visitors every day; some individuals even deliver food
for animals on an everyday basis [43]. According to our radio telemetry data and direct
observations of tagged squirrels, squirrels took food from humans on average 0.89 times
per hour [44]. Most (almost 90%) of the recorded food items eaten by red squirrels in the
park were nuts, and most of those (66%) were provided by park visitors [23]. Moreover,
there are about 10 feeders located in the park (and the presence of feeders is known to
attract squirrels and to be able to increase their abundance [45]), which are stocked with
seeds and nuts by park employees during the period September-March. However, feeders
stay in the park all year round, and visitors leave food in them for animals throughout the
remainder of the year, too.

The second study site was Natolin Forest Reserve, located approximately 10 km from
the city centre (hereafter “urban forest’) (Figure 1). This land was formerly parkland that
extended around the residences of Polish magnates. The spontaneous regeneration of
woodland took place after the Second World War, so the reserve area is wholly tree-covered
these days. The oldest stands are over 250 years old, and only natural regeneration occurs.
Dead and fallen trees are left for natural decomposition. The reserve covers 105 ha, and
it has been protected since 1991. Since then, it has been closed to the public. To the west
and north of the reserve are built-up areas, whereas on the other sides, it is surrounded by
patches of farmland (mostly set-asides), which are successively built-up. Trees are mostly
deciduous, e.g., common hornbeam, common oak, ash (Fraxinus excelsior L.), elms (Ulmus
spp.), common hazel and black alder (Alnus glutinosa L. (GAERTN.)).

No food base availability assessment was carried out for this study. Nevertheless, tree
inventory was previously conducted in 400 m? patches, which were placed exactly in our
trapping areas [46]. It was found that the density of trees and shrubs was higher in the
urban forest (44/400 m?) than in the park (19/400 m?); however, trees over 30 years old
(which are assumed to be seed-bearing) were more numerous in the urban park than in the
forest (40% vs. 11%) [46].

In the past studies, the density of the urban park red squirrels was estimated to be
more than 2 individuals/ha [23,32], whereas in the urban forest, it was 0.29 ind./ha [23].

2.2. Live-Trapping

The study started in July 2018 and ended in December 2020. Squirrels were live-
trapped with 30 traps in the urban park and 40 traps in the urban forest. We used standard
wire mesh live traps (51 x 15 X 15 cm) (manufactured by “Jerzyk” Jerzy Chilecki, Bi-
atowieza, Poland). The traps were partly covered by dark plastic to provide shelter from
rain and snow and were located on the ground or in trees on a wooden platform. Live
traps were pre-baited with hazelnuts and English walnuts for seven days, then baited and
set for four (in most cases) to nine days. In both areas, we trapped in the same month,
during thirteen trapping sessions in total (i.e., in 2018: Jul, Sept, Nov; in 2019: Jan, Mar,
May, Jul, Sept; in 2020: Mar, May, Jul, Oct, Dec). The traps were set in the morning
(around 6-7 a.m., depending on the time of dawn), checked after 2—4 h and secured for the
night in a manner which prevented them from being closed. We flushed every trapped
squirrel into a wire mesh handling cone [47] to minimise stress during handling. Each
newly trapped squirrel was individually marked with numbered ear-tags 2 x 8 mm (Na-
tional Tag&Band, Newport, KY, USA). Squirrels were weighed to the nearest 10 g (Pesola
spring balance), and the right hind foot, excluding the claw, was measured with tape
measure. Body condition was calculated based on residuals of log body mass and foot
length [48]. A linear regression model was built using data on 50 adult individuals (log body
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mass = 2.211 (£0.074) + 0.006 (+0.001) foot length, R? = 0.29, p < 0.001). Then, the regres-
sion model was used to calculate the residuals of body mass for all individuals. We also
defined the sex and reproductive status of females. Females were defined as non-breeding
(anoestrous, small vulva, no longitudinal opening), postoestrous and pregnant (swollen
vulva with longitudinal opening, enlarged belly during pregnancy) or lactating (large
nipples, milk excretion could be stimulated) [49]. We also defined if squirrels were adult
or sub-adult. Sub-adult males had small scrotum and abdominal testes, and females had
a very small vulva and the nipples were still invisible. Older animals were considered
as adult [50].

We used the minimum number of animals known to be alive (MNA) (e.g., [41,47,51,52])
from the trapping during period October 2018-September 2019. We estimated squirrel
density using edge-correction using the average female range radius in study sites [41].
According to a previous study [23], the average radius for females in the urban park was
75 m, while in the urban forest, it was 135 m. MNA estimates assessed during the first
year of this study confirmed this difference in density between the two populations: the
value obtained for the urban park squirrels ranged from 1.05 to 1.89 ind./ha and from 0.2
to 0.28 ind. /ha for forest squirrels (Figure 2).
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Figure 2. Density of the two studied populations of red squirrels in Warsaw: urban park and urban
forest, assessed on the basis of live-trapping and MNA estimates.

Access to the Natolin Forest Reserve and red squirrel capture was allowed with the per-
mission issued by the General and Regional Directorates for Environmental Protection. The
trapping and handling of squirrels complied with current laws on animal research in Poland
and were carried out with a permit from the Local Ethical Committee (WAW2/072/2018).

2.3. Statistical Analysis

We compared the sex proportion and age proportion of all individuals across both
sites (urban park vs. urban forest) with the Chi-squared tests. We also analysed differences
in the body mass and body condition of adult individuals and the reproductive status of
adult females between sites (including other factors). We used three models: two linear
mixed models (for body mass and body condition) and one generalised linear mixed
binary model (logit regression) for reproductive status, where we included all adult females
(including recaptures). In the first LMM, the dependent variable was body mass. In this
model, we tested the effect of foot length (FOOT), sex (SEX), site (SITE), season (SEASON)
and the interaction of site with other two variables: SITE*SEX and SITE*SEASON. SITE
was a grouping variable of the two study sites: urban park (Lazienki) and urban forest
(Natolin). SEASON was a grouping variable of four astronomical seasons: spring (1 March-
31 May), summer (1 June-31 August), autumn (1 September-30 November) and winter
(1 December-31 February). In the second LMM, the dependent variable was body condition,
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and a similar set of variables apart from foot length (FOOT) and interactions between
variables was included. In the third model, the reproductive status of adult females was
analysed. In this model, all breeding female squirrels (i.e., postoestrous and pregnant
or lactating) were marked as 1, and all non-breeding squirrels were marked as 0. In this
model, the independent variables were: site (SITE), season (SEASON), body condition
(CONDITION) and interaction of site and season (SITE*SEASON). We did not include the
body mass as it was highly correlated with the body condition (Pearson’s r = 0.849). The
IDs of squirrels were set as a random effect in both models to account for the repeated
sampling of individual animals. Restricted maximum likelihood (REML) was used to
estimate the parameters in the best model obtained. Model selection was based on p-values
in stepwise backward selection [53]. Groups within variables included in the best model
were compared with the LSD test.

All statistical analyses were performed with SPSS software (version 26.0, IBM, Armonk,
NY, USA).

3. Results

In total, 36 squirrels (199, 173") were trapped in the forest, while 106 squirrels (482,
58d") were trapped in the park. In the forest, squirrels were trapped in total 129 times
(Mean = 3.58, Min = 1, Max = 11), and in the park, 266 times (Mean = 2.44, Min = 1, Max = 12).

The share of caught sub-adults in the forest did not exceed 2% of all caught individuals,
while in the park, this age group constituted almost 10% (Figure 3A). The proportions were
significantly different (x* = 8.92, p = 0.003). The proportions of males and females of all
individuals did not statistically differ between the areas (x? = 2.79, p = 0.095) (Figure 3B).
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Figure 3. Proportion of red squirrels of given (A) age and (B) sex groups in the urban park and urban
forest.

Adult red squirrels in the forest had higher body masses (Mean = 355 g, +=SD = 29)
than those in the park (Mean = 337.2 g, 5D = 33.2) (Figure 4B). The analysis of body mass
showed that the model, after selection, contained three explanatory variables: FOOT, SITE
and SEASON (Table S1). Regarding seasonal differences in the body mass, only spring
differed significantly from other seasons (summer p = 0.044, autumn p < 0.001, winter
p = 0.007) (Figure 4A).

The squirrels in the urban forest had better body conditions than those in the urban
park (Mean = 6.58, £SD = 0.53 and Mean = 6.21, £SD = 0.63, respectively), and the
difference was statistically significant (p = 0.002) (Figure 5B). Furthermore, body condition
was higher in spring compared to autumn and winter (p = 0.001, and p = 0.043, respectively)
(Figure 5A). Body condition did not differ with regard to sex or subgroups in the interactions
and was excluded during model selection (Table S2).
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Figure 4. Mean (£SE) body mass of adult red squirrels with regard to (A) season and (B) study
site, and pairwise comparison with Least Significant Difference test in LMM (significant differences
presented above the bars). Please note that Y axis does not start from 0 value.
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Figure 5. Mean (£SE) body condition of adult red squirrels with regard to (A) season and (B) study
site and pairwise comparison with Least Significant Difference test in LMM (significant differences

presented above the bars).

During the whole study period, the proportion of sexually active adult females in the
urban forest was lower than in the urban park (23% and 35%, respectively). The best fit
model contained all variables: study site, season and condition of animals (Table S3). The
probability of being sexually active (i.e., breeding) increased with the body condition of
females (3 = 9.38, SE = 4.37, p = 0.033). The highest frequency of sexually active squirrels
was observed in spring and summer, but sexually active individuals were also found in
winter (Figure 6A). A higher frequency of sexually active adult squirrels was observed in
an urban park (Figure 6B). No statistically significant differences were stated in pairwise
comparison. The minimum body mass of breeding females was 350 g in the forest and
300 g in the park.
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Figure 6. Frequency (+SE) of breeding (i.e., postoestrous and pregnant, lactating) adult female red
squirrels with regard to (A) season and (B) study site. No statistically significant differences in
pairwise comparisons using the Least Significant Difference test.

4. Discussion

As we predicted, the two populations of squirrels, one living in a busy urban park,
and the other from an urban forest, differed in terms of body mass, body condition and
breeding activity.

First, forest squirrels were heavier and had better body conditions than those from
the park. Differences in the body masses between squirrels of the same population can
be caused by variation in their size or in the amount of fat under the skin [54]. Body
condition and habitat quality are strongly linked [54], so we may have expected that the
year-round supplementary feeding of park squirrels [22-24,34] would result in increased
body condition [17]. However, surprisingly, forest squirrels were generally in better body
condition than park squirrels, who had access to year-round supplemental feeding. Optimal
body mass and a layer of fat is crucial for squirrels to ensure thermal insulation and energy
during periods of food shortage [55]. Habitat and population density may affect body mass,
too. In general, squirrels inhabiting deciduous habitats had lower body mass than squirrels
living in conifer habitats [54]. In our case, both study sites were deciduous; however,
in the urban park, population density was much higher than in the urban forest. It has
been reported that squirrels of high social rank, both males and females, weigh more than
squirrels of low rank, and body mass may be positively correlated with boldness [56]
and aggressiveness [54,57]. In high-density populations, squirrels may be less aggressive
towards conspecifics [58]. It may thus be argued that in this high-density population, more
subdominant squirrels with lower body mass survived. In the forest, in turn, access to large
nuts (in our case hazelnuts, hornbeam nuts, and acorns) allowed the population to reach a
higher body mass, which is crucial for settlement success and local survival [40]. Our results
are to some extent in line with other studies in which body mass and/or condition were
not driven by supplementary feeding [39,59,60]. According to Magris and Gurnell [39],
supplementary food can affect squirrel density and population biomass (which is the case
of park squirrels in our study) but does not affect individual body mass and condition.

In general, the body mass of red squirrels may change seasonally, according to food
availability, weather and reproductive status [54,61]. In deciduous habitats, body mass is
typically highest in autumn [55,62], when squirrels feed mainly on high-energy tree seeds
and accumulate fat for the winter period [54,62]. On the other hand, no autumn or winter
increase in body weight was observed in coniferous habitat, which was explained by more
predictable food supplies [61]. In winter, food availability remains high, but due to high
thermoregulation costs, fat reserves may become depleted [55]. Next, during spring, fat
reserves become further depleted because of the high energy cost of reproduction and
increased activity [55]. Therefore, squirrels with higher body mass and larger reserves
of fat are better equipped to cope with stressful conditions, which in turn increases their
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chances of survival [40,49,54]. In our study, a slight seasonal variation in the body mass
of squirrels was found, but surprisingly, they were heaviest in spring, with no differences
between other seasons. This pattern of changes in the body mass stands in contrast to
published findings (see above). There was no contrast between summer—autumn-winter
activity in our study. Our forest squirrels were seen to typically reduce their winter activity,
which is a response to high thermoregulatory costs [36,63]. This may help them to retain
high fat resources regardless of changing environmental conditions. Additionally, recent
mild winters [64] together with an influence of an urban island heat effect, reaching as
far as the outer districts of Warsaw [65], may be facilitative. As shown in a previous
study, forest squirrels occupied relatively small home ranges [23], which suggested rich
natural food supply [61]. In contrast, park squirrels were more active, assumingly trying to
adjust activity to the reduced presence of park visitors in winter [34], which might help
them to retain fat resources. Our park is located in the central part of the city, where the
temperatures were the highest [65], so squirrels could spend more time outside their dreys.
On the other hand, in spring, which normally is a time of low food availability [62,66],
park visitors (i.e., food providers) became abundant, which assumingly helped squirrels to
restore fat reserves quickly. Low variation in the body mass during other seasons in the
case of park squirrels is in line with findings from Hamburg, where in a fed population,
individual body mass was stable [25], assumingly due to high and stable food energy
availability [67].

For females, body mass is especially important, as a fat layer provides a valuable
energy store during lactation and nursing young [55]. The reproductive success of females
increases with their body mass and body condition [54,55,68]—heavier squirrels grow
older and produce more offspring per litter and more litters in their lifetime [40,48,49,54,55].
Additionally, in our study, females in better body condition were more likely to breed. What
is interesting is that although females in the park had generally worse body condition, the
overall proportion of sexually active females was higher compared to the forest squirrels.
A minimum body mass is required to enter oestrus [39,54], and this value was lower for
park than forest squirrels. Squirrels in the park are fed by people during all seasons [22,23];
thus, probably, squirrels do not need such large fat reserves to commence breeding and
produce successfully. Our study only specified very simple breeding parameters and did
not measure the breeding success of females. Nevertheless, more sub-adult individuals
were trapped in the park than in the forest, which suggested a higher reproduction rate.
This is consistent with a study on fox squirrels, which were more often reproductively active
and presented higher juvenile survival and juvenile/adult ratios in the urban population
than the rural one [69]. Additionally, juvenile and sub-adult squirrels appeared more
frequently in an experimentally supplementary fed American red squirrel population as a
result of a longer breeding period [16].

Red squirrels are seasonal breeders; females have one or two litters during a year:
first in February—March and second in June-July [51,52,70,71]. Seed availability can affect,
among other things, the length of the breeding season and the number of adults which
produce two litters [68]. The frequency of breeding females was, regardless the study area,
highest in spring, but squirrels also bred in winter. This early reproduction may have
been possible thanks to good feeding conditions and higher winter temperatures in the
city [72]. Females giving birth early in the year would have sufficient time to produce a
second litter [68]. Additionally, by breeding early, females may be able to enhance the
chances of their offspring to settle in an optimal home range as juveniles from early litters
can find more vacant areas [59]. As shown by earlier studies, and in line with our findings,
the availability of supplemental food had no significant effect on the length of breeding
season [59], and early breeding (spring litters) was not affected by food availability [39].

5. Conclusions

As was reviewed by Boutin [73], individuals receiving supplemental food usually
had higher body mass and advanced breeding relative to those in control areas. In our
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study, urban park squirrels that received supplemental feeding had lower body mass (and
worse body condition) than those inhabiting the urban forest, and there was no difference
in breeding time. This difference in the body mass/condition may be explained by high
intraspecific competition in a very abundant squirrel population. On the other hand, stable
food conditions (i.e., year-round supplemental feeding) combined with less demanding
weather conditions typical for the city centre might mean that accumulating fat is not
crucial for survival and breeding. Abundant supplemental food may also result in a higher
share of breeding females. These differences between the two populations complete our
earlier findings on how far urban park and urban forest squirrels differed in certain aspects
of their ecology (i.e., space use, food choice, activity patterns and interactions with people)
and proved the high plasticity of squirrels inhabiting urban landscapes.
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Table S1. Effects of a site (SITE), season (SEASON), and foot length (FOOT) on body mass
of squirrels in a general linear mixed model, * reference category.

Source B SE t P Lower CI Upper CI
Intercept 261.18  27.76 9.41 <0.001* 206.57 315.78
SITE (Lazienki) -15,68 5.60 -2.80 0.006* -26.77 -4.58
SITE (Natolin) 0*

SEASON (winter) -10.28 3.80 -2.71 0.007* -17.76 -2.80
SEASON (autumn) -10.57 3.17 -3.33 <0.001* -16,81 -4.33
SEASON (summer) -7.98 3,95 -2.02 0.044* -15.75 -0.22
SEASON (spring) 0*

FOOT 1.84 0.51 3,64 <0.001* 0.85 2.84

Table S2. Effects of site (SITE) and season (SEASON) on body condition of squirrels in a
general linear mixed model, * - reference category.

Source B SE t P Lower CI Upper CI
Intercept 0.02 0.01 3.35 <0.001* 0.01 0.04
SITE (Lazienki) -0,02 0.01 -3.17 0.002* -0.03 -0.01
SITE (Natolin) 0*

SEASON (winter) -0.01 0.01 -2.02 0.043* -0.02 0.00
SEASON (autumn) -0.02 0.00 -3.45 <0.001* -0.02 -0.01
SEASON (summer) -0.01 0.01 -1.91 0.057 -0.02 0.00
SEASON (spring) 0*

Table S3. Effects of site (SITE), season (SEASON) and body condition (CONDITION) on
sexual activity of red squirrels in generalized linear binary model, * - interaction.

