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Abstrakt

Rozptylena zelen je nedilnou soucasti krajiny stfedni Evropy. Zahrnuje vSechny mozné
podoby dfevin rostoucich mimo les, zeméd¢€lskou kulturu a lidskd sidla, a predstavuje tak
neprodukéni biotop kliCovy pii ochrané biodiverzity v zemédélské krajing. V této disertacni
praci hleddm odpovéd’ na otdzku, jaké faktory biodiverzitu v rozptylené zeleni ovliviuji
a jakym zptusobem, pficemz sleduji vliv pfedevSim na ptaky jako na indikacni skupinu
citlivou na zmény v zemédélské krajin€. V celkem ctyfech publikacich jsme se zaméfili
na bild mista v dosavadnim vyzkumu — na podobu biotopu rozptylené zelené, na podobu
krajinné mozaiky a na aplikovany management. Ukdazali jsme, Ze vSechny tyto faktory
vyznamné ovliviiuji biodiverzitu ptakti, a tim 1 UspéSnost ochranafskych opatfeni
a zemédélskych dotaci na rozptylenou zelen orientovanych. Zatimco zelen v podobé
vzrostlych a druhové pestrych porostli ptivodnich dievin podpofti spiSe druhy lesni a zaroven
vysoky celkovy pocet druhii ptakl, porosty obohacené o riznd casn€jsi sukcesni stadia
podpofi spiSe druhy zemédélské krajiny. Déle, Ze v krajinném kontextu je pro vysoky pocet
druht ptakt klicova biotopovéa diverzita, pro ohrozené druhy je vSak pfinosnd zejména
jemnozrnnost mozaiky rozptylené zelen¢. Ukézali jsme, Ze takovouto cennou jemnozrnnou
mozaiku rozptylené zelen¢ najdeme na piiklad ve vojenskych prostorech diky zvlaStnimu
disturban¢nimu rezimu vznikajicimu jako druhotny efekt armadniho vycviku. Po ukonceni
téchto disturbanci mozaika rozptylené zelené postupné zanikd nejen preménou na urbanni
prostiedi, ale také piirozenou sukcesi. Pusobeni pfirozené sukcese lze zvratit vhodné
zvolenym managementem — podle naSich vysledkl se jevi pro ochranu biodiverzity ptakt
vhodna zejména ochranarska, ale i zemédélska pastva. Nicméné srovnani ptaki s jinymi
taxony odhaluje znacné rozdily v managementovych preferencich, z ¢ehoz vyvozujeme, ze
vyznam ptakl jako indikatorti dalSich sloZek biodiverzity je tfeba brat s rezervou. Vysledky
této prace akcentuji fakt, Ze rozptylend zelenn hosti Siroké spektrum druhl s riznymi
ekologickymi ndroky a ze klicem k ochrané biodiverzity je tedy kromé zajisténi jejiho
dostatecného mnozstvi v krajiné predevSim zajisténi jeji rtznorodosti, a to v lokalnim i

krajinném méfitku.



Abstract

Non-forest woody vegetation is an integral part of the Central European landscape. It includes all
possible forms of woody vegetation growing outside of forests, agricultural production, and human
settlements; it thus represents a non-productive habitat crucial to the conservation of farmland
biodiversity. In this dissertation, I am looking for an answer to the question of what factors affect
biodiversity in non-forest woody vegetation and in what way, observing the effect mainly on birds as
an indicator group sensitive to changes in the agricultural landscape. In a total of four publications, we
focused on the white spots in research to date — habitat characteristics of non-forest woody vegetation,
characteristics of the landscape mosaic, and applied management. We have shown that all these factors
significantly affect bird biodiversity and, thus, the success of conservation measures and agricultural
subsidies oriented towards non-forest woody vegetation. While woody vegetation in the form
of mature and species-variegated stands of native trees will rather support forest species and, at the
same time, a high total number of species, stands enriched by various earlier stages of succession will
rather support farmland species. Furthermore, we show that in the landscape context habitat diversity
is key for a large number of bird species, but for endangered species the fine-grained mosaic of non-
forest woody vegetation is especially beneficial. We show that such a valuable fine-grained mosaic
of non-forest woody vegetation can be found, for example, in military training areas thanks to the
special disturbance regime arising as a secondary effect of military training. When these disturbances
end, the mosaic of non-forest woody vegetation gradually disappears by transformation into urban
areas, as well as by natural succession. The effect of natural succession can be reversed by suitably
chosen disturbance management - based on to our results, conservation grazing (but also agricultural
grazing) appears to be particularly suitable for the protection of bird biodiversity. However,
comparisons of birds with other taxa reveal considerable differences in management preferences.
The results of this work emphasize the fact that non-forest woody vegetation hosts a wide range
of species with different ecological requirements and that the key to protecting biodiversity is,
in addition to ensuring its sufficient quantity in the landscape, above all ensuring its diversity, both

on a local and landscape scale.



Prehled ¢lanku a podil autora

Clanek 1

Dvorakova, L., Kuczynski, L., Rivas-Salvador, J., & Reif, J. (2022). Habitat characteristics supporting
bird species richness in mid-field woodlots. Frontiers in Environmental Science, 10, 816255.
https://doi.org/10.3389/FENVS.2022.816255

LD ptispéla k designu studie, provedla vétSinu terénnich praci a vétSinu statistickych analyz,
napsala rukopis; podil 80%.

Clanek 2

Dvotékova, L., Hernova, J., Busek, O., & Reif, J. (2023). Relationships between bird species richness
and different facets of landscape heterogeneity — insights from a military area. Journal of
Vertebrate Biology, 72,23012. https://doi.org/10.25225/jvb.23012

LD zanalyzovala data a napsala rukopis; podil 60%.

Clanek 3

Dvorakova, L., Hanzelka, J., Romportl, D., & Reif, J. (2024). Habitat changes explain shifts in bird
community composition in abandoned military training areas: Lessons for conservation. Journal
for Nature Conservation, 79, 126612. https://doi.org/10.1016/j.jnc.2024.126612

LD se podilela na designu studie, koordinovala terénni prace a zaroven se na nich z velké casti
podilela, prispéla ke statistickym analyzam, napsala rukopis; podil 50%.

Clanek 4

Reif, J., Chajma, P., Dvotakova, L., Koptik, J., Marhoul, P., Cizek, O., & Kadlec, T. (2023).
Biodiversity changes in abandoned military training areas: relationships to different management
approaches in multiple taxa. Frontiers in Environmental Science, 11, 1243568.
https://doi.org/10.3389/fenvs.2023.1243568

LD piispéla k designu studie, podilela se na sbéru dat a ptispéla ke psani rukopisu; podil 30%.

Skolitel potvrzuje, Ze uvedené podily studenta na jednotlivych publikacich odpovidaji skuteénosti.

Dne 8. 9. 2024 v Praze prof. Jifi Reif, skolitel



I
Uvod

Pojem ,,rozptylena zelen* oznacuje dievinnou vegetaci, kterd se nachazi mimo intravilany
obci a neni ani lesem ani zemédé€lskou kulturou (Kolafik, 2003). Z této definice je patrné,
ze jde do velké miry o pojem ,,sbérny*, ktery v sob¢ ukryva pestrou paletu krajinnych prvka
rizné velikosti, ptivodu i ucelu. Muze jit o zbytky lest, které se dochovaly na zemédélsky
nevynosnych a nedostupnych mistech, o difeviny nahodné zavleCené, o plochy opusténé
sruznymi stadii sukcesni vegetace, ¢i o dfeviny Cclovékem zdmérné vysazované
z nejriiznéjsich diivodi (Kavka & Sindelaiova, 1978). Rozptylena zeleh je nedilnou souéasti
volné krajiny stiedni Evropy — vyskytuje se v podobé solitérnich dievin, doprovodné vegetace
cest a vodnich tokl, remizki, zarostlych mezi, kiovin, vétrolama, lesiki atd. — a ma tak

kli¢ovy vyznam pii utvareni krajinného razu (Baudry et al., 2000; Hanus et al., 1979).

Rozptylend zelen nema pro clovéka primarné produkéni funkci, neni tedy vystavena
takovému tlaku lidského piisobeni jako produkéni biotopy a je ji zachovan alespon do urcité
miry pfirozeny (tzv. poloptirodni) charakter. Pravé proto je, spolu s ostatnimi neprodukénimi
biotopy, klicovd pro zachovani biodiverzity a pro funkénost krajiny v ekologickém slova
smyslu (Montgomery et al., 2020; Salek et al., 2022). V sou¢asné intenzivné obdélavané
zemedelské krajin€ potykajici se s drastickym propadem biodiverzity (Stoate et al., 2009)
rozptylend zelen poskytuje vhodné podminky k zivotu fadé organismi, vcéetné mnoha
ohrozenych druhti — at’ uz jde o liSejniky a houby (Horak et al., 2014), rostliny (Bergmeier
et al. 2010), hmyz (Sebek et al., 2016) nebo obratlovce (Fuller et al., 2004). Diky pestré skale
stanoviStnich podminek zde najdeme druhy s rGznymi biotopovymi preferencemi od druhti
oteviené krajiny az po druhy lesni (Haslem & Bennett, 2008; Sebek et al., 2016; Takkis et al.,
2018). Mnoho z nich je dokonce na rozptylenou zelent svym vyskytem uzce vazano, nebot’ ta
pfedstavuje v podstaté jedinou alternativu k jejich pfirozenému, dnes jiz Clovékem zcela
potlacenému prostiedi lesostepi (Wright et al., 2011). Rozptylend zelenn umoziuje 1 migraci
organismu krajinou, nebot” funguje jako tzv. koridory ¢i néSlapné kameny v intenzivné
modifikovaném, tézko prostupném antropogennim prostiedi (Gauftre et al., 2022; Mehlman
et al., 2005; Wehling & Diekmann, 2009). Také poskytuje organismim moznost ukrytu
pied predatory, zemédélskymi stroji €i nepifiznivym pocasim pusobicimi na otevienych
zemedélskych plochach (Doherty & Grubb, 2000), piedstavuje klicovy zdroj potravy, a to
i po sklizni a v zimnim obdobi (Hinsley & Bellamy, 2000), a dale plni fadu specifickych

funkci ve vztahu k ekologickym potfebam konkrétnich druhti organismia. Naptiklad slouzi



jako nepostradatelnd soucast teritoria pro strnada lucniho (Emberiza calandra), ktery ji
vyuzivé k pfednesu zpévu — tzv. song post (Ceresa et al., 2012), nebo pro tuhyka obecného

(Lanius collurio), ktery ji pottebuje jako vhodné ,,cihadlo* pro lov (Morelli et al., 2016).

Nicméné za posledni ptilstoleti byla rozptylena zelen v evropské krajiné vyrazné potlacena,
a s ni 1 biodiverzita na ni vdzana. Hlavni podil na tom méla intenzifikace zemedélstvi, ktera
nastoupila po konci druhé svétové valky a vyustila ve vyraznou homogenizaci krajiny
(Benton et al., 2003). Rozloha poli se diky novym moznostem tézké techniky zvétSovala
na ukor neprodukcnich biotopl. Rozptylena zelen byla odstranovana, nebot” ubirala produk¢ni
plochu a sniZzovala vynos zokolo péstovanych plodin (Huth & Possingham, 2007
MacDonald & Johnson, 2000). Naopak v okrajovych oblastech doslo k zaniku tradi¢niho
zemedélstvi a opusténi krajiny, coz vedlo k postupnému zartistani otevienych ploch a pfeméné
rozptylené zelené v souvislé kiovinné ¢i lesni porosty (Bengtsson et al., 2000; Foley et al.,

2011).

V soucasnosti jsou jiz negativni dopady tohoto vyvoje vSeobecné zndmy, jeho definitivni
zvraceni je vSak palCivou vyzvou pro védce, ochranafe i politiky. Pro efektivni dotacni
politiku i ochranéiskou péci je nejprve potieba pomoci empirického vyzkumu zjistit, jaké

faktory biodiverzitu v rozptylené zeleni ovliviiuji.

Diky obdobi, kdy védeckou komunitou silné¢ rezonovala ostrovni teorie biogeografie
(MacArthur & Wilson, 1967) a sni souvisejici tzv. species-area relationship (Connor &
McCoy, 1979), je pomémé dobie popsan vztah mezi poctem druhli a rozlohou, piipadné
izolovanosti jednotlivych ostrivka rozptylené zelené¢ (Mason, 2001; McCollin, 1993; Opdam
et al., 1985). Pozornost byla vénovana i tvaru, respektive ¢lenitosti ostrivki rozptylené zelené
a projevu tzv. okrajového efektu (Bellamy et al., 1996; Villard et al., 1999). Krajinna ekologie
se pak zabyvala otazkou, jak ovliviiuje biodiverzitu vzajemna konfigurace ostravkia zelené
v krajinném méfitku (tzv. diskuse SLOSS — single large or several small; napt. Loman & Von
Schantz, 1991). Castym nedostatkem studii ztéto doby byva, Ze se primarné zabyvaly
problematikou lesni fragmentace a neuvazovaly rozptylenou zelen jako svébytny biotop se
specifickym slozenim spoleCenstva, tudiz interpretace vysledka Casto nejsou pro ochranu

biodiverzity v rozptylené zeleni aktudlni.

Méné pozornosti bylo vénovano tomu, jak biodiverzitu ovliviiuje podoba vlastniho biotopu
rozptylené zelené, heterogenita krajinné mozaiky, ptipadné¢ aplikovany management (Sebek et

al., 2016; Takkis et al., 2018). Situaci komplikuje 1 fakt, ze mira dosavadniho poznani se



velmi 1i§1 mezi jednotlivymi typy rozptylené zelené. Nejvice pozornosti bylo doposud
vénovano liniové zeleni podél poli (Forman & Baudry, 1984; Hinsley & Bellamy, 2000;
Montgomery et al., 2020). Méné je znamo o biodiverzité ostrivkovitych, tzv. plosnych
porostl (napt. Hinsley et al., 1995; Kujawa, 2002; Vanhinsbergh et al., 2002) a jest¢ mén¢
o drobnych, tzv. bodovych prvcich rozptylené zelené, jako jsou solitérni dieviny (Fischer et
al., 2010; Prevedello et al., 2018; Pustkowiak et al., 2021). Stejné tak jsou pomérné vzacné
studie, které se vénuji rozptylené zeleni v krajinném métitku (Bennett et al., 2006;
Wuczynski, 2016). Tato disertacni prace se proto zabyva vyznamem podoby vlastniho biotopu
v jednotlivych ostriiveich rozptylené zelené, vyznamem heterogenity krajinné mozaiky
a dopady rtznych typti managementu, a to piredevSim u plosné a bodové zelené na riznych

prostorovych skalach.

Za timto ucelem je potieba zmapovat biodiverzitu v rozptylené zeleni a podivat se, jaké
parametry biotopu, krajinného kontextu ¢i lidskych aktivit ji vyznamné ovliviiuji. Protoze
ale neni redlné mozné mapovat vSechny taxony biodiversity, pracovali jsme predevsim
s taxonem, ktery se bézn¢ uziva jako indikator celkové biodiverzity — s ptaky. Ptaci se nabizi
jako modelovy taxon jiz proto, ze jsou z ekologického a taxonomického hlediska dobte
prozkoumanou skupinou, v pfirod¢ jsou snadno detekovatelni a rozpoznatelni, metody
pfijejich s€itdni jsou jiz osvédCené a nendro¢né na finance ¢i materidlové vybaveni,
a vneposledni fad¢ existuje vnaSem prostiedi mnoho zkuSenych ornitologl, které lze
do monitoringu zapojit (Fraixedas et al., 2020). Ptaci se nachazi na konci potravniho fetézce,
a tak nepfimo odrézi i biodiverzitu taxonti nachézejicich se v potravnim fetézci nize. Zaroven
diky schopnosti letu tak ¢ini na velkych prostorovych Skalach (Eglington et al., 2012).
V neposledni fad¢€ jsou ptéaci skupinou velmi citlivé reagujici na zmény spojené s intenzifikaci
zemedélstvi a Casto jsou uzivani jako jeden z indikatort pfi vyhodnocovani ucinnosti opatieni
na ochranu biodiverzity v zeméd¢elské krajin¢ (Gottschalk et al., 2010; Morelli et al., 2014).

Vsechny tyto vlastnosti z nich ¢ini vhodny modelovy taxon pro nas vyzkum.

Nejjednodussi a zaroven nejcastéji pouzivanou metodou, jak kvantifikovat biodiverzitu
spoleCenstva ptaki, je zjistit celkovy pocet druhil (druhové bohatstvi) ptakd na dané lokalité
¢i v regionu (Magurran, 2004; Whittaker, 1972). Pocet druhli je srozumitelny i Siroké
vefejnosti, politikim a Gfednikiim, a je tak dilezitou informaci pfi implementaci vysledka
ochranatrskych studii (Weber et al., 2004). V této praci jsme pouzili prosty pocet druhti
k porovnani lokdlni druhové diversity uvnitt riznych ostrivka rozptylené zelené (Clanek 1)

a k porovnani krajinné diversity ptakl uvniti a vné vojenského tjezdu (¢lanek 2). Uvazovani
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pouze vramci celkového poctu druht ma vsSak urCitd omezeni — empiricky vyzkum
opakovan¢ upozornil na to, Ze tento udaj mize vypovidat spiSe o poctu béznych a Siroce
roz§ifenych druhd, tzv. generalistl, a naopak opomijet trendy ochranaisky vyznamnych druht
(Lennon et al., 2004), stejn¢ tak mohou celkovy pocet druhii navySovat zavlecené nepiivodni
druhy (Leroy et al., 2023). Zarovenn celkovy pocet druhii postrada informaci o druhové
skladbé spolecenstva, skrze kterou mizeme nahlédnout dopadu hospodatfeni a zmén v krajiné
(Fleishman et al., 2006). Proto jsme se zamé¢fili 1 na pocet druhil v rdmci dil¢ich ekologickych
podskupin ptakl — lesnich druhti a druhti zemédé€lské krajiny (¢lanek 1) a chranénych druha
(¢lanek 2). Jeste¢ komplexnéjsi informaci o druhové diverzité spoleCenstva ziskame, pokud
pouzijeme néktery z indexii diversity, které v sobé kombinuji poc€et druhti s informaci o jejich
pocetnosti. Pro potfeby naSeho vyzkumu jsme vyuzili Siroce rozsifeny Shannon index (¢lanek
I; Gotelli & Colwell, 2001). Pro vyjadieni zmény biodiverzity spoleCenstva v Case se jevi
misto poctu druhti jako vhodnéj$i pouzit zménu jejich pocetnosti (abundance) (Storch et al.,
2023). Proto jsme pouzili zménu pocetnosti druht pii modelovani dopadu biotopovych zmén
v krajiné¢ a rlznych typd managementu, kdy jsme porovnavali stav ptaci biodiverzity
na stejnych mistech s odstupem dvanacti let (Clanek 3 a 4). Ani vtomto piipad¢ jsme
nesledovali pouze zmény celkové pocetnosti, ale také pocetnosti ohrozenych druhti a Sesti

ekologickych podskupin klasifikovanych na zdkladé preference sukcesniho stadia a vlhkosti

stanovisté (Clanek 4).

Tato disertacni prace hleda odpoveéd’ na otazku, jaké faktory biodiversitu ptakl v rozptylené
zeleni ovliviiyji a jakym zplsobem. Jinymi slovy, jak by méla rozptylend zelen ideédlné
vypadat, aby co nejvice podpotila biodiversitu ptakl v krajiné. Podle ekologické teorie by
m¢éla byt jednim z klicovych faktori podoba vlastniho habitatu rozptylené zelen¢ (Guisan &
Thuiller, 2005) (¢lanek 1). Podle dosavadni literatury lze ocekévat, ze vice druhii ptakt se
bude nachéazet v porostech s vyvinutéjsi strukturou dfevinné vegetace (tj. vegetace vyssi
a/nebo s hust§im zapojem jednotlivych vegetacnich pater), nebot’ zde bude vice dostupného
biotopu, ktery druhy mohou vyuzit (Hinsley & Bellamy, 2000). Také ptfedpokladame, ze vice
druht ptakt se bude nachdzet v porostech s vyssi biotopovou diverzitou, nebot’ zde bude vice
riznych ekologickych nik, diky ¢emuz zde najde Zivotni prostor vice riznych druhii
s odlisSnymi ekologickymi ndroky (Fuller et al.,, 2004). A nakonec piedpokladame,
ze druhovou diverzitu ptadkti mtize ovlivnit i pfitomnost neptivodnich druhti dievin, které
mohou urcitym zplisobem meénit charakter stanovisté a nabidku zdrojii v rozptylené zeleni

(J. Reif et al., 2016).
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Presuneme-li pozornost od lokalniho ke krajinnému méfitku, druhovou diverzitu ptaki
v krajiné s rozptylenou zeleni bude pravdépodobné ovliviiovat nejen celkova rozloha
aizolovanost ostruvkl, ale také jejich celkovy pocet vypovidajici o jemnosti krajinné
mozaiky. Zaroven bude hrat nejspi§ velkou roli 1 celkovd biotopova diverzita v krajiné
(Haslem & Bennett, 2008) (¢lanek 2). Nebot’ ¢im vice se v krajiné o dané rozloze nachazi
ostruvki rozptylené zelené, tim vice biotopovych piilezitosti zde mohou nachéazet druhy ptaka
specializované na kombinaci otevienych a dfevinnych biotopil, mezi které se fadi i velké Cast
ohrozenych druhii zemédé&lské krajiny. Zaroven krajina miize byt prostupnéjsi pro druhy lesni
(Hinsley et al., 1995; Pustkowiak et al., 2021). Vys$si biotopova diverzita zas umoziuje,
podobnym mechanismem jako na lokalni Urovni, koexistenci vice druht ptakt s odlisSnymi

naroky na biotop (Evans et al., 2005).

Velky prostor tato prace vénuje i otazce, zda hraje roli, jakym zplisobem je rozptylena zelen
formovana a udrzovdna. Rozptylend zelenl je pro ptaky (a organismy obecné¢) de facto
clovékem umeéle vytvofend alternativa k piivodni lesostepni mozaice, ktera byla formovana
dynamicky a nahodile prostfednictvim pfirodnich disturbanci (pozary, polomy, pastva, seslap
velkych kopytnikt aj.) (Lozek, 2007; Vera, 2000). V soucasnosti je rozptylena zeleni spojena
predevsim se zemédélskou krajinou, kde jsou plochy pfirozenych otevienych biotopi (stepi,
moktadi, slatin, piskl, skalnich uboc¢i apod.) nahrazeny zemédélsky obdélavanymi pidnimi
bloky (poli, loukami, pastvinami), které¢ vzhledem k intenzivnimu zptisobu hospodaieni ¢asto
v krajin€ naprosto dominuji. Porosty rozptyleného charakteru miizeme ale najit i v chranénych
uzemich, kde jsou v zajmu ochrany biodiverzity simulovany tradi¢ni zemédélské zasahy nebo
ptirozené disturbancni procesy tak, aby oteviené biotopy zlstaly zachovany navzdory
sukcesnim procesim (Fuller et al., 2017). Tato snaha o co nejvétsi piirozenost disturbanci ma
vSak zna¢né limity, nebot’ se ukazuje, ze souCasné paradigma ochrany pfirody o tom, co je
v krajiné ,,pfirozené”, muze byt ponckud zavadéjici (Fuller et al., 2017) a zaroven
ze ochranaiské zdsahy selhavaji v zajisténi dostatecné heterogenniho prostfedi (Prevedello
et al., 2018). Jsou totiz dopiedu planované, nardzi na byrokratickd omezeni a Casto probihaji
(¢i naopak neprobihaji) narazové a plosné€, coz plyne z limitace ¢asem, financemi ¢i lidskymi
zdroji (Konvicka et al., 2008). Zajimavou alternativou pro vyzkum ptirodé blizké rozptylené
zelené jsou vojenské vycvikové prostory, kde mozaika otevienych biotopd a dfevin vzniké
jako vedlejsi produkt vojenskych aktivit (pfemistovani péSich jednotek, hloubeni zakopd,
vybuchy ostré munice, pojezdy tézké techniky aj.). Vojenské disturbance se totiz podobaji t¢m

pfirodnim tim, Ze jsou nahodilé v prostoru, ¢ase i intenzité¢ (Warren et al., 2007). Ukazuje se,
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vojenské vycvikové prostory jsou v Evropé vyznamnym refugiem biodiverzity a ze klicem
k této biodiversité je Casto prave heterogenni mozaika otevienych biotopi a rozptylené zelené

(Busek & Reif, 2017; Harabis & Dolny, 2018; Warren & Biittner, 2008).

V poslednich desetiletich doslo vSak na mnoha vojenskych prostorech v Evropé k ukon€eni
armadnich aktivit (Cizek et al., 2013; Ellwanger & Reiter, 2019; Jiii Reif & Marhoul, 2010)
aje otazkou, jak se zmeéni charakter krajinné mozaiky a jeji biodiversita po vymizeni
armadniho disturban¢niho rezimu (Clanek 3). Mista opusténa armadou mohou byt
ponechana prirozené sukcesi, velmi Casto je zde vSak diive ¢i pozdé€ji zaveden jiny zplsob
vyuziti — nejcastéji jde o zemédélské vyuziti, vystavbu fotovoltaickych elektraren
¢irekreaCnich areali nebo ochranaiskou péci (Beleco, 2024). Ta k udrzeni oteviené¢ho
charakteru biotopi vyuzivd rGznych néstrojii od klasickych jako je vyfez kfovin, sec¢
a oplitkova pastva az po novatorské jako je rewilding nebo pojezdy motorovymi vozidly
(Marhoul et al., 2024). Porovnani dopadu riiznych zpiisobii vyuziti v€etné rtiznych typl
ochranafského managementu opusténych vojenskych prostora s rozptylenou zeleni (¢lanek 4)
je zadsadni nejen pro doplnéni mezery ve védeckém vyzkumu, ale také klicové
pro aplikovanou ochranu piirody, kdy nové poznatky mohou vyrazn¢ zefektivnit rozhodovani
statni spravy 1 nevladnich organizaci. A¢ je tato disertacni prace piedev§im o ptacich,
v této posledni Casti zjisténé dopady managementu na ptaky porovnavame se tfemi dalSimi
taxony — rostlinami, rovnokiidlym hmyzem a motyly. Toto porovnani je jisté z ochranaiského
hlediska zajimavé a zéarovenn velmi potfebné — nebot ptaci jsou zcela urcité¢ kliCovym
indikac¢nim (a proto vyzkumem casto upfednostiiovanym) taxonem, je vSak otazkou, do jaké

miry odrazi managementové preference i dalSich, ekologicky tolik odlisnych taxont.
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Cile prace

Zjistit, jaké vlastnosti biotopu ovliviiuji biodiverzitu ptakli v porostech rozptylené
zelené (Clanek 1).

Zjistit, jak rizné slozky heterogenity ovlivituji biodiverzitu ptaki v krajinné mozaice
s rozptylenou zeleni (¢lanek 2).

Zjistit, zda se krajinna mozaika formovand armadnim disturbanénim rezimem
v ruznych slozkéach heterogenity lisi oproti bézné zeméedélské krajing (Clanek 2).
Vyhodnotit zmény v krajin€ s rozptylenou zeleni a jeji biodiversité ptaka po vymizeni
armadniho disturban¢niho rezimu (¢lanek 3).

Vyhodnotit dopad riznych typti nasledného managementu na biodiversitu ptakt v této

krajiné a zjiSténé porovnat s preferencemi jinych taxont (¢lanek 4).
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Vliv rozlohy, izolovanosti a tvaru rozptylené zelené

I kdyz vliv rozlohy rozptylené zelené, jejiho tvaru a izolovanosti neni pfedmétem této préce,
povazuji za dulezité ho zde alespon stru¢né predstavit, nebot’ jde o vlastnosti, které diverzitu
ptaki vyznamné ovliviiuji. Casto se mohou do podoby spoletenstva promitat i silngji
nez vSechny dalsi faktory, které v této praci zkoumam. PfedevS§im rozloha hraje u tohoto
biotopu, ktery je z podstaty véci na plochu omezeny, klicovou roli, a proto se na jeji efekt

budu v pribéhu textu nékolikrat odkazovat.