Source B SE t P Exp (B) Lower CI Upper
Ccl
Intercept 0.27 1.47 -0.19 0.853 1.31 0.73 23.42
SITE (Natolin) -1,03 0.46 -2.24 0.026* 0.36 0.04 0.30
SITE (Lazienki) 0*
SEASON (winter) -0.49 0.38 -1.30 0.195 0.61 0.29 1.29
SEASON (autumn) -2.75 0.46 -5.99  <0.001%* 0.06 0.03 0.16
SEASON (summer) -2.30 0.55 -4.14  <0.001%* 0.10 0.03 0.30
SEASON (spring) 0*

CONDITION 9.38 4.37 2,15 0.033* 119*10? 2.18 646*10°
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Abstract

Animals in urban areas often encounter novel and potentially stressful conditions. It is impor-
tant to understand how wildlife cope with anthropogenic disturbance. To investigate this
specific adaptation we live-trapped squirrels in two study sites in Warsaw: a forest reserve
and an urban park and we estimated stress responses at three levels: long-term and
medium-term stress (the level of stress hormones, i.e. cortisol and cortisone concentrations,
in hair and feces) and acute reaction to human-induced stress (measured during handling
with the aid of the three indices: breath rate, struggle rate, and vocalization). According to
GLMM models no difference in the stress hormones level was found between the two popula-
tions. The only differences in cortisol concentrations clearly depended on the season, i.e. being
higher in autumn and winter comparying to other seasons. There was no influence of sex, or
reproductive status on stress hormones. Forest squirrels had significantly higher breath rates,
suggesting they were more stressed by handling. There was no difference in the struggle rate
between study areas, this index was mostly affected by season (i.e. being highest in winter).
First-trapped squirrels vocalized less than during the subsequent trappings. Assumingly, during
the first, and more stressful trapping, squirrels used “freezing’ and/or little vocalization, while
during next captures they used alarm calls to warn conspecifics. Overall, we showed that the
two squirrel populations differed only in terms of their breath rate. This suggests that they did
not differ in medium-term and long-term stress in general, but they can differ in acute response
to handling. This also suggests that both populations were similarly affected by environmental
factors. The lack of clear effects may also be due to population heterogeneity. Thus, in order to
assess the effects of anthropogenic stressors a broader range of indicators and diverse analyti-
cal methods, including behavioral analyses, should be employed.
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Introduction

Urbanization is known to be one of the most drastic environmental changes caused by humans
[1]. Animals living in urban areas often encounter novel conditions, which may be potentially
stressful, like changes in predation pressure, altered food resources, and new species interac-
tions [2] or increased disturbance from people [3]. However, some animals can adapt and sur-
vive or even thrive in cities [4-7]. Since cities and their infrastructure are rapidly expanding
[4], it is increasingly important to understand how wildlife cope with anthropogenic distur-
bance [8].

Squirrels are one of the typical mammalian groups which have colonized urban areas and
adapted to them successfully. This was observed for the Eurasian red squirrel (Sciurus vulgaris)
[9-11], the grey squirrel (S. carolinensis) [12] and the fox squirrel (S. niger) [13]. Squirrels in
urban habitats may exhibit higher population densities [9,12,14], higher aggressiveness [12],
increased boldness [15] and different activity patterns than in a non-urban environment
[16,17]. Red squirrels are commonly fed by people in parks and gardens [18-24] and may be
considered an iconic species of coexistence between human and wildlife in urban areas [25].

Levels of glucocorticoid hormones, such as cortisol or corticosterone, provide information
about the impact of environmental factors on wildlife [26,27]. Measuring hair cortisol and
fecal cortisol metabolites as an indicator of adrenocortical activity in animals provides an
insight into stress responses of animals over medium-term and long-term time scales, thus
being a valuable tool in environmental studies [28,29]. Anthropogenic disturbances can be
assumed as stressors to wildlife, and as a result, animals in contact with urban areas and
humans are expected to have higher glucocorticoid levels compared to animals that are less
exposed or not exposed at all [30-32]. It is often assumed that urban populations show higher
baseline levels of glucocorticoid hormones because of chronic stress, however, results are often
inconsistent (reviewed in Iglesias-Carrasco et al. [8]). It has also been suggested that animals
living in urban habitats show reduction of HPA sensitivity through habituation [33], which
may help animals to adapt to novel environments.

The analysis of hair and fecal glucocorticoid metabolites is considered less invasive com-
pared to approaches that include blood sampling. For this reason, it has been applied to many
wildlife species to monitor their stress responses to various disturbances [8,29,34,35]. Glucocor-
ticoids concentrations in squirrels can depend on different factors like population density
[36,37], sex [38-42], season [38,41], body mass [38,40] and condition [37,43]. To date there has
been little agreement on how much urbanization influences stress levels in wildlife. In one study
it was noted that levels of fecal cortisol metabolites were highest in areas where human distur-
bance was greatest [36]. On the other hand, chipmunks (Tamias striatus) inhabiting urban
areas had lower concentrations of fecal cortisol than those from natural habitats [39]. The oppo-
site effect was reported in a recent study in Japan, where levels of the fecal cortisol metabolites
were not significantly different between the urban and rural squirrel populations [42,44].

In order to estimate acute stress responses to direct anthropogenic stressors, mainly beha-
vioural indicators are used, such as: breath rate, struggle rate, and vocalisation, which show the
response to handling [45-48]. Breath rate (i.e the frequency of respiratory acts) of an animal is
assumed to be an index of the emotional and the stress response, similar to cardiovascular
parameters, such as heart rate [46,49]. On the other hand, struggle rate, which is the amount of
time animal moves around the bag after trapping, can be a measure of docility [50] and has
been shown to correlate with aggressiveness and represent boldness [45-46]. Finally, the vocal-
ization while handling can be measured. Squirrels use vocal communication to transfer vital
information between conspecifics [51], which could be more difficult to obtain by using visual
communication [52]. Tree squirrels produce different types of calls: alarm, agonistic,
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discomfort, mating, affiliative, and neonatal as well [51]. Alarm calls are the most frequently
emitted and they typically serve as warning calls [53]. A call-type might also have one or sev-
eral behavioral functions [51]. Here we assumed that vocalization during handling would
show a reaction to potential danger and serve as an alarm call.

Behavioral traits may have fitness consequences [45,54] and intra-specific variation in
capacity to cope with environmental challenges may buffer the species for strong fluctuations
in the natural habitat [55]. Highly aggressive individuals adopt a proactive coping style
whereas low levels of aggression indicate a more passive or reactive style of coping [55]. The
two coping styles might explain a differential vulnerability to negative influence of stress due
to the differential adaptive value of the two coping styles and the accompanying neuroendo-
crine differentiation [56]. A proactive coping animal may be adapted to stable environmental
conditions. The reactive coping style may do better under variable and unpredictable environ-
mental conditions [57]. Thus, they can determine how animals cope with environmental
changes such as urbanization [58]. Therefore, in this study, the stress response of two urban
red squirrel populations, which inhabit two different areas: an urban park and an urban forest
reserve, both placed within city districts, was compared. The park squirrels live at very high
densities [14], receiving plentiful supplementary food from park visitors [20,22], whereas the
effect of human disturbance on the forest population should be considered negligible. We
attempted to estimate stress responses at three levels: long-term and medium-term stress,
revealed by the level of cortisol and cortisone concentrations in hair and feces, and acute reac-
tion to human-induced stress, measured with the aid of the three indices: breath rate, struggle
rate, and vocalization. We aimed to find out if squirrel behavior in respone to handling
changed when they gained experience through multiple captures. We also hypothesized that in
the urban forest, where squirrels live in lower density and generally maintain better body con-
dition [14], the animals would exhibit lower concentrations of stress hormones. On the other

hand, we supposed that the response to handling (vocalization, breath, and struggle rate) in
the urban park (a site with higher human disturbance) would be less noticeable as park squir-
rels have direct and frequent encounters with humans [22,59].

Material and methods
Study area

We trapped squirrels in two study sites, both located in Warsaw, the capital of Poland. Warsaw
is located in the central part of the country and has approximately two million inhabitants.
This region is affected by both dry continental and harsh climates of Eastern Europe and Asia
and the mild oceanic climate of Western Europe. Mean ambient temperature ranges from
-4°C1in January to 18°C in July. However, minimum temperature may be below -30°C and the
maximum temperature may rise above 35°C.

One of the study sites was located in Royal Lazienki Museum, in a park in the central dis-
trict of the city (hereafter ‘urban park’). The park and its architectural attractions are very pop-
ular among visitors and local inhabitants. This 76-hectare green area is surrounded by busy
streets and built-up areas. More than 90 species of trees and shrubs of both native and foreign
species grow in the park [9]. About 20% of trees reach more than 150 years [9]. Tree species
are mostly deciduous, e.g. common oak (Quercus robur), common beech (Fagus sylvatica),
common hornbeam (Carpinus betulus), common hazel (Corylus avellana), English walnut
(Juglans regia) and North American walnut (Juglans nigra). Apart from the natural food base,
animals (birds and squirrels) are also fed by both park employees and visitors [14]. The most
common supplemental food includes different kinds of seeds, e.g. sunflower (Helliantus
annuus), hazelnut, and walnut [20,22].
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The other study site was Natolin Forest Reserve (hereafter ‘urban forest’), a forest located
approximately 10 km from the city center. This area, which served as a royal hunting ground
in the seventeenth century, was turned into a parkland that extended around the residences of
Polish magnates in the eighteenth century. After the Second World War, the area was used as
a government residence. Spontaneous regenerations of woodland occurred during the post-
war period, nowadays the whole area of the reserve area is tree-covered. The reserve covers
105 ha and has been protected since 1991. It is closed to the public and permission is needed
for an entrance. The oldest stands are more than 250 years old, dead or fallen trees are left for
natural decomposition and only natural regeneration occurs. There are built-up areas to the
west of the reserve, whereas on the other side it is surrounded by farmland. Trees are mostly
deciduous like common hornbeam, common oak, ash (Fraxinus excelsior), elms (Ulmus spp.),
common hazel, and black alder (Alnus glutinosa).

The two areas are approximately 10 km from each other and potentially interconnected via
the the Warsaw Escarpment, which spans along the Warsaw section of the Vistula River. Nev-
ertheless, this is intersected by roads and buildings so ecological connectivity between the two
areas is highly disturbed. The urban park is much more affected by the urban heat island effect
than the urban forest [60]. The two squirrel populations vary in density: the MNA (minimum
number alive) value obtained in previous sudy for the urban park squirrels ranged from 1.05
to 1.89 ind./ha and from 0.2 to 0.28 ind./ha for forest squirrels. Adult red squirrels in the forest
had higher body masses than those in the urban park (355 g and 337g respectivelly) [14]. Red
squirrels in the forest had also significantly better conditions but were less sexulally active than
these in the urban park (see details in Beliniak et al. [14]).

Live-trapping

Access to the Natolin Forest Reserve and red squirrel capture was allowed with permission
issued by the General and Regional Directorates for Environmental Protection
(WPN-1.6205.124.2018.AS and WPN-1.6401.208.2018.PF). Trapping and handling squirrels
complied with current laws on animal research in Poland and was carried out with a permit
from Local Ethical Committee (WAW2/072/2018).

Our study lasted from July 2018 to December 2020. We used standard wire mesh live traps
(51x15x15 cm) (manufactured by “Jerzyk” Jerzy Chilecki, Bialowieza, Poland). We live-
trapped squirrels with 30 traps in the urban park and 40 traps in the urban forest. The traps
were located on the ground or in trees on wooden platforms and were partly covered by black
plastic to provide shelter from rain and snow. Before trapping, traps were pre-baited with
hazelnuts and English walnut for seven days. After that we conducted trapping session: we
baited and set traps for four (in most cases) to nine days. Trapping was conducted in both
areas in the same month, in total during thirteen trapping sessions (i.e. in 2018: July, Septem-
ber, and November; in 2019: January, March, May, July, September; in 2020: March, May,
July, October, December). Traps were set in the morning (around 6-7 a.m.), checked after 2-4
hours, and secured for the night (in a manner, which prevented them from being closed).
Every trapped squirrel was flushed into a light hessian bag then we recorded the struggle rate
for 30 sec.—the duration of time a squirrel kept moving in the bag. Then, to minimalize stress
during handling, a squirrel was flushed into a wire mesh handling cone [61] and the breath
rate estimated, i.e. the chest moves were counted during the 20 sec. Each newly trapped squir-
rel was marked with an individually numbered ear-tag (2x8 mm, National Tag&Band, New-
port, KY, USA), weighted to the nearest 10 g (Pesola spring balance) and measured with
tapmeasure right hind foot (without claws). Subsequently we defined sex and reproductive sta-
tus of squirrels. Females were determined as non-breeding (anoestrous, small vulva, no

PLOS ONE | https://doi.org/10.1371/journal.pone.0302933 May 3, 2024 4/21




PLOS ONE

Stress response of Eurasian red squirrels affected by different levels of human disturbance

longitudinal opening), or breeding. The latter category included: postoestrous and pregnant
(swollen vulva with longitudinal opening, enlarged belly during pregnancy) or lactating (large
nipples, milk excretion could be stimulated). Males were recorded as non-breeding (abdomi-
nal testes or semi-scrotal and scrotum small) or breeding (testes scrotal and scrotum large)
[62]. We defined if a squirrel was sub-adult or adult. Sub-adult females had a very small vulva
and the nipples were still invisible, males had small scrotum and abdominal testes. Older ani-
mals were considered adult [63]. Vocalization of squirrels was defined and ordered in increas-
ing intensity from 1 to 4: 1 -none, 2 —-growling, 3 -yelling, 4- screaming. At least two (usually
three) people were involved in the trapping to make estimates as precise as possible. After han-
dling we collected fresh feces left in the traps (not contaminated by the urine) to estimate fecal
glucocorticoid metabolite levels. In Eurasian red squirrels, the fecal glucocorticoid metabolite
levels from initial capture do not significantly differ from the hormone levels of at least 48
hours after the capture event [38]. Therefore, samples collected from recaptured squirrels were
also analyzed if they were at least 48 hours apart. Fecal samples were collected into 2 ml centrif-
ugal tubes, maximum 4 hours after setting a trap, immediately cooled in ice, and transported
to the laboratory, where they were stored in a freezer at —20°C until analysis. Additionally, dur-
ing handling, a small hair sample (up to 50 mg) was collected. The hair was always sampled
from the same region of the body (the middle part of the tail) and was cut as close as possible
to the skin using fine scissors. Samples were stored in string plastic bags in the -24°C freezer
until analysis.

Laboratory analysis

Determination of hair steroids (cortisol and cortisone). In hair samples, cortisol and its
metabolite—cortisone were determined using a validated ultra-high performance liquid chro-
matography coupled to electrospray ionization-tandem mass spectrometry (UHPLC-ESI-MS/
MS) method. We decided to follow the concentration of two steroids in the hair because it has
beed suggested that measuring multiple glucocorticoids simultaneously may provide more
comprehensive information and more reliable interpretation of the acquired results [34]. The
method of sample preparation and analysis was described in detail by Sadok et al. [34]. Briefly,
hair samples were washed twice with isopropanol, dried overnight, cut into small pieces into a
tube in an amount from 16 to 48 mg, and milled using steel beads. The steroids were extracted
in the dark with 1 ml of methanol (LC-MS grade) fortified with internal standard (10 pg/ml of
cortisol-Dy,) for 24 hours. The supernatants were further purified by solid-phase extraction
using the polymeric reversed phase Strata-X cartridges (30 mg/1 ml) supplied from Phenom-
enex as described previously (Sadok et al. [34]).

Samples were analyzed using a 1290 infinity UHPLC system coupled to a 6460 triple quad-
rupole mass spectrometer equipped with the Jet Stream electrospray ion (ESI) source from
Agilent Technologies (Santa-Clara, CA, USA) and settings detailed in Sadok et al. [34]. The
concentrations of steroids were determined in pug/ml from matrix-based calibration plots after
signals normalization on the internal standard. The final results were expressed in pg/mg after
conversion to the weight of hair samples subjected to extraction. An example of data obtained
during the UHPLC-ESI-MS/MS analysis showing the presence of hair cortisol and cortisone
in squirrel hair sample is presented in Fig 1.

Determination of fecal cortisol. The concentration of cortisol in the fecal samples was
assessed with the ELISA method using a commercial kit with antibodies for this hormone
(COR ELISA Kit No. EU0391, Wuhan Fine Biological Technology Co.). The analysis was per-
formed according to the manufacturer’s protocol described in detail previously [64,65] as fol-
lows: 100 mg samples of feces were weighed using an XA 100 3Y analytical balance (Radwag,
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Fig 1. An example of UHPLC-ESI-MS/MS data obtained during the analysis of squirrel hair sample. Arrows indicate the position of signals of cortisone
(A), cortisol (B) and cortisol-D4 used as isotopically labeled internal standard (C).

https://doi.org/10.1371/journal.pone.0302933.9001

Poland), mixed with 0.5 ml of Dulbecco’s phosphate-buffered saline (DPBS, Thermo Fisher
Scientific) without calcium and magnesium (pH = 7.0-7.3) in a centrifugal tube and shaken
for 10 min using multivortex. Next, the suspension was centrifuged at room temperature (at
10000 rpm for 20 min) using a Heraeus Megafuge 11R centrifuge (Thermo Fisher Scientific,
Germany). The obtained supernatants were immediately used for analysis using a Synergy 2
multi-mode microplate reader (BioTek Instruments, Inc. USA) equipped with an automated
microplate strip washer (ELx50, BioTek Instruments, Inc. USA) and an ELMI DTS-4 digital
thermostatic microplate shaker (Riga, Latvia). The concentration of cortisol in the samples was
determined by comparing the optical density (OD) of the samples to the standard curve, the
range of which was from 0.39 to 25 ng/ml. A separate calibration curve was made for each
plate using eight different standard dilutions (0, 0.391, 0.781, 1.562, 3.125, 6.25, 12.5 and 25
ng/ml). Each dilution was duplicated. Intra- and inter-assay coefficients of variation were
10.6% and 12.8%, respectively. Samples with a concentration of cortisol above the upper limit
of the curve were diluted and reassayed. We did not have any samples with a cortisol concen-
tration below the lower range of the curve. The OD values of the samples were measured at
450 nm at room temperature. As in papers of Klich et al. [64,65], the concentrations of fecal
cortisol were normalized per weight of feces and finally expressed as nanograms of cortisol per
one gram of dry mass of feces (ng/g). We additionally used cortisone and corticosterone stan-
dards (Sigma-Aldrich, USA) at concentrations of 5 and 15 ng/ml to confirm the selectivity of
the used ELISA kit (no reaction was observed).

Statistical analysis

To verify if the stress variables differentiate between the urban park and the urban forest squir-
rels, six generalized linear mixed models were run, of which three models with dependent vari-
ables related to long-term and medium-term stress: 1) hair cortisol concentration, 2) hair
cortisone concentration, 3) fecal cortisol concentration, and three models with dependent var-
iables indicated acute stress: 4) breath rate, 5) struggle rate, and 6) vocalization. There were six
explanatory variables in each model, i.e.: SITE, SEASON, AGE, EXPERIENCE, REPRODUC-
TIVE STATUS, and CONDITION. SITE was a grouping variable of the two study sites: urban
park (Lazienki) and urban forest (Natolin). SEASON was a grouping variable of four astro-
nomical seasons: spring (1 March-31 May), summer (1 June-31 August), autumn (1
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Table 1. Number of samples from squirrels first-trapped (FIRST) and re-trapped (RET) in a given study site.

Indicator

Hair cortisol concentration
Hair cortisone concentration
Fecal cortisol concentration
Breath rate

Struggle rate

Vocalization

https://doi.org/10.1371/journal.pone.0302933.t1001

Urban forest Urban park Total
FIRST RET FIRST RET
11 20 22 40 93
11 20 22 40 93
12 23 16 61 112
28 78 82 139 333
28 86 82 140 336
28 85 89 133 335

September-30 November), and winter (1 December-28 February). For hair hormone concen-
tration winter was not included due to lack of hair samples from this period. AGE was a group-
ing variable of two age groups: adults and subadults. REPRODUCTIVE STATUS was a
grouping variable dependent on sex, we distinguished two activity types for each sex: non-
breeding males, non-breeding females, breeding males and breeding females. EXPERIENCE
was a grouping variable of two squirrel groups: a) re-trapped-the squirrels which had been
trapped before, and b) first-trapped-squirrels trapped for the first time. CONDITION was a
covariate calculated based on residuals of log body mass and foot length (see: [14]). For Hair
cortisol, Hair cortisone, Fecal cortisol concentrations and Struggle rate we used gamma distri-
bution with log link function, for Breath rate and Vocalization we used negative binomial dis-
tribution with log link function. The IDs of squirrels were set as a random effect in the models
to account for the repeated sampling of individual animals. Restricted maximum likelihood
(REML) was used to estimate the parameters in the best model obtained. Model selection was
based on the corrected Akaike information criterion (AICc) values in a multi-model selection
procedure [66]. All possible model permutations were performed and, finally, the models were
ranked according to their Akaike weights (wi). The principle of model selection was lower AIC
values. In total, a maximum of 336 red squirrel individuals were tested, however, due to limita-
tions in the possibility of collecting material, the number of analyzed observations differed.
For each model, the sample size was as follows: n = 93 for hair cortisol and cortisone concen-
trations, n = 112 for fecal cortisol concentration, n = 333 for breath rate, n = 336 for struggle
rate, and n = 335 for vocalization. In general, twice as many individuals were examined in
urban park as in forest and there were twice as many re-trapped squirrels as first-trapped
(Table 1). All statistical analyses were performed with IBM SPSS v29.0 (Armonk, New York).

Results

Squirrels from urban forest presented lower levels of hair cortisol concentration, fecal cortisol
concentration than squirrels front urban park. However, similar levels of hair cortisone con-
centration, struggle rate ans vocalization was observed. Slightly higher breath rate in forest
squirrels was observed comparing to urban squirrels (Table 2).

Hair cortisol concentration

The highest ranked model contained AGE, SEASON, and CONDITION, but only season
showed a statistically significant effect (Table 3). Squirrels presented higher hair cortisol con-

centration during spring, but lower during summer compared to the hair cortisol concentra-
tion in autumn (Table 3, Fig 2). CONDITION showed a nonsignificant, positive effect,
squirrels with better condition presented higher levels of fecal cortisol concentration (B =
1.418, p = 0.458). AGE showed also nonsignificant effect, where adult squirrels presented
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Table 2. Mean (+SE) levels of stress indicators observed in forest and urban squirrels (detailed data is presented

in S1 Table).

Indicator Urban forest Urban park
Mean SE Mean SE

Hair cortisol concentration [ug/g] 0.033 0.005 0.047 0.005
Hair cortisone concentration [ug/g] 0.046 0.003 0.048 0.002
Fecal cortisol concentration [ng/g] 29.209 4.603 62.976 8.483
Breath rate [chest moves/20 sec.] 28.661 0.451 25.597 0.248
Struggle rate [body moving time/30 sec.] 7.178 0.481 7.956 0.400
Vocalization [rank: 1-4] 1.619 0.086 1.820 0.076

https://doi.org/10.1371/journal.pone.0302933.t002

higher hair cortisol concentration (B = 0.505, p = 0.216). Other variables were excluded during
the model selection, but within the AAICc = 2 there were five models, which also included
SITE and EXPERIENCE. None of these models included REPRODUCTIVE STATUS

(S2 Table).

Hair cortisone concentration

Only SEASON showed a statistically significant effect on hair cortisone concentration in squir-
rels, although also CONDITION was included in the model (Table 4). Squirrels in spring and
summer presented lower hair cortisone concentrations than in autumn (Table 4, Fig 3). CON-
DITION showed nonsignificant, negative effect on hair cortisone concentration (p = -0.482,

p = 0.367) (Table 4). Other variables were excluded during the model selection, but within the
AAICc = 2 there were three models, which also included AGE (S2 Table).

Fecal cortisol concentration

The highest ranked model contained only SEASON and CONDITION. Nevertheless, within
AAICc = 2 there were eight models which included also SITE, AGE, and EXPERIENCE. The
highest ranked model presented much lower AICc values than the null model (AAICc = 18.6)
(S2 Table). Cortisol presented significantly lower values in spring and summer compared to
winter (Table 5, Fig 4). CONDITION showed nonsignificant, positive effect on fecal cortisol
concentration (B = 0.583, p = 0.737) (Table 5).

Breath rate

For the breath rate the highest ranked model included SITE, EXPERIENCE, and CONDI-
TION. The remaining predictors were excluded during model selection. The highest ranked

Table 3. Effect of AGE, SEASON, and CONDITION on hair cortisol concentration in squirrels in the highest ranked generalized linear mixed model (0*-reference
category), REPRODUCTIVE STATUS, SITE, and EXPERIENCE were excluded during model selection (marginal R* = 0.144 and conditional R* = 0.690 for the

highest ranked model).

Source Beta SE t p Lower CI Upper CI

Intercept -3.454 0.8530 -5.323 <0.001 -6.236 -2.845
AGE (adult) 0.505 0.4051 1.246 0.216 -0.300 1.310
AGE (sub-adult) 0*

SEASON (summer) -0.489 0.2370 -2.064 0.042 -0.960 -0.018
SEASON (spring) 0.520 0.1875 2.775 0.007 0.148 0.893
SEASON (autumn) 0*

CONDITION 1.418 1.9009 0.746 0.458 -2.360 5.195

https://doi.org/10.1371/journal.pone.0302933.t003
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Fig 2. Boxplot with individual data points and mean (red X) hair cortisol concentration in squirrels with regard to SEASON (marginal
means from generalized linear mixed model, S3 Table).
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model’s AICc was lower only by 1.3 from the next ranked model with SITE and EXPERI-
ENCE, but also 22.2 from the null model (S4 Table). Squirrels from the urban park (Lazienki)
presented a lower breath rate (B =-0.112, p < 0.001) than squirrels from the urban forest site
(Natolin) (Table 6, Fig 5A). A higher breath rate (f = 0.067, p = 0.003) was also observed in
first-trapped squirrels in comparison to re-trapped squirrels (Table 6, Fig 5B). The CONDI-
TION effect is also noticeable, although not statistically significant (B = 0.334, p = 0.116). The
squirrels showed a higher breath rate as their body condition level increased (Table 6).

Struggle rate

A less pronounced effect of analyzed variables was found in the case of the struggle rate. The
highest ranked model included only SEASON and CONDITION, but within the AAICc = 2
there was also a model which included SEASON, CONDITION, and EXPERIENCE

Table 4. Effect of SEASON and CONDITION on hair cortisone concentration in squirrels in the highest ranked generalized linear mixed model (0*-reference cate-
gory), REPRODUCTIVE STATUS, AGE, SITE, and EXPERIENCE were excluded during model selection (marginal R? = 0.074 and conditional R? = 0.480 for the

highest ranked model).

Source Beta SE t P Lower CI Upper CI

Intercept -2.742 0.3022 -9.075 <0.001 -3.343 -2.142
SEASON (summer) -0.331 0.0997 -3.321 0.001 -0.529 -0.133
SEASON (spring) -0.214 0.0807 -2.650 0.010 -0.374 0.053
SEASON (autumn) 0*

CONDITION -0.482 0.5315 -0.907 0.367 -1.538 0.574
https://doi.org/10.1371/journal.pone.0302933.t1004
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means from generalized linear mixed model, S3 Table).
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(54 Table). Also, AAICc with null model was only 6 (54 Table). The model effects indicated a
significantly lower P coefficient for the struggle rate in squirrels in spring, summer, and
autumn than in winter (Table 7, Fig 6). Similar to breath rate, the CONDITION effect was
included in the model, and also not statistically significant (B = 667, p = 0.373). The squirrels
showed a higher struggle rate as their body condition level increased (Table 7).

Vocalization

Among the analyzed variables only EXPERIENCE and CONDITION had a weak effect on
vocalization. Within AAICc = 2 there were five models, which, apart from CONDITION and
EXPERIENCE, included also SITE and AGE (54 Table). The highest ranked model had AICc
lower by only 2.6 from the null model (54 Table). Interestingly, the squirrel with no experience
(i.e. first-trapped) presented lower vocalization than squirrels with the experience of being pre-
viously trapped (B =-0.201, p = 0.031) (Table 8, Fig 7). CONDITION also had a nonsignificant
effect on the vocalization, but the opposite trend compared to previous models; i.e. squirrels
with better condition presented a lower value of vocalization (B = -1.344, p = 0.069) (Table 8).

Discussion

In this study, we focused on the response to stress of two red squirrel populations: a) to envi-
ronmental stress (revealed by the level of stress hormones in hair and/or feces) and b) a reac-
tion to acute human-induced stress (measured as a reaction to handling at a trapping event).

Table 5. Effect of SEASON and CONDITION on fecal cortisol concentration in squirrels in the highest ranked generalized linear mixed model (0*-reference cate-
gory), REPRODUCTIVE STATUS, AGE, SITE, and EXPERIENCE were excluded during model selection (marginal R? = 0.081 and conditional R = 0.653 for the

highest ranked model).

Source Beta
Intercept

SEASON (autumn)

SEASON (summer)

SEASON (spring)

SEASON (winter)

CONDITION

https://doi.org/10.1371/journal.pone.0302933.t005

SE t P Lower CI Upper CI
3.906 1.0048 3.888 <0.001 1.914 5.898
-0.586 0.3135 -1.870 0.064 -1.208 0.035
-1.266 0.2810 -4.504 <0.001 -1.823 -0.709
-0.663 0.2191 -3.028 0.003 -1.098 -0.229
0*
0.583 1.7274 0.337 0.737 -2.842 4.007
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Fig 4. Boxplot with individual data points and mean (red X) fecal cortisol concentration in squirrels with regard to SEASON (marginal
means from generalized linear mixed model, S3 Table).
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Contrary to our expectations, no pronounced site effect was found in long-term and
medium-term stress. Herein, the only differences in cortisol and cortisone concentrations
clearly depended on the season. This was confirmed by all three models for the concentrations
of hormones (in hair and feces) (Tables 3-5, Figs 2-4). The squirrels in our study had higher
levels of cortisol and cortisone concentrations in winter and autumn, which may be related to
higher predation risk during foraging on the ground (higher visibility because of lack of
leaves), reduced food quality, or more extreme weather conditions (snow and cold) [38].

Stress hormones in hair and feces

The stress response of animals to various external factors (e.g., predation pressure) is a typical
challenge for wild animals and results in a variety of adaptive responses [67]. However, urbani-
zation poses a novel and previously unknown challenge for animals, and adaptation processes
are likely occurring right before our eyes. Although it is generally assumed that urban popula-
tions should have higher levels of cortisol metabolite due to chronic stress [8], previous studies
showed diverse results, i.e. higher levels of cortisol metabolites [68,69], lower levels [39,70,71]
or no differences [42,72]. Variations among studies might be related to complex responses of
neuroendocrine system to chronic stress or species/population/individual-dependent differ-
ences in the perception of stressors [8]. Our results are similar to a recent study conducted in

Table 6. Effect of EXPERIENCE, SITE, and CONDITION on breath rate of squirrels in the highest ranked generalized linear mixed model (0*-reference category),
REPRODUCTIVE STATUS, AGE, and SEASON were excluded during model selection (marginal R* = 0.076 and conditional R* = 0.274 for the highest ranked

model).

Source

Intercept

EXPERIENCE (first-trapped)
EXPERIENCE (re-trapped)
SITE (urban park)

SITE (urban forest)
CONDITION

https://doi.org/10.1371/journal.pone.0302933.t006

SE t p Lower CI Upper CI
3.230 0.1251 25.806 0.000 2.983 3.476
0.067 0.0228 2.946 0.003 0.022 0.112
0*
-0.112 0.0230 -4.850 <0.001 -0.157 -0.066
0*
0.334 0.2122 1.577 0.116 -0.083 0.752
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Japan, which compared rural and urban populations of the Eurasian red squirrels [42]. Also,
Martin and Réale [73] found that human frequentation did not affect cortisol levels in chip-
munks, and suggested that human presence was not the main factor responsible for the stress
reaction. If animals are exposed to a repeated non-lethal stressor, their stress response may
decrease [74]. Indeed, in urban striped field mice Apodemus agrarius lowered concentrations
of cortisol were observed, which suggested hormonal adjustment to urban conditions [71].
On one hand, urban habitats may be challenging to animals due to various disturbances,
but on the other hand, they often offer greater availability of anthropogenic food and/or artifi-
cial feeding. According to some studies, cortisol concentration was shown to influence body

Table 7. Effect of SEASON and CONDITION on struggle rate of squirrels in the highest ranked generalized linear mixed model (0*-reference category), REPRO-
DUCTIVE STATUS, AGE, SITE, and EXPERIENCE were excluded during model selection (marginal R?=0.037 and conditional R? = 0.494 for the highest ranked

model).

Source SE t p Lower CI Upper CI

Intercept 2.217 0.6443 3.441 <0.001 0.949 3.484
SEASON (autumn) -0.375 0.1106 -3.388 <0.001 -0.592 -0.157
SEASON (summer) -0.485 0.1258 -3.858 <0.001 -0.733 -0.238
SEASON (spring) -0.339 0.1018 -3.329 <0.001 -0.539 -0.139
SEASON (winter) 0*

CONDITION 0.667 0.7483 0.892 0.373 -0.805 2.139

https://doi.org/10.1371/journal.pone.0302933.t007
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Fig 6. Boxplot with individual data points and mean (red X) struggle rate in squirrels with regard to SEASON (marginal means from
generalized linear mixed model, S3 Table).
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condition [37,44] (or body mass [38,40,42]). Some others showed that higher body mass and
better body condition may reduce glucocorticoid levels [75,76]. In our case, some effect on
stress hormones can be also expected in relation to body condition, because in all three of the

highest ranked models this explanatory variable was present (but nonsignificant). Interest-
ingly, in our study, both hair and fecal cortisol concentrations increased with body condition.
Squirrels’ body mass may be positively correlated with boldness and aggressiveness [77],
which may explain this link between body mass and cortisol concentration.

Food abundance relates to physiological stress [19,78]. Supplementary food was already
shown to make red squirrels shift their home ranges closer to supplementary food sources [23]
and change their activity to adjust to human presence [16]. In our case, both study sites were
deciduous and offered plentiful natural food sources but only park squirrels received anthro-
pogenic food [14,20,22]. Yet, a much higher population density in the park might have resulted
in higher intra-specific competition [14], which would wear off the positive effect of supple-
mentary feeding in the park.

There was no influence of study site, sex, or reproductive status on stress hormones in all
three of the highest ranked models, although these variables were incidentally present in some
models within AAICc = 2, which indicates the possible effect of these variables on hormone
levels. The not significant effect of sex reported in our case was in line with many studies
masking the medium-term and long-term effect by individual variability and a clear influence
of the season. It should be noted that during not only spring and summer, but also winter
months squirrels are already engaged in mating chases and females may start lactating [81,82].
Indeed, sexually active squirrels were recorded in winter in our study, but also during spring
and summer [14]. In previous studies the effects of the reproductive status of squirrels on the

Table 8. Effect of EXPERIENCE and CONDITION on vocalization of squirrels in the highest ranked generalized linear mixed model (0*-reference category),
REPRODUCTIVE STATUS, AGE, SITE, and SEASON were excluded during model selection (marginal R? = 0.013 and conditional R? = 0.185 for the highest ranked

model).

Source B
Intercept

EXPERIENCE (first-trapped)
EXPERIENCE (re-trapped)

CONDITION

https://doi.org/10.1371/journal.pone.0302933.t008

SE t P Lower CI Upper CI
1.030 0.4390 2.347 0.019 0.167 1.894
-0.201 | 0.0929 -2.163 0.031 -0.384 -0.018
O*
-1.344 | 0.7375 -1.822 0.069 -2.795 0.107
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level of glucocorticoids levels were inconsistent. No effect as found in our case was in line with
Santicchia ef al. [40] but stands in contrast to other [38].

Breath rate, struggle rate, and vocalization

We used three simple measures (breath rate, struggle rate, and vocalization) to compare squirrel
reaction to acute human-induced stress between the study areas. As assumed, forest squirrels
had significantly higher breath rates (suggesting they had stronger response to handling) than
squirrels in a park. Urban squirrels are shown to adjust to human presence by altering their
behavior, i.e. shortening the flight distance [15]. They become more tolerant to contact with
humans, by staying on the ground and approaching people, which benefits squirrels with sup-
plementary feed [20,22]. Also, in fox squirrels responses to human cues were reduced in urban
as compared to less urban environments [83]. Increased respiration rate is one of the physiolog-
ical components of stress, which shift metabolism toward energy mobilisation and away from
energy conservation [84]. The breath rates were found to be indicators of acute stress in great
tits [46]. We showed that first-trapped individuals were more stressed that the re-trapped ones,
which points to the habituation (to a certain degree) of the stressor regardless of the study site.

Struggle rate can be interpreted as a part of behavioral stress response of an individual, but
it is unknown if the stress response of an individual to handling (i.e. its magnitude) is corre-
lated with the response to natural stress [85]. Nevertheless, the mean struggle rate of red squir-
rels was already shown to be higher in low density than in high density areas [47], while

American red squirrels which struggled the most, also tended to be the most aggressive [45].
In our study, there was no difference in the struggle rate between forest and urban squirrels,
this index was mostly affected by season (i.e. the struggle rate was highest in winter) but body
condition (with a positive effect) was also included in the model. It is worth noting that the
struggle rate is generally in line with the results of stress hormones, in which the seasonal effect
is also pronounced. Glucocorticoids are hypothesized to serve as a major mechanism to cope
with inclement weather [86]. It is thus possible that the seasonally elevated levels related to the
struggle rate during handling, i.e. more pronounced activity of individuals in the face of
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imminent threat. It is worth noting, that a high inter-individual difference ocurred, indicated
by relatively high conditional comparying to marginal R* (Table 7). This may indicate different
coping strategies in squirrels that mask the effects of the study site.