Z pohledu ostrovni teorie biogeografie 1ze rozptylenou zelenn povazovat za ostrivky ,,lesniho*
biotopu nachazejici se v matrici oteviené krajiny, pficemz pro organismy, které rozptylenou
zelen osidluji, je tato okolni matrice (alespont do urcité miry) nehostinné a t€zko piekonatelné
prostiedi. Podle této ivahy je pocet druhli v ostriivku rozptylené zelené dan predevsim jeho
rozlohou a izolovanosti od okolniho ,lesniho* prostiedi (Loman & Von Schantz, 1991;
Tworek, 2002). Platnost tohoto teoretického modelu vSak v praxi pokulhava, nebot’ zdaleka ne
vSechny organismy v rozptylené zeleni — ptdky nevyjimaje — jsou vdazané striktné
na dfevinnou vegetaci. Krom¢ téchto lesnich druhti — napt. budnicka malého (Phylloscopus
collybita), pénkavy obecné (Fringilla coelebs) nebo dlaska tlustozobého (Coccothraustes
coccothraustes) — je zde 1 vyznamna ¢ast druhii zemé&délské krajiny vyuZzivajici ve vétsi
¢i mens$i mife 1 oteviené biotopy — napt. stehlik obecny (Carduelis carduelis), zvonek zeleny

(Chloris chloris) nebo strnad lucni (Fuller et al., 2004).

Dosavadni vyzkum skutecné potvrdil, ze s rostouci rozlohou rozptylené zelen¢ roste i pocet
druht ptaka v ni (Mason, 2001), i kdyz narast po¢tu druhti zeméd¢€lské krajiny je s ptibyvajici
rozlohou mnohem mirngjsi oproti druhiim lesnim (Bellamy et al., 1996; McCollin, 1993).
Vys$i izolovanost mulize snizovat celkovy pocet druhil, zejména vSak ovliviiuje druhovou
skladbu spolecenstva — zatimco druhy zemédélské krajiny vyrazné€ nelimituje, miiZze snizovat
pocet lesnich druht, které se otevienym biotopim vice vyhybaji (Batary et al.,, 2012;
Bellamy et al., 1996; McCollin, 1993). Druhovou skladbu spoleCenstva ovliviiuje i tvar
ostruvku — ¢lenitéjsi ostrivky maji totiz vétsi podil okraje ku interiéru porostu a diky tomu se
zde projevuje ve veétsi mitfe tzv. okrajovy efekt, diky ¢emuz se zde vyskytuje vice druht

zemedelské krajiny vyhledavajicich tato ekotonalni stanovisté (Bellamy et al., 1996).

Z tohoto struéného shrnuti vyplyvaji dva poznatky, které¢ ovlivnily smér mého vlastniho
vyzkumu rozptylené zelené, a tedy i obsahu nasledujicich kapitol. 1) mezi zeleni ploSnou

(velkd rozloha s mensim podilem okraje), liniovou (mala rozloha s vétSim podilem okraje)
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abodovou (minimalni rozloha zcela bez jadrového biotopu) budou co do diverzity
a druhového slozeni avifauny — a tedy i co do podoby vhodného managementu — znacné
rozdily. 2) Pta¢i spoledenstvo rozptylené zelend tvoii téméf vyhradng dvé skupiny druhi! —
ptaci lesni a ptaci zemédé€lské krajiny — jejichz ekologické preference jsou vSak vyrazné
odlisné, v nekterych pripadech az protichiidné. Jak presné se tyto poznatky do vyzkumného

designu promitly, je vysvétleno v nasledujici kapitole.

' Je na mist¢ zde zminit, Ze ekologické preference organismii obecné netvoii jasné odlisitelné
kategorie, ale spiSe souvisly gradient sahajici od jednoho extrému po druhy. Vzdy tu budou druhy
s naroky kolem pomysIného stfedu tohoto gradientu, které nelze ptifadit do jedné nebo druhé skupiny
bez vyhrad. Konkrétné rozliSeni na druhy lesni a druhy zeméd¢€lské krajiny vychazi z jejich preference
biotopu o urcité mife sukcese, piicemz stanovisté mtize nabyvat podob od samého jadra pralesa po
holou planinu a rozptylena zelen ptedstavuje prinik ,,obou sveti* lesa a bezlesi praveé nékde uprostied.
Roztazeni ptaki rozptylené zelen€ na druhy lesni a zemédélské krajiny miize proto zvlasté u nékterych
nevyhranénych druht, jako je napt. kos ¢erny (Turdus merula) vyvolavat odborné debaty. Presto jsme
tuto klasifikaci pouzili, nebot’ ziistdva srozumitelnym a stale ptijateln¢€ zjednodusujicim zplisobem, jak
interpretovat vztahy mezi prostfedim a druhovou diverzitou ptakd.
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Vliv podoby biotopu rozptylené zelené (cldinek 1)

Zatimco vliv rozlohy, tvaru a izolovanosti rozptylené zelené na ptaci biodiverzitu je pomérné
dobfe popsany, o vyznamu vlastni podoby biotopu toho vime pomérné malo. Jednak
vlastnostem biotopu nebyla vénovana takova pozornost, jednak v pfipadech, kdy byly
zahrnuty do modelii, byly pravdépodobné Casto upozadény vlivem rozlohy a izolovanosti,
které mivaji majoritni efekt (Bellamy et al., 1996; McCollin, 1993). Vyjimku pfedstavuje
vyzkum ptedevsim celkového poctu druhli ptdki v liniové rozptylené zeleni (Hinsley &
Bellamy, 2000; Montgomery et al., 2020; Walker et al., 2005). OvSem jak je zminéno v zavéru
ptedchozi kapitoly, mezi ptacim spolecenstvem riiznych typl rozptylené zelené Ize ocekéavat
vyznamné rozdily (Fuller et al., 2001; Salek et al., 2022), takZe pouha extrapolace téchto
znalosti na jiné typy zelen¢ by byla chybna. Proto jsme prvni ¢ast vyzkumu vénovali tomu,
jaké vlastnosti biotopu ovliviiuji biodiverzitu ptdki v porostech plosné rozptylené zelené.
Stejné tak z predchozi kapitoly vyplynulo, ze u druhti lesnich a druhti zeméd¢€lské krajiny 1ze
ocCekavat odlisné preference, a proto jsme se zaméfili nejen na celkovou diverzitu, ale i na obé

skupiny zvlast.

Abychom odhalili vyznam vlastniho biotopu rozptylené zelené pro druhovou diverzitu ptaki,
studovali jsme malé izolované remizky kompaktniho tvaru obklopené intenzivné
obhospodafovanymi zemédélskymi plochami. V kazdém remizku jsme zjistili vySku porostu,
zapoj kefového a stromového patra, celkovy pocet druhii dfevin, zastoupeni neptivodnich
dfevin a diverzitu mikrobiotopt. Zaroven jsme provedli ornitologicky prizkum po celé plose
remizku, zjistili celkovy pocet druht ptakii a na zaklad¢ jejich pocetnosti vypocitali pomoci
Shannon indexu i1 celkovou druhovou diverzitu. Na zaklad¢ biotopovych preferenci zjisténych
Reifem et al. (2010) jsme nasledné druhy rozdé¢lili do dvou kategorii na druhy lesni a druhy

zemédelské krajiny a stanovili pocet a diverzitu téchto druhti v kazdém remizku.

Vyznam a podobu vztahu mezi vlastnostmi remizka a poctem, resp. diverzitou druhi jsme
modelovali pomoci zobecnénych linedrnich modeli, pfi¢emz jsme otestovali vSechny mozné
kombinace prediktord (s omezenimi viz ¢lanek 1). Vysledky pro pocet druhii a druhovou
diverzitu byl ve vSech pfipadech shodny, proto dale budu mluvit o druhové diverzité
1 ve smyslu poctu druhii. Celkova druhova diverzita ptaka i1 druhova diverzita pouze lesnich
ptéku rostly s vyskou porostu a s poctem druhti dfevin v remizkach, naopak negativné byly
ovlivnény dominanci neplivodniho trnovniku akatu v porostu. Druhova diverzita ptaka

zemé&délské krajiny zavisela pouze na diverzité mikrobiotopl v remizkéch, a to pozitivneé.
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Nase vysledky ukazuji, ze vztah mezi podobou biotopu a biodiverzitou ptakt jsou principialné
shodné¢ u liniové i plosné zelené, nebot’ naSe vysledky s vyzkumem v liniové zeleni
koresponduji. Nékteré studie také naSly vice druhii ptdkd v liniovém porostu s vyS$Simi
dfevinami (Green et al., 1994; Sauerbrei et al., 2017), s vyssi diverzitou dievin (Green et al.,
1994; MacDonald & Johnson, 1995) nebo obohacenych o mikrobiotopy polnich cest (Walker
et al., 2005), prikopit (Arnold, 1983), travnatych okrajii apod. (Hinsley & Bellamy, 2000;
Parish et al., 1995). Nase studie noveé ukazala na nebezpeci neptivodnich druhii dfevin, pokud
ziskaji v porostu prevahu. Jak ukdzal Reif et al. (2016), jejich negativni dopad na celkovou
biodiverzitu ptaki je pravdépodobné dan snizenou nabidkou potravy, pficemz zasazeny jsou

pfedevsim potravné specializovanéjsi druhy.

Dalsim velmi dulezitym zjisténim je, Ze podoba biotopu rozptylené zelené ovliviiuje 1 slozeni
ptaciho spolecCenstva, a Ze snaha o maximalizaci celkové diverzity, kterd je Castou
ochranafskou praxi i cilem zemédélskych dotaci, podporuje spiSe bézn¢ rozsitené lesni druhy.
Této maximalizace poctu druhil 1ze dosahnout prostfednictvim rozptylené zelené, ktera bude
prakticky ptredstavovat fragmenty klimaxového lesniho porostu s komplexni a heterogenni
strukturou drfevin. Je otdzkou k diskusi, do jaké miry by méla byt pfi ochrané¢ biodiverzity
v rozptylené zeleni vénovéana pozornost lesnim druhiim, nebot’ rozptylend zelen predstavuje
pro tyto druhy spiSe suboptimalni biotop (Loman, 2003). Na druhou stranu i ostravky
suboptimalniho biotopu jsou vramci metapopulacni dynamiky dualezit¢ pro dlouhodobé
preziti druhu (Foppen et al., 2000). Prioritou ochrany rozptylené zelen¢ by vSak jednoznacné
mély byt zde se vyskytujici druhy zemédélské krajiny, nebot’ jsou na tento biotop uzce vazané
a spada mezi n¢ fada ohrozenych a specializovanych druht. Jak ukézal nas vyzkum, jejich
diverzita (resp. pocet druhi) neroste s heterogenitou vramci ,lesniho* biotopu, ale
s heterogenitou neproduk¢nich biotopti obecné€. V naSem pripade remizki se vice téchto druhti
nachazelo tam, kde se kromé vzrostlého dievinného porostu nachazely i husté ¢i fidké
kfoviny, paloucky, mokiady nebo oteviené plochy s obnazenou pidou. Chceme-li tedy
podpoftit biodiverzitu ptaka rozptylené zelené, je potifeba uvazovat ne v ramci jednoho prvku,
ale vramci celé krajiny a zajistit v ni pestrou nabidku rtiznych ostravka zelen¢ s odliSnou

podobou biotopu, véetné ¢asnéjSich stadii sukcesniho vyvoje (Wuczynski, 2016).

Stru¢né shrnuto, podoba vlastniho biotopu ma neopomenutelny vliv na celkovy pocet druhti
ptakl v rozptylené zeleni, ale i na pomér zastoupeni lesnich druhti versus druhti zemédélské
krajiny. U druhli zem&délské krajiny se nam podafilo vysvétlit o poznani méné variability

nez u lesnich druhii a vSech druhti dohromady, coZ naznacuje, ze zde zlstava dalsi vyznamny
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prediktor, ktery jsme nepodchytili. Pravdépodobné jde o vlastnosti okolnich biotopt a jejich
heterogenitu v SirSim prostorovém meéftitku (Bennett et al., 2006). V dalsi studii jsme se tedy

podivali na to, jaky vyznam ma pro biodiverzitu ptakl heterogenita krajinné mozaiky.
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Vliv heterogenity krajinné mozaiky s rozptylenou zeleni (cldnek 2)

Heterogenita krajiny velmi vyznamné ovliviiuje biodiverzitu napfi¢ taxony — at uz jde
o rostliny (Waldhardt et al., 2004), bezobratlé¢ (Reynolds et al., 2018) ¢i obratlovce vcetné
ptakt (Atauri & De Lucio, 2001). Dosud se vSak nepodafilo uspokojivé rozkli¢ovat, jakou roli
v tomto vztahu maji jeji jednotlivé slozky (Reynolds et al., 2018). V zdsad¢ jsou rozliSovany
dvé zakladni slozky krajinné heterogenity — kompozice a konfigurace biotopti. Kompozice
vypovida o tom, jaké typy raznych biotopt se v krajiné nachazi a vjakém relativnim
zastoupeni. Konfigurace pak vypovidd o tom, jak jsou tyto biotopy v krajin¢ prostorove
uspofadany (Bennett et al., 2006). Empiricky vyzkum ve vét§in¢ piipadl nachdzi vétsi dopad
na druhovou diverzitu u kompozi¢ni heterogenity (Gamez-Virués et al., 2015). Nicméné je
nezpochybnitelné, ze jeji efekt zavisi 1 na kontextu prostorového usporadani (Bennett et al.,
2006), a ze jemnost zrna krajinné mozaiky (dalo by se také fici ,,mira rozdrobeni biotoptu

v prostoru) je pro biodiverzitu také velmi dtlezita (Prevedello et al., 2018).

Heterogenitu krajiny vyrazné navySuje pravé rozptylend zelen. Co se ptaku tyce, zvySuje
jejich pocetnosti i1 celkovy pocet druhlt v zemédélské krajiné disproporéné vice nez jiné
biotopy, a je tedy klicovym biotopem ovliviiujicim skrze vlastnosti krajinné mozaiky jejich
druhovou diverzitu (Culmsee et al., 2021; Fahrig et al., 2011; Salek et al., 2022). Proto jsme
se v této praci zaméfili na to, jak ob¢ slozky krajinné heterogenity ovliviiuji pocet druhti

a pocet ohrozenych druht ptaka v krajin€ s rozptylenou zeleni.

Jako vysvétlujici proménné jsme méfili dva faktory krajinné mozaiky: diversitu biotopl
vyjadfenou Shannon indexem (vypovidajici o kompozi¢ni heterogenit¢) a pocet ostravku
rozptylené zelené (vypovidajici o konfiguratni heterogenité; Bennett et al., 2006).
Vysvétlovanymi proménnymi byl celkovy pocet vSech druht ptakl zjistény na vyzkumnych
plochéach a pocet ohrozenych druhti ptak (Act No.114/1992 Coll. on Nature Conservation
and Landscape Protection, 1992, https://www.zakonyprolidi.cz/cs/1992-114; Stastny
& Bejcek, 2003).

Pro obé vysvétlované proménné jsme sestavili ¢tyfi zobecnéné linedrni modely uvazujici
v razné kombinaci vliv diverzity biotopli a poctu ostravki: jejich linearni vztahy, vzdjemnou
interakci a piipadné nelinearity reprezentované kvadratickymi ¢leny proménnych. Z téchto
Ctyf jsme pak vobou piipadech vybrali nejlepsi model na zikladé¢ hodnoty Akaikeho
informacniho kritéria (AIC). Zjistili jsme, Ze na celkovy pocet druht ptakt méla prikazny

vliv pouze diverzita biotopti — zprvu pozitivni, ale po piekroceni urcitého prahu diverzity
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naopak negativni. Pocet ohrozenych druhti ptaka byl vyssi na studijnich plochach s vy$sim
poctem ostravkl rozptylené zelené. Tento vztah byl linearni, nicméné pfi logaritmizovaném

poctu ostrivki.

Stejné nelinearni pozitivni vliv poctu ostrivkll zelené v podob¢ solitérnich stromi na pocet
druhti ptakii odhalili 1 Fischer et al. 2010 nebo Carrasco et al. 2018. Vyssi pocet ostravkil
rozptylené zelené (za predpokladu konstantni celkové rozlohy) znamend pro ptaky mensi
rozlohu ostrivkti, mensi primérnou vzdalenost mezi ostrivky a vétsi podil okrajového
biotopu zelen¢ (Bennett et al., 2006). Takové prostfedi vyhovuje k hnizdéni mnoha ptakiim
lesostepni mozaiky, znichz pochdzi i vétSina ndmi zaznamenanych ohrozenych druht.
Zaroven vSak muze v krajiné podpotfit i ohrozené druhy lesni, a to tim, ze usnadiuje jejich
pohyb otevienou krajinou mezi lesnimi porosty. Na§ vyzkum ze své empirické podstaty sice
neumoznoval zajistit konstantni celkovou rozlohu rozptylené zelené, takze pocet ostravku
do urcité miry souvisel i s celkovym mnozstvim biotopu, to je vSak nedokonalosti vétSiny

studii popisujicich strukturu krajiny a je potfeba s ni pocitat (Bennett et al., 2006).

Nase vysledky ukazuji, ze pokud chceme v zeméd¢lské krajiné podpoftit ohrozené druhy
ptakl, neni nejlepSim feSenim zalozit co nejvetsi kompaktni porost mimoprodukéni dievinné
zelené (viz vliv rozlohy vyse), ale naopak co nejvice malych ostrivk vcéetné solitérnich
dfevin rozptylenych v krajin€é. V kontextu jiného vyzkumu miize byt vhodné zakladat
tzv. souostrovi, tedy vzdy nékolik ostrivkit ve vzajemné blizkosti (Loman & Von Schantz,
1991). Soudé¢ podle ndmi modelovaného tvaru vztahu pak bude mit nejvétsi piinos zalozit

rozptylenou zeleni tam, kde je ji zatim naprosté minimum.

Na druhou stranu, jak ukazal negativni trend poc¢tu druhii u pfili§ vysokych hodnot biotopové
diverzity, tento princip nelze pouzit u jinych typt biotopil jako jsou lesy, louky, mokiady nebo
vodni plochy. I kdyz i u téchto biotopt je vysoka heterogenita také obecn¢ zaddouci (Tews et
al., 2004), pii diverzifikaci nad uritou mez se ziejm¢ zaCne projevovat negativni efekt
limitované rozlohy biotopli a stim souvisejici limitované moznosti disperze (the ‘“area-
heterogeneity trade-off’; Allouche et al., 2012). Jinymi slovy biotopové ostrivky jsou
pro nekteré druhy ptaka uz piili§ malé, nez aby pro né byly vyuzitelné. Je na misté upozornit,
ze samotna rozptylena zelen z pohledu druhii orientovanych na zcela oteviené biotopy
(napf. louky, stepi, viesovisté apod.) zpusobuje fragmentaci jejich prostiedi (Besnard &
Secondi, 2014; Ellison et al., 2013). Krajinna mozaika by tedy méla vypadat tak, Ze urcity
prostor je dan rozptylené zeleni, a to (kromé liniové vegetace) ve formé vyssiho poctu malych
ostrivkll porostu, a zaroven se zde nachdzi pestra Skala jinych biotoptli, ovSem v dostatecné
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velkych nefragmentovanych plochach. Co pfesné znamena dostatecné velka nefragmentovana

plocha, necht’ posoudi vyzkum zamétfeny na tyto typy biotopu.

Pro ochranu biodiverzity ptakl je tedy dualezita jemnozrnnost mozaiky rozptylené zelené
v kombinaci s pfiméfené vysokou mirou celkové biotopové diverzity v krajin€. Dalsi kapitola

se zamétuje na otazku, zda ma na tyto vlastnosti krajiny vliv charakter disturban¢niho rezimu.

22



Krajinna mozaika formovana armadnim disturban¢nim reZimem
(Clanek 2)

V posledni dobé se ukazuje, ze vojenské vycvikové prostory (nejen) stfedni Evropy ukryvaji
vzéacné oteviené biotopy typu suchych nebo naopak podmacenych travin, pis¢in apod., které v
kombinaci s rozptylenou zeleni vytvafi velmi pestrou krajinu (Warren et al., 2007). Tyto
biotopy zde pretrvavaji a prosperuji prave diky vojakiim, kteti svymi aktivitami narusuji ptidu

a vegetaci neboli ptisobi tzv. disturbance (Aunins & Avotins, 2018).

Krajina vojenskych prostorti je formovéana disturbancemi, které jsou vedlejSim produktem
armadnich aktivit a které se od procesit v bézné krajin¢ diametralné 1i§i. Vznikaji nahodné
v prostoru i ¢ase a mohou nabyvat Siroké Skaly intenzity od seSlapu pidy pies prijezd tanku
az po vybuch granatu nebo nefizeny pozar. Piestoze lze ocekavat, ze takové zasahy budou
organismy ovliviiovat negativné a skutecné se tak 1 déje (Hirst et al., 2005; Lindenmayer et
al., 2016; Valente et al., 2020), vojenské prostory jsou doslova oazami biodiverzity vSech
moznych taxond vcetné ptakl, pficemz kromé& vyrazné vyssi druhové bohatosti vykazuji
i nezvykle vysoky podil ohroZzenych druht (Busek & Reif, 2017; Harabi§ & Dolny, 2018;
Warren & Biittner, 2008). Podle teorie Warrena et al. (2007) je pravé heterogenita tohoto
disturban¢niho rezimu a z néj plynouci heterogenita krajiny klicem k tak enormné vysoké
biodiverzité. Ackoliv ochranéiska praxe v nasem prostiedi podle mé zkuSenosti z této premisy
bézné vychazi, neni mi zndm vyzkum, ktery by se ji pokusil potvrdit ¢i vyvratit. Proto jsme
v této Casti disertaCni prace zjiStovali, zda se heterogenita krajinné mozaiky 1iS§i mezi

vojenskym prostorem a béznou zemédélskou krajinou.

Pro tento ucel jsme zkoumali krajinu srozptylenou zeleni v nejvétsim vojenském
prostoru Ceské republiky, Vojenského tjezdu Hradisté (Skokanova et al., 2017), a v sousedni
oblasti bézné zemédélské krajiny. V obou oblastech jsme sledovali kompozici a konfiguraci
krajinné mozaiky s rozptylenou zeleni prostfednictvim poctu ostrivkli zelené¢ a celkové
biotopové diverzity, stejné¢ jako v predchozi kapitole. Tentokrat vSak byly tyto vlastnosti
vysvétlovanymi proménnymi v nasich modelech, zatimco na pozici vysvétlujici proménné

figuroval typ krajiny.

Analyza pomoci zobecnénych linedrnich modeld ukézala, Zze v krajin¢ uvnitf vojenského
prostoru se nachazi prikazné vice ostrivki rozptylené zelen¢ nez v bézné zemedélské krajing.
To je zcela jist¢ dano odliSnosti disturban¢niho rezimu, ktery rozptylenou zelenn formuje,

nebot’ v zemé&délské krajin€ je rozsah rozptylené zelen¢ dan piedev§im rozparcelovanim ptdy
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arozsahem zemédélské produkce, zatimco ve vojenském prostoru disturbance ptisobi vice
nahodile, jako druhotny efekt bez krajinotvorného zaméru. Zatimco v zemédélské krajiné tedy
najdeme hlavné kontinualni doprovodnou liniovou zeleni podél cest, vodnich tokl ¢i okraju
poli nebo velké, jasné ohrani¢ené remizky, ve vojenském prostoru najdeme rozptylenou zelen
nahodile ,rozdrobenou®, v ruznych stadiich naruSeni a opétovného =zariistani, casto
na pomérné rozsdhlych plochdch. Vyslednd mozaika rozptylené zelené je tak mnohem
jemn¢jsiho zrna. Podle naSich vysledkl z pfedchozi kapitoly by ve vojenském prostoru mélo
byt diky tomu 1 vice ohrozenych druhii ptdkti — a skute¢né, BuSek a Reif (2017), ktefi
na stejnych studijnich plochach zkoumali avifaunu, vys$s$i druhovou bohatost ohrozenych

druht ptaka ve vojenském prostoru potvrdili.

Oproti tomu v biotopové diverzité se krajiny uvniti a vn¢€ vojenského prostoru nelisily. Ziejmée
vojenské disturbance nevytvaii vice druhli biotopl nez lidska ¢innost v zemédélské krajing,
alesponi ne na prostorové Skale relevantni pro ptaky. Pro uplnost dodejme, Ze krom¢ nami
zkoumanych slozek heterogenity tu bude jesté dals§i vyznamny faktor, ktery promlouva
do poc¢tu druhti ptakti uvnitt a vné vojenského prostoru, avsak ktery jsme nepodchytili, a to
vlastni podoba — tedy typ a kvalita — biotopti, které tvofily krajinnou mozaiku. Typ a kvalita
biotopli se mezi vojenskym prostorem a zeméd¢lskou krajinou jisté také vyznamné 1isi a je

na budoucim vyzkumu tyto odliSnosti popsat.

Na zaklad¢ vysledkli nasSi studie tedy muzeme shrnout, Zze krajina s rozptylenou zeleni
formovand armadnimi disturbancemi se liSi oproti bézné zemédélské krajin€ vyssi
heterogenitou, konkrétn¢ jemnéj$im zrnem mozaiky rozptylené zelené. Tato odliSnost zfejmeé
piispiva k vyssimu podilu ohrozenych druhti ptaki ve vojenskych prostorech. Protoze mnoho
vojenskych prostorii stiedni Evropy bylo od 90. let minulého stoleti az do soucasnosti
postupné opusténo, dale jsme se zaméfili na to, jaké zmény v krajin€ a jeji biodiversité ptakt

probihaji po vymizeni armédniho disturbanéniho rezimu.
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Zmény krajinné mozaiky po vymizeni armadniho disturban¢niho
rezimu (clanek 3)

Od 90. let minulého stoleti v souvislosti s koncem studené vélky byly v Evropé arméadou
opustény stovky az tisice vycvikovych vojenskych prostord, pfi¢emz piesné ¢islo neni verejné
znamo. Jde Casto o rozsahla izemi o stovkach nékdy az tisicich hektarG. Velmi hrubym
odhadem jde o 1,5 milionu hektarG ptady, pfitom nejvetsi ¢ast se nachazi prave ve stredni
avychodni Evropé¢ (Ellwanger & Reiter, 2019). Jak jsme ukazali v ptedchozi kapitole,
biodiverzita ptaki, predev§im ohroZenych druhd, je Uzce spjata s armadnimi disturbancemi
a s heterogenni krajinnou mozaikou, kterd je témito disturbancemi formovéana. Co tedy
znamend ukonceni armadni Cinnosti pro krajinu, resp. konkrétné rozptylenou zelen a jeji
biodiverzitu ptaki? Tato otdzka zlstdvala az doposud nezodpovézena, nebot’ dosavadni
vyzkum (nijak rozséhly) v€noval pozornost biodiverzité témet vyhradné v prostorech, které se
po opusténi dostaly mezi chranéna uzemi (Ellwanger & Reiter, 2019; Hagen et al., 2022;
Jentsch et al., 2009). Proto jsme se v nasledujici Casti prace zaméfili na vyhodnoceni
dlouhodobych zmén v biotopovém slozeni krajiny a v pocetnosti ptakl u tficeti byvalych
vojenskych prostort, ptedstavujicich vypovidajici vzorek rtiznorodého po-armadniho vyvoje

a vyuziti.

Nas studijni soubor ptedstavoval 30 opusténych vojenskych vycvikovych prostord s prevazné
otevienou krajinou rozmisténych po celé Ceské republice. V téchto prostorech jsme spolu
s naSimi predchidci (Reif et al., 2013) uskutecnili jednak monitoring biotopového slozeni,
jednak detailni monitoring ptakt, pti kterém jsme zaznamenali kazdého detekovaného jedince
a jeho pfesnou polohu, a to vSe v roce 2009 a nésledné znovu v obdobi 2020-21. Pomoci
RDA analyzy jsme se podivali na to, 1) jak se zménilo zastoupeni jednotlivych typii biotopt
ve vojenskych prostorech, 2) jak se zménila poCetnost druhii ptaki, 3) jak zména pocetnosti
druht souvisi se zménou biotopi. Ve druhém kroku analyzy jsme se pak pomoci zobecnéného
linearniho modelu podivali na to, zda a do jaké miry Ize zménu pocetnosti druhli vysvétlit
jejich ekologickymi vlastnostmi, konkrétn¢ biotopovymi preferencemi na sukcesnim

gradientu od lesa po traviny, mirou biotopové specializace a stupném ohrozeni.

Béhem jedné dekady v opusténych vojenskych prostorech s prevazné otevienym charakterem
krajiny ubylo travin a fidkych kfovin, naopak se rozsifily husté kioviny, les, zastavba a plochy
obnazené pudy. Stejn¢ tak zména pocetnosti druhi ptaki byla mezi obéma obdobimi

vyznamna. Mezi druhy snejvétSim uUbytkem v pocetnosti patfily bramborni¢ek hnédy
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(Saxicola rubetra), cvrcilka zelena (Locustella naevia) nebo zvonek zeleny. Naopak nejvetsi
narist jsme zaznamenali u skfivana lesniho (Lullula arborea), dlaska tlustozobého nebo
cervenky obecné (Erithacus rubecula). Druhy krok analyzy odhalil, ze zmény pocetnosti
druht ovliviiuje jejich biotopova preference a roli hraje 1 jejich stupent ochrany. Obecné lze
konstatovat, Ze oslabily populace druhii vyuZzivajici oteviené biotopy, tento trend vSak
zmirnuje pozitivni efekt stupné ohrozeni. Do jaké miry byly druhy Uzce specializovany

na preferovany biotop, nehralo vyznamnou roli.

Z vysledkl vyplyva, ze mozaika rozptylené zelen¢ a otevienych biotopii dlouha desetileti
udrZzovana armadnimi disturbancemi z nasi krajiny pomalu, ale jist¢ mizi. Nékde ji nahrazuji
jiz zastaveéné plochy nebo navazky odpadového materidlu, staveniSté a jiné urbanni projekty
zachycené v naSich datech jako mista s obnazenou ptidou. Jinde se vlivem absence disturbanci
meéni v zapojené kfovinné a lesni porosty. Tento neblahy trend zmiriiuji ta Gzemi, na kterych
se ochrana pfirody aktivné zasazuje o zachovani ptiivodni podoby biotopti. NaSe vysledky také
naznacuji, ze tato ochranarska péce uspésné podporuje mnohé druhy ptaka s vysokou mirou
ohrozeni, které figuruji v ochranaiskych strategiich jako cilové druhy — napft. skiivan lesni,
krutihlav obecny (Jynx torquilla), strnad lucni. Neplati to vSak pro vSechny ohrozené druhy —
viz velky ubytek brambornicka hnédého a brambornic¢ka cernohlavého (Saxicola rubetra
a S. rubicola), kteti oproti vyse jmenovanym druhiim vyzaduji jesté vice oteviend stanoviste.
Zaroven je patrné, ze dana péce mozna udrzuje populace konkrétnich cilovych druhi, nikoliv
vSak Sir§iho spektra druhit zemédélské krajiny — viz silny pokles zvonka zeleného, konopky
obecné (Linaria cannabina) nebo zvonohlika zahradniho (Serinus serinus). Stavajici rozsah
a zpusob ochrany pfirody tedy nestaci k tomu, aby udrzel biodiverzitu ptakd v celostatnim

meéfitku v takové mite, v jaké se se nachdzela ve vojenskych prostorech kratce po opusténi.

Abychom z nebyvalé biodiverzity ptakd, tohoto odkazu opusténych vojenskych prostord,
zachovali co nejvétsi podil, je potieba zefektivnit management na chranénych mistech
azaroven hledat moznosti, jak sladit podporu biodiversity sjinymi zplisoby vyuziti.
Nasledujici posledni kapitola je proto vénovana otazce, jak biodiverzitu ptak v krajiné
s rozptylenou zeleni ovliviiuji rizné typy managementu od zeméd¢lstvi pres zajmové aktivity

po ochranu piirody.
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Vliv riznych typi managementu v krajiné s rozptylenou zeleni
(Clanek 4)

Jesté zacatkem nového tisicileti byla vétSina opusténych vojenskych prostorti ponechéna
bez vyuziti pfirozenému vyvoji pfirody — coz znamend v soucasnych podminkéch stfedni
Evropy, potlacujicich pfirodni disturbance, pozvolné zarGstani sméfujici ke klimaxovému
stavu souvislého lesa (Bengtsson et al., 2000). V soucasnosti je (alesponi podle naSich dat
z Ceské republiky) takto pfirozenému vyvoji vegetace ponechana jen mensi ¢ast byvalych
vojenskych prostorti, zatimco na vétSin€é jsou ustanovena chranéna tzemi rtzného stupné
ochrany (Dvorakova et al., 2021; Ellwanger & Reiter, 2019) nebo razny komer¢ni zplisob
vyuziti (ve smyslu za uelem generace finan¢niho piijmu). Nejcastéji jde o zemédé€lskou
produkei, energetickou produkci, zastavbu nebo volnocasové aktivity jako offroad, paintball

atd (Dvorakova et al., 2021; Dvorakova & Reif, 2023).

Ukolem ochrany ptirody v opusténych vojenskych prostorech je zachovat piirodni bohatstvi
otevienych biotopl a rozptylené zelené tak, jak je po dlouha desetileti formoval armadni
disturban¢ni rezZim — nebo v tomto piipad¢ spiSe disturbancni chaos. Je to nelehka vyzva,
nebot’ to znamend chranit a uchovat néco, co musi byt ze své podstaty proménlivé (Jentsch
etal., 2009). Navic Casto na extrémné rozsahlych plochéch stovek i tisici hektarti, pfitom
s omezenym finan¢nim rozpoctem (Ellwanger & Reiter, 2019). Ochrana ptirody vyuziva
k tomuto Gcelu riznych néstroji. Mezi klasické, avSak pomérné nékladné, patii vytez dievin,
seC a oplutkova pastva (tedy pastva typicky mensSich kopytniki jako jsou ovce a kozy
v ohrani¢eném prostoru a po omezenou dobu) (Marhoul et al., 2024). Tyto zplisoby péce maji
v evropském prostfedi dlouholetou tradici v ochrané otevienych biotopl a rozptylené zelené
simulujice tradi€ni zeméd€lské postupy, byly mnohokrat vyhodnocovany v rameci
ochranatskych projektl i experimentalnich vyzkuma (Dunn et al., 2016; Staley et al., 2012;
Westbury et al., 2017) avSak ne ptimo ve vojenskych prostorech. Panuje obava, Ze predevsim
seC a oplitkovd pastva nejsou pro ochranu biodiverzity opusténych vojenskych prostort
vhodné, nebot’ i pfes veskerou snahu sméfuji vice ¢i méné k nezaddouci unifikaci ploch
(Marhoul et al., 2024). Alternativni moznosti je jednak rewilding neboli celoro¢ni pastva
odolnych velkych kopytnikli jako jsou exmoorsti koné, zubii a pakoné v ptirod¢ blizkych
podminkach (Konvicka et al., 2021), jednak pojezdy tézkou technikou (Dvordkova et al.,
2022b), offroad vozidly (Dvordkova et al., 2022a) a podobné metody strhavani drnu
(Rehounkova et al., 2021), které lze Gasto zajistit prostfednictvim zajmovych a sportovnich

spolkii. Tyto zptlisoby péce jsou z finan¢niho hlediska 1épe dlouhodobé udrzitelné a velka

27



rozloha byvalych vojenskych prostori pro né¢ neni piekdzkou, spiSe vyhodou. Zaroven
poskytuji disturbance nahodilej$i v ¢ase a prostoru, diky ¢emuz by mély zajiStovat vyssi
heterogenitu biotopt (Marhoul et al., 2024). Avsak i1 kdyz se pravé v opusténych vojenskych
prostorech staly rychle témét ochranatskou ,,médou®, o Gcincich téchto zpiisobli péce zatim
vyzkum piinesl jen malo informaci a ty se omezuji pouze na ochranu rostlin a hmyzu
(Konvicka et al., 2021; Riesch et al., 2020; Salek et al., 2019). Dopady jiného zpiisobu

vyuziti, nez ochranaiského managementu nebyly, pokud je ndm znamo, zkoumany vibec.

Proto jsme nasledujici a zaroven posledni ¢ast vyzkumu vénovali komplexnimu vyhodnoceni
dopadu riznych typt managementu na krajinu s rozptylenou zeleni v opusténych vojenskych
prostorech a jeji biodiverzitu ptaki. Diky spolupraci s dal§imi vyzkumnymi tymy jsme méli
moznost vysledky pro ptdky porovnat s jinymi taxonomickymi skupinami: cévnatymi
rostlinami, rovnokiidlymi a motyli, abychom vysledky mohli interpretovat v $ir§Sim kontextu
biodiverzity napfi¢ taxony a zhodnotit, zda ptaci pii vyhodnoceni managementu funguji

pro celkovou biodiverzitu jako spolehlivy indikator.

Vyzkum jsme uskuteénili na 42 opusténych vojenskych vycvikovych prostorech v Ceské
republice (soubor 30 lokalit studovanych v ptedchozi kapitole obohaceny o dalSich
12 odpovidajiciho charakteru). Pro tato izemi jsme zjistili pouziti riznych typti managementu
od roku 2009 po rok 2021, s rozliSenim nasledujicich kategorii: vyfez dfevin, zemédélska sec,
ochranarska seC, zeméd¢lskd pastva, ochranaiskd pastva (vCetné rewildingu) a pojezdy
motorovymi vozidly. Zaroven jsme na lokalitach provedli s¢itani ptakti v obdobi 2020-21
a porovnali ho s vysledky scitdni v roce 2009. Zjisténé druhy jsme pro obé obdobi rozdélili
do Sesti dil¢ich ekologickych skupin podle jejich biotopovych preferenci: druhy otevienych
vlh¢ich biotopt, polootevienych vlh¢ich biotopti, lesnich vlh¢ich biotopti, otevienych sussich
biotopt, polootevienych sussich a lesnich susSich biotopd. Jako vysvétlovanou proménnou

jsme pouzili zmény pocetnosti v ramci téchto skupin.

Analyza ukézala, Ze na ptaky polootevienych biotopti, tedy druhy vazané uzce na rozptylenou
zelen, mél pfiznivy vliv jediny management, a to ochranafska pastva. Zaroven na ni reagovali
piizniveé 1 ptaci vlh¢ich lesnich biotopt, ktefi také tvofi Cast biodiverzity rozptylené zelené,
1 kdyZ pro né nepiedstavuje optimalni biotop k hnizdéni (Loman, 2003). Pokud se podivame
na odpovédi ostatnich taxonil, na ochranafskou pastvu reagovaly uz jen dvé skupiny
rovnokiidlych — jedna pozitivné, druhd negativné, coz ztohoto managementu Cini,

v porovndni s jinymi, velmi vhodny a Siroce aplikovatelny zptisob péce.
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Vhodné¢ dimenzovana pastva kopytnikt obecné vytvari pestrou mozaiku mikrobiotopti, kterou
ptaci rozptylené zelené potfebuji k GspéSnému hnizdéni a sbéru/lovu potravy: silné
seSlapavané, Casto bahnité plochy kolem bran a napajedel, na kratko spaseny travnik
v kombinaci s vysokou vegetaci a stafinou v mistech, kterym se zvifata vyhybaji, tidké
kfoviny limitované okusem i husté vysoké porosty dievin (Ceresa et al., 2012; Morelli et al.,
2016; Télle et al., 2016). Navic ma piitomnost zvifat i dalsi pozitiva, pro ptaky je to zejména
produkce trusu, ktery znamena roz§ifenou potravni nabidku hmyzu (Télle et al., 2016),
dualezitou zejména pro nékteré¢ druhy jako je napt. dudek chocholaty (Upupa epops; Hudec &
Stastny, 2005). Oba popsané piinosy by teoreticky mély byt jestd vyrazngjsi u rewildingu
v porovnani s klasickou opliitkovou pastvou koz a ovci (Perino et al., 2019; Villada-Bedoya et
al., 2019), rozsah statistického souboru ndm vSak neumoznil oba typy ochranaiské pastvy

odlisit. Na jejich srovnani by se m¢l proto zamétit budouci vyzkum.

Pro ptaky vlh¢ich lesi byla kromé ochranatské pastvy pfinosna i zemédélska se€. Ziejmé jsou
pro n¢ oba tyto managementy piinosné z hlediska pestiejsi nabidky a snadnéjsiho hledani
potravy, nebot’ tyto druhy sice hnizdi v lese, potravu vSak mohou sbirat i na otevienych
plochach (Hudec & Stastny, 2005; Stastny & Hudec, 2011). Jde o pozitivni zpravu,
ze 1 zeme&délské vyuziti miize byt cestou (byt’ ne optimalni), jak udrZzovat rozptylenou zelen,
a zérovei alespon ¢aste¢né podpofit ptaky v krajin¢€. Na druhou stranu mél vSak tento zpisob

péce o oteviené plochy negativni dopad na vétSinu rovnokiidlého hmyzu.

Nase vysledky dale ukazaly, ze k potlaceni postupného zartstani a zaniku rozptylené zelené
lze vyuzit i vyfez dfevin. Ten ptaklim z dlouhodobého hlediska nevadi, stejné tak ostatnim
taxontim, na nékteré rostliny a rovnokiidly hmyz mél dokonce pozitivni dopad. Naopak
ochranarska se¢ a pojezdy motorovymi vozidly vysly z naseho multitaxonového vyhodnoceni
nejhtife, nebot’ mély pouze negativni dopad (se¢ na rovnokiidly hmyz a rostliny, offroad
na motyly), coz je zejména u ochranaiské sece alarmujici. Nakonec jen poznamenejme,
ze dalSim typem managementu, ktery by bylo jisté zajimavé i potiebné do srovnani zaradit, je
fizené vypalovani. To vSak bylo naSi legislativou povoleno teprve nedavno, a proto jsme

neméli ke srovnani dostatek dat.
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Zavér

Rozptylena zelen predstavuje refugium biodiverzity v soucasné zemédélské krajiné Evropy.
V souladu stim, jak rGznorodych mize nabyvat podob, hosti Siroké spektrum druhi
od lesnich po stepni, pfiCemz mnoho z téchto druhl je na rozptylenou zelenn Gzce vazano.
Odstraniovani a zarlstani rozptylené¢ zelené, které se délo a stile dé&e s postupujici
intenzifikaci zeméd¢lstvi, je jednim z vyznamnych faktort, které ptispély ke strmému poklesu
biodiverzity v zeméd¢€lské krajiné. Na druhou stranu rozptylend zelen mizi 1 vlivem
sukcesniho vyvoje, kdy se pivodné tidké porosty zapojuji a postupné¢ méni v souvisly les.
V z4jmu ochrany biodiverzity je potfeba najit efektivni zplisob obnovy rozptylené zelené
v krajin€ a zaroven dlouhodobé udrzitelny zpiisob péce o ni. K tomu pfispiva tato disertacni
prace. Zkoumd vliv podoby vlastniho biotopu rozptylené zelené, vliv podoby krajinné
mozaiky a vliv riznych zplsobi managementu na pocet druhti, druhovou diverzitu
ana druhové slozeni spoleCenstva ptakd. Pracuje s ptaky jako indikdtorem celkové

biodiverzity, avSak nabizi srovnani i s jinymi, ekologicky odliSnymi taxony.

Z dosavadniho vyzkumu je zfejmé, ze celkovy pocet druhl ptdkl i podoba spolecenstva
v jednotlivych ostrivcich rozptylené zelené jsou zvelké cCasti urovany jejich rozlohou
a izolovanosti, z mensi ¢asti 1 jejich tvarem. Nas§ vyzkum ukézal, ze vyznamny vliv mé také
podoba vlastniho biotopu (Clanek 1). Skrze vzrostlejsi porosty, vyssi diverzitu dievin
a zabranéni dominance invaznich druhii dfevin Ize podpofit celkovy pocet druhti a diverzitu
ptakl stejné jako pocet a diverzitu druhd lesnich. Ptaky zemédélské krajiny lze podpofit
zajisténim vysoké diverzity (mikro)biotopli, zejména CasnéjSich sukcesnich stadii jako jsou
plochy holé ptdy, travin, mokiadli nebo fidkych kfovin. Pokud opustime métitko dilc¢iho
krajinného prvku a zamétime se na krajinu s rozptylenou zeleni jako celek, vice druhd ptakt
obecné se bude nachdzet v krajin¢ s vysokou diverzitou biotopi (ovSem pii zachovani
dostatecné rozlohy biotopt, ktera bude pro ptaky stale vyuzitelnd). Pro podporu ohrozenych
druht ptaka je vSak klicova jina slozka krajinné heterogenity, a to vysoky pocet ostrivki
(jinymi slovy jemnozrnnost) rozptylené zelené v krajing€. Pfi porovnani vlastnosti zemédélské
krajiny a vojenského vycvikového prostoru jsme zjistili, ze oteviend krajina formovana
armadnim disturban¢nim reZimem nevykazuje v méfitku adekvatnim pro ptaky vyssi
biotopovou diverzitu, ma vSak jemnozrnngj$i mozaiku rozptylené zelené (¢lanek 2). Tento
krajinny rys zfejmé pfispiva k vy$§imu podilu ohrozenych druhi ptakt ve vojenskych

prostorech. Celkové vyssi pocet druhi ve vojenskych prostorech vSak se zkoumanymi
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vlastnostmi krajiny nesouvisel a pravdépodobné je zapficinén kvalitativnimi vlastnostmi
biotopl, jako napt. jejich neprodukéni povahou. U dlouhodobé opusténych vojenskych
prostorti, po vymizeni specifického disturban¢niho rezimu, se biotopova skladba posouva
jednak k vétSimu podilu urbannich stanovist’, jednak k vét§imu podilu lest a hustych kiovin,
na ukor otevienych biotopi a ,,jemnozrnné* rozptylené zelené (Clanek 3). Adekvatné tomu
dochazi k posunu druhové skladby ptaciho spolecenstva od druhl otevienych biotopil
k druhiim lesnim. Vyhodnoceni dopadu riznych typi disturbannich managementd, které se
nabizeji po ukonceni armadnich disturbanci, ukazalo, ze biodiverzitu ptaki rozptylené zelené
1ze nejlépe podpofit ochrandiskou pastvou (€lanek 4). Porovnani piinosu riiznych ptistupti
v ramci ochrandiské pastvy (zejména oplitkové pastvy a rewildingu) by mohlo byt naplni
dalsiho vyzkumu. K udrZeni rozptyleného charakteru zelené¢ miize byt vyuzita i zemédélska
seC nebo vyfezavani dfevin. Vyhodnoceni zéaroven ukazalo na nevhodnost néckterych
ochranarskych nastrojli, zejména klasické sece, napiic¢ taxony. Toto zjisténi vola po vyzkumu
ve spolupraci s ochranafi, ktery by navrhl a implementoval G¢innéj$i podobu ochranaiské

praxe.

Tato prace vyzdvihuje mimo jiné fakt, ze ochrana druhové diverzity rozptylené zelen¢ se bude
vzdy odehravat formou ,,néco za néco*. Na jedné stran¢ tu mame lesni druhy ptakd, pro které
rozptylend zeleil neptedstavuje optimalni hnizdni biotop, a i pfesto je pro né biotopem
dalezitym, umozitujicim mimo jiné disperzi krajinou a pottebnou metapopulacni dynamiku.
Na druhé¢ strané mame druhy, které jsou na rozptylenou zeleni v obdobi hnizdéni uzce vazany
— at’ uz je oznacujeme jako druhy zemédé€lské krajiny, polootevienych biotopti, lesostepni
mozaiky ¢i jinym terminem. Zatimco nejvyssi celkové druhové bohatosti ptakii a zaroven
i lesnich druhti dosahneme rozptylenou zeleni podobajici se fragmentiim vzrostlého lesniho
porostu, druhy tzce vazané na rozptylenou zelen podpofime casn€j$imi sukcesnimi stadii
porostll v kombinaci s otevienymi biotopy. Stejné¢ tak porovnani dopadu riiznych typt
managementu na ptaky, motyly, rovnokiidly hmyz a rostliny ukazalo az protichlidné
preference mezi taxony. Ptaci sice do urCité miry mohou fungovat jako indikatory celkové
biodiverzity, jejich preference jsou vSak méné vyhranéné a projevuji se na mnohem vétsi, a
tedy 1 hrubsi prostorové Skale nez napft. preference rostlin nebo hmyzu. Ve vysledku tedy neni
az tak pfekvapivé ani naSe zjiSténi, ze managementy prospivajici ptakim do velké miry
naopak potlacuji biodiverzitu rovnoktidlého hmyzu. Vychodiskem pro aplikovanou ochranu

piirody je s témito dilematy védomé pocitat a délat zasahy (ptfedevsim ty velkoplo$né) se
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znalosti mistniho spoleCenstva nejen ptaki, ale i dalSich taxonli a planovat je na miru dané

situaci a mistnim prioritnim druhim.

Souhrnem lIze fici, Zze podoba biotopu, krajinné mozaiky i managementu rozptylené zelené¢ ma
vyznamny vliv na biodiverzitu ptakt, pfiCemz nelze doporucit jediny optimalni zplsob
zakladani a péce, nebot’ preference riznych druhti jsou odlisné. Kli¢em k ochrané biodiverzity
je uvazovat ne v ramci jednoho prvku zelené, ale v rdmci celé krajiny a zajistit v ni predevsim
heterogenitu na riznych prostorovych skalach. Je tedy tfeba zajistit v krajiné vysoky pocet
ostrivkl rizné velikosti, tvaru i rizné miry vzajemné izolovanosti, kombinujici rtiznou
skladbu biotopt a mikrobiotopti rizného stupné sukcesniho vyvoje. Zaroven je nutné usilovat
o vysokou diverzitu pivodnich dfevin, a naopak potirat invazni druhy, které by jinak
vytvarely homogenni jednodruhové porosty. Je tifeba zajistit oteviené plochy s rozptylenou
zeleni v jemnozrnné mozaice, na druhou stranu ale ponechat v krajin¢ dostatek mista 1 pro
jiné biotopy a pamatovat na to, ze pro nckteré druhy otevienych biotopi mulze rozptylena
zelen predstavovat naopak nezadouci fragmentaci. VE&fime, Ze toto doporuceni je platné nejen

pro ptaky, ale i pro mnoh¢ dalsi slozky biodiverzity stfedni Evropy.
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Farmland biodiversity has undergone drastic declines due to agricultural intensification
during the last decades. To prevent further biodiversity loss, the maintenance and
restoration of non-productive habitats is essential. Woodlots, small patches of woody
vegetation in agricultural landscapes, are one such habitat that are currently subsidized by
the European Union’s Common Agricultural Policy (EU’s CAP). For effective
implementation, however, it is necessary to assess what habitat characteristics are the
most beneficial for biodiversity. Our study performs such an assessment using birds as
model organisms. Specifically, we related characteristics of various woodlots to (l) the
species richness of all birds, and (ll) the species richness of both forest and farmland
birds—groups with different ecological requirements. For this purpose, we counted birds
(27 farmland and 26 forest species) and measured habitat characteristics (describing
vegetation structure, diversity and nativeness) and spatial characteristics (area, shape and
isolation) in 82 mid-field woodlots (0.76-1.25 ha, average 0.46 ha) in the Czech Republic
(Central Europe). After accounting for the effects of spatial characteristics, overall bird
species richness increased with vegetation height and woody plant species richness. In
addition, richness showed a non-linear decrease with the cover of an invasive tree, the
Black Locust Robinia pseudoaccacia. Interestingly, forest bird species richness was
related to the same habitat characteristics as the overall bird species richness. By
contrast, farmland bird species richness was positively related to the diversity of
woodlot microhabitats, which reflects mainly enrichment by non-forest sites such as
grassland or sparse shrubs. Our results indicate that the ecological performance of habitat
characteristics (and not only the woodlot area) is important for the restoration of bird
diversity in woodlots, and as such should be taken into consideration by the EU’s CAP
subsidy system. Moreover, if woodlot management aims to maximize the overall bird
diversity—a common practice in biodiversity conservation—our results show that current
practices may favor widespread forest bird species, but not the farmland birds that are
more threatened in Europe. To manage the woodlot habitat for farmland birds, we suggest
that microhabitat heterogeneity should be maximized.

Keywords: farmland birds, greening measures, habitat quality, non-productive habitat, non-native plants, species
richness, woodlot
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INTRODUCTION

During the last decades, farmland has undergone drastic changes
due to ongoing agricultural intensification (Foley et al., 2011).
These changes have caused a rapid decline of farmland
biodiversity and threatened the ecosystem services important
for global food production (such as pollination or soil
functioning) over the long-term (Stoate et al, 2001, 2009).
This is particularly the case in Europe, where agricultural
landscapes currently account for about half of the area of the
continent (Food and Agriculture Organization of the United
Nations, 2014). Moreover, a large proportion of European
biodiversity is associated with farmland habitat due a long co-
evolution of biota and agriculture (Batary et al.,, 2015). Thus,
preventing further losses of biodiversity and sustaining the
ecosystem services of agricultural landscapes has become one
of the most urgent challenges the European Union (EU) currently
faces (Stoate et al., 2009). In order to address this issue, the EU’s
Common Agricultural Policy (CAP) has incorporated various
environmental measures, but their effectiveness varies
considerably (Batary et al., 2015; Gamero et al., 2017). Of the
various measures in place, the restoration of non-productive
habitats was found to be the most promising in promoting
biodiversity and ecosystem services (Batary et al, 2015;
European Commission, 2017). Nevertheless, their conservation
potential remains still largely untapped, as the system is designed
to subsidize non-productive habitats according to just their area,
without taking their other characteristics or future management
into account (European Commission, 2017).

This is also the case of woodlots, small non-productive patches
of woody vegetation, which are subsidized within both pillars of
the CAP to some extent (“tree clusters” up to an area of 0.3 ha in
the case of Ecological Focus Areas) (Pe’er et al., 2017). However,
even though woodlots could serve as key refuges for farmland
biodiversity, the impacts of their ecological characteristics on
biodiversity remain largely unknown. According to ecological
theory, habitat quality is an important aspect for habitat selection
decisions of particular species (Guisan and Thuiller, 2005),
suggesting that this aspect of woodlots is an overlooked but
crucial predictor of their ecological performance.

To fill this critical knowledge gap, here we focused on
investigating different aspects of the habitat of woodlots in
relation to the species richness of the organisms they host. We
used birds as model organisms since they are currently one of the
groups most severely affected by agricultural intensification (Reif
and Hanzelka, 2020). Moreover, they often serve as state of nature
indicators reflecting conditions at large spatial scales and higher
trophic levels (Fraixedas et al, 2020). Previous research has
shown that woodlots are inhabited primarily by two bird
groups with largely opposite habitat requirements: forest and
farmland birds (Bellamy et al., 1996; Fuller et al., 2001, 2004).
However, previous studies focused on effects of woodlot
characteristics have mostly considered larger woodland patches
(0.02-30 ha in Bellamy et al., 1996 and Hinsley et al., 1995;
0.3-302 ha in Lorenzetti and Battisti, 2006; 0.7-14.5 in McCollin,
1993), and investigated them rather from the perspective of forest
fragmentation, focusing mainly on the effects of woodlot spatial
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characteristics — size, isolation or shape (McCollin, 1993; Hinsley
et al., 1995; Lorenzetti and Battisti, 2006). The importance of
habitat characteristics has generally not been recognized (but see
Bellamy et al., 1996 and Mason, 2001). Since there has been little
effort to study woodlots as a specific habitat for farmland
biodiversity, their importance for the farmland birds remains
to be assessed.