Alarm calls are vocalizations that alert other animals to impending danger [87]. These calls
serve to warn conspecifics and signal the predator that its presence has been detected thus reduc-
ing chances of being preyed upon [87]. Here we measured the vocalization of squirrels as a
response to handling (i.e. human-induced stress). Reactions of squirrels to some disturbance vary
and range from ‘freezing” (remaining still) to alarm calling [18]. In our case, first-trapped squir-
rels vocalized less than during the subsequent trappings. Assumingly, during the first, and more
stressful trapping, squirrels used ‘freezeing’ and/or little vocalization, and during next trapping
they used alarm calls to warn conspecifics. Nevertheless, the explained variance of fixed and ran-
dom effects was the lowest among all indicators (Table 8). It is still questioned if alarm calls are a

form of altruism or nepotism in relation to relatives [87]. Here we assumed that during handling
squirrels produced alarm calls, because these can serve typically as a warning call [53]. However, a
call-type may also have more functions [51], e.g. being a mixed alarm and discomfort call.

Conclusion

To sum up, in our study, the two squirrel populations affected by different level of human dis-
turbance differed only in terms of their breath rate. This suggests, that squirrels in these two
populations did not differ in medium-term and long-term stress in general, but they can differ
in acute response to handling. No differences in the medium-term and long-term stress (i.e.
cortisol and cortisone concentrations) between study sites suggests that both populations are
similarly affected by environmental factors (e.g. season or weather conditions). The lack of
clear effects, in this case, may also suggest that the populations are heterogeneous, which was
shown in the body condition of individuals and breeding activity, specifically in the urban
park population [14]. Indeed, it is thought that no single specific behavioral phenotype is
favored by selection, because unpredictable and changing environmental conditions will favor
different phenotypes and heterogeneous populations allow for adjustment to variable selective
forces [58]. The varied response to human-induced stressors (e.g., handling) was likely due to
the limited contact of forest squirrels with humans, whereas urban park squirrels have adapted
to this ongoing anthropogenic stressor. This also indicates that breath rate was the best indica-
tor of the acute stress response to handling [46]. This was confirmed by the higher breath rate
in first-trapped squirrels. The indicators of acute stress, such as struggle rate and vocalization,
appear to be less straightforward, as they are likely influenced by other factors that might not
always be easy to interpret. For instance, it seems that the struggle rate was affected by environ-
mental conditions (seasonal effects), and/or elevated glucocorticoids which have also been
shown to influence behaviors [88]. Additionally, vocalization was probably intensified by the
initial interaction with a human (handling), but its elevated level was only evident during the
subsequent encounter. The summary above clearly demonstrates that in order to accurately
assess the effects of anthropogenic stressors, it is advisable to employ a broader range of indica-
tors and diverse analytical methods, including behavioral analyses. This approach enables a
comprehensive and holistic examination of the matter at hand, as well as the identification of
indicators suitable for future studies on the impact of urbanization on wildlife.
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(DOCX)
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with gamma distribution and log link function (AAICc—AICc differences, wi—Akaike
weights, Rank—rank of the models based on AICc values; bolded text in the row indicates
chosen model (for variable explanation, see: Methods).

(DOCX)

$3 Table. Indicator values (marginal averages), which are presented in Figs 2-7.
(DOCX)

$4 Table. Ranking of the models (ten highest ranked models and null model) explaining
the acute stress in squirrels in generalized linear mixed models with gamma or negative
binomial distribution and log link function (AAICc—AICc differences, wi—Akaike
weights, Rank—rank of the models based on AICc values; bolded text in the row indicates
chosen model (for variable explanation, see: Methods).

(DOCX)

Acknowledgments

The authors would like to thank students of Warsaw University of Life Sciences-SGGW for
help in fieldwork: Aleksandra Boreczek, Mateusz Cieslik, Karolina Jankowska, Jadwiga Kac-
zynska, Natalia Koztowiec, Monika Marguz, Magdalena Naber, Martyna Wirowska. The
authors would like to express our gratitude to the Royal Lazienki Museum in Warsaw for site
access and help whilst fieldwork in the park was being conducted.

Author Contributions

Conceptualization: Agata Beliniak, Jakub Gryz, Daniel Klich, Rafal Lopucki, Dagny Krauze-
Gryz.

Data curation: Agata Beliniak.
Formal analysis: Daniel Klich.

Investigation: Agata Beliniak, Jakub Gryz, Daniel Klich, Rafal Lopucki, Ilona Sadok, Kinga
Ozga, Karolina D. Jasifiska, Agnieszka Scibior, Dorota Golebiowska, Dagny Krauze-Gryz.

Methodology: Agata Beliniak, Daniel Klich, Rafal Lopucki, Ilona Sadok, Agnieszka Scibior,
Dagny Krauze-Gryz.

Project administration: Agata Beliniak.

Supervision: Dagny Krauze-Gryz.

Visualization: Rafal Lopucki.

Writing - original draft: Agata Beliniak, Daniel Klich, Rafal Lopucki, Dagny Krauze-Gryz.

Writing - review & editing: Jakub Gryz, Ilona Sadok, Kinga Ozga, Karolina D. Jasinska,
Agnieszka Scibior, Dorota Golebiowska.

References

1. Marzluff JM, Bowman R, Donnelly R. A historical perspective on urban bird research: trends, terms, and
approaches. In: Marzluff JM, Bowman R, Donnelly R, editors. Avian Ecology and Conservation in an

PLOS ONE | https://doi.org/10.1371/journal.pone.0302933 May 3, 2024 16/21




PLOS ONE

Stress response of Eurasian red squirrels affected by different levels of human disturbance

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Urbanizing World. Springer US, Boston, MA; 2001. pp. 1-17. https://doi.org/doi.org/10.1007/978-1-
4615-1531-9 1

Lowry H, Lill A, Wong BBM. Behavioural responses of wildlife to urban environments: Behavioural
responses to urban environments. Biol Rev. 2013; 88(3): 537-549. https://doi.org/10.1111/brv.12012
PMID: 23279382

Fernandez-Juricic E. Can human disturbance promote nestedness? A case study with breeding birds in
urban habitat fragments. Oecologia. 2002; 131(2): 269-278. https://doi.org/10.1007/s00442-002-0883-
y PMID: 28547695

Grimm NB, Faeth SH, Golubiewski NE, Redman CL, Wu J, Bai X. et al. Global change and the ecology
of cities. Science. 2008; 319(5864): 756—760. https://doi.org/10.1126/science.1150195 PMID:
18258902

Jackowiak M, Gryz J, Jasinska K, Brach M, Bolibok L, Kowal P, et al. Colonization of Warsaw by the red
fox Vulpes vulpesin the years 1976—2019. Sci Rep. 2021; 11: 13931. https://doi.org/10.1038/s41598-
021-92844-2 PMID: 34230499

Jasinska KD, Jackowiak M, Gryz J, Bijak S, Szyc K, Krauze-Gryz D. Habitat-Related Differences in
Winter Presence and Spring—Summer Activity of Roe Deer in Warsaw. Forests. 2021; 12(8):970.
https://doi.org/10.3390/f12080970

topucki R, Mréz |, Berlinski &, Burzych M. Effects of urbanization on small-mammal communities and
the population structure of synurbic species: an example of a medium-sized city. Can J Zool. 2013; 91
(8): 554-561. https://doi.org/10.1139/cjz-2012-0168

Iglesias-Carrasco M, Aich U, Jennions MD, Head ML. Stress in the city: meta-analysis indicates no
overall evidence for stress in urban vertebrates. Proc R Soc B. 2020; 287(1936): 20201754. https://doi.
0rg/10.1098/rspb.2020.1754 PMID: 33023414

Babinska-Werka J, Zétw M. Urban Populations of the Red Squirrel (Sciurus vulgaris) in Warsaw. Ann
Zool Fennici. 2008; 45(4): 270-276. https://doi.org/10.5735/086.045.0405

Fey K, Hamalainen S, Selonen V. Roads are no barrier for dispersing red squirrels in an urban environ-
ment. Behav Ecol. 2016; 27(3): 741-747. https://doi.org/10.1093/beheco/arv215

Héamalainen S, Fey K, Selonen V. Habitat and nest use during natal dispersal of the urban red squirrel
(Sciurus vulgaris). Landsc Urban Plan. 2018; 169: 269-275. https://doi.org/10.1016/j.landurbplan.
2017.09.011

Parker TS, Nilon CH. Gray squirrel density, habitat suitability, and behavior in urban parks. Urban Eco-
syst. 2008; 11(3): 243—-255. https://doi.org/10.1007/s11252-008-0060-0

McCleery RA. Reproduction, juvenile survival and retention in an urban fox squirrel population. Urban
Ecosyst. 2009; 12(2): 177—184. https://doi.org/10.1007/s11252-008-0074-7

Beliniak A, Gryz J, Klich D, Jasinska K, Krauze-Gryz D. Body Condition and Breeding of Urban Red
Squirrels: Comparison of Two Populations Affected by Different Levels of Urbanization. Animals. 2022;
12(23): 3246. https://doi.org/10.3390/ani12233246 PMID: 36496767

Uchida K, Suzuki K, Shimamoto T, Yanagawa H, Koizumi I. Seasonal variation of flight initiation dis-
tance in Eurasian red squirrels in urban versus rural habitat. J Zool. 2016; (3): 225-231. https://doi.org/
10.1111/jz0.12306

Beliniak A, Krauze-Gryz D, Jasinska K, Jankowska K, Gryz J. Contrast in daily activity patterns of red
squirrels inhabiting urban park and urban forest. Hystrix It J Mamm. 2021; 32(2): 159—164. https:/doi.
org/10.4404/hystrix-00476-2021

Parker T, Gonzales S, Nilon C. Seasonal comparisons of daily activity budgets of gray squirrels (Sciurus
carolinensis) in urban areas. Urban Ecosyst. 2014; 17:969-978. https://doi.org/10.1007/s11252-014-
0371-2

Bosch S, Lurz P. The Eurasian Red Squirrel. Westarp Wissenschaften-Verlagsgesellschaft mbH,
Hohenwarsleben, Germany. 2012. pp. 1-17.

Jokimaki J, Selonen V, Lehikoinen A, Kaisanlahti-Jokimaki M-L. The role of urban habitats in the abun-
dance of red squirrels (Sciurus vulgaris, L.) in Finland. Urban For. Urban Green. 2017; 27: 100-108.
https://doi.org/10.1016/j.ufug.2017.06.021

Kostrzewa A, Krauze-Gryz D. The choice and handling of supplemental food by red squirrels in an
urban park. Behav Processes. 2020; 178: 104153. https://doi.org/10.1016/j.beproc.2020.104153
PMID: 32479840

Krauze-Gryz D, Gryz J. A review of the diet of the red squirrel (Sciurus vulgaris) in different types of hab-
itats. In: Shuttleworth CM, Lurz PWW, Hayward MW, editors, Red squirrels: ecology, conservation &
management in Europe. European Squirrel Initiative, (s 3950). 2015. Pp: 39-50.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302933 May 3, 2024 17/21




PLOS ONE

Stress response of Eurasian red squirrels affected by different levels of human disturbance

22,

23.

24.

25.

26.

27.

28.

29,

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

1.

Krauze-Gryz D, Gryz J, Brach M. Spatial organization, behaviour and feeding habits of red squirrels: dif-
ferences between an urban park and an urban forest. J Zool. 2021; 315(1): 69-78. https://doi.org/10.
1111/jz0.12905

Reher S, Dausmann KH, Warnecke L, Turner JM. Food availability affects habitat use of Eurasian red
squirrels (Sciurus vulgaris) in a semi-urban environment. J Mammal. 2016; 97(6): 1543—-1554. hitps:/
doi.org/10.1093/jmammal/gyw105

Thomas LS, Teich E, Dausmann K, Reher S, Turner JM. Degree of urbanisation affects Eurasian red
squirrel activity patterns. Hystrix It J Mamm. 2018; 29(2): 175—180. https://doi.org/10.4404/hystrix-
00065-2018

Uchida K, Shimamoto T, Yanagawa H, Koizumi I. Comparison of multiple behavioral traits between
urban and rural squirrels. Urban Ecosyst. 2020; 23(4): 745—-754. https://doi.org/10.1007/s11252-020-
00950-2

Dickens MJ, Romero LM. A consensus endocrine profile for chronically stressed wild animals does not
exist. Gen Comp Endocrinol. 2013; 191: 177-189. https://doi.org/10.1016/j.ygcen.2013.06.014 PMID:
23816765

Tarlow EM, Blumstein DT. Evaluating methods to quantify anthropogenic stressors on wild animals.
Appl Anim Behav Sci. 2007; 102(3): 429—-451. https://doi.org/10.1016/j.applanim.2006.05.040

Mostl E, Palme R. Hormones as indicators of stress. Domest Anim Endocrinol. 2002; 23(1-2): 67—74.
https://doi.org/10.1016/s0739-7240(02)00146-7 PMID: 12142227

Stubsjgen SM, Bohlin J, Dahl E, Knappe-Poindecker M, Fjeldaas T, Lepschy M, et al. Assessment of
chronic stress in sheep (part |): The use of cortisol and cortisone in hair as non-invasive biological mark-
ers. Small Rumin Res. 2015; 132: 25-31. https://doi.org/10.1016/j.smallrumres.2015.09.015

Rangel-Negrin A, Alfaro JL, Valdez RA, Romano MC, Serio-Silva JC. Stress in Yucatan spider mon-
keys: effects of environmental conditions on fecal cortisol levels in wild and captive populations. Anim
Conserv. 2009; 12(5): 496-502. https://doi.org/10.1111/j.1469-1795.2009.00280.x

Zwijacz-Kozica T, Selva N, Barja I, Silvan G, Martinez-Fernandez L, lllera JC, et al. Concentration of
fecal cortisol metabolites in chamois in relation to tourist pressure in Tatra National Park (South Poland).
Acta Theriol. 2013; 58(2): 215-222. https://doi.org/10.1007/s13364-012-0108-7

Salaberger T, Millard M, El Makarem S, Mostl E, Grinberger V, Krametter-Frotscher R, et al. Influence
of external factors on hair cortisol concentrations. Gen Comp Endocrinol. 2016; 233: 73-78. https://doi.
org/10.1016/j.ygcen.2016.05.005 PMID: 27167500

Bonier F. Hormones in the city: Endocrine ecology of urban birds. Horm Behav. 2012; 61: 763-772.
https://doi.org/10.1016/j.yhbeh.2012.03.016 PMID: 22507448

Sadok |, Ozga K, Klich D, Olech W, Krauze-Gryz D, Beliniak A, et al. A novel validated LC-MS/MS
method for simultaneous determination of key glucocorticoids in animal hair for applications in conser-
vation biology. Sci Rep. 2023; 13(23089) 1-14, https://doi.org/10.1038/s41598-023-49940-2 PMID:
38155201

Schwarzenberger F. The many uses of non-invasive fecal steroid monitoring in zoo and wildlife species.
International Zoo Yearbook 2007; 41:52—74. https://doi.org/10.1111/.1748-1090.2007.00017.x

Haigh A, Butler F, O’Riordan R, Palme R. Managed parks as a refuge for the threatened red squirrel
(Sciurus vulgaris) in light of human disturbance. Biol Conserv.2017; 211: 29-36. https://doi.org/10.
1016/j.biocon.2017.05.008

Tranquillo C, Villa F, Wauters LA, Dantzer B, Palme R, Preatoni DG, et al. Physiological stress and spa-
tio-temporal fluctuations of food abundance and population density in Eurasian red squirrels. Hystrix It J
Mamm. 2022; 33(1): 58—64. https://doi.org/10.4404/hystrix-00493-2021

Dantzer B, Santicchia F, van Kesteren F, Palme R, Martinoli A, Wauters LA. Measurement of fecal glu-
cocorticoid metabolite levels in Eurasian red squirrels (Sciurus vulgaris): effects of captivity, sex, repro-
ductive condition, and season. J Mammal. 2016; 97(5): 1385—1398. https://doi.org/10.1093/jmammal/
gyw095

Lyons J, Mastromonaco G, Edwards DB, Schulte-Hostedde Al. Fat and happy in the city: Eastern chip-
munks in urban environments. Behav Ecol. 2017; 28(6): 1464—1471. https://doi.org/10.1093/beheco/
arx109

Santicchia F, Dantzer B, van Kesteren F, Palme R, Martinoli A, Ferrari N, et al. Stress in biological inva-
sions: Introduced invasive grey squirrels increase physiological stress in native Eurasian red squirrels.
J Anim Ecol. 2018; 87(5): 1342—-1352. https://doi.org/10.1111/1365-2656.12853 PMID: 29790583

Santicchia F, Wauters LA, Dantzer B, Westrick SE, Ferrari N, Romeo, et al. Relationships between per-
sonality traits and the physiological stress response in a wild mammal. Curr Zool. 2020; 66(2): 197—
204. https://doi.org/10.1093/cz/z0z040 PMID: 32440278

PLOS ONE | https://doi.org/10.1371/journal.pone.0302933 May 3, 2024 18/21




PLOS ONE

Stress response of Eurasian red squirrels affected by different levels of human disturbance

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Shimamoto T, Uchida K, Koizumi |, Matsui M, Yanagawa H. No evidence of physiological stress in an
urban animal: Comparison of fecal cortisol metabolites between urban and rural Eurasian red squirrels.
Ecol Res. 2020; 35(1): 243-251. https://doi.org/10.1111/1440-1703.12081

Boon AK, Réale D, Boutin S. The interaction between personality, offspring fitness and food abundance
in North American red squirrels. Ecol Letters. 2007; 10(11): 1094—1104. https://doi.org/10.1111/j.1461-
0248.2007.01106.x PMID: 17877738

Rimbach R, Grant A, Gupte P, Newman A, Stothart M, Pontzer H. Comfortably numb? Regional differ-
ences in the relationship between indices of urbanization and a stress indicator in eastern gray squir-
rels.Urban Naturalist 2022; 9: 1-15.