In this study, we surveyed birds in 82 woodlots scattered over
3,000 km? of farmland in the Czech Republic, central Europe.
These woodlots showed high wvariability in their habitat
characteristics, which we sorted into three groups: 1) the
structure of woodland vegetation (i.e., tree height and the
density of the tree and shrub layers), 2) the habitat diversity
(i.e. the diversity of microhabitats and richness of woody plant
species in the woodlot), and 3) the nativeness of woodlot
vegetation (ie., the proportion of coniferous trees, which are
not native in woodlots in the study area, and the proportion of the
exotic Black Locust Robinia pseudoaccacia). The aim of our study
was to discover which of these characteristics are linked to overall
bird species richness, as well as forest and farmland bird species
richness separately (Table 1).

STUDY AREA AND METHODS
Study Area and Woodlot Selection

The study was carried out in central Bohemia, the Czech
Republic, in a lowland area of circa 3,000 km* (Figure 1). This
area is dominated by an intensive agriculture landscape (covering
about 70% of the area) with a considerable proportion of human
settlements and industrial areas (20%), and a small amount of
forests (10%) (Lozek et al., 2003).

For the purposes of this study, we defined a mid-field woodlot
as a woody patch smaller than 1.25 ha, approximately circular or
rectangular in shape, with continuous tree vegetation higher than
4 m on at least part of its area (i.e., we did not consider patches of
small shrubs or herbaceous vegetation). Such a definition
corresponds to the typical character of mid-field woody
vegetation in the region, and avoids the inclusion of forests.
Moreover, we considered only woodlots fully surrounded by
intensively cultivated agricultural land with no other woody
vegetation or urban areas present within 100m of each
woodlot. In addition, these selection rules aimed to minimize
the variability in woodlots’ spatial characteristics (area, shape and
isolation) since our primary research interests were the effects of
habitat characteristics. We considered all woodlots in the study
area meeting these criteria, with the resulting dataset containing
82 woodlots (Figure 1, Supplementary Table S1). Woodlots
were surrounded by large homogenous agricultural blocks
composed of fields of cereals, oilseed rape and maize, and less
frequently by other crops. Distance between the nearest
neighboring woodlots varied from 360m to 11.5km
(average 2 km).

Woodlot Characteristics
Woodlots were characterized by several variables reflecting their
structure, diversity and nativeness (see Table 1). The structure of
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TABLE 1 | Variables describing habitat and spatial characteristics of woodlots and their expected relationships with bird species richness (. stands for positive and \ for negative relationship).

HABITAT STRUCTURE
CHARACTERISTICS
DIVERSITY
NATIVENESS
SPATIAL
CHARACTERISTICS

Explanatory
variables
(units)

Tree height (m)
Shrub layer
density (%)

Tree layer
density (%)

Woody plant
species richness

Microhabitat
diversity

Proportion of Black
Locust (%)

Proportion of
coniferous (%)

Area (ha)

Shape

Isolation

Abbreviation

HEIGHT

DENSE_SHRUB

DENSE_TREE

PLANTS

HABITAT_DIV

ROBINIA

CONIFERS

AREA

SHAPE

ISOLATION

Characterization

Maximum height of tree vegetation

Percentage of a woodland patch
covered by shrubs (up to 4 min height)

Percentage of woodland habitat
covered by tree foliage (higher
than 4 m)

Total number of tree and shrub
species in the woodlot

Shannon diversity index of five
microhabitat types

® Grassland

Wetland

Sparse shrubland (= walk-through
shrubs)

Dense shrubland (= impassable
shrubs)

Woodland (= vegetation with trees
>4m)

Proportion of the Black Locust Robinia
pseudoacacia in the tree canopy

Proportion of coniferous vegetation in
the tree canopy

Total area of the woodlot

Woodlot perimeter divided by the
perimeter of a circle with the same area

The 1st axis of the principal

component analysis ran on five

isolation parameters

e \Woodlot distances to the nearest
forest

e \Woodlot distances to the nearest
urban area

e Relative coverage of forests in a
1,000 m buffer

e Relative coverage of urban areas in
a 1,000 m buffer

e Cumulative hedgerow length in a
1,000 m buffer

Expectation

Justification

More available habitat can support more species

More available habitat can support more species

More available habitat can support more species

More diverse breeding and feeding resources
provide more opportunities for species’
coexistence

More microhabitats provide more opportunities
for species’ coexistence

Exotic tree suppressing native plants (allelopathy)
and insects (phytophagous species are not
adapted to its leaves) resulting in more
homogenous habitat and less food sources for
birds

Not naturally occurring in study area and thus
birds adapted to their stands may be missing

Larger woodlots have a higher carrying capacity
for species richness

More complex shapes provide more ecotones
and thus more opportunities for species’
coexistence

Due to dispersal limitation, more isolated
woodlots are less likely to be occupied
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FIGURE 1 | Studied woodlots (yellow dots) on a map showing the main
landcover types in the Czech Republic. Inset shows the position of the study
area within the Czech Republic.

the continuous woody vegetation of each woodlot was expressed
using three variables: the tree height was the maximal height of the
tree canopy; the shrub layer density (vegetation up to 4 m above
the ground) and tree layer density (higher than 4 m) were
estimated as the percentages of the area covered by the
respective vegetation. For describing habitat diversity, the total
number of tree and shrub species was used as a measure of woody
plant species richness; the microhabitat diversity was assessed by
estimating the proportions of five microhabitat types (grassland,
wetland, sparse shrubland, dense shrubland and woodland) and
calculating the Shannon diversity index. Finally, for describing
the nativeness of vegetation, we estimated the proportion of Black
Locust (an exotic tree species of North American origin) and the
proportion of conifers in the tree canopy. (Although the
coniferous trees present are a part of the native Czech flora,
they are not natural vegetation in the study area and were all
planted by humans.) Because the woodlots were relatively small,
all characteristics were measured over the whole area, without
using any survey plots.

In addition, we used aerial photographs (scale 1:1,000) and
QGIS 2.18 (QGIS Development Team, 2019) to estimate the area,
shape and isolation of each woodlot. The area of the woodlots
varied from 0.076 to 1.25ha (average 0.46 ha). The shape was
expressed as the ratio of a woodlot perimeter divided by the
perimeter of a hypothetical circular woodlot with the same
area—the lower the ratio, the closer the shape is to circular
(Bellamy et al., 1996). This ratio varied from 1.004 to 1.627
(average 1.189) in our woodlots. To express the isolation of each
woodlot, we used the first axis of a principal component analysis
(PCA) ran using the R-package “vegan” (Oksanen et al., 2019)
with five isolation parameters: a woodlot distance to the nearest
areas of forest and urban habitat, the relative coverage of these
habitats in a 1,000 m buffer around a given woodlot, and the
cumulative hedgerow length in the same buffer. All these habitat
types can host some of the bird species observed in our woodlots
(Stastny and Hudec, 2011) and it is thus necessary to take them

Bird Species Richness in Woodlots

into account. The PCA showed a gradient from the least to the
most isolated woodlots (Supplementary Figure S1).

Bird Survey

Birds were counted in 2017 (in 12 woodlots) and 2018 (in the
remaining 70 woodlots). Each woodlot was visited twice per
breeding season in a given year (in the second half of April
and in the second half of June) to cover both early- and late-
breeding species. During each visit, the whole area of each
woodlot was explored systematically by a slow walk and all
birds detected either visually or acoustically were recorded
except for individuals flying over the woodlot. All surveys
were conducted at the time of the highest bird activity from
6:00 to 10:00 under favorable weather conditions (i.e. no rain
or strong wind). The time devoted for a single visit of a
woodlot was 5-30 min depending on its area, so that small
and large woodlots were given approximately the same effort
per unit area.

All nocturnal species were excluded from further analysis
because the field technique was not suitable for their detection.
The Common Pheasant Phasianus colchicus and the Grey
Partridge Perdix perdix were excluded as well because both
species are bred in captivity and occasionally released by
hunters, and thus their abundance may not represent local
environmental conditions.

For each woodlot, we expressed the species richness of all birds
(hereafter called “overall bird species richness”), forest birds
(“forest bird species richness”) and farmland birds (“farmland
bird species richness”) as the total number of species in the
respective groups across both visits. To correct the data for
sample size bias, we also calculated a rarefied version of these
variables (using the R-package iNEXT; Hsich et al,, 2020). In
addition, we calculated the Shannon diversity index for all birds,
forest birds and farmland birds separately, taking the numbers of
recorded individuals (as a maximum count of each species across
both visits) into account. To categorize species as forest or
farmland, we followed the classification of Reif et al. (2010),
who performed a multivariate analysis of birds’ habitat
preferences based on breeding bird monitoring data of
country-wide coverage (for recorded species and their
categorization see Supplementary Table S2).

Statistical Analyses
Before building statistical models, we assessed the collinearity
between all explanatory variables using Pearson’s correlation
coefficient and the variance inflation factor (VIF) with the R
package “usdm” (Naimi et al., 2014). We did not detect any signs
of collinearity in the data (Supplementary Table S3). Exploratory
searching for possible non-linear relationships revealed non-
linearity for the proportion of Black Locust. We applied
generalized linear modelling in two distinctive steps to
uncover both the more general effects of the spatial variables,
vegetation structure, diversity and nativeness as well as the
specific effect of each explanatory variable.

Firstly, for each of the nine response variables (ie., species
richness, rarefied species richness and the Shannon index for all
birds, forest birds and farmland birds) we composed six
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FIGURE 2 | Visualization of the relationships between (A) overall bird species richness (TOTAL_DIV-number of all bird species), (B) forest bird species richness
(FOREST_DIV-number of forest bird species) and (C) farmland bird species richness (FARMLAND_DIV-number of farmland bird species), respectively, and woodlot
characteristics (see Table 1 for their definitions and abbreviations) included in the most supported generalized linear models (see Supplementary Table S4). Shaded
areas correspond to 95% confidence intervals. The estimates from the best model for each response variable are shown.

generalized linear models (GLMs): a null model, a model
containing solely spatial variables, one model for each of the
three general habitat characteristics (i.e., vegetation structure,
diversity and nativeness) that also included the spatial variables,
and a full model including all ten variables (i.e., tree height, tree
layer density, shrub layer density, woody plant species richness,
microhabitat diversity, the proportion of Black Locust, the
proportion of conifers, area, shape and isolation). The area
was log-transformed and the proportion of Black Locust was
modeled using b-splines to accommodate the non-linear
relationship using the R package “splines” (Perperoglou et al.,
2019). The rarefied species richness was log-transformed. For
modeling of species richness variables, we used the Poisson
distribution and log link function; for modeling rarefied
species richness and the Shannon diversity index we used the
Gaussian distribution and identity link function.

Secondly, for each response variable, each of the full GLMs was
processed in the “MuMIn” R package (Barton, 2019) to assess all
possible combinations of explanatory variables’ main effects
using the Akaike Information Criterion corrected for small
sample sizes (AICc). We did not consider interactive effects

because they were not justified by the hypotheses and the
sample size did not enable such complex models. To avoid
model overfitting given the sample size of 83 woodlots, the
maximum number of explanatory variables included in a
single model was set to eight following the recommendation of
Burnhan and Anderson (2002). The variable of woodlot area was
included in every candidate model in order to fully account for
the species-area relationship (Rosenzweig, 1995). For each
response variable, the top set of models with AAICc < 4 were
used for inference as recommended by recent reviews on model
selection (e.g., Harrison et al., 2018). For this purpose, we
performed conditional model averaging of the parameter
estimates across the top models.

We then plotted the relationships between the respective
response variables and their predictors estimated by the single
best-supported model for each response variable. In the main
manuscript, we present plots with the original values of the
response variable (Figure 2), but the individual study sites
cannot be visualized in such plots; plots showing the study
sites are shown as partial residual plots in the Supplementary
Online Material (Supplementary Figure S2). For each of the top
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TABLE 2 | Explained deviance and AICc of six generalized linear models explaining (A) species richness, (B) rarified species richness, and (C) the Shannon diversity index for
all, forest and farmland bird species. For specific variables categorized as spatial, habitat structure, diversity and nativeness see Table 1.

All birds Forest birds Farmland birds
Deviance AlCc Deviance AlCc Deviance AlCc
A
Null model 0.000 486.848 0.000 396.731 0.000 347.985
Spatial variables model 56.652 389.671 47.811 329.200 32.790 319.352
Spatial variables and habitat structure variables model 58.146 393.933 49.896 332.968 33.632 325.444
Spatial variables and habitat diversity variables model 59.934 388.269 54.824 322.946 42.984 313.039
Spatial variables and habitat nativeness variables model 64.380 384.986 54.761 327.898 37.315 323.960
Full model 69.811 388.430 63.693 327.453 50.108 323.651
®)
Null model 0.000 206.503 0.000 216.964 0.000 180.920
Spatial variables model 43114 166.882 47.222 171.198 27.612 161.061
Spatial variables and habitat structure variables model 46.348 169.265 52.062 170.493 31.136 164.151
Spatial variables and habitat diversity variables model 45.323 168.359 52.056 168.044 36.700 1564.784
Spatial variables and habitat nativeness variables model 53.147 160.681 53.231 170.996 32.743 164.743
Full model 59.445 162.6128 61.708 168.3664 44.609 162.5954
©)
Null model 0.000 168.368 0.000 169.346 0.000 157.822
Spatial variables model 50.708 116.999 51.210 117.137 34.125 130.231
Spatial variables and habitat structure variables model 52.249 121.577 55.286 117.167 36.162 134.838
Spatial variables and habitat diversity variables model 54.633 114.917 56.550 112.356 47.486 116.368
Spatial variables and habitat nativeness variables model 62.108 105.140 56.832 116.808 39.812 132.539
Full model 67.759 105.667 65.713 111.6894 54.170 123.960

models, we checked for the possible presence of spatial
autocorrelation in residuals using smoothed nonparametric
functions (spline.correlog function from the R package
“ncf’; Bjornstad, 2019) with 95% confidence intervals computed
using a bootstrap with 1,000 replications. No significant
autocorrelation was indicated in any model (results not shown).
All analyses were run using R 3.6.0 (R Core Team, 2019).

RESULTS

In 82 surveyed woodlots we detected 53 bird species; 26 of them
were classified as forest birds and 27 as farmland birds. On
average, one woodlot hosted seven bird species (range 0-18
species), five forest bird species (0-12) and three farmland
bird species (0-10). The most frequently recorded species were
the Common Blackbird Turdus merula, the Yellowhammer
Emberiza citrinella, the Great Tit Parus major, the Eurasian
Blackcap Sylvia atricapilla and the Common Chaffinch
Fringilla coelebs. For the complete list of recorded species see
Supplementary Table S2.

Zero deviance explained by the respective null models, i.e.
the models without predictors containing solely the intercept,
indicated that our focal explanatory variables were important
predictors of bird species richness in woodlots (Table 2).
Indeed, spatial characteristics models, i.e. the models
containing woodlots’ area, shape and isolation, but not their
habitat characteristics, improved the explained deviance
considerably and led to a marked decrease in AIC,

compared to the null models (Table 2). These patterns were
observed for overall bird species richness, as well as for the
species richness of forest and farmland birds (Table 2).
Moreover, in all these bird groups, the spatial
characteristics model was not the best performing model,
indicating that habitat characteristics play an important role
in explaining the variation of bird species richness across
woodlots (Table 2). However, the roles of respective habitat
characteristics differed among the bird groups.

All Birds

Opverall bird species richness was best explained by the model
containing the spatial characteristics together with the
variables  describing the nativeness of the woodlot
vegetation-represented by the proportions of Black Locust and
coniferous trees (Table 2). When we used the variables describing
vegetation structure (tree height, tree layer density and shrub layer
density) instead of the nativeness variables, model performance
decreased and was lower than in the spatial characteristics model
(Table 2). The performance of the model containing the diversity
variables (microhabitat diversity and woody plant species richness)
was similar to the spatial characteristics model (Table 2).
Multimodel inference of the top models (22 out of 502
candidate models meeting the AAICc < 4, Supplementary
Table S4) uncovered the importance of particular explanatory
variables: the proportion of Black Locust, woody plant species
richness, tree height and isolation (together with the woodlot’s area
included in all models by default). These variables were also the
only explanatory variables with 95% confidence intervals not
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TABLE 3| Relationships of (A) overall bird species richness, (B) forest bird species richness and (C) farmland bird species richness to woodlot characteristics (see Table 1 for
their definitions and abbreviations) estimated by generalized linear models. The model-averaged coefficients together with their confidence limits (CL) across the top
models (defined by AAIC, < 4; see Supplementary Table S4) are shown. Variables with confidence limits not including zero are in bold. For results for rarefied species

richness and the Shannon index see Supplementary Table S5.

Explanatory variable Coefficient
A
HABITAT CHARACTERISTICS HEIGHT 0.01853
DENSE_SHRUB 0.00052
DENSE_TREE 0.00014
PLANTS 0.02519
HABITAT_DIV 0.14934
bs (ROBINIA)1° -0.23820
bs (ROBINIA)2® 0.77265
bs(ROBINIA)3° -1.06876
CONIFERS 0.00061
SPATIAL CHARACTERISTICS log(AREA) 0.49283
SHAPE 0.08564
ISOLATION -0.18194
B)
HABITAT CHARACTERISTICS HEIGHT 0.02749
DENSE_SHRUB -0.00015
DENSE_TREE -0.00026
PLANTS 0.04481
HABITAT_DIV -0.22276
bs (ROBINIA)1P -0.41523
bs (ROBINIA)2® 1.08258
bs(ROBINIA)3® -1.39184
CONIFERS 0.00043
SPATIAL CHARACTERISTICS log(AREA) 0.53662
SHAPE 0.10486
ISOLATION -0.35234
©)
HABITAT CHARACTERISTICS HEIGHT 0.01387
DENSE_SHRUB 0.00116
DENSE_TREE 0.00351
PLANTS 0.00876
HABITAT_DIV 0.49820
bs (ROBINIA)1P 0.18575
bs (ROBINIA)2® 0.50743
bs (ROBINIA)3® -0.73644
CONIFERS 0.00236
SPATIAL CHARACTERISTICS log(AREA) 0.46346
SHAPE -0.04929
ISOLATION 0.07542

“Number of models containing a given variable, see Supplementary Table S4.

PFitted as a nonlinear relationship using b-splines (see Methods section for more details).

overlapping zero (Table 3). The overall bird species richness was
positively related to tree height and woody plant species richness.
More isolated woodlots and woodlots with a higher coverage of
Black Locust hosted a lower number of bird species (Figure 2A,
Supplementary Figure S2A). In case of Black Locust, this negative
effect was non-linear and bird species richness tended to drop after
it reached about 60% of the woodlot cover (see Figure 2A). Results
of the multimodel inference were similar in case of the overall bird
species richness adjusted by the rarefaction, showing qualitatively

2.5% CL 97.5% CL Variable importance No of
(sum of models?
Akaike weights)

0.000 0.037 0.74 14
-0.002 0.003 0.11 3
-0.004 0.004 0.10 3

0.002 0.048 0.90 19
-0.076 0.374 0.35 8
-1.094 0.617 1.00 22
-0.368 1.913
-1.777 -0.361
-0.003 0.004 0.11 3

0.345 0.641 1.00 22
-0.582 0.754 0.10 3
-0.350 -0.014 0.90 19

0.003 0.052 0.89 12
-0.004 0.004 0.10 2
-0.006 0.006 0.11 2

0.014 0.076 1.00 14
-0.544 0.098 0.43 7
-1.589 0.759 0.90 12
-0.569 2.734
-2.491 -0.293
-0.004 0.005 0.11 2

0.337 0.736 1.00 14
-0.802 1.012 0.11 2
-0.585 -0.120 1.00 14
-0.012 0.040 0.29 10
-0.003 0.005 0.13 5
-0.002 0.009 0.33 10
-0.023 0.041 0.15 6

0.203 0.793 1.00 30
-1.033 1.405 0.05 2
-1.098 2113
-1.661 0.189
-0.003 0.008 0.23 9

0.276 0.651 1.00 30
-1.077 0.978 0.10 4
-0.167 0.318 0.17 7

the same effects of the Black Locust cover and tree height
(Supplementary Table S5). These two variables were also the
only ones related to the Shannon index of overall bird diversity
according to the confidence intervals (Supplementary Table S5).

Forest Birds

The species richness of forest birds was best explained by the
model containing both spatial and diversity variables (Table 2),
while the model containing both spatial and vegetation structure
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variables was the worst performing (Table 2). Adding the
nativeness variables into the spatial variables model did not
considerably improve its performance (Table 2). In the
multimodel inference, 14 models met the AAICc < 4 threshold
(Supplementary Table S4). The important explanatory variables
were the same as in the case of overall species richness: tree
height, woody plant species richness, the proportion of Black
Locust and isolation (Table 3). The 95% confidence intervals of
these variables did not overlap zero (Table 3). The direction and
shape of their effects were the same as in the case of overall species
richness, i.e. more species were found in woodlots with higher
trees, a higher number of woody plant species, a lower coverage of
Black Locust and lower isolation (Figure 2B, Supplementary
Figure S2B). Using the rarified richness and Shannon diversity
index as respective response variables provided the same patterns
(Supplementary Table S5).

Farmland Birds

In the case of farmland bird species richness, the model
containing both diversity and spatial variables was the only
one outperforming the model with solely spatial variables
(Table 2). According to multimodel inference, the top
models (30 models which met the AAICc < 4 threshold)
explained 42.5-48% of the deviance, considerably less than
top models for overall and forest bird species richness, which
explained 56.2-69.6% (Supplementary Table S4). Only one
variable-microhabitat  diversity-was  of  considerable
importance, and its 95% confidence interval did not overlap
zero (Table 3). More farmland bird species were recorded in
woodlots with higher microhabitat diversity (Figure 2C,
Supplementary Figure S2C). The same variable was the
only one supported by the model selection procedure in the
case of rarified farmland bird richness (Supplementary Table
$5). However, the results somewhat differed in the analysis of
the Shannon index of farmland bird diversity. In addition to
microhabitat diversity, both the tree layer density and the
proportion of coniferous vegetation had slightly positive
effects on values of this index, with their lower confidence

limits only slightly overlapping zero (Supplementary
Table S5).
DISCUSSION

Mid-field woodlots are small non-productive elements in
agricultural landscapes that may serve as important
biodiversity refuges (e.g., Tryjanowski et al., 2014; Strobl et al,,
2019; Pustkowiak et al., 2021). However, their role as distinctive
landscape features has been largely overlooked (but see
Gottschalk et al., 2010; Aue et al., 2014), since previous studies
have included mostly all semi-natural landscape features together
at the regional scale (Billeter et al., 2008; Doxa et al., 2010; Sasaki
et al., 2020) or considered larger woodland patches from the
perspective of forest habitat fragmentation (McCollin, 1993;
Bellamy et al., 1996; Doherty and Grubb, 2000; Bennett et al.,
2004; Lorenzetti and Battisti, 2006). Such studies mainly focused
on the effects of area, shape and isolation (e.g. Hofmeister et al.,
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2017) for the purposes of forest bird conservation (McCollin,
1993; Lorenzetti and Battisti, 2006). If the effects of some habitat
characteristics were tested, they mostly proved insignificant
(McCollin, 1993; Hinsley et al, 1995; Bellamy et al, 1996;
Mason, 2001; Lorenzetti and Battisti, 2006) most likely due to
strong area effects driven by the large ranges of woodlot sizes in
studied samples.

As a consequence, the importance of woodlot habitat
characteristics for supporting farmland biodiversity has
remained insufficiently explored (Vanhinsbergh et al,
2002). Our results begin to address this issue, showing that
habitat characteristics, namely vegetation structure, diversity
and nativeness, shape bird species richness and the
proportions of forest vs. farmland birds in woodlots. A
comparison of the performance of models containing
different groups of habitat variables indicated that overall
bird species richness was best explained by nativeness
variables, whereas forest and farmland bird richness was
better explained by diversity variables (see Table 2).
However, each variable group contained both good and
poor predictors of bird species richness, so it is necessary
to focus on the individual habitat characteristics instead on
their groups. In this respect, the importance of different
habitat characteristics varied among bird groups: overall
and forest bird species richness increased with the height
of trees and with the species richness of woody plants and
decreased with the increasing proportion of a non-native tree,
the Black Locust. In contrast, farmland bird species richness
was positively related only to the diversity of microhabitats.
These results are comparable to some extent to those obtained
by research focused on linear landscape
features-hedgerows-where the positive effects of vegetation
height, plant species richness and microhabitat diversity, as
well as vegetation density on overall bird species richness have
been observed (for example Green et al., 1994; Sparks et al.,
1996; Hinsley and Bellamy, 2000).

In total, we recorded 53 bird species in 82 woodlots with areas
up to 1.25 ha. This number of species is comparable to the bird
species richness of woodlots studied in the United Kingdom. For
example, the same number of species was recorded in sixteen
woodlots (McCollin, 1993), whereas Mason (2001) recorded 46
species in 35 wood forest fragments, and Bellamy et al. (1996)
found 64 species breeding in 151 fragments (in all cases without
considering predators, owls, or feathered game). Besides the
considerably wider range areas (which probably leads to a
wider scale of habitat types), these studies also did not limit
the selection of woodlots according to their isolation from
different habitats, while we specifically focused on isolated
ones. Therefore, a number of species that were missing in our
woodlots were recorded in those studies—for instance, water birds
such as the Mute Swan (Cygnus olor), Mallard (Anas
platyrhynchos) and Common Moorhen (Gallinula chloropus);
synanthropic species such as the House Sparrow (Passer
domesticus) and Western Jackdaw (Corvus monedula), or
species dependent on larger forest areas such as the Stock
Dove (Columba oenas), Coal Tit (Parus ater), and Eurasian
Treecreeper (Certhia familiaris). On the other hand, we
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recorded 12 species not reported in the studies from the
United Kingdom including the Eurasian Wryneck (Jynx
torquilla), Red-backed Shrike (Lanius collurio), Great Grey
Shrike (Lanius excubitor), Common Grasshopper Warbler
(Locustella naevia) and Western Yellow Wagtail (Motacilla
flava). 1t is possible that our woodlots contained a higher
proportion of grasslands, providing habitat for the Yellow
Wagtail, and sparse shrubs preferred by the Common
Grasshopper Warbler. Moreover, some of the above
mentioned species, such as shrikes and the Eurasian Wryneck,
are still commonly breeding in Central European landscapes, but
are rare or even absent in the United Kingdom (Keller et al,
2020).

Habitat Characteristics

The only habitat characteristic related to farmland bird species
richness was microhabitat diversity. This characteristic
expressed the proportion of each habitat in a woodlot,
reflecting its enrichment by sparsely vegetated habitats to a
large extent. The strong and positive relationship with the
number of farmland birds implies that many such species
need sparsely vegetated non-productive habitats even within
our very small woodlots, most likely for foraging and nesting
(Bellamy et al., 1996; Bennett et al., 2004). In addition, this
pattern could reflect the importance of a heterogeneous habitat
mosaic for some farmland birds. For example, some bunting
species such as the Corn Bunting Emberiza calandra need a
high proportion of grasslands in their territory for foraging but
also need high trees suitable as song posts (Altewischer et al.,
2015). Similarly, the Red-backed Shrike Lanius collurio uses
sparse shrubs for its sit-and-wait foraging strategy, but also
requires dense shrubs for nesting and cover from predators
(Ceresa et al., 2012). The Song Thrush Turdus philomelos
requires a habitat mosaic providing song posts and nesting
opportunities on trees and shrubs and simultaneously foraging
sites in grassy patches for gleaning insects on the ground (Peach
et al., 2004).