Santicchia F, Wauters LA, Dantzer B, Palme R, Tranquillo C, Preatoni D, et al. Native species exhibit
physiological habituation to invaders: a reason for hope. Proc R Soc B. 2022; 289(1983): 20221022.
https://doi.org/10.1098/rspb.2022.1022 PMID: 36168765

Carere C, van Oers K. Shy and bold great tits (Parus major): body temperature and breath rate in
response to handling stress. Physiol Behav. 2004; 82(5): 905-912. https://doi.org/10.1016/S0031-
9384(04)00312-9

Haigh A, O’Riordan R, Butler F. Variations in aggression and activity levels amongst squirrels inhabiting
low and high density areas. Ecol Res. 2017; 32(6): 931-941. https://doi.org/10.1007/s11284-017-
1506-8

Torné-Noguera A, Pagani-NUriez E, Senar JC. Great Tit (Parus major) breath rate in response to han-
dling stress: Urban and forest birds differ. J Ornithol. 2013; 155: 315-318. https://doi.org/10.1007/
$10336-013-1025-5

Koolhaas JM, Meerlo P, De Boer SF, Strubbe JH, Bohus B. The temporal dynamics of the stress
response. Neurosci Biobehav Rev. 1997; 6: 775-782. https://doi.org/10.1016/s0149-7634(96)00057-7
PMID: 9415902

Taylor RW, Boon AK, Dantzer B, Réale D, Humphries MM, Boutin S, et al. Low heritabilities, but genetic
and maternal correlations between red squirrel behaviours: G-matrix of red squirrel personality traits. J
Evol Biol. 2012; 25(4): 614—624. https://doi.org/10.1111/].1420-9101.2012.02456.x PMID: 22268892

Diggins CA. Behaviors associated with vocal communication of squirrels. Ecosphere. 2021; 12(6): p.
e€03572. https://doi.org/10.1002/ecs2.3572

Brudzynski SM. Social Origin of Vocal Communication in Rodents. In: Witzany G, editor, Biocommuni-
cation of Animals. Springer Netherlands, Dordrecht. 2014. pp: 63-79.

Emmons LH. Sound Communication among African Rainforest Squirrels. Zeitschrift fir Tierpsycholo-
gie. 2010; 47(1): 1-49. https://doi.org/10.1111/].1439-0310.1978.tb01821.x

Minderman J, Reid JM, Evans PGH, Whittingham MJ. Personality traits in wild starlings: exploration
behavior and environmental sensitivity. Behav.Ecol. 2009; 20(4): 830-837. https://doi.org/10.1093/
beheco/arp067

Koolhaas JM, de Boer SF, Buwalda B, van Reenen K. Individual variation in coping with stress: a multi-

dimensional approach of ultimate and proximate mechanisms. Brain Behav Evol. 2007; 70: 218-226.
https://doi.org/10.1159/000105485 PMID: 17914253

Koolhaas JM, Korte SM, De Boer SF, Van Der Vegt BJ, Van Reenen CG, Hopster H, et al. Coping styles
in animals: current status in behavior and stress-physiology. Neurosci Biobehav Rev. 1999; 23: 925—
935. https://doi.org/10.1016/s0149-7634(99)00026-3 PMID: 10580307

Koolhaas JM, De Boer SF, Coppens CM, Buwalda B. Neuroendocrinology of coping styles: towards
understanding the biology of individual variation. Front Neuroendocrinol 2010; 31: 307-21. https://doi.
org/10.1016/}.yfrne.2010.04.001 PMID: 20382177

Moller AP. Interspecific variation in fear responses predicts urbanization in birds. Behav Ecol. 2010; 21
(2): 365—371. https://doi.org/10.1093/beheco/arp199

Krauze-Gryz D, Gryz J, Klich D, Brach M. Same yet different-individual red squirrels (Sciurus vulgaris)
react differently to human presence in an urban park. Hystrix It J Mamm. 2021; 32, 76-81. https://doi.
org/10.4404/hystrix-00403-2020

Btazejczyk K, Kuchcik M, Milewski P, Dudek W, Krecisz B, Btazejczyk A, et al. Urban heat island in War-
saw. 1sted. Warsaw: SEDNO Wydawnictwo Akademickie; 2014.

Lurz PWW, Garson PJ, Wauters LA. Effects of temporal and spatial variations in food supply on the
space and habitat use of red squirrels (Sciurus vulgaris L.). J Zool. 2000; 251(2): 167-178. https://doi.
org/10.1111/.1469-7998.2000.tb00601.x

Santicchia F, Gagnaison C, Bisi F, Martinoli A, Matthysen E, Bertolino S, et al. Habitat-dependent
effects of personality on survival and reproduction in red squirrels. Behav Ecol Sociobiol. 2018; 72(8):
134. https://doi.org/10.1007/s00265-018-2546-y

PLOS ONE | https://doi.org/10.1371/journal.pone.0302933 May 3, 2024 19/21




PLOS ONE

Stress response of Eurasian red squirrels affected by different levels of human disturbance

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Wauters L, Dhondt A. Immigration pattern and success in red squirrels. Behav Ecol Sociobiol. 1993; 33
(3): 159-167. https://doi.org/10.1007/BF00216596

Klich D, topucki R, Gatazka M, Scibior A, Gotebiowska D, Brzeziriska R, et al. Stress hormone level
and the welfare of captive European bison (Bison bonasus): the effects of visitor pressure and the social
structure of herds. Acta Vet Scan. 2021; 63(1): 24. https://doi.org/10.1186/s13028-021-00589-9 PMID:
34112211

Klich D, Lopucki R, Scibior A, Gotebiowska D, Wojciechowska M. Roe deer stress response to a wind
farms: Methodological and practical implications. Ecol Indic. 2020; 117: 106658. https://doi.org/10.
1016/j.ecolind.2020.106658

Burnham KP, Anderson DR. Multimodel inference: understanding AIC and BIC in model selection.
Sociol Methods Res. 2004; 33(2): 261-304.

Boonstra R. Reality as the leading cause of stress: rethinking the impact of chronic stress in nature.
Funct. Ecol. 2013; 27: 11-23. https://doi.org/10.1111/1365-2435.12008

Beaugeard E, Brischoux F, Henry P-Y, Parenteau C, Trouvé C, Angelier F. Does urbanization cause
stress in wild birds during development? Insights from feather corticosterone levels in juvenile house
sparrows (Passer domesticus). Ecol Evol. 2019; 9(1): 640-652. https://doi.org/10.1002/ece3.4788
PMID: 30680144

Fokidis HB, Hurley L, Rogowski C, Sweazea K, Deviche P. Effects of Captivity and Body Condition on
Plasma Corticosterone, Locomotor Behavior, and Plasma Metabolites in Curve-Billed Thrashers. Phy-
siol Biochem Zool. 2011; 84(6): 595—606. https://doi.org/10.1086/662068 PMID: 22030852

Buxton VL, Santymire RM, Benson TJ. Mixed effects of urbanization on density, nest survival, and nes-
tling corticosterone of a generalist passerine. Ecosphere. 2018; 9(12). https://doi.org/10.1002/ecs2.
2517

topucki R, Klich D, Scibior A, Golebiowska D. Hormonal adjustments to urban conditions: stress hor-
mone levels in urban and rural populations of Apodemus agrarius. Urban Ecosyst. 2019; 22: 435-442.
https://doi.org/10.1007/s11252-019-0832-8

Abolins-Abols M, Hope SF, Ketterson ED. Effect of acute stressor on reproductive behavior differs
between urban and rural birds. Ecol Evol. 2016; 6(18): 6546—6555. https://doi.org/10.1002/ece3.2347
PMID: 27777728

Martin JGA, Réale D. Animal temperament and human disturbance: Implications for the response of
wildlife to tourism. Behav Processes. 2008; 77(1): 66—72. https://doi.org/10.1016/j.beproc.2007.06.004
PMID: 17683881

Grissom N, lyer V, Vining C, Bhatnagar S. The physical context of previous stress exposure modifies
hypothalamic—pituitary—adrenal responses to a subsequent homotypic stress. Horm Behav. 2007; 51
(1): 95-108. https://doi.org/10.1016/j.yhbeh.2006.08.011 PMID: 17054953

Allen LC, Turmelle AS, Widmaier EP, Hristov NI, Mccracken GF, Kunz TH. Variation in Physiological
Stress between Bridge- and Cave-Roosting Brazilian Free-Tailed Bats: Stress in Cave- and Bridge-

Roosting Bats. Cons Biol. 2010; 25(2): 374-381. https://doi.org/10.1111/].1523-1739.2010.01624.x
PMID: 21175827

Kitaysky AS, Piatt JF, Wingfield JC, Romano M. The adrenocortical stress-response of Black-legged
Kittiwake chicks in relation to dietary restrictions. J Comp Physiol B Biochem Syst Environ Physiol.
1999; 169(4-5): 303-310. https://doi.org/10.1007/s003600050225

Wauters LA, Dhondt AA. Variation in length and body weight of the red squirrel (Sciurus vulgaris) in two
different habitats. J Zool. 1989; 217(1): 93—106. https://doi.org/10.1111/.1469-7998.1989.tb02477.x

Ditchkoff SS, Saalfeld ST, Gibson CJ. Animal behavior in urban ecosystems: Modifications due to
human-induced stress. Urban Ecosyst. 2006; 9(1): 5—-12. https://doi.org/10.1007/s11252-006-3262-3

Stothart MR, Bobbie CB, Schulte-Hostedde Al, Boonstra R, Palme R, Mykytczuk NCS, et al. Stress and
the microbiome: linking glucocorticoids to bacterial community dynamics in wild red squirrels. Biol Lett.
2016; 12(1): 20150875. https://doi.org/10.1098/rsbl.2015.0875 PMID: 26740566

Bosson C, Palme R, Boonstra R. Assessing the impact of live-capture, confinement, and translocation
on stress and fate in eastern gray squirrels. J Mammal. 2013; 94: 1401—1411. https://doi.org/10.1644/
13-MAMM-A-046.1

Wauters LA, Githiru M, Bertolino S, Molinari A, Tosi G, Lens L. Demography of alpine red squirrel popu-
lations in relation to fluctuations in seed crop size. Ecography. 2008; 31(1): 104—114. https://doi.org/10.
1111/j.2007.0906—-7590.05251.x

Wauters LA, Lens L. Effects of food availability and density on red squirrel (Sciurus vulgaris) reproduc-
tion. Ecology. 1995; 76(8): 2460-2469. https://doi.org/10.2307/2265820

Kittendorf A, Dantzer B. Urban fox squirrels exhibit tolerance to humans but respond to stimuli from nat-
ural predators. Ethology. 2021; 127(9): 697-709. https://doi.org/10.1111/eth.13206

PLOS ONE | https://doi.org/10.1371/journal.pone.0302933 May 3, 2024 20/ 21




PLOS ONE

Stress response of Eurasian red squirrels affected by different levels of human disturbance

84.

85.

86.

87.

88.

Morgan KN, Tromborg CT. Sources of stress in captivity. Appl Anim Behav Sci. 2007; 102(3): 262—-302.
https://doi.org/10.1016/j.applanim.2006.05.032

Taylor RW, Boutin S, Humphries MM, McAdam AG. Selection on female behaviour fluctuates with off-
spring environment. J Evol Biol. 2014; (11): 2308—2321. https:/doi.org/10.1111/jeb.12495 PMID:
25293495

de Bruijn R, Romero LM. The role of glucocorticoids in the vertebrate response to weather. Gen. Comp.
Endocrinol. 2018; 269: 11-32. https://doi.org/10.1016/j.ygcen.2018.07.007 PMID: 30012539

Sherman PW. Nepotism and the Evolution of Alarm Calls: Alarm calls of Belding’s ground squirrels
warn relatives, and thus are expressions of nepotism. Science. 1977; 197(4310): 1246—-1253. hitps:/
doi.org/10.1126/science.197.4310.1246 PMID: 17781971

Zhang VY, Buck CL. Seasonal patterns in behavior and glucocorticoid secretion of a specialist Holarctic
tree squirrel (Sciurus aberti). J Comp Physiol B. 2022; 192: 541-559. https://doi.org/10.1007/s00360-
022-01429-6 PMID: 35157127

PLOS ONE | https://doi.org/10.1371/journal.pone.0302933 May 3, 2024 21/21



Table S11. Average (+SD) values of indicators calculated from raw data for given groups

with regard to SITE.

URBAN FOREST URBAN PARK
Average Standard Average  Standard
Deviation Deviation
Hair cortisol concentration [ug/g]
SEASON
SPRING 0.039 0.037 0.063 0.045
SUMMER 0.028 0.026 0.017 0.024
AUTUMN 0.027 0.011 0.030 0.028
EXPERIENCE
FIRST-TRAPPED 0.032 0.034 0.039 0.040
RETRAPPED 0.033 0.026 0.051 0.044
REPRODUCTIVE STATUS
FEMALE BREEDING 0.050 0.048 0.051 0.031
FEMALE NONBREEDING 0.024 0.019 0.035 0.033
MALE BREEDING 0.038 0.034 0.079 0.062
MALE NONBREEDING 0.029 0.022 0.034 0.030
Hair cortisone concentration [ug/g]
SEASON
SPRING 0.039 0.010 0.048 0.015
SUMMER 0.043 0.017 0.039 0.017
AUTUMN 0.058 0.013 0.055 0.022
EXPERIENCE
FIRST-TRAPPED 0.047 0.019 0.052 0.019
RETRAPPED 0.045 0.013 0.046 0.017
REPRODUCTIVE STATUS
FEMALE BREEDING 0.040 0.011 0.046 0.013
FEMALE NONBREEDING 0.053 0.018 0.055 0.021
MALE BREEDING 0.038 0.011 0.053 0.017
MALE NONBREEDING 0.048 0.015 0.040 0.013
Fecal cortisol concentration [ng/g]
SEASON
SPRING 37.60 41.19 84.09 80.32
SUMMER 20.46 14.79 16.22 12.18
AUTUMN 32.10 27.19 51.39 59.54
WINTER 90.33 93.16
EXPERIENCE
FIRST-TRAPPED 17.38 18.01 93.10 103.45
RETRAPPED 35.38 29.46 55.07 63.55
REPRODUCTIVE STATUS
FEMALE BREEDING 39.84 23.39 69.99 74.84
FEMALE NONBREEDING 26.11 40.14 81.41 89.29
MALE BREEDING 31.93 28.92 57.42 69.38
MALE NONBREEDING 25.24 16.89 36.81 51.81




Breath rate [chest moves/20 sec.]
SEASON

SPRING 29.621 5.031 26.135 3.742
SUMMER 26.400 3.069 27.636 4.756
AUTUMN 29.674 4.888 25.596 3.527
WINTER 28.300 4.547 24.226 2.880
EXPERIENCE
FIRST-TRAPPED 30.786 5.094 26.354 3.873
RETRAPPED 27.952 4.290 25.151 3.503
REPRODUCTIVE STATUS
FEMALE BREEDING 27.375 3.777 26.027 3.069
FEMALE NONBREEDING 28.838 4.330 25.808 3.879
MALE BREEDING 28.867 3.662 24.513 3.634
MALE NONBREEDING 28.673 5.276 25.750 3.756
Struggle rate [body moving time/30 sec.]
SEASON
SPRING 6.110 4.814 7.519 5.159
SUMMER 5.216 3.443 6.785 4.151
AUTUMN 8.272 5.698 7.073 6.217
WINTER 11.46 4.487 10.45 6.334
EXPERIENCE
FIRST-TRAPPED 8.960 4.112 8.573 5.701
RETRAPPED 6.598 5.319 7.595 6.097
REPRODUCTIVE STATUS
FEMALE BREEDING 7.598 3.437 7.544 5.851
FEMALE NONBREEDING 7.593 5.245 7.086 5.415
MALE BREEDING 8.941 4.425 9.727 7.288
MALE NONBREEDING 6.365 5.390 8.047 5.626
Vocalization [rank: 1-4]
SEASON
SPRING 1.667 0.959 1.593 1.002
SUMMER 1.806 1.046 2.043 1.186
AUTUMN 1.548 0.803 1.936 1.171
WINTER 1.200 0.632 1.761 1.139
EXPERIENCE
FIRST-TRAPPED 1.500 0.793 1.573 0.999
RETRAPPED 1.659 0.946 1.985 1.181
REPRODUCTIVE STATUS
FEMALE BREEDING 1.500 0.756 2.139 1.125
FEMALE NONBREEDING 1.757 1.038 1.867 1.256
MALE BREEDING 2.077 1.038 1.765 1.046
MALE NONBREEDING 1.436 0.764 1.649 1.010




Table S1. Ranking of the models (ten highest ranked models and null model) explaining the

long-term and medium-term stress in squirrels in generalized linear mixed models with

gamma distribution and log link function (AAICc - AICc differences, m; - Akaike weights,

Rank - rank of the models based on AICc values; bolded text in the row indicates chosen

model (for variable explanation, see: methods).

Models AAICc w; Rank
Hair cortisol concentration
SEASON + CONDITION + AGE 0.0 0.155 1
SITE + SEASON + CONDITION + AGE 0.5 0.120 2
SEASON + CONDITION + AGE + EXPERIENCE 1.1 0.089 3
SITE + SEASON + CONDITION + AGE + EXPERIENCE 1.4 0.077 4
SEASON + CONDITION 2.0 0.057 5
SITE + CONDITION + AGE + REPRODUCTIVE ST. 2.3 0.049 6
SEASON + CONDITION + AGE + REPRODUCTIVE ST. 2.4 0.047 7
SEASON + AGE 33 0.030 8
SITE + CONDITION + AGE + EXPERIENCE + REPRODUCTIVE ST. 33 0.030 9
SEASON + CONDITION + EXPERIENCE 3.4 0.030 10
null model 20.5  0.000 64
Hair cortisone concentration
SEASON + CONDITION 0.0 0.214 1
SEASON 1.0 0.130 2
SEASON + CONDITION + AGE 1.9 0.083 3
SITE + SEASON + CONDITION 2.6 0.058 4
SEASON + CONDITION + EXPERIENCE 2.7 0.055 5
SITE + SEASON 3.4 0.039 6
SEASON + EXPERIENCE 3.6 0.035 7
SEASON + AGE 3.7 0.034 8
CONDITION 4.0 0.029 9
SEASON + CONDITION + EXPERIENCE + AGE 4.4 0.030 10
null model 5.1 0.017 14
Faecal cortisol concentration
SEASON + CONDITION 0.0 0.119 1
SITE + SEASON + CONDITION 0.1 0.114 2
SEASON + CONDITION + AGE 0.3 0.103 3
SITE + SEASON + CONDITION + AGE 0.5 0.093 4
SEASON + CONDITION + EXPERIENCE 1.2 0.066 5
SITE + SEASON + CONDITION + EXPERIENCE 1.3 0.062 6
SEASON + CONDITION + EXPERIENCE + AGE 1.5 0.056 7
SITE + SEASON + CONDITION + EXPERIENCE + AGE 1.6 0.054 8
SEASON + CONDITION + REPRODUCTIVE ST. 2.8 0.029 9
SEASON 3.0 0.027 10
null model 18.6  0.000 57




Table S3. Indicator values (marginal averages), which are presented in figures 2-7.