We found a positive linear relationship between the maximal
height of woodlot tree vegetation and the species richness of all
birds as well as forest birds. Higher vegetation is related to a
higher volume of available habitat, and due to the presence of
multiple vegetation layers also to a wider supply of different
habitat niches, and thus can support more species (Sparks et al.,
1996). Furthermore, height is supposed to positively correlate
with the age of trees and may also reflect the presence of dead
trees and cavities (Guby and Dobbertin, 1996). As our results
indicate, such mature vegetation may be beneficial for many
forest bird species such as woodpeckers, which forage and/or nest
in the tree layer (Lorenzetti and Battisti, 2006). In addition, higher
and older tree vegetation may attract larger-bodied species (e.g.
corvids and birds of prey) for perching (Hinsley and Bellamy,
2000) and their presence can thus increase the total number of
bird species recorded in a woodlot.

A similar positive effect of tree height has previously been
reported for overall bird species richness in hedgerows (Hinsley
and Bellamy, 2000), but not in studies focusing on woodland
fragments (e.g., Nol et al., 2005). The reason for the absence of

Bird Species Richness in Woodlots

this effect may be due to the focus on forest fragmentation of
those studies, which considered much larger woodlots where the
tree height contribution to the overall habitat amount and
dimensionality was presumably small. This implies that
vegetation structure for birds may be more important in
smaller woodlots, indicating the need for the appropriate
management of such habitats.

Bird species richness in our study also increased with woody
plant species diversity (see also Osborne, 1984; Green et al., 1994),
and as in the case of tree vegetation height this overall positive
effect was driven by forest birds. Generally, more woody plant
species create more diverse breeding and feeding resources for
birds and thus provide more opportunities for their coexistence
(Ampoorter et al., 2020). In addition, a higher diversity of woody
plants may provide food supply for birds over a larger part of the
year (Arnold, 1983). Forest birds probably respond to this
resource provision more strongly because they largely depend
on woody vegetation, whereas farmland birds may partly satisfy
their needs in open landscapes (Bellamy et al.,, 1996) and thus
they are not limited by the woody plant composition within
woodlots.

Finally, the proportion of an invasive exotic tree, the Black
Locust, had a negative effect on both overall and forest bird
species richness. The shape of this relationship was nonlinear:
species richness stagnated up to ca 60% of Black Locust cover
and then steeply decreased (see Figure 2). This non-linear
response of bird species richness to Black Locust cover was also
found in central European forests (Kroftova and Reif, 2017). It
seems that there may be a certain threshold proportion of this
exotic tree, over which bird species richness becomes limiting,
possibly due to the homogenization of the tree stand
composition. In addition, Black Locust hosts fewer insect
species and changes the composition of the insect
community, which may limit the food supply for birds
(Kadlec et al., 2018; Strobl et al., 2019). This is particularly
likely to be important for the specialized insectivorous species
foraging on trees (Reif, Hanzelka, et al., 2016) that correspond
to the forest species in our study.

Spatial Characteristics

In addition to the habitat characteristics that were of our primary
research interest, the area and isolation of woodlots were also
related to bird species richness. Indeed, they explained a higher
proportion of the variability in bird species richness than the
habitat characteristics (see Table 2). But this was largely driven by
area effects, with area positively affecting overall, forest as well as
farmland bird species richness. Even though the variation of
woodlot area was kept as small as possible, this was to be
expected, considering that area is the main driver of species
richness in habitat fragments at the landscape scale (De Camargo
et al, 2018). In contrast, increasing isolation (a composite
measure expressing the connection of a given woodlot with
various types of landscape features and land cover classes in
its surroundings including woodlands, hedgerows and urban
areas) had a negative effect only on overall species richness
and on forest birds, whereas no effect was found on farmland
birds. These results are consistent with previous findings from
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forest fragmentation studies in England, where forest bird species
richness decreased with isolation, whereas so called “edge
species”, largely corresponding to our farmland birds, tended
to occupy more isolated fragments (McCollin, 1993; Bellamy
et al.,, 1996; Bennett et al., 2004). This suggests that small mid-
field woodlots may be a suboptimal habitat for forest birds
(Loman, 2003; Nol et al, 2005) but a suitable habitat for
many farmland birds. As woodlots have been found to
possibly function as ecological traps for some bird species
under some circumstances (Loman, 2003), another question is
whether this also applies to those in our study area. In addition,
future studies should go beyond the species richness we focused
on here and test whether the bird populations occupying
woodlots are viable long-term.

Forest Birds Drive Overall Species Richness
Interestingly, even though the total number of forest and
farmland bird species recorded in woodlots was almost
equal, the variability in bird species richness was explained
by exactly the same set of characteristics for overall species
richness and for the species richness of forest birds, suggesting
that forest bird distribution accounts for overall species
richness variation across woodlots. This can be explained
by the relative commonness of forest bird species because
spatial patterns in species richness are formed mainly by
common species rather than rare ones (Lennon et al,
2004). Indeed, forest species found in our woodlots are
rather widespread generalists, such as the Great Tit,
Eurasian Blackcap, Chaffinch and Common Chiffchaff
Phylloscopus collybita (Reif, Hordk, et al, 2016), whose
requirements for a minimum area of habitat can be
satisfied even in our small and highly isolated forest
patches. On the other hand, farmland birds tend to be
more rare and specialized species (Reif, Hordk, et al., 2016)
deviating from the overall richness pattern. Even though some
of these species may not use only woodlots exclusively but also
take advantage of surrounding agricultural lands (Bellamy
etal., 1996), woodlots represent an indispensable part of their
territories (Pustkowiak et al., 2021). This invokes an
important message for conservation practice. The
development of measures for woodlot habitat management
should be not based on findings arising from overall species
richness, but rather be specifically customized in respect to the
needs of farmland birds, assuming these species are intended
to benefit from such management. Future research should
assess how to compensate for the trade-offs between the
demands of both groups and maximize bird species
richness at the landscape scale (Simberloff, 2001).

At the same time, our classification of species as forest or
farmland birds may mask subtle ecological preferences because
species habitat selection usually follows a continual gradient
rather than discrete categories (Knick et al, 2008). On the
other hand, some kind of categorization is necessary to infer
general insights, and our classification was based on the best
available objective data, i.e. a multivariate analysis of bird habitat
preferences based on country-wide breeding bird monitoring
taking potential regional variations into account (Reif et al,
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2010). This makes us confident that the observed differences
between forest and farmland birds in relation to woodlot habitat
characteristics reflect their genuine ecological requirements.

Rarified Species Richness and the Shannon

Diversity Index

Patterns provided by rarified species richness were very similar to
those obtained by the analysis of raw species richness. We suggest
that this similarity is driven by including woodlot area into all
models. Because the rarefaction analysis corrects for unequal
sample size (Gotelli and Colwell, 2001) and the sample size, in
terms of the number of species or individuals sampled, is strongly
influenced by woodlot area, we have indeed taken the woodlot
area into account when analyzing the raw species richness.
Moreover, the similarity of the raw and rarified richness
results suggests that our sampling was adequate for the
purposes of our study provided that the differences in woodlot
area were carefully considered.

Although the Shannon diversity index also provided very similar
findings to those obtained for the species richness, the pattern for
farmland birds shows that this index increases not only with higher
microhabitat diversity (as was observed for species richness) but also
tended to increase with increasing tree layer density and the higher
proportion of coniferous trees. The Shannon diversity index reflects
the dominance of individual species together with their number (Jost,
2006). We suggest that higher values of this index in woodlots with a
denser tree layer and more coniferous trees may result from the
preference of some farmland bird species for these habitats, such as
Eurasian Tree Sparrow or the Yellowhammer. Such a preference may
be too weak to affect the raw species richness but could be reflected in
the Shannon index.

CONCLUSION

Our study shows that besides the spatial characteristics of
woodlots (i.e., area, isolation and shape) previously studied
from a forest fragmentation perspective (for example
McCollin, 1993; Bellamy et al, 1996; Doherty and Grubb,
2000), various characteristics of local habitat are important
predictors of woodlot bird species richness. Moreover, we
show that woodlots should be not considered as a sort of
small forest with impoverished biodiversity. Instead, they
represent a specific farmland habitat that is important for
specific farmland species.

Our findings thus allow the formulation of clear
recommendations for woodlot management. However, it
should be kept in mind that our findings concern a single
study area and a limited spectrum of variables, so our
recommendations should be always considered in respect to
local circumstances. Further studies in different areas are
needed to corroborate our results; for instance,
imagine that woodlots located in High Nature Value farmland,
i.e. not surrounded by intensively managed large arable fields,
may show different relationships to bird species richness and
diversity (Doxa et al., 2010). In addition, recommendations for

we can
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woodlot management strongly depend on the species being
targeted. If the aim is to improve the habitat for overall
species richness, management should support high trees of
diverse woody plant species. These trees should be native, but
the inclusion of non-native Black Locust may not necessarily be
harmful if its coverage remains relatively low. A reduction of
woodlot isolation would also bring more bird species. However,
these guidelines would improve conditions specifically for
common generalist forest birds. Since populations of such
generalist forest birds are increasing in Central Europe and
the amount of their preferred forest habitats has been expanding
due to both intentional and spontaneous afforestation (Schulze
etal,, 2019), we do not find these species an appropriate target of
woodlot habitat management. Instead, we recommend focusing
on improving the habitat characteristics beneficial for farmland
birds, whose populations are declining at an unprecedented rate,
at least in Central Europe (Reif and Vermouzek, 2019).
Moreover, those species using woodlots as a breeding habitat
in farmland have only a few alternatives (Rajmonové and Reif,
2018). Thus, woodlots should be managed to increase the
diversity of various microhabitats, such as dense and sparse
shrubs, grasslands or marshes. Although it may be possible to
reconcile the different needs of forest and farmland birds in
individual woodlots (e.g. increasing the proportion of open
areas for farmland birds may be offset by tree maturation for
forest birds that benefit from increasing tree height), we suggest
that accommodating these diverse management targets for
overall (and forest) bird species richness and for farmland
birds is not feasible within individual woodlots due to their
small size. Such reconciliation can be realized at the landscape
scale, however, with a heterogeneous agricultural landscape
including a mosaic of woodlots with different habitat
characteristics. To target forest birds, several woodlots
situated into clusters can be used to lower the effects of
isolation (Loman and Von Schantz, 1991).
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Abstract. Military areas often host extraordinary biodiversity compared to the typical agricultural landscape
in Europe. It has been suggested that this is due to the high landscape heterogeneity caused by disturbances
from military training. This study aimed to test this hypothesis using data from the military area Hradisté
and nearby farmland in the Czech Republic (Central Europe). Here, we measured two facets of landscape
heterogeneity — the number of woody vegetation patches and habitat diversity — and supplemented these
measures with previously published data from bird point counts performed on the same sites. The number
of woody vegetation patches was higher in the military area than in the farmland and was positively related
to the species richness of birds of conservation concern. Habitat diversity did not differ between both regions.
It showed, however, a hump-shaped relationship with total bird species richness. Our results indicate that
open landscapes of military areas host a higher number of birds of conservation concern than the farmland
due to a finer grain of woodland-grassland mosaic. To support more bird species, it is essential to keep habitat
diversity high in open landscapes but at a level that does not harm bird populations by area limitation.

Key words: biodiversity conservation, habitat diversity, woodland mosaic, disturbance, anthropogenic
habitats, farmland

Introduction

European biodiversity has declined sharply over the
last few decades (Stoate et al. 2009). This decline has
become a problem not only for nature conservation
but also more broadly, as biodiversity is closely
linked to the sustainability of agricultural production
and food security (Hautier et al. 2015). In a European
environmental context, farmland currently accounts

* Corresponding Author

for about half of the area of the continent (FAO
2014), and more than half of European species are
associated with it (Sutcliffe et al. 2015). The main
driver of biodiversity loss is the intensification of
agriculture, with habitat diversity loss and landscape
homogenisation as a result (Stoate et al. 2009).

Some modern anthropogenic habitats, such as un-
reclaimed post-mining sites (Salek 2012), brownfields

This is an open access article under the terms of the Creative Commons
Attribution Licence (CC BY 4.0), which permits use, distribution and
reproduction in any medium provided the original work is properly cited.
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(Meffert & Dziock 2012) or military areas (Warren
et al. 2007), have been recognised as refuges of
biodiversity, as they may offer conditions that
have disappeared from the intensified agricultural
landscape. Military areas represent a huge potential
for nature conservation, as they are present in all
major global ecosystems, and their estimated total
area is up to 5-6% of the Earth’s surface (Zentelis
& Lindenmayer 2014). They host unusually high
numbers of plant species (CiZek et al. 2013), insects
(Warren & Biittner 2008, Cizek et al. 2013, Harabis &
Dolny 2018) and birds (Reif et al. 2011, Busek & Reif
2017, Culmsee et al. 2021) with disproportionately
large numbers of threatened and endangered species
(Warren et al. 2007). The uniqueness of military
areas lies in the absence of intensive agriculture,
urbanisation, and military activities. The effect of
military training activities on species and ecosystems
have been examined in various studies (e.g. Milchunas
et al. 2000, Lindenmayer et al. 2016, Fish et al. 2019),
which mostly recognised their contribution to the
maintenance of early successional habitats and to
reducing competitive pressure in favour of less
competitive species (Leis et al. 2005, Warren & Biittner
2008, Jentsch et al. 2009, Aunins & Avotins 2018).

On the other hand, surprisingly little attention is paid
to the question of what environmental conditions
of military areas are behind such enormous species
biodiversity. The answer to this question is vital for
the guidance of management in active military areas
(Woodcock et al. 2005) as well as in those that have
already been abandoned by the army and gained
the status of a protected area (Hagen & Evju 2013,
Ellwanger & Reiter 2019). Following the middle
disturbance hypothesis (Connell 1978), Warren et al.
(2007) suggested that biodiversity in military areas is
high due to the high heterogeneity of disturbances
causing high landscape heterogeneity. However, as
far as we are aware, there is no study which would
test this suggestion. In this article, we aim to fill
this knowledge gap, test the difference in landscape
heterogeneity inside and outside the military area,
and test the importance of landscape heterogeneity
for biodiversity. We use birds as model organisms
since they often serve as state-of-nature indicators
reflecting conditions at large spatial scales and higher
trophic levels (Fraixedas et al. 2020). In addition, we
focus specifically on open areas because the high
conservation values of European military areas for
birds are mainly due to their open (i.e. non-forest)
habitats (Reif et al. 2013, Busek & Reif 2017, Aunins
& Avotins 2018, Culmsee et al. 2021, Slek et al. 2022).

Birds and landscape heterogeneity in a military area

We express landscape heterogeneity using two
measures: the number of woody vegetation
patches and habitat diversity. They represent
two complementary factors reflecting different
mechanisms of how landscape heterogeneity might
affect bird species richness. While the number of
woody vegetation patches increases the availability
of ecological space for bird species adapted to mosaic
habitats and the landscape connectivity for bird
species using woody vegetation (Pustkowiak et al.
2021), high habitat diversity provides different kinds
of habitats facilitating the coexistence of species with
different habitat requirements (Evans et al. 2005).

Our study uses data from a large military area and its
surroundings in the Czech Republic (Central Europe)
to test the following hypotheses. First, we hypothesise
that landscape heterogeneity (i.e. the number of
woody vegetation patches and habitat diversity) is
higher in an open landscape of the military training
area than in the nearby typical farmland landscape.
Second, we predict that this difference accounts for
a higher bird species richness recorded in the military
area by Busek & Reif (2017).

Material and Methods

Study area and selection of study plots

Our research occurred in the Hradisté military
area and its nearby landscape in western Bohemia,
the Czech Republic, Central Europe. The Hradisté
military area is the largest military area in the Czech
Republic, covering an area of about 300 km?, with
a cold climate and hilly relief from 334 to 933 m a.s.1.
The open landscape with woodland-grassland mosaic
is the area’s dominant land cover type (Skokanova et
al. 2017). From the management perspective, about
one-third of the area is used by the army, which
creates disturbances resulting in heterogeneous early
succession habitats; the other parts are left with no
disturbance or just extensive management (grazing
or mowing), resulting in a higher proportion of
shrub and tree enclaves (Vojta et al. 2010, Skokanova
et al. 2017). Only a minor part of the military area is
covered by commercially managed forests (Matéji
2010). The nearby landscape mainly consists of
commercial forests (approximately 30%), pastures
(25%) and arable land (20%), as well as other various
agricultural habitats (18%). Unlike the military area,
there are human settlements, industrial areas and
water bodies; on the other hand, natural grasslands
and scattered woody vegetation are found here
sporadically.
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Birds and landscape heterogeneity in a military area

Fig. 1. Map of the study area overlapped by a grid of 1 x T km squares used to select study plots. Four study plots were located in each
of the squares selected by stratified random approach. The aerial photograph is from 2018.

For this study, we used bird data from Busek & Reif
(2017), who studied birds in the Hradisté military area
and nearby landscape as a control area and provided
full details on the study design. In brief, Busek &
Reif (2017) sampled the military and control areas.
As a control area, they selected a nearby agricultural
landscape holding similar proportions of the main
land cover types to the military training area (Busek
& Reif 2017). To establish the study plots, Busek &
Reif (2017) applied a stratified random approach
using a grid with cells of 1 x 1 km randomly selecting
six grid cells in the military area and six in the nearby
control area from the pool of the open-habitat cells in
respective areas. Open-habitat cells were considered
those with more than 50% of the area covered by
open habitats (BuSek & Reif 2017). Each cell contained
four study plots with a radius of 100 m established
in a regular design with the centres of the nearby
plots being 354 m apart (see BuSek & Reif 2017, their
Fig. 3). In total, the number of study plots was 24 in
the military area and 24 in the control area. Habitat
mapping and bird census were performed on these
circular plots (Fig. 1).

Data collection

We extracted data on bird species richness on
individual study plots from Busek & Reif (2017).
They performed point counts in the spring of 2014 at
the points located at the centres of respective study
plots. Each study plot was surveyed twice per the
breeding season in the early morning hours under
favourable weather conditions within a fix-radius
distance of 100 m around each point (Bibby et al.
2000). See Busek & Reif (2017) for more details on
bird counts.

For each study plot, Busek & Reif (2017) expressed
the total bird species richness and the species
richness of birds of conservation concern (CC). As
species of conservation concern, Busek & Reif (2017)
considered species deserving special protection
by national legislation (Act No. 114/1992 Coll. on
Nature Conservation and Landscape Protection 1992,
https://www.zakonyprolidi.cz/cs/1992-114) and species
listed in the Czech national bird Red List (Stastny &
Bejcek 2003). Therefore, we used these two measures of
bird species richness for further analysis.
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Table 1. Characteristics of linear mixed models testing difference in A) the number of woody vegetation patches and B) the habitat
diversity between military area and nearby farmland (expressed as a variable “region”).

A) Model AIC Deviance df P
log (patches) ~ 1 177.99 171.99
log (patches) ~ region 164.10 156.10 1 0.00007
B) Model AIC Deviance df P
diversity ~ 1 66.58 60.58
diversity ~ region 65.90 57.90 1 0.10130

In 2018, we collected data on landscape heterogeneity
on each study plot. Landscape heterogeneity was
expressed by two measures: the number of woody
vegetation patches and habitat diversity. The number
of woody vegetation patches was counted for each
study plot using detailed aerial photographs in
ArcGIS (ESRI 2013) with a 1 m resolution. The single
patch of woody vegetation was defined as a single
shrub/tree or cluster of shrubs/trees covering at least
1 m? and being isolated by at least a 1 m large gap
from another woody vegetation. We set these rules
assuming that 1) shrubs/trees smaller than 1 m* have
a limited ecological function for birds and 2) shrubs/
trees located closer than 1 m to each other ecologically
function as a continuous block of vegetation and
do not increase the landscape heterogeneity.

To measure habitat diversity, we mapped the areas
of 14 habitat types (listed below) in the field from
April to June. Coniferous or deciduous forests were
considered as stands formed solely by coniferous or
deciduous tree species. Mixed forest was represented
by stands containing a mixture of deciduous and
coniferous trees. Non-native forest was represented
by stands of exotic trees (irrespective of whether
coniferous or deciduous), usually the horse chestnut
Aesculus hippocastanum and the northern red oak
Quercus rubra. Forest clearing was a patch of short
vegetation (up to 2 m in height) in a forest created

by natural or human disturbance. Shrubs were any
woody vegetation outside the forest. Grasslands were
classified as either managed (represented by regularly
cut meadows or active pastures) or unmanaged. As
wetland vegetation, we considered all humid areas
covered by herbs. Gardens and orchards were woody
vegetation patches with human cultivation, typically
containing fruit trees. As human settlements, we
considered any buildings recorded at study plots.
Note that gardens, orchards and human settlements
had only marginal representation in the study plots
because Busek & Reif (2017) avoided these habitat
types for sampling birds. Streams and ponds were
running and still water bodies, respectively, both
natural and man-made. Paved and unpaved roads
were at least two meters wide, permitting the
movement of cars and similar vehicles; we did not
recognise footpaths. The area of individual habitat
types was calculated using ArcGIS (ESRI 2013).
Subsequently, habitat diversity expressed as the
Shannon diversity index was calculated across these
areas for each study plot.

Statistical analyses

We used linear and generalised linear mixed models
(R package “Ime4”; Bates et al. 2015), where the
identity of the grid cell (each containing four study
plots, see Study area and selection of study plots)
always acted as a random effect. If the random effect

Table 2. Characteristics of the generalised linear models testing the effects of the number of woody vegetation patches (in Model
terms referred to as “patches”) and the habitat diversity (in Model terms referred to as “diversity”) on total bird species richness and
conservation concern (CC) bird species richness. AIC value and deviance of the most supported models are in bold.

Total bird species CC bird species
richness richness
Model terms df AIC Deviance AIC Deviance
diversity + log (patches) 2 253733  56.916 114.607 42.738
diversity + diversity"2 + log (patches) 3  242.383  43.566 116.439 42.570
diversity + log (patches) + diversity x log (patches) 3 248.761 49.945 116.302 42.434
diversity + diversity”2 + log (patches) + diversity x log 5 044 144 41328 119.941 42072

(patches) + diversity”2 x log (patches)
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Fig. 2. Boxplot comparing A) the number of woody vegetation patches (log-transformed) and B) habitat diversity
between the military area and nearby farmland. The median is the bold line, the box is the interquartile range (IQR), and

the whiskers are 1.5 the IQR.

showed zero variance, we used a linear model instead.
To achieve the goals of our study, we performed two
sets of analyses.

First, we tested hypotheses that the military area and
the farmland, expressed as a two-level explanatory
categorical variable called “region”, differ in the
number of woody vegetation patches or habitat
diversity. These latter two variables were used as
respective response variables. We constructed two
linear mixed models (LMMs) for each response
variable with a normal distribution — a model
containing the region as the explanatory variable and
a null model (containing only the random effect; see
Table 1). The hypothesis was not supported if the
model with the explanatory variable did not have
alower AIC value (delta AIC £2) than the null model.

Second, we tested hypotheses that the total bird
species richness and the CC bird species richness
were related to habitat diversity or the number of
woody vegetation patches on study plots. The study
design intended to include cluster as a random
effect. However, due to its zero variance when
fitting generalised linear mixed models (GLMMs),
we excluded it and used generalised linear models
(GLMs) instead. For each of the response variables,
i.e. the total bird species richness and the CC bird
species richness, we constructed four generalised
linear models explaining their variability by the
number of vegetation patches and habitat diversity in

different combinations: 1) linear main effects of both
explanatory variables, 2) linear main effects of both
explanatory variables + quadratic term of habitat
diversity, 3) linear main effects of both explanatory
variables and their interaction, and 4) linear main
effects of both explanatory variables + quadratic term
of habitat diversity and the interactions between
the linear term of the number of woody vegetation
patches and both linear and quadratic term of habitat
diversity (see Table 2). Based on comparing AIC
values of respective models, we chose the best model
for each response variable and used that model for
inference. The Poisson distribution with log link
function was used for all those models because none
showed significant overdispersion.

As diagnostic graphs of tested models recommended
a logarithmic transformation of the number of
vegetation patches, this variable was logarithmic in
all models described above. The variables used in
the models showed no signs of collinearity according
to the variance inflation factor (VIF; the R package
“usdm”; Naimi et al. 2014). After log transformation,
the number of woody vegetation patches was weakly
correlated with the habitat diversity according to
Pearson’s correlation coefficient, but the correlation (r
= (0.43) was considerably lower than the value of r=0.7
suggested as a threshold for the collinearity becoming
an issue (Dormann et al. 2013). For all models
described above, we checked for the possible presence
of spatial autocorrelation in residuals using smoothed
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Fig. 3. Visualisation of the relationships between total bird species richness and A) habitat diversity, resp. B) the number of woody
vegetation patches according to the best-supported generalised linear model. Shaded areas correspond to 95% confidence intervals. In
addition, the estimates from the best model for each response variable are shown.

nonparametric functions (spline.correlog function
from the R package “ncf”; Bjornstad 2019) with 95%
confidence intervals computed using a bootstrap with
1,000 replications. No significant autocorrelation was
indicated in any model. All analyses were performed
in software R (version 4.1.0; R Core Team 2021).

Results

Landscape heterogeneity

The median number of woody vegetation patches
for study plots in the military area was 147 patches
(mean = 206, SD = 37, range 1-892). In nearby
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Table 3. Coefficients of the explanatory variables in the model that
best explains variation in total bird species richness (see Table 2).

Coefficient SE P
diversity 1.76924 0.42161  0.00003
diversity”2 -0.78521 0.22586  0.00051
log (patches) 0.02669 0.02881  0.35421

farmland (the control area), the median was five
patches (mean = 13, SD = 20, range 0-73; see Fig. 2A).
Statistical models supported the hypothesis that there
is a higher number of woody vegetation patches in
the military area. Specifically, the deviance of the
model explaining the number of woody vegetation
patches by the variable region was significantly
lower than the deviance of the null model, and the
models also differed in AIC when the model with the
variable region showed a considerably lower value
(delta AIC =5.71; see Table 1A).

At study plots in the military area, habitat diversity
(expressed as Shannon diversity index, see Material
and Methods) varied from 0.337 to 1.436, with
a mean = 0.926 (SD = 0.266). In nearby farmland (the
control area), it varied from 0 to 1.898, with a mean =
0.681 (SD = 0.584; see Fig. 2B). For habitat diversity,
a comparison of the null model and the model with
the region as an explanatory variable did not support
the hypothesis that there is higher habitat diversity
in the military area. The models did not differ
significantly in deviance and had similar AIC values
(delta AIC = 0.68; see Table 1B).

Bird species richness

According to the data of Busek & Reif (2017), the
bird population showed higher species richness
in the military area compared to the surrounding
agricultural landscape, both for all species and for CC
birds. Specifically, the average number of species in
military plots was 11.2 (SD = 1.8), and in control plots
7.8 (SD =4.2). On the other hand, the average number
of CC species in military plots was 1.3 (SD =1.1) and
in control plots 0.6 (SD = 0.8). For the list of recorded
species, see Table S1.

Testing four models representing different
combinations of the effects of the number of woody
vegetation patches and habitat diversity on the
total bird species richness partly confirmed our
hypothesis that landscape heterogeneity affects
total bird species richness. The best model with the
lowest AIC contained a linear effect of the number
of woody vegetation patches and a quadratic effect
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of habitat diversity without interactions (Table 2).
According to this model, the relationship between
habitat diversity and total bird species richness was
hump-shaped (Table 3, Fig. 3). The other models
had considerably worse performance (Table 2): two
models had much higher AIC values (delta AIC > 6),
and one model had a similar AIC value but a higher
number of parameters, so it must be considered as
less competitive.