Figure 2 - Mean (£SE) hair cortisol concentration in squirrels with regard to SEASON (marginal
means from generalized linear mixed model) [ug/g]

SEASON Marginal mean Standard Error
SPRING 0.03 0.03
SUMMER 0.01 0.01
AUTUMN 0.02 0.02

Figure 3 - Mean (£SE) hair cortisone concentration in squirrels with regard to SEASON (marginal
means from generalized linear mixed model) [ug/g]

SEASON Marginal mean Standard Error
SPRING 0.046 0.012
SUMMER 0.041 0.012
AUTUMN 0.057 0.012

Figure 4 - Mean (+SE) fecal cortisol concentration in squirrels with regard to SEASON (marginal
means from generalized linear mixed model) [ng/g]

SEASON Marginal mean Standard Error
SPRING 30.4 26.4
SUMMER 16.6 14.7
AUTUMN 32.8 29.4
WINTER 58.6 51.5

Figure 5. Mean (+SE) breath rate in squirrels with regard to A) EXPERIENCE (first-trapped or
retrapped) and B) SITE (urban park or urban forest) (marginal means from generalized linear
mixed model). [chest moves/20 sec.]

EXPERIENCE Marginal mean Standard Error
FIRST-TRAPPED 28.3 2.9
RE-TRAPPED 26.5 2.7

SITE Marginal mean Standard Error
URBAN PARK 25.9 2.7
URBAN FOREST 28.9 3.0

Figure 6. Mean (£SE) struggle rate in squirrels with regard to SEASON (marginal means from
generalized linear mixed model). [body moving time/30 sec.]

SEASON Marginal mean Standard Error
SPRING 8.0 4.8
SUMMER 6.9 4.2
AUTUMN 7.7 4.7
WINTER 11.2 6.8

Figure 7. Mean (+SE) vocalization in squirrels with regard to EXPERIENCE (first-trapped or
retrapped) (marginal means from generalized linear mixed model). [rank: 1-4]

EXPERIENCE Marginal mean Standard Error
FIRST-TRAPPED 1.5 0.6
RE-TRAPPED 1.9 0.7




Table S3. Ranking of the models (ten highest ranked models and null model) explaining the
acute stress in squirrels in generalized linear mixed models with gamma or negative binomial
distribution and log link function (AAICc - AICc differences, ®; - Akaike weights, Rank -

rank of the models based on AICc values; bolded text in the row indicates chosen model (for

variable explanation, see: methods).

Models AAICc w; Rank
Breath rate
SITE + CONDITION + EXPERIENCE 0.0 0.465 1
SITE + EXPERIENCE 1.3 0.243 2
SITE + CONDITION 34 0.085 3
SITE 3.9 0.066 4
SITE + CONDITION + AGE + EXPERIENCE 3.9 0.066 5
SITE + AGE + EXPERIENCE 4.6 0.047 6
SITE + CONDITION + AGE 7.4 0.011 7
SITE + AGE 7.6 0.010 8
SITE + SEASON + CONDITION + EXPERIENCE 10.3 0.003 9
SITE + SEASON + EXPERIENCE 11.3 0.002 10
null model 22.2 0.000 28
Struggle rate
SEASON + CONDITION 0.0 0.257 1
SEASON + CONDITION + EXPERIENCE 1.6 0.116 2
SEASON 2.7 0.067 3
SEASON + CONDITION + AGE 2.7 0.067 4
SITE + SEASON + CONDITION 2.8 0.063 5
CONDITION 3.6 0.043 6
SEASON + CONDITION + EXPERIENCE + AGE 4.1 0.033 7
SITE + SEASON + CONDITION + EXPERIENCE 4.4 0.028 8
SITE + CONDITION 4.5 0.027 9
SEASON + CONDITION + REPRODUCTIVE ST. 4.8 0.023 10
null model 6.0 0.013 18
Vocalization
CONDITION + EXPERIENCE 0.0 0.172 1
CONDITION 0.3 0.148 2
CONDITION + EXPERIENCE + AGE 1.2 0.094 3
CONDITION + AGE 1.2 0.094 4
SITE + CONDITION + EXPERIENCE 1.6 0.077 5
SITE + CONDITION 2.2 0.057 6
null model 2.6 0.047 7
SITE + CONDITION + EXPERIENCE + AGE 2.8 0.042 8
SITE + CONDITION + AGE 3.2 0.035 9
EXPERIENCE 3.2 0.035 10
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ABSTRACT

Mercury, together with cadmium and lead, is one of the most harmful metal contaminants, which
can bioaccumulate and biomagnify. In Poland, the emission of mercury is one of the highest in
Europe due to coal combustion-based power production. In this study, we focused on two
populations of the red squirrel inhabiting Warsaw to assess total mercury (THg) concentrations in
hair samples: the urban forest located in an outer district of Warsaw, and the urban park located in
the city center. Squirrels were live-trapped, and their sex, age, and breeding status were assessed.
Mercury determination was done in a laboratory by means of atomic absorption spectrometry. In
general, the concentration of THg in hair samples from sub-adult individuals was lower than in
adults. Yet, due to the low sample size of sub-adults, only adults were used in further analysis. The
site of a sample collection, the sex of the squirrel, and their reproductive status affected the level
of contamination (higher values were reported for the park and for breeding females). Body mass
positively affected THg contamination in the urban park but not in the forest. The proportion of
internally incorporated (ingested with food) vs. superficially adsorbed mercury was much higher
in the urban park than in the urban forest. The bioaccumulation was clearly higher in the urban
park than in the urban forest, which can be explained by both current and/or historical pollution
but also by altered behavior of park animals as a response to the presence of humans (i.e., more
time spent on the ground). We also showed that individual characteristics (i.e. sex, breeding, body
mass) could affect the level of mercury intoxication. All this points to the importance of future
studies on the variation in mercury concentration within mammal populations inhabiting different

urban green areas.

Keywords: trace element, body mass, sex and breeding activity, age, hair samples, pollution
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1. INTRODUCTION

Mercury, together with cadmium and lead, is one of the most harmful metal contaminants,
which can bioaccumulate (e.g. Rimmer et al., 2010; Peterson et al., 2015) and biomagnify (e. g.
Lavoie et al.,, 2013; Seco et al., 2021). For decades, environmental monitoring of mercury
contamination has been one of the most important trends in environmental conservation. Mercury
is emitted during various technological processes and the combustion of fossil fuels (Pirrone et al.,
2010). In Poland, the emission of mercury is one of the highest in Europe (Zysk et al., 2011), due
to coal combustion-based power production (Glodek and Pacyna, 2009), with particular
importance of brown coal combustion (Zysk et al., 2011).

Mercury occurs in an environment as metallic, inorganic, and organic forms, the last being
the most toxic. Mercury can be accumulated in various environmental reservoirs (e.g., Bull et al.,
1977), including birds and mammals (Boening, 2000; Scheuhammer et al., 2007; Scheuhammer et
al., 2015). Mercury, in its organic, bioavailable form, can be easily taken with food and effectively
absorbed in the gastrointestinal tract (Wolfe et al., 1998). Mercury can also be inhaled as a vapor
and, to some extent, absorbed through the skin (Wolfe et al., 1998). It readily transfers across the
blood-brain barrier and damages the central nervous system (Lopez-Berenguer et al., 2020), thus
affecting behavior and cognition (Carpenter, 2001). It also interferes with enzymes, disturbing
numerous biochemical pathways (Wolfe et al., 1998) and disturbing cardiovascular (Fernandes
Azevedo et al., 2012) and immune systems (Das et al., 2008; Desforges et al., 2016). Mercury can
cause lesions to the kidneys and liver (Sonne et al., 2007) and affects the reproductive system
(Massanyi et al., 2020). Finally, it also penetrates the placenta (Nehring et al., 2017), selectively

concentrating in the fetus's brain, affecting the fetus's development (Castoldi et al., 2008); it is also
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excreted into milk and absorbed by offspring (Wagemann et al., 1988; Habran et al., 2011;
Lyytikdinen et al., 2015).

The highest concentration of mercury was observed in the kidneys, liver, and muscles
(Wren, 1986; Khabarova et al., 2018). However, organ sampling is invasive, thus its usability is
limited. Measuring trace elements in the hairs of mammals is thought to be a simple, reliable, and
minimally invasive way of assessing exposure to environmental pollution (i.e., Duffy et al., 2005;
Dobrzanski et al., 2014). Excreted trace elements are incorporated into hair (Wolfe et al., 1998;
Grajewska et al., 2020), in which their concentration is proportionate (yet, generally higher) to the
concentration in organs (Evans et al., 1998; Gerstenberger et al., 2006; Dainowski et al., 2015;
Peterson et al., 2016a; Peterson et al., 2016b). Mercury load in hair samples corresponds well to
environmental exposure to mercury (Eccles et al., 2020). Also, hair has considerable stability for
long periods of time (Dietz et al., 2006; Dietz et al., 2009; Bocharova et al., 2013).

As one of the most important contaminants, mercury levels were tested in many mammalian
species. The most important factor shaping interspecific, spatial, and temporal mercury
concentration is diet variability (Bocharova et al., 2013; Hallanger et al., 2019; but see also Lippold
et al., 2022). Typically, the highest mercury levels were recorded in marine, piscivorous mammals
like seals (Sergeant and Armstrong, 1973; Skaare et al., 1994) and toothed whales (Dietz et al.,
2013), but also other carnivores, including terrestrial apex predators like polar bear (Ursus
maritimus) (Dietz et al.,, 2013; Lippold et al.,, 2022) or smaller arctic fox (Vulpes lagopus)
(Bocharova et al., 2013; Treu et al., 2018), raccoon (Procyon lotor) or striped skunk (Mephitis
mephitis) (Peterson et al., 2020). Most of the studies focused on mercury levels in the Arctic and
marine biota, where its accumulation can be a serious ecological problem (Dietz et al., 2013; Krey

et al., 2015; Dietz et al., 2021). High concentrations were noted in small insectivorous mammals
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(Talmage and Walton, 1993; Sanchez-Chardi et al., 2007), while the lowest values were obtained
for non-insectivorous, small mammals (Bull et al., 1977; Gerstenberger et al., 2006; Lurz et al.,
2017) or ungulates (Froslie et al., 1984; Gamberg et al., 2016). Mercury can be a potential threat
to populations and ecosystems (Poissant et al., 2008; Dietz et al., 2013; Rea et al., 2013; Herring
et al., 2018; Dietz et al., 2021; Dietz et al., 2022). Taking into account the increasing role of urban
habitats for wildlife (Baker and Harris, 2007) and the potential higher exposure of wildlife to
chemical contaminants in cities (Newman, 2006), the biocontamination of urban mammal
populations should be monitored. Indeed, previous studies pointed to a high concentration of
chemical contaminants in the tissues of urban mammals (Dip et al., 2001; Lurz et al., 2017).

Squirrels (Sciuridae) may be valuable biological sentinels for environmental pollution and
good indicators of mercury presence in terrestrial habitats (Gerstenberger et al., 2006; Jenkins et
al., 1980; Lurz et al., 2017). Although red squirrel (Sciurus vulgaris) has been classified as a least
concern (LC) species, the observed global population trend is declining (Shar et al., 2016). Thus,
any new threats should be identified (Lurz et al., 2017). Moreover, red squirrel is one of the species
that adjusted well to urban habitat (Rézouki et al., 2014; Reher et al., 2016; Fey et al., 2016; Uchida
et al., 2019; Kostrzewa and Krauze-Gryz, 2020; D. Krauze-Gryz et al., 2021a; b; Beliniak et al.,
2022; Fingland et al., 2022). Its abundant presence in cities (Beliniak et al., 2022) and within areas
of various anthropogenic pressure and habitat transformation (Babinska-Werka and Z6tw, 2008;
Krauze-Gryz et al., 2021a; Beliniak et al., 2022) make the red squirrel an ideal target species for
studying mercury contamination in urban ecosystems.

In this study, we focused on two populations of red squirrels inhabiting Warsaw to assess
total mercury (THg) concentrations in hair samples. The first was an urban forest located in an

outer district of the city; the other was an urban park located in the center of Warsaw. Moreover,
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we compared the contribution of internally incorporated (intTHg) and externally deposited
(extTHg) mercury in squirrel hair samples between both locations. As we found in our previous
studies, the two populations differed (among others) in terms of body mass, reproductive activity,
and food composition (Krauze-Gryz et al., 2021a; Beliniak et al., 2022), the factors that may
potentially affect mercury accumulation (Mierle et al., 2000; Lodenius et al., 2014). We assumed
that the Hg value in red squirrel hair would be higher in the urban park than in the urban forest,
possibly due to heavy traffic and high particulate matter concentration in the city center as
compared to an outer district (Majewski et al., 2011). We also predicted that higher Hg values
would be recorded for females (Yates et al., 2005; McKinney et al., 2017) and in a breeding season
(Lurz et al., 2017), as they are known to gnaw on bones or consume soil to obtain minerals (e.g.,
calcium) to satisfy the increased demand during lactation (e.g., Bosch and Lurz, 2012). As mercury
bioaccumulates (e.g., Peterson et al., 2015), we may also assume that its levels will be higher in

older animals (Mierle et al., 2000), and with a higher body mass (Lodenius et al., 2014).

2. MATERIAL AND METHODS
2.1. Study area
The study was conducted on two study sides: an urban forest (Natolin Reserve) and an
urban park (Royal Lazienki Museum), both located in Warsaw (52°14'13.37" N, 21°1'3.11" E), the
capital city of Poland. The city has approximately two million people, and it is located in the central
part of the country. The main coal-fired heat plants are ‘Zeran’, ‘Siekierki’, and the smaller peaking
heat plant ‘Kaweczyn’ (Fig. 1). These are characterized by relatively low emissions of mercury

(as compared to others located in other parts of the country that use mainly brown coal; Zysk et
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al., 2011). However, geochemical studies of soils in Warsaw parks (the urban park) showed soil

enrichment in mercury (as well as other heavy metals; Dusza-Dobek, 2012).

The first study site, the urban forest, was located approximately 10 km from the city center.
The reserve covers 105 ha, and it has been protected since 1991. It has been closed to the public
and permission is needed for an entrance. The oldest stands are more than 250 years old, dead or
fallen trees are left for natural decomposition, and only natural regeneration occurs, and in practice,
very little human intervention is allowed. To the west of the reserve are built-up areas, whereas on
the other side, it is surrounded by farmland. The sampling site was 4.5, 14.5, and 17 km from the
three power plants (Fig. 1).

The second study site, the urban park, is located in the city center and covers 76 ha. This
is one of the most popular attractions among local inhabitants and visitors. Busy streets and built-
up areas surround it. The park has more than 90 species of trees and shrubs, both natural and
foreign species, and tree stands can reach more than 150 years, which provides a natural food base
for animals (Babinska-Werka and Z6tw, 2008). Animals in this park, including red squirrels, are
commonly fed by visitors (Kostrzewa and Krauze-Gryz, 2020; Krauze-Gryz et al., 2021a).
Human-delivered nuts comprise the bulk of the diet of the red squirrels in this park (Krauze-Gryz

et al., 2021a). The sampling site was located 4.5, 8.7, and 9 km from the main power plants (Fig.

).

2.2. Sample collection
Squirrels were live-trapped with 40 traps in the urban forest and 30 traps in the urban park.
The study lasted from July 2018 to December 2020 (Beliniak et al., 2022). In both areas, we

trapped in the same month, in total, during thirteen trapping sessions (i.e., in 2018: Jul, Sept, Nov;
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in 2019: Jan, Mar, May, Jul, Sept; in 2020: Mar, May, Jul, Oct, Dec). We used standard wire mesh
live traps (51 x 15 x 15 cm) (manufactured by “Jerzyk™ Jerzy Chilecki, Biatowieza, Poland). We
flushed every trapped squirrel into a wire mesh handling cone (Lurz et al., 2000) to minimize stress
during handling. Each newly trapped squirrel was individually marked with numbered ear tags 2x8
mm (National Tag&Band, Newport, KY, USA). Squirrels were weighted to the nearest 10 g
(Pesola spring balance). We also defined sex and reproductive status. Females were defined as
nonbreeding (anoestrous, small vulva, no longitudinal opening) or breeding. The latter included
postoestrous and pregnant (swollen vulva with longitudinal opening, enlarged belly during
pregnancy) or lactating (large nipples, milk excretion could be stimulated). Males were recorded
as nonbreeding (abdominal testes or semi-scrotal and scrotum small) or breeding (testes scrotal
and scrotum large) (Santicchia et al., 2018). We also defined age class: sub-adult males had small
scrotum and abdominal testes, females had a very small vulva, and the nipples were still invisible.
Older animals were considered as adult (Wauters and Dhondt, 1993). The hair samples were
collected from the coat using gloved fingers and stored in small, individually-labelled, clear plastic
bags. Hair samples (5-15 mg) were taken once per trapping session, so samples collected from the
same individual were at least two months apart.

Samples were collected throughout the year and in all seasons. They came from both sexes.
Samples from sub-adults and adults were collected in the park. Only adult individuals were
sampled in the urban forest. This was due to a lower trapping rate of sub-adults in the forest
(Beliniak et al., 2022).

The year was divided into four seasons: spring (1% March-31% May), summer (1% June—

31% August), autumn (1% September—30"™ November), and winter (1% December—28™ February).
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2.3. Laboratory analysis

THg determination

All of the collected hair samples were delivered to the laboratory, where mercury was determined
using atomic absorption spectrometry. We used the device for direct mercury determination —
AMA-254 (Altec, Czech Republic), dedicated for THg determination. There was no need to
conduct sample preparation prior to analysis because of an automatic mineralization during the
process. To determine THg, a sample with a known mass was applied to the nickel nacelle on a
dispenser. The dispenser placed the sample in a combustion chamber, where the sample dried and
was exposed to pyrolytic mineralization in an oxygen stream at 550°C. Mercury vapor, released
during decomposition, moved through the catalytic column on the gold amalgamator. After being
rapidly evaporated from the amalgamator, preconcentrated mercury was measured in two
measuring cells by atomic absorption technique under 254 nm UV light. The whole procedure took
about five minutes. The result was THg content in a sample (in ng) and THg concentration (in
ppm, for further analysis recalculated to ug/kg of dry weight), calculated on the basis of an
absorbance calibration curve. The limit of detection for AMA-254 was 0.01 ng.

Moreover, we evaluated how much mercury in a sample was an effect of atmospheric
deposition (extTHg) and how much was incorporated into hair structure as a result of food intake
(intTHg). Thus, for another 38 samples (urban forest — 16, urban park — 22), THg determination
was replicated with an additional rinsing procedure. Before analysis, the replicated samples were
rinsed a few times in 0.1 molar hydrochloric acid to remove unbound mercury from the hair
surface. By comparing THg concentration between unrinsed and replicated, rinsed subsamples, a

concentration of mercury adsorbed on hair (extTHg) for each sample was assessed. An average
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percentage share of intTHg and extTHg in samples for each location separately and for both

locations jointly was estimated.

Quality assurance and control

To ensure high repeatability, for 30 samples THg determination was replicated. With a
sufficient sample volume it was separated into two subsamples. On average, the accordance
between THg determination in both subsamples was 84.62%; SE=0.03 (with no difference
between an urban park and urban forest — 84.55%; SE=0.04 vs. 84.71%; SE=0.05, respectively).
Variation of THg concentration in replicated samples fluctuated between 62.87 and 99.71%, with
most of the results accordance over 90%.

To maintain a high quality of research and to check the correctness of mercury
determination, European Reference Material ERM-DBO001, with a human hair matrix dedicated to
trace elements analysis, was used. Reference material was used once per each analytical series, but
at least once per 10 samples. Reference material weights were about 10 mg, where mercury
concentration was homogeneous, in accordance with the certificate of analysis, and what
corresponds to typical sample mass (about 5-15 mg). Recovery of the reference material ranged
from 91.42% to 99.34% (mean 95.56%; SE=0.01). To ensure the proper mercury determination
result, mercury in a blank sample was determined after each hair sample. An acceptable threshold

for mercury value in the blank sample was below one ppb.

2.4. Statistical analysis
We used linear mixed-effects models to find factors affecting THg values in red squirrel

hair samples. As exploratory variables, we used the site of sample collection (urban forest, urban
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park), season (spring, summer, autumn, winter), sex (female, male), and interaction between sex
and reproductive status (breeding, non-breeding). Next, we run two models, using the body mass
of squirrels as an exploratory variable, separately for the urban forest and the urban park. As
squirrels were individually marked and could be trapped (thus sampled) more than once, we used
squirrel ID (individual ID) as a random effect. As THg concentration data was not normally
distributed (confirmed by the Shapiro-Wilk test), we used log-transformed (In) data for the
analysis. Akaike Information Criterion (AIC) was used to evaluate the fit of all of the models.
Significant differences between intTHg and extTHg in hair samples were confirmed by using
Student’s paired t-test (significance level 0.05).

All analyses were performed using R (v.4.1.2, R Core Team 2021) and the ‘Ime4’ package

(Bates et al., 2015). The linear mixed-effect model was fitted using the ‘Imer’ function.

3. RESULTS

The mean THg concentration in squirrel hair was 100.65 pg/kg (SE=8.73). The
concentration of THg in hair samples from sub-adult individuals differed from adults (ONE-WAY
ANOVA, F=19.3,df=1and 187, P <0.001) (Fig. 2). The mean value for samples from sub-adult
individuals equaled 35.27 pg/kg (SE=11.89) (N=12) (Table S1). In comparison, the mean value
for adults was 105.08 pg/kg (SE=9.19) (N=177) (Table S2-S3). As the number of samples
collected from sub-adult individuals was low, we used only data for adults in further analysis.

Amongst five built models (including the null model), the one that included site and
interaction between sex and reproductive status was selected as the best model (Table 1).

The THg value was affected by the site of a sample collection, the sex of a squirrel, and

reproductive status (Table 2). Higher values of THg were recorded in the urban park (mean 135.13

12
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pg/kg; SE=14.19) than in the urban forest (mean 60.21 png/kg; SE=5.53) (Fig. 3). Also, greater
variation in THg concentration was observed in squirrels from the urban park (4.34 —776.5 pg/kg),
than from the urban forest (9.07 —330.00 pg/kg). Higher THg values were recorded in the samples
collected from females during the breeding season (mean 165.63 pg/kg, SE=33.25), while for
males, higher THg concentration was recorded during the nonbreeding period (mean 98.03 pg/kg;
SE=13.17) (Fig. 4) (Table S2-S3).

Next, we analyzed the link between the body mass of squirrels and the concentration of
mercury (THg) in hair samples, separately for the urban forest and the urban park (Table 3). In the
urban forest, body mass did not affect the THg value in red squirrels' hair samples, while in the
urban park, the influence of body mass was significant (Table 3). In the case of park squirrels,
higher THg values were recorded in hair samples from squirrels with higher body mass (Fig. 5).

There was also a difference between THg concentration in acid-rinsed and non-rinsed
samples (t=4.557, df=37, p<0.001). The intTHg concentration in hair samples was, on average,
46.67 ng/kg, which was about 74% of the mean THg value before rinsing, which means that about
a quarter of determined mercury in hair was extTHg. The extTHg and intTHg concentrations in
hair samples differed significantly (t=2.881, df=37, p<0.01). Only 6% of THg in the hair sample
was extTHg in squirrels from urban park, while 94% was intTHg (t=4.430, df=21, p<0.001). In
the case of urban forest squirrels, the proportion between superficially adsorbed and internally
incorporated THg was almost equal, with 54% of extTHg and 46% of intTHg (t=-0.788, df=15,

p=0.439) (Table S4).

4. DISCUSSION
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In our study, we showed differences in mercury concentration in hair samples of red
squirrels inhabiting the urban forest and the urban park in Warsaw. First, we showed that mercury
contamination was age and body-mass dependent. We also proved that samples from the urban
park were more mercury-contaminated than the ones from the urban forest. At the same time, in
the case of park squirrels, less mercury was adsorbed on the hair surface (rather than ingested) than
in the case of forest squirrels. Finally, we pointed to the relationship between the breeding status
of a squirrel and the mercury level in its hair sample.

Diet and feeding habits are usually considered the main factors shaping differences in intra-
or interspecific mercury concentration. Although some individuals of red squirrels in our study
had high mercury levels (about 800 pg/kg), the mean value was about 120 ug/kg, which was
similar to the results obtained in a recent pilot study carried out in different study areas (including
Warsaw), and the species in general (Lurz et al., 2017). For grey squirrels (Sciurus carolinensis)
in urban habitats, mercury values in hair samples were higher, on average about 1000 pg/kg
(Jenkins et al., 1980). The mercury levels obtained in hair samples in our study were similar to
values obtained in other studies and locations for (mostly) herbivorous small mammals, e.g., the
bank vole (Myodes glareolus) or the wood mouse (Apodemus sylvaticus) (Bull et al., 1977) or a
few North American species (Gerstenberger et al., 2006). They also resembled levels obtained for
some large, strictly herbivorous mammals like the reindeer (Froslie et al., 1984; Gamberg et al.,
2016) or were higher than those noted for the moose or the red deer (Cervus elaphus) (Froslie et
al., 1984). Nevertheless, the aforementioned studies were based on liver samples, and the values
for hair samples can be higher due to mercury excretion. In turn, in comparison to mostly or strictly
carnivorous species like the Arctic fox, the American mink, the river otter, and the polar bear

(Yates et al., 2005; Bocharova et al., 2013; Lippold et al., 2022) or insectivorous like shrews
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(Talmage and Walton, 1993; Sanchez-Chardi et al., 2007) mercury levels obtained in our study
were quite low. The mostly herbivorous diet of red squirrels can probably explain moderate
mercury levels in both populations studied in Warsaw. However, we found that park squirrels had
over two times higher concentrations of mercury than forest squirrels. In comparison, in
Jacksonville, USA, the mercury levels of grey squirrels were similar over the urban area (Jenkins
et al., 1980). In our case, the food composition of the two populations was different. In essence,
park squirrels were supplementarily fed with nuts (walnuts and hazelnuts, provided by park
visitors). In contrast, only natural seeds occurred in a diet of forest squirrels (Krauze-Gryz et al.,
2021a). Because mercury levels in nuts and seeds are typically low (Rodushkin et al., 2008), the
diet variation is probably not responsible for observed differences. On the other hand, differences
in mercury concentration may be explained by the variation in food selection by certain individuals
(Krauze-Gryz et al., 2021b) rather than the whole population. Also, local differences in mercury
emission or environmental pollution may explain variations in mercury contamination (Lurz et al.,
2017). Elevated mercury concentration in mammals could also be related to the distance from the
emission sources (Talmage and Walton, 1993). In our study, the urban forest was located at a
greater distance from two (out of three) emission sources than the urban park. Additionally, earlier
studies showed a high variation of metal concentration (including mercury) in the soils of Warsaw
(Tomassi-Morawiec, 2016). In detail, there was a significant soil enrichment in mercury in the
Lazienki Park in comparison to other locations of Warsaw and the geochemical background of
mercury in Poland (Dusza-Dobek, 2012). Thus, high levels of soil mercury in the park could
explain higher levels of mercury in park squirrels, due to the bioaccumulation from plants to

animals.
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It is not clear how squirrels acquire mercury in an urban environment (Jenkins et al., 1980);
however, our comparison of acid-rinsed and non-rinsed hair samples showed a significant
difference between internal (i.e., digested with food) and external mercury concentration in hair,
but depending on the location. A higher share of internal mercury in the hair of urban park squirrels
points to greater food than atmospheric exposure. This again points to the influence of elevated
levels of mercury in soils (and, as a consequence, in plants and seeds, the food sources for squirrels)
of the urban park on the variation in mercury concentration between the two populations. An
important factor in shaping differences between the internal and external distribution of mercury
in hair can be the behavior of squirrels in the two locations. In general, forest squirrels were mainly
arboreal as compared to park squirrels that spent much time on the ground (Krauze-Gryz et al.,
2021b). Squirrels that moved mostly in the crowns of the trees and brushed against tree leaves can
be more exposed to atmospheric mercury deposition, which is finally deposited on the hair surface,
as leaves keep a significant part of atmospheric contaminants (see Lohr and Pearson-Mims, 1996;
Morani et al., 2011; Simon et al., 2014).

Mercury concentrations in our study were also dependent on body mass, age, sex, and
reproductive status. In our previous paper, we showed that squirrels inhabiting the urban forest
were heavier and had better body condition than those in the park (Beliniak et al., 2022). In general,
mercury concentration can increase with body mass and individual age (Lodenius et al., 2014).
Thus, we may assume that mercury concentration should increase with the age and body mass of
a squirrel. Nevertheless, this association does not have to be so straightforward (Lodenius et al.,
2014; Gamberg et al., 2016; McKinney et al., 2017). Mercury can be redistributed in organisms,
leading to changes in its concentration in various tissues, e.g., being released to the blood system

when fat reserves are being used. Low body mass may also be due to a high concentration of
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pollutants in the body (Bremle et al., 1997; McKinney et al., 2017). In our case, the body mass of
squirrels was rather stable over a year (Beliniak et al., 2022), and a clear positive correlation
between body mass and hair mercury concentration was recorded for the urban park squirrels,
while in the urban forest squirrels body mass did not affect mercury levels. There is no clear reason
why the relationship between body weight and mercury content should be different in the two
cases. However, this suggests that in the case of park squirrels, mercury is mostly ingested with
food. The high content of external mercury (i.e., deposited on hair) in forest squirrels can disguise
any interaction between body mass and mercury concentration. Interestingly, the season of sample
collection did not affect mercury concentration in hair. In the winter season, due to intensive
combustion processes, mercury emission increases (Zielonka et al., 2005), so higher mercury
concentration in hair molted in spring can be expected. Nevertheless, the molting pattern in
squirrels is quite variable. It depends on age, sex, reproductive activity, and condition (Bosch and
Lurz, 2012), which may explain this lack of relation between the season and mercury level.

Despite a small number of hair samples from sub-adults, we clearly showed lower mercury
concentration in younger individuals than in adult ones. As mercury accumulates in tissues, a
longer time of individual exposition results in a growing concentration in time. Such differences
in mercury concentration between adults and juveniles were already reported in, e.g., grey squirrels
(Jenkins et al., 1980), Arctic foxes Vulpes lagopus (Bocharova et al., 2013) or European otters
Lutra lutra (Yates et al., 2005; Lodenius et al., 2014).

In many studies, sex did not play a significant role in shaping mercury levels (Yates et al.,
2005; Gerstenberger et al., 2006; Bocharova et al., 2013; Lodenius et al., 2014), Nevertheless, in
some studies (but see Lodenius et al., 2014) females had higher mercury concentrations than males

(Gamberg et al., 2005; Yates et al., 2005; Lyytikdinen et al., 2015; Lurz et al., 2017; McKinney et
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al., 2017), even independently from their reproductive status (McKinney et al., 2017). This pattern
corresponds to our result, where females were much more exposed to mercury. In the case of
Warsaw squirrels, the highest mercury levels were recorded for pregnant or lactating females. It
could be the result of higher nutritional needs during these periods, resulting in much intense
foraging and gnawing on bones or consuming soil to obtain minerals (Bosch and Lurz, 2012). In
the American minks (Neogale vison), higher mean mercury values in females probably reflected
greater food consumption by females (Gamberg et al., 2005). A high concentration of mercury in
pregnant and lactating females can be worrisome. Although lactation is thought to be the main
exposure route, also a prominent part of transferred mercury is transported to offspring during the

gestation period (Habran et al., 2011; Lyytikdinen et al., 2015; Grajewska et al., 2019).

5. CONCLUSIONS

Urban-dwelling mammals face numerous threats like habitat fragmentation, limited natural
resources, or environmental pollutants. In turn, these novel habitats may offer numerous
anthropogenic shelters or food sources. In this study, we compared the two populations inhabiting
the same city but areas under various anthropogenic pressures. The difference between the levels
of contamination between the two squirrel populations was significant. Nevertheless, the sources
of mercury were probably both current and/or historical pollution, and the level at which it
potentially affected the two populations was also different. It is not clear why the bioaccumulation
was clearly higher in the urban park than in the urban forest. The factors could be attributed to the
altered behavior of animals in response to the presence of humans (i.e., time spent on the ground
or within the tree crowns). We also showed that individual characteristics could affect the level of

mercury. All this points to the importance of future studies on the variation in mercury
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concentrations within mammal populations inhabiting different urban green areas. Our results
suggest that mercury remains a problem, not only for marine fauna but also for terrestrial
organisms, and should still be monitored. Moreover, further studies should consider the importance

of mercury exposition to populations and the functioning of the terrestrial food web.
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724  Table 1. Akaike Information Criterion (AIC) for linear mixed-effects models analyzing factors
725  affecting THg (ng/kg) values in red squirrel hair samples from the two sites: an urban forest and

726  an urban park in Warsaw

Model AIC

site + sex*reproductive status + (1|individual ID) 464.95

site + sex*reproductive status + season + (1|individual ID)  470.64

site +(1|individual ID) 471.01
site + sex + (1|individual ID) 473.69
Null model 473.99

727
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728  Table 2. Effects of a site, sex, and breeding condition on THg concentration values in hair samples
729  from the two sites: an urban forest and an urban park in Warsaw. The intercept stands for the urban

730 forest, female, and breeding period.

variables estimate (SE) t value p-value
Intercept 4.3878 (0.24) 18.527 <0.001
site: urban park 0.4464 (0.18) 2.451 0.015
sex: male -0.6653 (0.27) -2.434 0.016
activity: nonbreeding -0.4497 (0.21) -2.115 0.036
male*nonbreeding 0.6909 (0.29) 2.396 0.018

731

40



732 Table 3. Relationship between body mass of adult red squirrels (females and males pooled

733 together) and concentration of THg in hair samples collected in two sites in Warsaw: an urban

734  park and an urban forest.

estimate
study site variables t value p-value
(SE)
3.4131
Intercept 3.221 0.002
(1.060)
urban forest
0.0014
body mass 0.471 0.639
(0.001)
-0.1270
Intercept -0.118 0.906
(1.078)
urban park
0.0133
body mass 4.237 <0.001
(0.003)
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Table S1. THg values in hair samples of sub-adult red squirrels collected in the urban park in

Warsaw, n.d. — no data

THg [ng/ke]
season sex N samples

min max mean

spring female 2 224 53.04 27.64
summer female 1 35.27 35.27 35.27
summer male 2 451 23.85 14.18
autumn female 2 10.77 13.68 12.23
autumn  male 3 6.04 146.10 53.50

winter female 2 54.01 65.34 59.68




Table S2. THg values in hair samples of adult red squirrels collected in the urban park in

Warsaw, n.d. — no data

THg [ng/ke]
season sex  reproductive status N samples

min max  mean
spring female breeding 12 27.25 776.50 222.35
spring  female non-breeding 4 14.09 189.60 88.18
spring  male breeding 8 434 322.45 103.74
spring  male non-breeding 20 21.36 464.10 95.74
summer female breeding 1 197.40 197.40 197.40
summer female non-breeding 1 51.88 51.88 51.88
summer male non-breeding 9 8.59 32190 109.62
autumn female breeding 3 28.12 23470 99.74
autumn female non-breeding 16 4.84 52450 113.38
autumn  male breeding 1 132.80 132.80 132.80
autumn  male non-breeding 5 16.76  398.45 109.59
autumn  male n.d. 1 17.65 17.65 17.65
winter  female breeding 3 90.81 198.60 153.77
winter  female non-breeding 7 21.45 674.00 208.23
winter  male breeding 6 16.64 134.80 76.57

winter  male non-breeding 9 3431 531.10 236.93




Table S3. THg values in hair samples of adult red squirrels collected in the urban forest in

Warsaw, n.d. — no data

THg [ng/ke]
season sex  reproductive status N samples

min max mean

spring  female breeding 5 28.25 176.40 94.83
spring  female non-breeding 3 39.51 97.40 66.82
spring  male breeding 10 20.81 72.54 39.73
spring  male non-breeding 13 31.81 106.90 62.48
spring  male n.d. 2 33.95 102.80 68.38
summer female breeding 1 40.41 4041 4041
summer female non-breeding 4 16.49 71.32 46.58
summer male non-breeding 11 2440 63.01 4541
autumn female non-breeding 9 18.51 330.00 94.39
autumn  male breeding 1 80.49 80.49 80.49
autumn  male non-breeding 5 9.07 84.02 47.97
winter female non-breeding 5 18.09 141.85 47.40

winter  male non-breeding 2 5490 66.15 60.53




Table S4. THg, intTHg and extTHg values in hair samples of red squirrels collected in urban

park and urban forest in Warsaw

locatio N THg [pg/kg] intTHg [pg/kg] extTHg [ng/kg]
n samples min max mean min Max mean min  max mean
urban 239.5 192.8 137.8  20.0
22 16.76 84.61 4.08 64.55 0.13
park 0 0 0 6
urban 102.8 33.0
16 27.93 55.11 690 4842 22.09 4.10 78.01
0 3

forest




9. Podsumowanie

Na podstawie przeprowadzonych badan udowodniono, ze zachowanie i1 parametry
populacji wiewiorek z miejskiego rezerwatu lesnego (terenu o niskim stopniu
przeksztalcenia antropogenicznego) sa podobne do populacji z obszaréw pozamiejskich,
natomiast wiewiorki z parku miejskiego (o wysokim stopniu przeksztalcenia
antropogenicznego) wykazuja szereg zmian, spowodowanych dostosowaniem do

warunkow srodowiska i1 obecnosci ludzi.