The four models aiming to explain variation in the
CC bird species richness by landscape heterogeneity
partly confirmed our hypothesis. The best model with
the lowest AIC value was the simplest one containing
only linear main effects of habitat diversity and
the number of woody vegetation patches (Table 2).
According to this model, CC bird species richness
significantly increased with an increasing number
of woody vegetation patches but not with habitat
diversity (Table 4, Fig. 4). The other models had
higher or similar AIC values but contained a higher
number of parameters (Table 2).

Discussion

Military areas have been recognised as biodiversity
refuges with an unusually high proportion of
protected species (Warren et al. 2007). Busek & Reif
(2017) confirmed this pattern specifically for birds
and showed a higher species richness of CC birds in
the military area compared to the nearby landscape.
Warren et al. (2007) suggested that the reason for such
an unusually high conservation value of military
areas is the higher landscape heterogeneity due to
the specific disturbance regime underpinned by the
army’s activities. To test this idea, our study has
linked two measures of landscape heterogeneity with
bird species richness data collected by Busek & Reif
(2017). Our results showed that the species richness
of CC birds was greater with an increasing number
of woody vegetation patches. At the same time, this
aspect of landscape heterogeneity was higher in the
military area than in nearby farmland. Interestingly,
the second aspect of landscape heterogeneity, habitat
diversity, was unrelated to CC bird species richness
and did not differ between the military area and
nearby farmland. Nevertheless, it showed a hump-
shaped relationship with total bird species richness.
Below we discuss these findings.

Birds of conservation concern benefit from
woody vegetation patches

The number of patches of woody vegetation was
significantly higher in the open landscape of the
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Fig. 4. Visualisation of the relationships between conservation concern (CC) bird species richness and A) habitat diversity, resp. B)
the number of woody vegetation patches according to the best-supported generalised linear model. Shaded areas correspond to 95%
confidence intervals. The estimates from the best model for each response variable are shown.

military area compared to the nearby farmland. This
military area and farmland do not differ in their land
cover composition from other such areas in the Czech
Republic (BuSek & Reif 2017), so we can reasonably
assume that the observed difference is a general
feature characterising these kinds of landscapes, and

some specific conditions in our study region were not
responsible. The number of woody vegetation patches
indicates how the woody vegetation is fragmented
into a woodland-grassland matrix (Marcolin et al.
2021). Our findings, therefore, indicate that military
areas have a finer-grained landscape mosaic in their
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Table 4. Coefficients of the explanatory variables in the model that
best explains conservation concerns for bird species richness
(see Table 2).

Coefficient SE P
diversity —0.76832 0.42460  0.07040
log (patches) 0.34216 0.08769  0.00010

non-forest parts than agricultural landscapes. This
phenomenonis mostlikely caused by military training
disturbances and their high spatial heterogeneity
(Warren et al. 2007). In contrast, in an intensively
used agricultural landscape, a fine-grained mosaic
of open and woodland habitats is undesirable, as it
complicates the mechanised cultivation of soil blocks
and reduces their profitability (Huth & Possingham
2007). Therefore, this mosaic has been significantly
suppressed with increasing intensification in recent
decades (Stoate et al. 2009).

The number of woody vegetation patches was
positively related to the CC bird species richness,
which explains the high number of CC bird species in
the military area found by Busek & Reif (2017). The
reason why CC birds prefer environments with many
woody vegetation patches can probably be attributed
to their habitat preferences. CC bird species found in
the open landscape of Central Europe (where our data
were collected) are mostly the species adapted to the
traditional extensive farmland. Many of these species
need a combination of trees and shrubs with open
habitats for nesting, foraging, defending territory or
protecting against predators — whether in the form
of individual trees (Pustkowiak et al. 2021), smaller
or larger shrub patches (Tryjanowski et al. 2014),
hedgerows (Morelli 2013) or woodlots (Dvotakova
et al. 2022). With the advancing intensification
of agriculture, these non-productive landscape
elements were largely removed. Therefore, military
areas with many woody vegetation patches represent
a much-needed living space for these bird species, to
which they do not typically have access in the current
intensive agricultural landscape (Culmsee et al. 2021,
Salek et al. 2022). Indeed, CC birds recorded in the
military area were mainly associated with a mosaic of
woody vegetation and grasslands (e.g. corn bunting
Emberiza calandra, red-backed shrike Lanius collurio,
barred warbler Sylvia nisoria, Eurasian wryneck Jynx
torquilla). This reasoning is confirmed by Reif et al.
(2011), who showed that military areas are critical
refuges for the species of early succession stages.

The positive relationship between the number of
woody vegetation patches and the CC bird species
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richness was linear. However, it is worth mentioning
that the number of patches was logarithmically
transformed for the analysis. Therefore, the CC bird
species richness increases with the non-transformed
number of woody vegetation patches following
a logarithmic function. It means that in homogeneous
open landscapes, where no or only a few woody
vegetation patches are present, even a small increase
in their number may benefit CC birds. At the same
time, in areas where the landscape mosaic is already
relatively fine-grained, a further increase in the
number of woody vegetation patches would not
have such a strong effect. Similar patterns were
found in birds’ relationships to other types of woody
vegetation elements in open landscapes, such as the
number of solitary trees (Fischer et al. 2010, Carrasco
et al. 2018) and the number of hedgerows or isolated
bushes (Ceresa et al. 2012).

Total bird species richness is hump-shaped
related to habitat diversity

Habitat diversity was the only factor (from those
that we considered in our models) which affected
the total bird species richness. This relationship was
hump-shaped: habitat diversity increased the total
bird species richness, but the number of bird species
decreased above a particular habitat diversity value.
This finding is not surprising in the context of recent
research, which has revised the view on habitat
diversity-species richness relationships: although
originally these relationships were considered
positive (Tews et al. 2004, McMahon et al. 2008), they
may be absent (Hortal et al. 2009, Sélek et al. 2018)
or negative under some circumstances (Chocron et al.
2015, Carrasco et al. 2018, Heidrich et al. 2020).

Increasing species richness with increasing habitat
diversity is a well-known pattern in community
ecology: multiple habitats represent different niches
that different species can occupy. Increased niche
availability reduces interspecies competition and
thus allows the coexistence of more species in the
same area. However, the existence of a quadratic
relationship between species richness and habitat
diversity is supported by the theory of Kadmon &
Allouche (2007), who combined niche theory and
island biogeography into one model. According to
them, niche theory predicts a positive relationship
between species richness and habitat diversity
following the reasoning explained above, but
area and dispersion limitations may create this
relationship unimodal and even negative. Under
these conditions, further diversification of habitats
lowers their carrying capacity because their limited
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areas are too small to provide enough habitat for
species (the “area-heterogeneity trade-off”; Allouche
et al. 2012).

Consistent with this theoretical background, it can be
assumed that in a relatively homogeneous landscape,
increasing habitat diversity allows more bird species
to coexist, but too high habitat diversity reduces the
effective area available per species, leading to the
absence or stochastic extinction of some species.
Indeed, in recorded total bird species richness
prevailed non-CC species with diverse requirements
on specific (even though not rare) habitats — e.g.
black woodpecker Dryocopus martius, mistle thrush
Turdus viscivorus, and red crossbill Loxia curvirostra,
which need non-fragmented forests or Eurasian
skylark Alauda arvensis and meadow pipit Anthus
pratensis which need large open space with fields and
grasslands. To some extent of habitat diversity, these
species can coexist, but the overall small area of their
habitats can limit their co-occurrence.

Interestingly, we did not find a higher habitat
diversity in the military area compared to the
nearby agricultural landscape indicating that habitat
diversity is not the factor responsible for high
bird biodiversity in military areas. The absence of
difference between the habitat diversity of the military
area and the nearby landscape also informs about
the environmental consequences of the disturbance
regime associated with military activity. Although
this regime increases landscape heterogeneity in
terms of the number of woody vegetation patches
(this study) and some other landscape elements such
as ponds or surface heterogeneity (Aunins & Avotins
2018, Harabis$ & Dolny 2018), it does not increase the
number of different habitats, at least in categories we
recognised here. Instead, habitat diversity seems to
result from other kinds of human activities, such as
different land uses and settlements.

Caveats

Two caveats can be identified concerning the data we
used in this study. First, the data were collected in
a single military area and nearby farmland. Therefore,
the patterns we report here may be confined to the
specific conditions in the study region and not valid
for the other areas in Central Europe. Although we
cannot exclude this possibility given our data, we
consider it improbable. The land cover composition
of the Hradisté military area corresponds well to
the composition of the other large military areas
in the Czech Republic (BuSek & Reif 2017), and the
military training activities creating the landscape
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heterogeneity are similar to those performed
elsewhere (Skokanova et al. 2017). Therefore, we
suggest that the environmental conditions and biota
observed in the HradiSté military area represent
similar areas, at least in the Czech Republic.

Second, a time lag exists between the year of bird
data collection (2014) and the year of data collection
on landscape heterogeneity (2018). If the landscape
heterogeneity experienced major changes, its
measures might not correspond to the bird data.
This caveat is highly unlikely because no such
changes were observed on the study plots (O. Busek,
J. Hernova, pers. observ.). Theoretically, vegetation
succession could slightly alter the number of woody
vegetation patches. Some previously isolated patches
might become connected, while some new patches
could arise due to the growth of shrubs or trees
that were previously not detectable. However, the
four-year period was relatively short regarding the
successional changes that would be important for
birds. Significant changes in bird species richness in
response to vegetation succession are reported at the
time scale of tens of years in the Northern temperate
zone (Wesotowski & Tomiatoj¢ 1997, Holmes &
Sherry 2001), while the time lag is only four years
in our case. Therefore, although we cannot exclude
subtle changes in patch numbers due to vegetation
succession on the study plots, these changes are
unlikely to alter the patterns in our data.

Conclusions and conservation implications

The results show that different aspects of landscape
heterogeneity affected the total bird species richness
and CC bird species richness of our studied open
landscapes. Specifically, CC bird species richness
was related to the number of woody vegetation
patches but not habitat diversity. This finding is
probably because the CC bird species richness was
represented by a specific subset of species with
similar habitat preferences to a woodland-grassland
mosaic (as described above). Thus, it was related to
the amount of one specific habitat (scattered woody
vegetation patches), and other habitats probably did
not matter for those species. On the contrary, the total
bird species richness was related to habitat diversity
but not to a higher number of woody vegetation
patches, which means that the preference of the CC
bird subset was not reflected in the preference of the
whole bird community. Indeed, it has been reported
that the spatial patterns of species richness are driven
mainly by common generalist species rather than by
rare ones (Lennon et al. 2004, Dvotakova et al. 2022),
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which may also explain the differences between the
total species richness and the CC bird species richness
patterns because the CC birds are typically rare.

Our study shows that open landscapes of military
areas may host an exceptionally high number
of birds of conservation concern compared to
the typical agricultural landscape due to fine-
grained woodland-grassland mosaic with patchy
or singular point woody vegetation. As this fine-
grained mosaic is a by-product of the disturbances
caused by military training, it is therefore beneficial
from the conservation perspective to maintain the
continuity of these training activities or, in the case
of military areas that have already been abandoned,
to replace the activities of the army with conservation
management, which will have a similar ecological
impact. To this end, the established conservation
management should be adequately heterogeneous in
the intensity, time and space to achieve grain fineness
and effective in maintaining early succession habitats
to ensure the persistence of an open matrix.

Our study also provides general recommendations
for protecting biodiversity in military areas and
the typical agricultural landscape. Although
environmental heterogeneity is generally considered
desirable in nature conservation, it should be
remembered that heterogeneity has several facets,
each of which can affect the community differently.
For example, to promote birds of conservation
concern in a landscape with an open character,
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providing a fine-grained landscape mosaic with
a high number of shrub and tree patches in an open
matrix is beneficial. Especially in the homogenous
open landscape, such as intensively managed
farmland, adding even a small amount of these
woody patches can have a tremendous impact. On
the other hand, to enhance total bird species richness,
the habitat diversity should be increased, but just to
a particular value which does not harm populations
by area limitation. Further research is needed to
specify what rate of habitat diversity is still beneficial
for what taxa and how it is affected by the spatial
arrangement of habitats in the landscape.
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ABSTRACT

Military training areas are important biodiversity refuges and may serve as viable components of regional
conservation networks, mainly due to the blocking of ecological succession by the disturbance regime creating a
heterogeneous open habitat mosaic hosting many threatened species. However, European armies have under-
gone downsizing over the past decades and numerous military training areas have been abandoned. The
assessment of the consequences of this abandonment for biodiversity would show us whether these abandoned
areas still provide conservation benefits. For this purpose, we carried out bird surveys in 30 abandoned military
training areas in Czechia. The surveys were performed in two periods (2009 and 2020-2021) to track small-scale
changes in land cover and bird abundance after the areas were abandoned in the 1990s. We tested (i) whether
changes in bird abundance were related to land cover changes and (ii) whether the observed bird species’ re-
sponses to the land cover changes can be explained by species-specific characteristics. Multivariate spatial an-
alyses uncovered significant shifts in land cover composition towards a higher representation of dense shrub,
forest and built-up areas at the expense of open areas represented by grassland and sparse shrub. These land
cover changes explained a small but significant part of bird abundance variation across the areas. Correspond-
ingly, species benefiting from these land cover changes were associated with dense scrub or forest, such as the
Common Chiffchaff, Willow Warbler, or Eurasian Blackcap, whereas species suffering from these changes were
associated with grassland, such as the European Stonechat and Eurasian Skylark. Phylogenetically informed
interspecific analysis aiming to explain changes in bird abundance between periods confirmed that population
declines were linked to open habitat preference, while population increases were linked to the preference for
dense shrub and forest. In addition, we found that protected species increased their abundance, most likely due to
the existence of conservation management that kept their habitats available. These patterns indicate that military
training areas transform toward later successional stages after their abandonment with corresponding changes in
bird community composition. However, these changes may not necessarily be negative provided that species of
conservation concern enjoy the support of conservation management.

1. Introduction

modern agricultural landscapes (Tryjanowski et al., 2011). In such
landscapes, they act as biodiversity refugia that are usually of small

One of the most pressing global problems is the biodiversity crisis
(Hautier et al., 2015), largely caused by the loss of natural habitats and
the homogenization of the environment (Newbold et al., 2015). In
Europe, these adverse impacts often concern farmland which has dete-
riorated due to intensive exploitation or abandonment of once exten-
sively cultivated semi-natural habitats (Stoate et al., 2009). These
habitats are common in traditional farmland but rare in intensively used

spatial extent and contribute to mitigating the biodiversity crisis
(Dvorakova, Kuczynski, et al., 2022; Pustkowiak et al., 2021). Apart
from original natural hotspots such as calcareous grasslands (Habel
et al., 2013) such refugia include various anthropogenic installations
such as unreclaimed post-mining sites (Salek, 2012), brownfields
(Meffert & Dziock, 2012) or military training areas (Warren et al.,
2007).
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Military training areas (MTAs) provide a great potential for nature
conservation due to mutual benefits from military and conservation
actions (Warren et al., 2007). They are found in all major ecosystems (e.
g. Cummings et al., 2018; Valente et al., 2020; Wolff et al., 2018) with a
total area estimated at up to 5-6 % of the Earth’s land surface (Zentelis &
Lindenmayer, 2014). In Europe, MTAs sustain various early succes-
sional, nutrient-poor habitats of high conservation importance such as
grasslands, pet bogs, heaths or sand dunes, often on extraordinarily large
scale (Aunins & Avotins, 2018; Ellwanger & Reiter, 2019; Grzy-
waczewski et al., 2014; Hirst et al., 2005). European MTAs were not
affected by intensive agriculture and urbanization that took place in
surrounding landscape in the second half of 20th century (e.g. Havlicek
et al., 2018). The existence of military activities resulted in fine-scale
disturbance regime creating heterogeneous landscape mosaic with
high habitat and microhabitat diversity where numerous species with
different ecological requirements coexist (Dvorakova et al., 2023;
Warren et al., 2007). Unsurprisingly, many studies report that European
MTAs hosts rich biodiversity and extraordinarily high number of species
of conservation concern, often disturbance-dependent specialists
(Culmsee et al., 2021; Harabis & Dolny, 2018; Lindenmayer et al., 2016;
Warren & Biittner, 2008).

However, many European MTAs have been abandoned by the army
since the 1990s (Ellwanger & Reiter, 2019). With the disappearance of
military disturbances, other factors that shape the landscape come into
play - be it natural succession or various human activities such as
construction, recreation or active nature protection (Reif et al., 2023). A
still unanswered question is how the impacts of these land use types are
reflected in the habitat composition of abandoned MTAs over time and
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what is the response of local communities to this change. Here we
address this question by studying the changes of habitat composition in
abandoned MTAs in Czechia (Central-Eastern Europe) and showing how
these changes affect the composition of their avifauna. For this purpose,
we mapped habitats and bird occurrence in 30 abandoned MTAs in two
survey periods separated by a 12-years interval.

Specifically, the aims of this study are (i) to describe the changes in
habitat composition between periods; (ii) to investigate the impact of
these habitat changes on changes in bird community composition; and
(iii) to determine the bird species characteristics associated with these
changes. We hypothesize that the proportion of forest and dense shrubs
increased at the expense of open habitats due to the dominance of
ecological succession as a principal driver of habitat change (Jentsch
et al. 2009). Moreover, we predict that these habitat changes resulted in
the strongest declines of species that use open habitats (Bystricky et al.,
2023), are habitat specialists (Le Viol et al., 2012) and are of higher
conservation concern at the national level (Kolecek et al., 2014a).

2. Material and methods
2.1. Study sites

The research took place in Czechia, a Central-Eastern European
country, in 30 abandoned MTAs scattered throughout the country
(Fig. 1). They form a representative sample of all abandoned MTAs
present in Czechia (Reif et al., 2011). These abandoned MTAs are rather
smaller in size (mean = 0.95 km?, range = 0.21-3.51 km?), and located
at lower or mid altitudes (mean = 318 m, range = 200-625 m). They
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Fig. 1. Abandoned military training areas surveyed in 2009 and 2020-2021 in Czechia. Inset shows position of Czechia in Europe.
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were abandoned by the army in mid-1990s (Reif et al., 2023), and are
covered by open or semi-open habitats (grasslands, sometimes with
scattered shrubs and trees) with enclaves of spontaneously formed
woodlands (scrublands, woodlots, riparian forests). See Reif et al. (2023)
for more details on environmental conditions in the study sites.

2.2. Habitat mapping

The habitat composition of each abandoned MTA was assessed prior
to each bird survey period, i.e., in 2008 and 2019, respectively. We
recognized six habitat types (Table 1): bare ground (unvegetated
patches of soil or sand), grassland (herbaceous vegetation without
woody plants), sparse shrub (grassland with low density of shrubs; it is
possible to walk through easily), dense shrub (shrubs forming contin-
uous stands; walking is not possible), forest (stands of continuous tree
vegetation) and built-up areas (areas of human infrastructure such as
buildings and paved surfaces). The entire area of each abandoned MTA
was divided into unique habitat polygons, each formed by one of the
habitat types listed above, i.e., none of the habitat polygons overlapped
(Fig. 2). We used aerial photographs followed by field validation to
create maps of habitat types in individual abandoned MTAs.

2.3. Bird data

Bird surveys were performed in two periods, first in 2009 and second
in 2020-2021. In the second period, part of the abandoned MTAs was
surveyed in 2020 and the rest in 2021 for logistic reasons, i.e., none of
the MTAs were surveyed in both years of that period. During the survey,
an observer walked throughout the whole area of a given abandoned
MTA and recorded position of every bird individual into a map (aerial
photograph). We used paper maps (scale 1:2600) in the first period and
electronic maps in the ObsMapp smartphone survey application (https
://observation.org/apps/obsmapp/) in the second period. In each
abandoned MTA, we performed two bird mapping visits during the peak
breeding season (April — June) in each period, separated by 3-5 weeks,
to cover both early and late breeders. The visits took place at a time of
the peak of bird vocal activity (5:00 — 10:00) because the recorded in-
dividuals are typically singing males. See Bystricky et al. (2023) for
more details on bird occurrence mapping.

For further analysis, we only considered birds for whose we could
assume a relationship to the areas. Thus, we excluded overflying in-
dividuals and species for which there are no or very few breeding re-
cords in Czechia, indicating that their occurrence in our records was
probably the case of migration or vagrancy: Ortolan Bunting (Emberiza
hortulana) and Redwing (Turdus iliacus). Moreover, we excluded species
for which the field survey technique, designed to cover mainly small
territorial passerines (Bibby et al., 2000), was not suitable to reliably
assess their occurrence. That concerned raptors, waterfowl, aerial
plankton feeders, and nocturnal species.

For each species, we collected information on their ecological traits
and conservation status from national literature (Supplementary
Table S1). Specifically, we expressed (i) the habitat preference for suc-
cessional stage as a position of each species along a gradient from forest

Table 1
Habitat types recognized in military training areas, their abbreviations and
representation in respective survey periods (2009 and 2020-2021).

Habitat type Abbreviation Number of grid cells

2009 2020-2021
Bare ground Ground 49 74
Grassland Grassland 493 369
Sparse shrub Shrub_spar 1277 1291
Dense shrub Shrub_dense 474 733
Forest Forest 599 659
Built-up area Built-up 0 43
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to grassland extracted from Kolecek et al. (2014b). They assigned one or
more habitats from forest interior (value = 1) to open treeless landscape
(value = 7) to each species according to the literature information and
calculated a mean across the habitat values for every species. (ii) We
used habitat specialization from Reif et al. (2010) who used country-
wide common bird monitoring data (consisting of 2555 sampling
sites) and calculated species specialization index for every bird species
as a coefficient of variation of its abundance across eight habitat types
following Julliard et al. (2006). (iii) As a measure of conservation status,
we used classification of conservation concern according to the national
legislation on protected species (Act No0.114/1992 Coll. on Nature
Conservation and Landscape Protection, 1992, https://www.zakon
yprolidi.cz/cs/1992-114) recognizing species as unprotected (value =
0), endangered (1), highly endangered (2) and critically endangered (3).
We used the conservation status as an ordinal variable following Juslén
et al. (2013).

Changes in bird populations observed in MTAs may be underpinned
not only by local habitat changes, but also by large-scale drivers such as
climate change, regional land use changes or population dynamics at the
landscape scale. To take these drivers into account, we used national
population trend of each species (Supplementary Table S1). The trends
were calculated on data collected within a national breeding bird
monitoring scheme in Czechia (Jednotny program s¢itani ptakd, JPSP)
coordinated by the Czech Society for Ornithology. JPSP is based on
standardized fieldwork of skilled volunteers covering the area of the
whole country, see Reif et al. (2013) for more details. The trends pro-
vided for purposes of this study cover the period 2009-2021 corre-
sponding to our survey years and were estimated using log-linear models
ran in RTRIM (Bogaart et al., 2020).

2.4. Spatial data processing

After obtaining habitat and bird data, i.e., habitat polygons and
localized bird records, we covered each abandoned MTA by a squared
grid with cells of 100 x 100 m size (Fig. 2). Using this approach even very
local habitat and bird abundance changes can be detected. At the same
time, this cell size broadly corresponds to breeding territory sizes of
small territorial passerines, accounting for the majority of species in our
dataset, in the northern temperate zone (e.g., Storch, 1998; Jones, 2011;
Skorupski et al., 2018). For each grid cell, we calculated the relative
areas of individual habitat types and the abundances of respective bird
species in each period. For the bird abundance estimation, we took the
maximum count of individuals of a given species from both visits per-
formed in a given grid cell. Finally, we calculated the change in relative
areas of respective habitat types between periods in each grid cell by
subtracting the data of the second period from the data of the first
period. In the same way, we calculated the change of abundance of every
bird species between periods.

For further analysis, we considered only the cells fully covered by
MTAs (n = 1,930), i.e., we excluded all cells overlapping MTAs’ borders
to avoid possible effects of altered conditions near edges and effects of
unequal grid cell size. Also, we excluded all cells (n = 11) where overall
bird abundance was zero in both periods. Thus, the final number of
considered cells was 1,919.

2.5. Statistical analyses

We performed multivariate redundancy analyses (RDAs) to assess: (i)
changes of habitat composition between periods; (ii) changes in bird
community composition between periods; (iii) an effect of changes in
habitat composition on the changes in bird community composition
between periods; (iv) the difference between species of conservation
concern and the other species in responses to habitat composition
changes between periods. For this purpose, we ran four RDA models
with grid cells as statistical units. Model 1 used relative covers of indi-
vidual habitat types in respective grid cells as response variables, period
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Fig. 2. Example of a studied abandoned military training area with habitat types and all bird observations recorded in 2020. The area is overlaid by a square grid
with cell size 100 x 100 m. Note that only three out of six habitat types were recognized in this military training area.

as a categorical explanatory variable with two levels (first and second)
and identity of the studied abandoned MTAs as a conditioning variable.
Model 2 had the same structure, but bird abundances in respective grid
cells were the response variables instead of habitat types. Model 3
included changes in bird abundances in individual grid cells between
periods as response variables and related them to the changes in relative
covers of habitat types as the explanatory variables. Model 4 also
included changes in bird abundances and habitat types between periods,
but we summed the changes for species of conservation concern and for
the other species before this analysis. In this model, we tested whether
changes in abundance of species of conservation concern are associated
with habitat types being different from those associated with the
changes in the other species. Bird abundance data were transformed by a
natural logarithm as log(x) + 1 prior to the analysis to conform model
assumptions, but zero abundances were kept as zero (Anderson et al.,
2006).

Before running the RDAs, we investigated the presence of spatial
autocorrelation in our data. We adopted the distance-based Moran’s
eigenvector maps (dbMEM) approach (Legendre & Legendre, 2012).
First, we constructed a combined staggered matrix of dbMEM spatial
eigenvectors based on the coordinates of centers of individual grid cells,
using a function create.dbMEM.model() from an R-package ‘adespatial’
(Dray et al., 2023). In the next step, we performed three auxiliary RDAs
where the responses (the same as defined above) were detrended via the
coordinates of centers of individual grid cells and the explanatory var-
iables were dbMEM spatial eigenvectors, using a function rda() from an
R-package ‘vegan’ (Oksanen et al., 2022). If the subsequent permutation
tests of these auxiliary models were significant, spatial autocorrelation
needed to be taken into account (Borcard et al., 2018). We found a
significant spatial autocorrelation for Models 1 (ANOVA like permuta-
tion test: F177,3660 = 3.3, p = 0.001) and Model 2 (ANOVA like per-
mutation test: F177 3660 = 1.8, p = 0.001), but not for Model 3 (ANOVA
like permutation test: Fs43 1375 = 1.0, p = 0.495) and Model 4 (ANOVA

like permutation test: Fs43 1375 = 1.1, p = 0.172). To fix this problem, we
detrended the response variables via the coordinates of centers of indi-
vidual grid cells (Borcard et al., 2004) and included statistically signif-
icant (p < 0.05) spatial eigenvectors, chosen by forward selection, as
additional conditioning variables. In case of Model 3 and 4, the variable
sparse shrub was removed from the explanatory variables as it was
causing multicollinearity according to the VIF analysis run by a function
vif.cca() in R-package ‘vegan’. The statistical significances of con-
strained axes and explanatory variables in respective Models were
derived using ANOVA like Monte Carlo permutation tests considering
model-specific design of plots and blocks. Model 1 and 2: plots = grid
cell identity, no permutations, blocks = MTAs identity, free permuta-
tions (n = 999); Model 3 and 4: blocks = MTAs identity, free permuta-
tions (n = 999). The share of variability explained by individual
predictors was derived using a function rdacca.hp from an R-package
‘rdacca.hp’ (Lai et al., 2022).

To identify the species characteristics associated with changes in bird
abundance between periods, we used the bird species scores along the
first canonical axis obtained in Model 2 (Supplementary Table S1).
These scores quantify how much the abundance of a given species
changed across the individual grid cells between periods controlling for
the effect of spatial autocorrelation — the more positive scores signify the
greater population increase of a given species, while the more negative
scores the greater population decrease. Then we related these scores as a
response variable to the explanatory variables including species’ habitat
preference, habitat specialization, conservation status, and national
population trend in a generalized least squares model (GLS) with
phylogenetic correlation structure corPagel(), using gls() function from
‘nlme’ R-package (Pinheiro et al., 2023). To allow for the phylogenetic
correlation structure in the GLS, we included a consensus phylogenetic
tree constructed using a function consensus.edges() from ‘phytools’ R-
package (Revell, 2012). This consensus tree was based on 1000 random
phylogenetic trees of all 85 observed bird species, generated at BirdTree.
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org (Jetz et al., 2014) from “Stage 2 MayrParSho Ericson” backbone tree.
In order to obtain comparable model parameter estimates, we stan-
dardized the explanatory variables to zero mean and unit variance prior
to the analysis. The model met the assumptions in terms of multi-
collinearity and non-independence of residuals, examined by plots
produced by a function check model() from ‘performance’ R-package
(Liidecke et al., 2021).

All statistical analyses were performed in R software 4.3.1 (R Core
Team, 2023). All data and code linked to this study are available in
Dvorakova et al. (2024).

3. Results

In total, we recorded 85 species during our survey after excluding the
species unsuitable for the analysis: 75 species and 8,834 individuals in
the first period, and 81 species and 8,914 individuals in the second
period.

According to the RDA Model 1, the changes in relative cover of in-
dividual habitat types in the abandoned MTAs were modest — the first
canonical axis, representing the difference between periods, explained
only 0.5 % of the total variability in habitat composition across all grid
cells. However, the change in habitat cover was significant (ANOVA like
permutation test: Fy 3777 = 20.8, p = 0.001) indicating that some habi-
tats expanded, while some others retreated. In this respect, relative
cover of grasslands and sparse shrub decreased, whereas the relative
cover of dense shrub, forest, bare ground and built-up areas increased
(Fig. 3a).

Similar to the habitat composition, bird community composition also
showed relatively small, but significant changes (ANOVA like permu-
tation test: Fq 3800 = 7.8, p = 0.001) in the abandoned MTAs between
periods as indicated by the RDA Model 2. Here, the first canonical
explained 0.2 % of the total variability in bird community composition
across grid cells. The species with the most negative scores along this
axis, indicating the greatest decrease of abundance in grid cells between
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periods, were Whinchat (Saxicola rubetra), Grasshopper Warbler
(Locustella naevia), and European Greenfinch (Chloris chloris). On the
contrary, the species with the most positive scores, indicating the
greatest increase in abundance, were Woodlark (Lullula arborea), Haw-
finch (Coccothraustes coccothraustes) and European Robin (Erithacus
rubecula) (Fig. 3b).

The effect of habitat changes on changes in bird abundance in grid
cells was evaluated by the RDA Model 3. Habitat changes explained ca
0.5 % of the variability in changes in bird species composition in five
canonical axes, where first two axes explained a significant portion of
variance (0.2 % and 0.1 %, respectively, Fig. 4). The highest share of the
total variability in changes in bird abundance was explained by MTA
identity (88.2 %), followed by the cover of dense shrub (6.1 %), grass-
lands (2.4 %), forest (2.2 %), built-up areas (0.6 %) and bare ground
(0.4 %). The first RDA axis (ANOVA like permutation test: F; 1589 = 4.0,
p = 0.001) showed that the key driver was the increase in dense shrub
cover (ANOVA like permutation test: F1 1889 = 3.4, p = 0.001) and, to
lesser extent, in forest cover (ANOVA like permutation test: Fq 1889 =
2.5, p = 0.001). The species most benefiting from these increases were
Willow Warbler (Phylloscopus trochilus), Blackcap (Sylvia atricapilla),
Eurasian Blackbird, Common Chiffchaff (Phylloscopus collybita), and
Common Chaffinch (Fringilla coelebs) as indicated by their position at the
positive part of this axis (Fig. 4). In contrast, European Stonechat
(Saxicola rubicola), Eurasian Linnet (Linaria cannabina), and Eurasian
Skylark (Alauda arvensis) were associated with the negative part of the
first RDA axis indicating that they suffered from these habitat changes
(Fig. 4). In addition, increasing relative area of bare ground (ANOVA
like permutation test: Fjigg9 = 0.9, p = 0.598) and built-up areas
(ANOVA like permutation test: F 1889 = 1.4, p = 0.033) were associated
with the negative part of this axis. The second axis (ANOVA like per-
mutation test: Fi1gg9 = 2.2, p = 0.020) depicted a gradient from
increasing relative cover of forest and grassland (ANOVA like permu-
tation test: Fy 1889 = 1.5, p = 0.001) (in the negative part) to increasing
relative cover of dense shrub and bare ground (in the positive part).
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Fig. 3. Results of the RDAs showing changes in (a) relative cover of respective habitat types and (b) bird species’ abundance between two survey periods (2009 and
2020-2021) in abandoned military training areas. See Table 1 for abbreviations of habitat types. See Supplementary Table S1 for abbreviations of bird species.
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Fig. 4. Results of the RDA relating changes in abundance of respective bird
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While the Nuthatch (Sitta europaea) and European Robin were associ-
ated with the negative part (Fig. 4) and likely benefited from increasing
forest cover, the Yellowhammer (Emberiza citrinella) and Corn Bunting
(Emberiza calandra) showed the opposite (Fig. 4) and were likely sup-
ported by increases of dense shrub and bare ground.

The RDA Model 4 model focused on the effects of changes in cover of
respective habitat types between periods on the species of conservation
concern in comparison with the other species (Fig. 5). Besides MTA
identity explaining 84.1.% of variability, the habitat types most
involved in these effects were dense shrub (9.6 %), built-up areas (2.1
%), forest (1.9 %), and grassland (1.7 %). The first RDA axis (2.4 % of
variance explained, ANOVA like permutation test: Fq 1892 = 46.9, p =
0.001) showed that increasing abundance of species that are not of
conservation concern is associated with increasing cover of dense shrub
(ANOVA like permutation test: Fj 1889 = 35.0, p = 0.001) and forest
(ANOVA like permutation test: F1 1889 = 9.7, p = 0.001) between pe-
riods. Changes in abundance in species of conservation concern were
associated with the second RDA axis which was, however, insignificant
(explained 0.3 % of variance, ANOVA like permutation test: Fy 1892 =
5.2, p = 0.180). Decreasing abundance of these species between periods
was associated with increasing cover of forest (ANOVA like permutation
test: Fq 1889 = 9.7, p = 0.001), build-up areas (ANOVA like permutation
test: F1 1889 = 3.9, p = 0.011) and grassland (ANOVA like permutation
test: F11889 = 4.1, p = 0.016).

Generalized least squares model that took the effect of national
population trend into account revealed that species’ habitat preference
and conservation status were significantly related to changes in bird
abundance between periods (Table 2). Specifically, preference for
earlier successional stages showed a negative relationship indicating
that this characteristic predicts population declines. On the contrary,
higher conservation status showed a positive relationship with the
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Fig. 5. Results of the RDA relating changes in abundance of bird species of conservation concern (ProtectYES) and the other species (ProtectNO) to changes in
relative cover of individual habitat types between two survey periods (2009 and 2020-2021) in abandoned military training areas. See Table 1 for abbreviations of

habitat types.
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Table 2

The standardized effects of species characteristics and national population
trends of species on bird population change (expressed as scores obtained from
RDA Model 2, see Fig. 3b) between two survey periods (2009 and 2020-2021) in
abandoned military training areas estimated by a phylogenetic GLS model.
Statistically significant results are in bold.

Model term Estimate SE t p

Intercept 0.009 0.005 1.7 0.096
Habitat preference —0.043 0.010 —4.3 <0.001
Habitat specialization —0.012 0.011 -1.1 0.272
Conservation status 0.043 0.010 4.3 <0.001
National population trend 0.038 0.010 3.7 <0.001

abundance change indicating that conservation concern is associated
with population increase between periods. Habitat specialization was
not significantly related to changes in bird abundance, but national
population trend showed a positive relationship (Table 2). The model
explained 32 % of the variability in bird species scores.

4. Discussion

Between the two survey periods (2009 and 2020-2021), local habitat
composition in the Czech abandoned MTAs changed slightly, but
significantly towards the expansion of built-up areas and the increasing
dominance of later successional stages, i.e., dense shrubs and forest
patches, while the cover of the early successional stages, grassland, and
sparse shrubs, decreased. These changes corresponded with the changes
in abundance of bird species inhabiting the above-mentioned habitat
types: the abundance of arboreal and forest-dwelling species increased,
whereas the abundance of species of open habitats declined. Changes in
forest, grassland and dense shrub cover were also drivers of changes in
bird community composition, as confirmed by statistical analysis
showing a significant, but small proportion of explained variance. Birds
of conservation concern increased their abundance, but suffered from
local expansion of forest, built-up areas and grassland. National popu-
lation trends were positively related to changes in bird abundance in
MTAs indicating that other drivers than local habitat changes may be
involved in shaping bird abundance between periods.

At the beginning of the 21st century, the conservation potential of
the abandoned MTAs has been clearly recognized (Cizek et al., 2013;
Culmsee et al., 2021; Reif et al., 2011) and these areas are often the
target of conservation management (Dvorsky et al., 2022). This also
applies to some of the areas included in our study that are protected and
managed. As the encroachment of woody plants on open habitats is one
of the most widespread land cover changes in Czechia and elsewhere
(Kupkova et al., 2021; Ratajczak et al., 2012), the management is
typically represented by activities that block these successional changes
(Prach & Rehounkova, 2006). These activities are necessary if the open
habitats are left without use and their value for conservation de-
teriorates (Ratajczak et al., 2012). In the abandoned MTAs, these ac-
tivities include woody plant cutting, pasture, mowing and vehicle rides
(Reif et al., 2023). Our results indicate that this effort is not sufficient to
prevent the overall advancement of ecological succession. This may be
caused by insufficient protected area coverage in the abandoned MTAs.
In our sample, only 48 % grid cells of abandoned MTAs have been legally
protected, and the unprotected areas are exposed to various threats,
most notably spontaneous encroachment of woody vegetation.

As an alternative, but not mutually exclusive explanation we suggest
that the current level of management effort may not be sufficient to
reverse the successional changes even in the protected areas. Funding
for conservation is inevitably limited and conservation managers need
to select the most valuable sites that deserve the highest effort
(Sutherland, 2000). This means that some other areas are left unman-
aged even though they are formally protected. This problem may
concern the larger abandoned MTAs with a considerable proportion of
forest patches. In these areas, the management effort concentrates on the
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largest open parts and small areas adjacent to the forest are exposed to
encroachment (L. Dvotrakova, pers. obs.). Moreover, conservation man-
agement is not always linked to the protection status of a given aban-
doned MTA. In some areas, the management is performed by non-
governmental stakeholders (livestock keepers, off-road riders and fans
of military history), typically in agreement with local conservation au-
thorities (Dvorakova et al., 2022a, 2022b). These efforts are often
locally effective but may diminish when the preferences of a given
stakeholder change.

Changes in bird abundance and community composition mirrored
the changes in the relative cover of individual habitat types. Species that
showed the highest abundance increases were those with a preference
for late successional stages. They obviously benefited from woody
vegetation maturation in the abandoned MTAs as their preferred habitat
expanded. This concerned common forest species such as the Eurasian
Blackbird, Great Tit, Hawfinch or European Robin, as well as shrub-
dwelling species such as the Common Chiffchaff and Eurasian
Blackcap. Such population increases of forest birds are in line with
general trends in bird populations at the country level (Storch et al.,
2023), where these species increase not only due to woody plant
encroachment, but also due to active forest management towards longer
rotation periods and the creation of more heterogeneous stands (Reif
et al., 2022a). Therefore, we suggest that the observed increase in the
abundance of the forest species may not only result from changes that
occur directly in the abandoned MTAs where we collected the bird data,
but also from wider landscape changes whose consequences may spill
over into our study areas (de Souza Leite et al., 2022).

Encroachment and maturation of woody habitat types are also likely
drivers of the observed increase in the total number of species and in-
dividuals in the abandoned MTAs between periods. As forest and dense
scrubland are the richest habitat types in terms of bird diversity and
abundance in Czechia, whereas grasslands are typically species-poor
(Reif et al., 2022b), it is possible that the gain of forest and dense
shrub patches at the expense of grassland and sparse shrub underpinned
the observed pattern in the total species richness and abundance in our
study sites. The high number of species and individuals in habitats of the
later successional stages is probably a result of the higher structural
complexity and vertical heterogeneity of these habitats (Di Cecco et al.,
2022), which provide more resources and thus increase opportunities
for species coexistence (Remes & Harmackova, 2023).

Abundance of open habitat bird species declined, which may result
from the open habitat loss in the abandoned MTAs. The above-discussed
successional changes are an obvious candidate, but we can also specu-
late about additional problems that the open habitat species may face in
the study areas. First, the loss of habitat cover per se may not be
particularly problematic as the observed changes in relative areas were
modest. However, the habitat structure may change considerably, but
our data were not capable of capturing such changes. It may concern, for
example, the herbaceous vegetation height that is required to be short in
some species, such as the Eurasian Skylark (see Donald, 2004) whose
abundance decreased, and the absence of management might underlie
growth of herbs (Prach et al., 2001) even if the shrubs have not yet
encroached the site. At the same time, management aiming to block
successional changes may also be problematic for some species: woody
plant cutting can remove some important habitat features that are used
by some open habitat species (e.g. European Stonechat, Eurasian Linnet)
for perching (Morelli et al., 2016); cattle pasture or mowing can result in
nest destruction of grassland breeders (e.g. Grasshopper Warbler,
Meadow Pipit Anthus pratensis) if carried out during their breeding
season (Sharps et al., 2015).

Some of our observations of decreasing abundance between periods
may also partly result from the national long-term trends in their pop-
ulations, similarly to the increasing bird species. This may concern the
Whinchat, which typically breeds in grassland and has declined since the
2010s in Czechia, likely due to the intensification of the use of upland
meadows and pastures (Sfastny et al., 2021). More notably, the
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population change in the European Greenfinch, one of the species with
the most precipitous decline in our data, may not be linked to habitat
changes at all because this species is seriously affected by the spread of
infectious Trichomoniasis disease (L.ehikoinen et al., 2013). Indeed, this
species is rather associated with dense shrubby habitats (Reif et al.,
2010), so it may even benefit from their observed expansion, and thus
habitat-driven population changes are quite unlikely in its case.

Built-up areas were the most expanding habitat type according to the
RDA Model 1. It means that parts of the original semi-natural cover of
the abandoned MTAs were transformed into paved areas, buildings and
most notably photovoltaic power plants. Our data do not indicate that
these changes were linked to increases in abundance in bird species
nesting on buildings (e.g., Black Redstart Phoenicurus ochruros) or in
suburban paved areas (e.g., Crested Lark Galerida cristata) (Stastny et al.,
2021). However, photovoltaic installations may have further contrib-
uted to declines in open habitat species such as Eurasian Skylark,
Grasshopper Warbler, or Stonechat because these installations were
built in open grassy sites that would provide habitat for such species
(Kubelka et al., 2015).

Although habitat change explained a significant part of the vari-
ability in changes of bird abundance between periods, this part was
small in absolute numbers. This may be a product of a large sample size
to some extent (we used almost 2000 spatial replicates, and the
explained variance decreases with sample size), and the high spatial
resolution of our data, in which some records of individual bird pres-
ence/absence in grid cells may result from behavioural processes (e.g.,
foraging visits into or outside the cell) and not from habitat preferences.
However, it is also possible that the reduced explanatory power of
habitat composition in our data may simply result from the importance
of other unrecorded forces shaping changes in bird abundance between
periods. One possibility is climate change that influences bird pop-
ulations through several mechanisms (Dunn & Mgller, 2019). Among
the affected species, long-distance migrants are often the most nega-
tively impacted (Kolecek et al., 2020; Telensky et al., 2020). Therefore,
declines of Grasshopper and Riverine Warbler (Locustella fluviatilis),
Whinchat, Garden Warbler (Sylvia borin), or Marsh Warbler (Acroce-
phalus palustris) may be at least partly driven by climate, and not only by
local habitat change.

Indeed, factors acting irrespective to habitat changes in MTAs were
most likely important drivers because bird population changes observed
in MTAs were positively correlated with national populations trends
estimated over the period 2009-2021. Besides the climate change
mentioned above, agricultural intensification and urbanization are
obvious candidates (Rigal et al., 2023; Rosin et al., 2021). They may
contribute to declines of species breeding in grassland (e.g. Eurasian
Skylark, Meadow Pipit) and increases of some urban species (e.g. House
Sparrow, Passer domesticus and White Wagtail, Motacilla alba). On the
other hand, the observed correspondence of trends may also result from
the same habitat changes occurring both within and outside MTAs
(Greslova et al., 2023).

Interestingly, the change in abundance was more positive in birds of
a higher conservation concern. This pattern implies that, even though
the land cover of the abandoned MTAs generally changes towards more
encroached or built-up habitats and the species that are a primary
concern of conservationists suffer from these changes locally, these local
effects, fortunately, did not result in decreasing overall trends. We
suggest that such species benefited from the improvement of habitat
quality, possibly due to management interventions, although these in-
terventions did not reverse the general trend of land cover changes
driven by ecological succession. For example, the Corn Bunting, a crit-
ically endangered and declining species at the national level, might
benefit from the rewilding of large herbivores that took place in several
sites (Konvicka et al., 2021). This management option improved the
quality of grasslands by supporting numerous plant and insect species
providing important food resources for the Corn Bunting (Golawski &
Dombrowski, 2002). Similarly, the nationally endangered Woodlark,
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that showed one of the greatest population increases from all species
between periods on our study sites, requires patches of bare ground that
are created by vehicle rides in abandoned MTAs (Dvorakova et al.,
2022b). It is worth mentioning that improvement of habitat quality is
likely the key aspect of the conservation management as local increases
of grasslands were associated with local decreases of birds of conser-
vation concern. We speculate that such grasslands are unmanaged and
likely of a low quality, so they show the negative effects.

On the other hand, several species of conservation concern declined
in the abandoned MTAs, which was the case of European Stonechat and
Whinchat. This suggests that the currently applied management is not
sufficient to support populations of these species. As these species show
decreasing population trends at the national level, improvement of their
local population status in MTAs would require particularly high man-
agement effort. Indeed, we think that the current management efforts
(such as mowing, grazing, or woody plant cutting) might be unable to
generate the fine-scale habitat heterogeneity maintained by the distur-
bance regime resulting from military training performed at a time when
the MTAs were active. It is possible that both of these species require
such heterogeneity. The plausibility of this explanation supports another
recent study from the abandoned MTAs we sampled here, which showed
a considerable decline of the diversity and abundance of butterflies (Reif
et al., 2023), a taxon that is critically dependent on the small-scale co-
occurrence of very different habitat patches (Konvicka et al., 2008).

Taken together, our results showed that the abandoned MTAs in
Czechia undergo successional changes towards dense shrub and forest at
the expense of grassland and sparse shrub. These land cover changes
explained only a small part of variance in changes in bird abundance,
but their effect was statistically significant and corresponded to the
observed patterns when species of woodland habitats increased, while
species of open habitats declined. As these changes occurred despite the
performance of conservation actions in some of the abandoned MTAs,
one may conclude that these actions were not sufficient to effectively
block the general successional changes. However, the increasing abun-
dance of bird species of conservation concern indicates that the man-
agement of the abandoned MTAs indeed supported populations of the
species that were at the highest risk. Although the management is not
able to help all species, our results indeed show that the conservation of
the abandoned MTAs is important, and its current form delivers con-
servation benefits.
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Introduction: Abandoned military training areas are biodiversity strongholds, and
this is particularly true for open-habitat and threatened species in Central Europe.
Such species benefited from a specific disturbance regime created by military
activities that maintained small-grained environmental heterogeneity. However,
the disturbance regime no longer occurs after abandonment and the biodiversity
is at risk due to forest and shrub encroachment if the areas are left unmanaged. To
combat these adverse changes, several management options are used. As these
options are not always applied for conservation purposes and substantially differ in
their implementation, it is essential to assess their impacts on biodiversity.

Methods: We performed repeated standardized surveys (first in 2009-2010,
second in 2020-2022) of vascular plants, grasshoppers, butterflies and birds in
42 abandoned military training areas in Czechia, a Central European country. We
calculated changes of species richness and abundance between periods for each
taxon and related these changes to six different management types (woody plant
cutting, mowing for conservation, mowing for agriculture, grazing for
conservation, grazing for agriculture, vehicle movement) performed in these
areas between periods.

Results: Vascular plants and grasshoppers showed generally positive changes,
whereas the reverse was true for butterflies, and birds experienced mixed
changes. Although beta-diversity increased between periods in plants,
grasshoppers and butterflies, this increase was driven by extirpation of
common species. Management impacts greatly different between respective
types and between taxa. Woody plant cutting showed solely positive impacts
(on plants and grasshoppers), while the impacts of both types of grazing were
mixed (positive on plants and birds, negative on butterflies, mixed on
grasshoppers). Mowing for agriculture supported plants and birds but had
negative effects on grasshoppers. Mowing for conservation and vehicle
movement were linked solely to negative biodiversity changes (former in
plants, latter in butterflies).

Discussion: Some components of biodiversity, i.e. plants and grasshoppers,
indicate that abandoned military training areas still serve as their strongholds
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and the management most likely contributes to this favourable state. In contrast,
the pattern found for butterflies is worrying since the management performed up to
now apparently does not meet their requirements, likely because they are based on
smaller-scale habitat mosaic than currently occurs in the areas. Our results may
serve as a guide for future prioritization of environmental management, and we
urge for development of more nuanced approaches to save the butterflies.

KEYWORDS

vascular plants, grasshoppers, butterflies, birds, ecological succession, environmental
management, threatened species, Europe

Introduction

Biodiversity loss is one of the most serious global environmental
problems (Chase et al, 2020). Such losses, e.g., the “insect
apocalypse” (Goulson, 2019), could have pertinent impacts on
the functioning of trophic relationships, with the overlap into
human economy (Cardoso et al., 2020). In European lowlands,
this loss is particularly severe in open habitats that have been
maintained by extensive agriculture for millennia (Ellis et al,
2021). Such habitats are a part of European cultural landscape
that is protected under the EU’s Habitats Directive in some
regions (Maes et al., 2012). Traditional management maintained
high species diversity in these landscapes including some Red List
taxa (Spulerova et al., 2017). Nowadays, open habitats are rapidly
deteriorating due to eutrophication, intensive agricultural use or, if
not managed, they become encroached by shrubland or forest
(Bardgett et al., 2021). It is therefore important to find solutions
on how to stop the further deterioration of the biodiversity of the
open habitats in Europe.

One solution is offered by the areas with exceptionally high
biodiversity of open habitat species. Such areas may serve as
regional biodiversity refuges—they maintain the level of regional
diversity in a plausible state and provide propagules for the potential
re-colonization of the surrounding landscape (Habel et al., 2013; Tropek
et al, 2013; Salek et al, 2022). In this respect, abandoned military
training areas play an important role (Zentelis and Lindenmayer, 2015).
They have been widely recognized as regional open habitat biodiversity
refuges, supporting a high number of threatened species and showing
species richness values comparable to strictly protected nature reserves
(Reif et al., 2011; Cizek et al., 2013; Busek and Reif, 2017). Conservation
of these biodiversity refuges is therefore of the utmost importance.

At the same time, abandoned military training areas are exposed to
various threats that have arisen after the end of military activity (Hercik
et al, 2014; Ellwanger and Reiter, 2019). Although these areas were
saved from transformation to intensive forms of cultural landscape for a
long time, they may recently face habitat loss due to construction
activities or conversion into intensively cultivated farmland, and the
quality of their open habitats may deteriorate due to changes driven by
ecological succession in the absence of management (Gaertner et al,
2010; Dvorakova et al, 2023). Therefore, to secure the key role of
abandoned military training areas in supporting European open habitat
biodiversity, it is important to implement the appropriate active
management in these areas.

Up to now, abandoned military training areas have experienced
several different management approaches. These include traditional
management measures such as cutting of shrubs and trees to create
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open habitats and slow down the encroachment, as well as mowing
and cattle grazing to mitigate grassland eutrophication and suppress
nutrient-demanding competitive superior species (Ellwanger and
Reiter, 2019). In some areas, these management approaches are
carried out to obtain economic profit rather than for conservation
purposes (Wang et al., 2014), but it is possible that biodiversity may
still enjoys some benefits. Besides traditional management types,
novel approaches have recently been introduced. These include
semi-wild horse or cattle rewilding (Konvicka et al, 2021;
Dvorsky et al, 2022), and prescribed or free-range rides of off-
road and military vehicles (Jentsch et al., 2009). They may provide
different types of conservation benefits but their impact on different
taxa occurring in abandoned military areas remains unclear.
Therefore, knowledge of ecological impacts of respective
management types on the temporal biodiversity dynamics (sensu
Volery et al,, 2023) is urgently needed.

To fill this knowledge gap, we explore a unique dataset based on
repeated biodiversity surveys in 42 abandoned military training areas in
Czechia, a country in Central Europe. The surveys focused
simultaneously on multiple taxa that differ in their lifestyle and
trophic position: vascular plants—primary producers with low
vagility, being highly

management (Dickmann, 2003); grasshoppers (species of the insect

sedentary and responding slowly to
order Orthoptera)—primary and secondary consumers and dietary
generalists, indicators of small-scale habitat changes (Fartmann et al.,
2012); butterflies—primary consumers and important pollinators,
short-lived species highly sensitive to changes in habitat quality
(Warren et al, 2021); birds—secondary consumers, long-lived
habitat generalists with high dispersal capacity (Fraixedas et al,
2020). Simultaneous focus on such different taxa can provide a
complex insight into biodiversity responses to different types of
management (Hilty and Merenlender, 2000).

In the focal abandoned military training areas, we conducted a
baseline survey of the above-mentioned taxa in 2009-2010 (Reif et al,,
2011; Cizek et al, 2013) and repeated the survey using the same
methodology in 2020-2022. While the areas were unmanaged at
time of the first survey, the above-listed management approaches
were applied at multiple sites during the period between surveys. In
this study, we express the change in representation of the respective taxa
between surveys and relate these changes to the respective management
types. Since each of the focal taxa contains numerous species with
different ecological characteristics that may influence these relationships,
we define several ecological groups of species within each taxon.

The aim of this study is to examine the relationships between
biodiversity and different management approaches across taxa and
species groups. We predict that species richness of all taxa will
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FIGURE 1

Map of the surveyed abandoned military training areas in Czechia. Inset shows position of Czechia in Europe.
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increase between survey periods because management application
should create specific habitats that host unique species that elevate
species richness. We further predict that the management should be
most beneficial for species associated with open habitats across all
taxa because creating and conserving such habitats is a general
management target. In addition, we predict that the management
types conducted for conservation purposes should result in more
positive outcomes than the management types conducted for
economic profit. Finally, we predict that invertebrate taxa,
i.e., grasshoppers and butterflies, will be more responsive to the
management types applied in the focal military training areas than
plants and birds because invertebrates have faster life styles.

Materials and methods
Study area and study sites

We focused on 42 abandoned military training areas scattered
throughout Czechia (Figure 1), a central European country situated
in the northern temperate zone at the transition from Atlantic to
continental climate. The size of the areas varied from 21 to 351 ha
(mean 91 ha), and all were located at low to mid elevations
(200-625 m asl., mean 364 m). Our selection of the 42 areas used
in this study was based on their regional availability and forms a
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representative sample of all abandoned military training areas in
Czechia (Reif et al., 2011).