Aktywnos$¢ dobowa byla typowa dla gatunku na terenach pozamiejskich — wiewidrki
prezentowaly bimodalny wzorzec aktywnosci, czyli widoczne byly dwa szczyty
aktywnosci (po wschodzie stonca oraz przed zachodem). Rowniez typowo dla gatunku
zwierzeta te byly aktywne przed wschodem slonca, jak réwniez po jego zachodzie.
Wiewiorki z parku miejskiego (o wysokim stopniu przeksztalcenia antropogenicznego)
mialy tylko jeden szczyt aktywnosci (ktory zaczynal si¢ kilka godzin po wschodzie stonca
i trwal do wczesnego popohludnia). Nie zaobserwowano u nich rowniez aktywnosci przed
wschodem i po zachodzie slonca. Najprawdopodobniej wiewidrki z parku dostosowaty
swoja aktywno$¢ do obecnosci ludzi odwiedzajacych park, co zwieksza szanse na
zdobycie dodatkowego pokarmu. W przeciwienstwie do rezerwatu lesnego, w parku
najwiecej zwierzat zaobserwowano zimg, co sugeruje, ze wiewiorki te sg w stanie
utrzymaé w tym czasie wysoka aktywno$¢ (prawdopodobnie dzigki dokarmianiu w ciggu
calego roku). Wbrew oczekiwaniom, duza dostepno$¢ pokarmu uzupetniajacego (w
postaci dokarmiania przez ludzi) nie skutkowala wigckszg masg ciata. Przeciwnie, to
wiewiorki z rezerwatu lesnego byly cigzsze oraz mialy lepsza kondycje ciata w
porownaniu do zwierzat z parku. Najprawdopodobniej dostepnosé wysokokalorycznych
nasion (orzechow laskowych, orzeszkéw grabowych i zotedzi) na terenie rezerwatu
pozwolita na osiggniecie wysokiej masy ciata. Pokarm antropogeniczny w parku, mimo
ze dostepny przez caly rok, moze by¢ gorszej jakosci 1 traktowany przez zwierzeta jako
uzupetniajgce zrodlo pokarmu. By¢ moze jednak, catloroczny dostep do obfitych zasobéw
pokarmowych w parku powoduje, ze gromadzenie zapasow tluszczu (powodujace
zwiekszenie masy ciala) przed zima nie jest konieczne. Wiewidrki zamieszkujgce park
miejski mogg mie¢ rdéwniez nizszg mas¢ ciata w zwigzku z konkurencjg miedzyosobnicza

(wynikajaca z wysokiego zageszczenia populacji). Pomimo, ze wiewiorki w parku
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miejskim mialy gorsza kondycj¢ oraz nizsza mase ciala, udziat aktywnych plciowo samic
byt wiekszy, co moze by¢ spowodowane wyzsza dostepnoscig pokarmu uzupehiajacego.
Obie populacje roznil jedynie jeden (z trzech analizowanych) wskaznikow reakcji na
nagly stres: u wiewiorek z rezerwatu lesnego zaobserwowano wyzsza czestotliwosé
oddechu. Taka odmienna reakcja najprawdopodobniej byta spowodowana ograniczonym
kontaktem z ludzmi, w przeciwienstwie do wiewiorek z parku, ktore przyzwyczaity si¢
do bliskiej obecnosci czlowieka. Kolejng r6znica miedzy populacjami byla zawartosé
metalu ciezkiego w siersci (rteci) — u osobnikow z rezerwatu miejskiego byta prawie
dwukrotnie nizsza niz u zwierzat z parku miejskiego. Moze to by¢ wynikiem réznego
poziomu zanieczyszczenia Srodowiska oraz odmiennego sktadu pokarmu, poniewaz

metale ciezkie moga by¢ dostarczane do organizmu razem z pokarmem.

Pomimo wielu wykazanych wczes$niej rdéznic, zaobserwowano rowniez podobienstwa
miedzy obiema miejskimi populacjami. Niezaleznie od terenu badan, najwiece]
aktywnych plciowo samic zaobserwowano wiosng, cho¢ aktywne plciowo osobniki
rejestrowane byly réwniez zimg na obu obszarach. Zwierzeta z populacji miejskich
wcezesniej przystepuja do rozrodu dzigki wiekszej dostepnosci pokarmu i wyzszym
temperaturom (Selonen 1 in. 2016). W przeciwienstwie do zalozen, nie zaobserwowano
roéznic w reakcjach na dlugoterminowy i srednioterminowy stres. Roéwniez dwa wskazniki
(z trzech) reakcji na nagtly stres byty podobne (wskaznik zaniepokojenia “struggle rate” i
wokalizacja). Wskaznik zaniepokojenia (“struggle rate) zalezal jedynie od pory roku i
byl najwyzszy zima, a wokalizacja byta najmniej intensywna w przypadku zwierzat
zlapanych po raz pierwszy. U zwierzat na obu terenach poziomy metabolitow hormonu
stresu zalezaly od pory roku — wyzsze wartosci odnotowano jesienig i zimg. Brak r6znic
miedzy populacjami wskazuje, ze zwierz¢ta z obu terendéw sg w podobnym stopniu
poddane czynnikom srodowiska. W przypadku obu populacji poziom zanieczyszczenia
siersci metalem cigzkim (rtecig) zalezal od wieku — wyzsze wartosci wykazano u
osobnikow dorostych niz mlodocianych. Taki wynik byl spodziewany, poniewaz rtgé
akumuluje si¢ w tkankach, a dluzszy czas ekspozycji powoduje wigksza koncentracje
tego pierwiastka. Stezenia rteci w siersci u zwierzat z obu terenéw byly najwyzsze dla
samic, ktore byly w cigzy lub karmity. Moze to wynika¢ z wyzszego zapotrzebowania na
skladniki odzywcze w tym okresie u samic, przez co spozywaja wigcej pokarmu i maja

bardziej specyficzng diete.
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Wyniki omawianych badan pokazuja, ze wiewiorka pospolita to gatunek plastyczny,
ktory dostosowuje si¢ do srodowiska, w ktérym zyje. Sg to jedne z pierwszych badan
porownujacych dwie miejskie populacje tych zwierzat zyjacych na terenach o r6znym
stopniu antropopresji, w przeciggu wszystkich pér roku. Wyniki sa rowniez
potwierdzeniem, ze wiewidrka pospolita moze by¢ traktowana jako gatunek modelowy,
shuzacy do oceny zanieczyszczenia srodowiska metalami ciezkimi. Dodatkowo wyniki
wyraznie wskazuja, ze zastosowanie szerokiego zakresu wskaznikow i réznych metod
analitycznych, w tym analiz behawioralnych, jest niezbedna do oceny wptywu
antropogenicznych czynnikow stresogennych na zwierzeta. Jednoczesnie pojawia si¢
potrzeba dalszych badan w celu potwierdzenia tych wynikow oraz lepszego poznania, jak
zwierzeta radza sobie w warunkach miejskich oraz identyfikacji wskaznikow, ktére

pozwola skutecznie oceni¢ wptyw urbanizacji na dzikg przyrodg.
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10. Kierunki przysztych badan

Uzyskane wyniki wykazatly szereg roznic w funkcjonowaniu dwoch populacji wiewiorek

poddanym odmiennej antropopresji. Pozwala to na lepsze zrozumienie mechanizméw

dostosowania si¢ zwierzat do zmienionych warunkéw s$rodowiska miejskiego oraz

wskazanie przysztych kierunkow badan.

1))

2)

3)

Wyniki omawianych badan wskazuja na wiele r6znic miedzy miejskimi populacjami
wiewiorek  zyjacymi  terenach o odmiennym stopniu  przeksztalcenia
antropogenicznego (park miejski i rezerwat lesny). Badania te skupiaja si¢ jedynie na
dwoch terenach. Cenne by bylo poszerzenie badan tak, by objely wicksza liczbe
terendw zielonych o réznym stopniu przeksztalcenia antropogenicznego a takze
potozonych w gradiencie urbanizacji, obejmujagcym rowniez tereny pozamiejskie.
Badania przeprowadzone byly na terenie tego samego miasta oraz w tych samych
miesigcach, dlatego mozna zalozyé, ze oddzialywanie czynnikow abiotycznych na
obie populacje powinno by¢ podobne. Jednak znaczna zmienno$¢ warunkow
srodowiska w obrebie miasta wynikajaca z jego heterogennosei, takich jak
zanieczyszczenie $wiatlem czy wpltyw miejskiej wyspy ciepta, moze oddzialywac¢ na
funkcjonowanie zwierzat w miescie. Uwzglednienie tych czynnikéw i zbiér danych
w wigkszej liczbie lokalizacji pozwoliloby na lepsze zrozumienie mechanizméw
odpowiadajacych za zmiany zachowania czy parametrow miejskich populacji
wiewiorek.

W omawianych pracach oceniono wplyw czlowieka jako jeden z kluczowych
czynnikow powodujacych zmiany w populacji zyjacej na terenie parku. W badaniach
jednak nie byla bezposrednio oceniania dostepnos¢ pokarmu pochodzenia
antropogenicznego ani naturalnego czy sklad pokarmu poszczegolnych osobnikow.
Wykazano wczesniej, ze wiewiorki z parku prezentujg rdézne strategie zwigzane z
pozyskiwaniem pokarmu, tj. niektére osobniki spedzajg wiecej czasu na ziemi i
pozytywnie reaguja na ludzi (zblizaja sie i prosza o jedzenie), inne natomiast zdaja
si¢ unikac ludzi i polega¢ gldwnie na pokarmie naturalnym (Krauze-Gryz i in. 2021a).
Przyszte badania poszczegolnych osobnikdéw, ukierunkowane na znalezienie zwigzku
pomigdzy stopniem wykorzystania pokarmu antropogenicznego vs. naturalnego a
kondycja, dlugoscia zycia czy parametrami rozrodu poszczegdlnych osobnikow,

pozwola zrozumie¢, ktora ze strategii jest wyrazem lepszego dostosowania.
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mdj indywidualny udzial w jej powstaniu polegal na zbieraniu danych i wprowadzaniu
poprawek merytorycznych do manuskryptu.



Warszawa, 08.07.2024
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Rada Dyscypliny Nauki Le$ne

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspoélautorstwie

Niniejszym oswiadczam, ze w pracy

Beliniak A., Gryz J., Klich D., Jasinska K., Krauze-Gryz D. 2022. Body Condition and
Breeding of Urban Red Squirrels: Comparison of Two Populations Affected by Different
Levels of Urbanization. Animals, 12(23): 3246. https://doi.org/10.3390/ani12233246.

mdj indywidualny udziat w jej powstaniu polegal na tworzeniu koncepcji badan, metodyki,

zbieraniu danych, przygotowaniu oryginalnego manuskryptu, wprowadzaniu do niego
poprawek merytorycznych oraz nadzorowaniu catosei projektu.
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Niniejszym oswiadczam, ze w pracy

Beliniak A., Gryz J., Klich D., Lopucki R., Sadok I., Ozga K., Jasinska K.D., Scibior A,
Golgbiowska D., Krauze-Gryz D. 2024. Long-term, medium-term and acute stress response
of urban populations of Eurasian red squirrels affected by different levels of human
disturbance. PLoS ONE. https://doi.org/10.1371/journal.pone.0302933.

moj indywidualny udziat w jej powstaniu polegat na tworzeniu koncepcji badan,

przygotowaniu metodyki, prowadzeniu badan, tworzeniu bazy danych, przygotowaniu
oryginalnego manuskryptu, jego recenzowaniu i edycji oraz pozyskaniu finansowania.
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Niniejszym o$wiadczam, ze w pracy

Beliniak A., Gryz J., Klich D., Lopucki R., Sadok I., Ozga K., Jasifiska K.D., Scibior A.,
Gotgbiowska D., Krauze-Gryz D. 2024. Long-term, medium-term and acute stress response
of urban populations of Eurasian red squirrels affected by different levels of human
disturbance. PLoS ONE. https://doi.org/10.1371/journal.pone.0302933.

moj indywidualny udzial w jej powstaniu polegat na zbieraniu danych oraz wprowadzaniu
poprawek merytorycznych do manuskryptu.

Podpis

a



Warszawa, 08.07.2024

Dr hab. Daniel Klich
daniel klich@sggw.edu.pl

Rada Dyscypliny Nauki LesSne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, Zze w pracy

Beliniak A., Gryz J., Klich D., Lopucki R., Sadok I., Ozga K., Jasinska K.D., Scibior A.,
Gotebiowska D., Krauze-Gryz D. 2024. Long-term, medium-term and acute stress response
of urban populations of Eurasian red squirrels affected by different levels of human
disturbance. PLoS ONE. https://doi.org/10.1371/journal.pone.0302933.

mo] indywidualny udzial w jej powstaniu polegal na tworzeniu koncepcji badan,

przeprowadzeniu analiz statystycznych, prowadzeniu badan laboratoryjnych, przygotowaniu
metodyki badan laboratoryjnych, przygotowaniu oryginalnego manuskryptu i wprowadzaniu

do niego poprawek merytorycznych.
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Niniejszym o$wiadczam, ze w pracy

Beliniak A., Gryz J., Klich D., Lopucki R., Sadok I., Ozga K., Jasinska K.D., Scibior A.,
Gotegbiowska D., Krauze-Gryz D. 2024. Long-term, medium-term and acute stress response
of urban populations of Eurasian red squirrels affected by different levels of human
disturbance. PLoS ONE. https://doi.org/10.1371/journal.pone.0302933.

moj indywidualny udziat w jej powstaniu polegat na zbieraniu danych i wprowadzaniu
poprawek merytorycznych do manuskryptu.
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Rada Dyscypliny Nauki LeSne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy

Beliniak A., Gryz J., Klich D., Lopucki R., Sadok I., Ozga K., Jasinska K.D., Scibior A.,
Gotgbiowska D., Krauze-Gryz D. 2024. Long-term, medium-term and acute stress response
of urban populations of Eurasian red squirrels affected by different levels of human
disturbance. PLoS ONE. https://doi.org/10.1371/journal.pone.0302933.

moj indywidualny udzial w jej powstaniu polegal na tworzeniu koncepcji badan,

przygotowaniu metodyki, zbieraniu danych, przygotowaniu oryginalnego manuskryptu,
wprowadzaniu do niego poprawek merytorycznych oraz nadzorowaniu catosci projektu.
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Jackowiak M., Krauze-Gryz D, Beliniak A., Jasinska K. D., Gryz J., Zyfka-Zagrodzinska 1i.,
Matracka A. The heavy burden of city life: factors affecting mercury bioaccumulation in
urban red squirrels. Artykut w (rakcle recenzji w Environmental Science and Pollution
Research

méj indywidualny udzial w ie¢j powstaniu polegal na tworzeniu koncepeji badan,
przygolowaniu metodyki, przeprowadzaniu analiz laboratoryjnych, przyvgotowaniu bary
danych, pisaniu oryginalnego manuskryptu, wprowadzaniu poprawek merytorycznyeh oraz
pozyskaniu finansowania.
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Niniejszym oswiadczam, ze w pracy

Jackowiak M., Krauze-Gryz D., Beliniak A., Jasifiska K. D., Gryz J., Zyfka-Zagrodzinska E.,
Matracka A. The heavy burden of city life: factors affecting mercury bioaccumulation in
urban red squirrels. Artykut w trakcie recenzji w Environmental Science and Pollution
Research

mdj indywidualny udzial w jej powstaniu polegal na tworzeniu koncepcji badan,
przygotowaniu metodyki, zbieraniu danych, przygotowaniu oryginalnego manuskryptu,
wprowadzaniu do niego poprawek merytorycznych oraz pozyskaniu finansowania.
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Jackowiak M., Krauze-Gryz D., Beliniak A, Jasinska K. D., Gryz J., Zyfka-Zagrodzifiska E.,
Matracka A. The heavy burden of city life: factors affecting mercury bioaccumulation in
urban red squirrels. Artykut w trakcie recenzji w Environmental Science and Pollution
Research

mo6j indywidualny udziat w jej powstaniu polegat na koncepcji badan, prowadzeniu badan,

przygotowaniu metodyki, przygotowaniu oryginalnego manuskryptu, jego recenzowaniu 1
edycji oraz pozyskaniu finansowania.
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Jackowiak M., Krauze-Gryz D., Beliniak A., Jasinska K. D., Gryz J., Zyfka-Zagrodzifiska E.,
Matracka A. The heavy burden of city life: factors affecting mercury bioaccumulation in
urban red squirrels. Artykut w trakcie recenzji w Environmental Science and Pollution
Research

mdj indywidualny udziat w jej powstaniu polegal na zbieraniu danych, przeprowadzaniu
analiz statystycznych, pisaniu oryginalnego manuskryptu i wprowadzaniu do niego poprawek
merytorycznych.
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Jackowiak M., Krauze-Gryz D., Beliniak A., Jasinska K. D., Gryz J., Zyfka-Zagrodzinska E.,
Matracka A. The heavy burden of city life: factors affecting mercury bioaccumulation in
urban red squirrels. Artykul w trakcie recenzji w Environmental Science and Pollution
Research

moj indywidualny udzial w jej powstaniu polegat na zbieraniu danych oraz wprowadzaniu
poprawek merytorycznych do manuskryptu.
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Jackowiak M., Krauze-Gryz D., Beliniak A., Jasifiska K. D., Gryz J., Zyfka-Zagrodzinska E.,
Matracka A. The heavy burden of city life: factors affecting mercury bioaccumulation in
urban red squirrels. Artykut w trakcie recenzji w Environmental Science and Pollution
Research

moj indywidualny udziat w jej powstaniu polegal na przeprowadzaniu badan laboratoryjnych
oraz wprowadzaniu poprawek merytorycznych do manuskryptu.
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Jackowiak M., Krauze-Gryz D., Beliniak A., Jasifiska K. D., Gryz J., Zyfka-Zagrodzifiska E.,
Matracka A. The heavy burden of city life: factors affecting mercury bioaccumulation in
urban red squirrels. Artykul w trakcie recenzji w Environmental Science and Pollution
Research

mgj indywidualny udziat w jej powstaniu polegal na przeprowadzaniu badan laboratoryjnych
oraz wprowadzaniu poprawek merytorycznych do manuskryptu.
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