The areas were used by the army until 1990s and then gradually
abandoned due to the downsizing of troops after the end of the Cold
War (Tagarev, 2004). Military activities created a heterogeneous
fine-scale mosaic of different habitats that were maintained by
disturbances (shell explosions, fires, rides of tanks and other
vehicles, movement of troops) that were variable in space and
time (Warren et al,, 2007). After abandonment, the disturbance
regime ceased, and the habitats underwent changes due to ecological
succession (Skokanovd et al, 2017). However, as previous
disturbances varied greatly within the respective areas, habitat
heterogeneity was still considerable even in 2009 (Cizek et al.,
2013) and included a wide range of successional stages from
sparsely vegetated bare ground (on the impacted sites being most
intensively used by the army) through grassland with varying
degrees of shrub encroachment, to woodland (on sites already
covered by woody vegetation at the time when the areas were
actively used for military training). Therefore, the areas retained
considerable biodiversity even 10-15 years after abandonment (Reif
et al,, 2011; Cizek et al., 2013).

We mapped the habitat composition of each area prior to the
respective biodiversity surveys were conducted, ie., in early
2009 and 2020, respectively, discriminating five major habitat
types: bare ground (sites where bare ground dominates over
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herbaceous vegetation), grassland (sites dominated by herbaceous
vegetation without woody plants), sparse shrubland (sites where
grassland is encroached by shrubs and small trees but the woody
vegetation is discontinuous), dense shrubland (heavily encroached
sites consisting of continuous shrub stands), and forest (tall trees
with a continuous canopy). These habitat maps (1:2600) were used
in subsequent biodiversity surveys.

Biodiversity surveys

We surveyed four major taxa, i.e., vascular plants (hereafter
referred to as “plants”), species of the insect order Orthoptera
(“grasshoppers”), butterflies
Zygaenidae family (“butterflies”), and birds in the respective
areas in 2009-2010 (first period) and 2020-2022 (second period).
The spread of the respective periods over several years was dictated

diurnal and burnet moths of

by our capacity to cover all taxa in all areas, with no annually
repeated surveys within each period. The respective taxa were
surveyed by trained experts to ensure correct identification of
individual species.

In both periods, survey techniques were kept the same to
facilitate comparability. At the same time, survey techniques
varied between taxa corresponding to their biological characteristics:

Plants were surveyed by visiting the respective major habitat
types (see their definitions above) in each area and recording the
presence of individual plant species (Cizek et al., 2013). The effort
was proportional to the size of the respective abandoned military
training areas (areas up to 50 ha were surveyed for 4h, areas
50-100 ha for 8h, areas 100-200 ha for 16 h, and areas larger
than 200ha for 24h), and the time spent by surveying the
respective habitat types in a given area corresponded to their
relative coverage in that area. For plant surveys, each area was
visited once during each period between June and August.

Grasshoppers were counted at regularly spaced points in each
area, and the number of points corresponded to the size of the area
(from 21 in the smallest area to 116 in the largest). Point locations
remained the same in both periods. In each of both periods, every
point was visited once between the mid-July and the end of August
at the time of the highest grasshopper diurnal activity (between 10:
00 and 17:00) under suitable weather conditions (warm sunny days
with no wind). Surveys combined two methods widely used for
grasshopper monitoring, i.e., sweeping (e.g., Racz et al., 2013) and
acoustic detections (e.g., McNeil and Grozinger, 2020). Specifically,
at each point, the observer made exactly 20 sweeps with a sweep net
followed by a 2-min long acoustic detection of stridulating
individuals. The records of both types of detections were
summed to obtain the number of individuals of each species at a
given point. These point-level data were then summed over the
entire abandoned military training areas in the respective periods.

Butterflies were recorded using repeated, time-limited visits
(sensu Kadlec et al, 2012). The effort during one visit
corresponded to the size of the abandoned military training area
(areas up to 25 ha were surveyed for 60 min, areas of 25-50 ha for
90 min, areas of 50-100 ha for 120 min, areas of 100-200 ha for
240 min, and areas larger than 200 ha for 300 min). In each period,
the visits were repeated five times in each area covering the entire
butterfly flying season from the end of April to the mid-September,
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to record species with different phenology and activity phases. Visits
were conducted under suitable weather conditions (warm sunny
days with no wind) between 9:00 and 16:00. During each visit, the
observer surveyed all five major habitat types mentioned above
present in a given abandoned military training area by a slow zigzag
walk, and the time spent in the respective habitat types corresponded
to their relative coverage in that area. During this walk, all observed
species and their abundances were recorded. In the case of less
distinguishable species, individuals were captured with an insect net,
identified in hand, and released. Only in the case of species
complexes indeterminable based on external morphology
(accounting for a maximum of five individuals per habitat type
and visit), the captured individuals were euthanised and identified
later by genital dissection in laboratory.

Birds were surveyed during their breeding season using the spot
mapping technique (Bibby et al, 2000), in which the observer
walked slowly through the entire abandoned military training
area early in the morning (between 5:00 and 10:00) and recorded
every bird individual on a map. In each period, every area was visited
twice (firstly from the late April to mid-May, secondly from mid-
May to early June, with at least a two-week break between visits in an
area) to cover both early and late breeders. The maximum count of a
given species across the visits was considered to be its abundance in a

given abandoned military training area in a given period.

Ecological group definition for the
respective taxa

The perception of management approaches is likely to be
different for species with different ecological traits. To address
this issue, we defined several ecological groups of species for each
taxon based on literature information on species ecology
(plants—Chytry et al.,, 2018; grasshoppers—Kocarek et al., 2013;
butterflies—Benes et al., 2002; birds—Hudec and Sl’aslny, 2005;
Sfasmy and Hudec, 2011). The groups were non-exclusive, ie., a
species classified in one group can also be classified in another. These
ecological groups were delimited based on the position of species
along successional and wetness gradients (for all taxa) and along a
nutrient gradient (for plants) as follows:

Plants were sorted into 11 groups (Supplementary Table S1):
shade-dwelling species, light-dwelling species, and generalists in
respect to light conditions; hygrophilic species, mesophilic
species, xerophilic species, and generalists in respect to
wetness; nutrient-undemanding species, nutrient-demanding
species, nutrient-intensive species, and generalists in respect to
nutrients.

Grasshoppers were sorted into 5 groups (Supplementary Table 52):
open-habitat hygrophilic species, open-habitat mesophilic
species, semi-open/woodland-habitat mesophilic species, open-
habitat xerophilic species, and semi-open/woodland-habitat
xerophilic species.

Butterflies were sorted into 7 groups (Supplementary Table S3):
open-habitat hygrophilic species, semi-open/woodland-habitat
hygrophilic species, open-habitat mesophilic species, semi-open-
habitat mesophilic species, woodland-habitat mesophilic species,
open-habitat  xerophilic

species, semi-open/woodland-habitat

xerophilic species.
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Birds were sorted into 6 groups (Supplementary Table S4):
species of open-wetter habitats, species of semi-open-wetter
habitats, species of woodland-wetter habitats, species of open-
drier habitats, species of semi-open-drier habitats, species of
woodland-drier habitats.

In addition to the ecologically defined groups, we defined the
group of threatened species for each taxon as the species listed in the
Red List 2017;
grasshoppers and butterflies—Hejda et al., 2017; birds—Stastny

currently valid national (plants—Grulich,
et al, 2017) in the categories Near Threatened, Vulnerable,
Endangered or Critically Endangered.

Processing of biodiversity data

The data were processed at the level of individual military
training areas. For each taxon, we expressed the total number of
species recorded in each area in the respective periods. Similarly, we
expressed the abundance of the threatened species and the
abundance of the respective ecological groups for each animal
taxon. We decided to focus on the abundance data due to the
low number of species in some groups and due to a higher sensitivity
of abundance to environmental factors compared to the species
richness (e.g., Sutcliffe et al., 2014; Dornelas et al., 2023). For plants,
we used the number of species instead of abundance because data on
the number of individuals were not available for this taxon (see
above).

Although the identity of the abandoned military training
areas and the effort devoted to the surveys were kept the same
in both periods, the raw data were not fully comparable due to the
loss of some parts of several areas between periods. These parts
were inaccessible due to private construction activities without
the possibility to collect biodiversity data. To solve this problem,
we divided the raw biodiversity data (i.e., the number of species
or individuals of the respective taxa or their groups) by the size of
the surveyed area in each period in every abandoned military
training area. Therefore, all numbers of species or individuals are
further expressed as relative per hectare values. Since we were
interested in possible impact of the management on the change of
biodiversity, we calculated the change in these relative values
between periods for each abandoned military training area. The
change was calculated by subtracting the value in the first period
from the value in the second period. The resulting positive value
indicates an increase in the relative number of species or
individuals between periods, while the negative value indicates
a decrease. These changes between periods for the respective taxa
and species groups within taxa were used as response variables
for further analyses.

Management data

We distinguished the following six types of management that
were carried out in the focal abandoned military training areas
between the periods:

Woody plant cutting—removal of shrubs or trees from
grasslands or shrublands to reduce encroachment on open
habitats or to create new open habitat patches.
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Mowing for conservation—extensive mowing of grasslands to
improve their quality for biodiversity (preventing encroachment by
woody plants, limiting nutrient demanding highly competitive plant
species, and promoting less competitive, stress tolerant plant species
and animals associated with extensively used grasslands).

Mowing for agriculture—mowing of grasslands to extract
biomass for hay or silage.

Grazing for conservation—extensive grazing by domestic (sheep,
cows) or semi-wild animals (Exmoor pony, European bison,
aurochs-like cattle) to improve the quality of open habitats for
biodiversity (creating bare ground patches, limiting nutrient-
demanding highly competitive plant species and promoting less
competitive stress-tolerant plant species and animals associated with
extensively used grasslands).

Grazing for agriculture—grazing by domestic animals (sheep,
cows) for agricultural production (meat, milk).

Vehicle movement—movement of civilian (motor bikes, off-road
cars, trucks) or military (tanks, troop carriers) vehicles to reduce
woodland encroachment on open habitats, to create bare ground
patches and to promote stress tolerant plant species and animals
associated with regrowth on such sites. This management type
included both prescribed (for conservation purposes) and free-
range rides due to their unclear distinction (e.g., some rides were
free under the supervision of conservation managers) and the
relatively small number of abandoned military training areas that
experienced this type of management.

The influence of each management type on each abandoned
military training area was expressed by two measures: i) the size of
the area where it was applied and ii) the number of years of application
(Table 1). The information on these measures was obtained from local
stakeholders, nature conservation authorities and a public land use
database (LPIS: https://eagri.cz/public/app/Ipisext/Ipis/verejny2/plpis/
). We then converted these numbers into relative values (from 0 to 1),
i.e., the coverage of a given abandoned military training area by a given
management type and the proportion of years when this management
type was applied (relative to the number of years between periods).
For each abandoned military training area, these proportions were
multiplied by each other to obtain a single measure of “management
effort” for each management type, ranging from 0 to 1. The higher the
value, the larger the area where that management type has been
applied or the longer the period of its application in a given
abandoned military training area. These management effort scores
were used as explanatory variables in further analyses.

Statistical analysis

To assess changes in biodiversity between periods in the focal
abandoned military training areas, we fitted intercept-only linear
models (LM) for the change in the relative number of species or
individuals of respective taxa or species groups. These changes
illustrate the development of biodiversity over time (see above).
Since the abandoned military training areas are rarely located
randomly, and thus the location of the area may affect the
species distribution, we used Moran’s test using the ‘Moran.I’
function from the ‘ape’ package (Paradis and Schliep, 2019) to
test the residuals of each model for spatial autocorrelation. When
significant, we remodelled the relationship using generalized least
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TABLE 1 Management effort in the surveyed abandoned military training areas. The effort is expressed as the mean relative area (%) and the mean number of

years of application (application time) across all areas.

Management type Relative area (%)

Application time (years)

Woody plant cutting 9.1 0.3
Mowing for conservation 6.6 24
Mowing for agriculture 2.1 1.5
Grazing for conservation 15.0 1.8
Grazing for agriculture 9.1 1.9
Vehicle movement 122 3.8

squares models (GLS) using the ‘gls’ function from the ‘nlme’
package (Pinheiro and Bates, 2022). The spatial autocorrelation
structure was selected from linear, exponential, Gaussian, spherical
or ratio quadratic correlation structures, based on the Akaike
information criterion corrected for small sample sizes (AIC,.)
calculated by the ‘AIC. function from the ‘MuMIn’ package
(Barton, 2022).

We then tested the effects of respective management types on the
observed biodiversity changes between periods. For each biodiversity
variable, ie., the change in the relative number of species or
individuals of a given taxon or a given group of species within a
taxon, we fitted a separate LM or GLS relating this variable to the
respective management types (quantified as “management effort”, see
above) applied in individual abandoned military training areas. In
addition to the influence of management, changes in biodiversity
could be driven by the habitat structure of the area, or by interactions
between management and habitat structure. Habitat structure was
expressed as the relative cover of two habitat types, grassland and
sparse shrubland. Information on the relative cover of these types was
obtained by mapping of habitat composition in the abandoned
military training areas prior to the 2009 biodiversity survey (see
above). Although five habitat types were recognized during this
mapping, only the two above-mentioned types were selected for
the analysis based on results of the pilot modelling investigating
their non-independence and representation.

Ideally, all possible combinations of management type, habitat
structure and their interactions would be considered for each
response variable. However, this approach was not feasible due to
the limited sample size, i.e., the number of abandoned military
training areas relative to the number of possible variable
combinations, and the resulting potential statistical power issues.
to keep the
comprehensive, we constructed three types of models:

Therefore, model composition simple and

i) models containing only the main effect of each management
type;

ii) models containing the main effect of each management type and
the main effects of habitat structure;

iii) models containing the main effect of each management type, the
main effects of habitat structure, and their relevant two-way
interactions. We considered relevant interactions to be those
involving a habitat type in which a given management was most
likely conducted assuming that the relative area of that habitat
type may influence the impact of that management approach on
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biodiversity. Specifically, we included the following interactions:
sparse shrubland x woody plant cutting, grassland x mowing for
conservation, grassland x mowing for agriculture, grassland x
grazing for conservation, and grassland x grazing for agriculture.

To make inference about the effect of management on a given
response variable, we selected the best-fitting model from the three
above mentioned possibilities based on the AIC,, using AAIC, < 2 as
the criterion for model selection. However, we always used only the
main effects of respective management types for interpretation because
we were interested in the “pure” effect of management and not in the
effect of habitat structure or its interaction. All models were tested for
spatial autocorrelation and adjusted if necessary; using the same
procedure as for the intercept-only models described above.

All model assumptions were checked visually using residuals vs.
fitted plots, and Q-Q plots of standardized residuals. All statistical
analyses were performed in R 4.2.1 (R Core Team, 2022).

To gain further insights into biodiversity dynamics in the focal
areas and to provide a general overview of the processes involved in
the observed changes, we calculated temporal beta-diversity for the
respective taxa following Tatsumi et al. (2021). Temporal beta-
diversity informs about spatiotemporal biodiversity changes by
decomposing the presence-absence data collected at spatial
replicates (i.e., individual abandoned military training areas in our
case) and at different temporal occasions (i.e., our two survey periods)
into the processes of extirpation and colonization (Tatsumi et al,
2021). Therefore, for each taxon, we can learn whether extirpation or
colonization leads to homogenization or heterogenization of the
ecological communities in the focal areas between survey periods,
which can be translated into losses and gains of common and rare
species, respectively. For this purpose, we quantified for each taxon (i)
extirpation leading to homogenization, (ii) extirpation leading to
heterogenization, (iii) colonization leading to homogenization, (iv)
colonization leading to heterogenization, (v) total extirpation, (vi)
total colonization, and (vii) total beta-diversity change. These
measures could only be expressed for all abandoned military
training areas together, and thus could not be related to
management data at the level of individual areas.

Results

Combining data from both periods and all abandoned military
training areas, we recorded 1089 species of plants, 64 species of
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Changes in biodiversity of respective taxa (plants, grasshoppers, butterflies, and birds) in the surveyed abandoned military training areas between
periods (2009-2010 and 2020-2022) estimated by linear or generalized least squares models. Mean changes (grey bars) together 95% confidence
intervals (whiskers) in species richness (for plants groups and for all species in grasshoppers, butterflies and birds) or abundance (for respective groups of
grasshoppers, butterflies and birds) are shown. Asterisk marks a significant change. Change is a relative value based on a difference in the per hectare
number of species (or individuals) between periods (see the Materials and methods section for details).

grasshoppers, 121 species of butterflies and 86 species of birds. Of
these species, 244 plants, 17 grasshoppers, 58 butterflies and 24 birds
were listed in the actual national Red List.

Biodiversity changes between periods

In plants, biodiversity changes were generally positive. Overall,
the number of plant species recorded per hectare of an abandoned
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military training area increased by 0.29 (+SE = 0.13) and the same
pattern applied to Red List species, shade-dwelling species and
nutrient-demanding species (Figure 1). Furthermore, increases
were observed in all three groups of generalists, ie., species
indifferent to light conditions, wetness and nutrient gradients
(Figure 2). None of the plant species groups showed a significant
decrease in species richness (Figure 2).

For grasshoppers, the total number of species recorded per
hectare increased significantly, similar to plants (Figure 2), but to
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a lesser extent, i.e., by 0.05 (+0.01). Focusing on changes in the
abundance of respective species groups, we observe a general pattern
of increases across the groups defined by various combinations of
habitat openness and wetness, as well as in the Red List species
(Figure 2). However, none of these changes was statistically
significant (Figure 2).

Butterflies, in contrast to plants and grasshoppers, showed
remarkably different patterns of change in species richness and
abundance per hectare. Specifically, their total species richness
significantly decreased by 0.14 (+0.03), and five out of seven
groups defined by various combinations of habitat openness and
wetness showed significant decreases in abundance (Figure 2).
These
xerophilic species, open-, semi-open- and woodland-habitat

decreases  included  semi-open/woodland-habitat

mesophilic species, and open-habitat hygrophilic species
(Figure 2). The remaining groups, as well as Red List species,
showed a tendency to decline, but this was not statistically
significant (Figure 2).

Bird biodiversity expressed a mixed pattern of change. The total
number of bird species recorded per hectare of an abandoned

military training area slightly (0.03 + 0.01), but significantly
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increased (Figure 2). However, the changes in abundance per
hectare of the respective species groups were exclusively negative.
Specifically, significant decreases were observed in all groups on
wetter habitats regardless of their position along the open-woodland
habitat gradient, and in semi-open-drier-habitat species (Figure 2).
The abundance of the remaining groups including the Red List
species also tended to decrease, but not significantly (Figure 2).

Relationships between biodiversity changes
and management types

For plants (Supplementary Table S5), the change in richness of
Red List species was positively related to woody plant cutting and
mowing for agriculture (Figure 3A). Mowing for conservation was
negatively related to the change in richness of generalists with
respect to wetness (Figure 3A). Changes in the number of
both
positively related to woody plant cutting (Figure 3A). The latter

xerophilic and nutrient undemanding species were

group also responded positively to grazing for agriculture
(Figure 3A).
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Grasshoppers showed partly different relationships to the
respective management types than plants (Supplementary Table
S6). Here we also observed a positive response to woody plant
cutting, as indicated by the increase of species richness of all
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species and abundance of Red List species (Figure 3B). However,
we detected four negative relationships to mowing for
agriculture: in the case of abundance of Red List species,
open-habitat xerophilic species, semi-open/woodland habitat
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xerophilic and mesophilic species (Figure 3B). Grazing for
the
abundance of open-habitat xerophilic species, but negatively

conservation was positively related to change in
related to the change in abundance of Red List species
(Figure 3B). Abundance of semi-open/woodland-habitat
xerophilic and mesophilic species increased with increasing
effort devoted to grazing for agriculture (Figure 3B).

For butterflies (Supplementary Table S7), the change in their
total species richness was negatively related to grazing for
agriculture, as was the change in abundance of open- and
woodland-habitat mesophilic species (Figure 3C). In addition, the
change in abundance of semi-open/woodland-habitat xerophilic
and woodland-habitat-mesophilic species was negatively related
to vehicle movement (Figure 3C).

For birds, the change in their total species richness was unrelated
to any of the management types, and the same applied to the
abundance of Red List species (Supplementary Table S8). The
change in abundance of woodland-wetter-habitat species was
positively related to both mowing for agriculture and grazing for
conservation (Figure 3D). Finally, the abundance of semi-open-
drier-habitat species increased with increasing effort in grazing for

conservation (Figure 3D).
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In summary across all taxa and species groups (Table 2),
woody plant cutting was associated with an increase in
biodiversity in five cases (three for plants, two for grasshoppers)
and it did not show any negative relationships. Mowing for
conservation showed a single negative relationship (in plants),
whereas mowing for agriculture two positive (one for plants, and
one for birds) and four negative relationships (all in grasshoppers).
Grazing for conservation showed three positive (one for
grasshoppers, two for birds) and one negative relationship (for
grasshoppers), while grazing for agriculture showed three positive
(one for plants and two for grasshoppers) and three negative (all in
butterflies) relationships. Vehicle movement was linked to two
negative responses (both in butterflies).

Temporal change in beta-diversity

In plants, grasshoppers and butterflies we observed an increase
in beta-diversity, i.e., their communities across abandoned military
training areas became more dissimilar between periods, although the
increase was modest in grasshoppers (Table 3). In birds, beta-
diversity decreased, i.e., bird communities became increasingly
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(Continued). Effects of respective management types on changes in biodiversity of respective taxa in the surveyed abandoned military training areas
between periods (2009-2010 and 2020-2022) estimated by linear or generalized least squares models: (A) plants, (B) grasshoppers, (C) butterflies, (D)
birds. Change is a relative value based on a difference in the per hectare number of species (or individuals) between periods (see the Materials and
methods section for details). Only the significant relationships are shown (see Supplementary Tables S5-S8 for full results).

similar between periods, but the value was close to zero, meaning the
change was small (Table 3).

The of
heterogenization) was always greater than the extirpation of rare

extirpation common species (leading to
species (leading to homogenization) and it was the main driver of
the overall beta-diversity change in plants, grasshoppers and
butterflies (Table 3). this

colonization did not occur in these taxa. In fact, both plants and

However, does not mean that
grasshoppers showed high levels of colonization (Table 3), but since
the colonization processes were symmetric between common and
rare species (Table 3), their net impact on beta-diversity change was
negligible in these taxa. In butterflies, colonization of common
species was much greater than colonization of rare species
(Table 3). However, extirpation of common butterflies was even
higher, so that it outweighed the effect of colonization on beta-
diversity change in this taxon (Table 3). The situation was somewhat
different in birds, where colonization was slightly greater than
extirpation for both common and rare species (Table 3). As
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colonization of common bird species dominated among the
processes, total bird beta-diversity decreased between survey
periods (Table 3).

Discussion

Four major taxa selected to represent the biota of abandoned
military training areas showed strikingly divergent trajectories of
biodiversity change according to our standardized-effort surveys
repeated after 10-12 years. Plant species richness generally
the typically
generalists and nutrient-demanding and shade-dwelling species.

increased, and increase involved  ecological
However, national Red Listed plant species increased richness as
well, and none of the plant ecological groups declined. Positive
changes were also observed in grasshoppers whose total species
richness increased and abundance of all species groups tended to

increase, although not significantly. This optimistic picture contrasts
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TABLE 2 Summary of the impacts of respective management types on individual taxa in the surveyed abandoned military training areas: A) plants, B)
grasshoppers, C) butterflies, D) birds. |T denote significantly positive and negative relationship, respectively.

Species group Woody plant Mowing for Mowing for Grazing for Grazing for Vehicle

cutting conservation agriculture conservation agriculture movement

A) plants

All species

Red List species T T

Shade-dwelling species

Light-dwelling species

Generalists to light species

Hygrophilic species

Mesophilic species

Xerophilic species 7

Generalists to wetness l

species

Nutrient-undemanding ) T
species

Nutrient-demanding
species

Nutrient-intensive species

Generalists to nutrients
species

B) grasshoppers

All species T

Red List species ) | 1

Open-habitat hygrophilic
species

Open-habitat mesophilic
species

Semi-open/woodland- 1 T
habitat mesophilic species

Open-habitat xerophilic ! T
species

Semi-open/woodland- l T
habitat xerophilic species

Q) butterflies

All species !

Red List species

Open-habitat hygrophilic
species

Semi-open/woodland-
habitat hygrophilic species

Open-habitat mesophilic !
species

Semi-open-habitat
mesophilic species

Woodland-habitat l l
mesophilic species

(Continued on following page)
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TABLE 2 (Continued) Summary of the impacts of respective management types on individual taxa in the surveyed abandoned military training areas: A) plants, B)
grasshoppers, C) butterflies, D) birds. |T denote significantly positive and negative relationship, respectively.

Species group Woody plant Mowing for Mowing for Grazing for Grazing for Vehicle

cutting conservation agriculture conservation agriculture movement

Open-habitat xerophilic
species

Semi-open/woodland- !
habitat xerophilic species

D) birds

All species

Red List species

Open-wetter-habitat species

Semi-open-wetter-habitat
species

Woodland-wetter-habitat 7 T
species

Open-drier-habitat species

Semi-open-drier-habitat T
species

Woodland-drier-habitat
species

TABLE 3 Decomposition of temporal changes in beta-diversity for respective taxa (plants, grasshoppers, butterflies, and birds) in the surveyed abandoned military
training areas. Temporal change in beta-diversity (first column) can be expressed as the sum of extirpation and colonization processes (second and third columns)
among focal areas between survey periods. Extirpation is the sum of local extinction of rare species leading to homogenization (fourth column) and local
extinction of common species leading to heterogenization (fifth column). Colonization is the sum of the spread of rare species leading to heterogenization (sixth
column) and the spread of common species leading to homogenization (seventh column). The sign of beta-diversity change shows its increase (positive values,
i.e., higher di ilarity of represented by a given taxon across areas) or decrease (negative values) over time. The sign of extirpation and
colonization shows the dominance of homogenization (negative values, i.e., assemblages became increasingly homogenous in terms of species composition,

bl

leading to a decrease in beta-diversity) or heterogenization (positive values, leading to an increase in beta-diversity) in a given process.

Beta- Extirpation Colonization Extirpation => Extirpation => Colonization =>  Colonization =>
diversity homogenization heterogenization heterogenization homogenization
change

Plants 0.20 0.18 0.02 —0.85 1.02 1.18 -1.16

Grasshoppers | 0.10 0.24 -0.15 -0.21 0.45 0.63 -0.78

Butterflies 0.31 0.47 -0.17 -0.35 0.83 0.23 -0.39

Birds -0.07 0.32 -0.39 -0.21 0.53 0.23 -0.62

deeply with the patterns found for butterflies. Their total species  overall grasshopper richness and for grasshoppers listed in the
richness decreased, as did the abundance of most of their species  national Red List. Mowing for conservation showed only negative
groups, regardless of their position along gradients of habitat  relationship with biodiversity change, but this may not necessarily
openness and wetness. Birds showed a mixed pattern containing  be a sign of conservation failure, as we discuss below. Mowing and
increase in total species richness and decreases in the abundance of ~ grazing for agriculture provided both conservation benefits (for
species associated with semi-open drier habitats and various types of ~ plants, birds and some grasshoppers) and costs (for butterflies
wetter habitats. Beta-diversity increased between periods in all but  and some other grasshoppers). Grazing for conservation had
one taxon (birds), driven by extirpation of common species. In  positive effects on open-habitat xerophilic grasshoppers and
contrast, colonization of common species was responsible for the =~ woodland-wetter-habitat birds, but was negatively related to

decrease in beta-diversity in birds. abundance changes in national Red Listed grasshoppers. Vehicle
Regarding management effort, we found a complex picture of =~ movement was negative for butterflies of later successional stages.
highly variable biodiversity impacts of different approaches. The The patterns observed in plants, i.e., the increase in the richness

cutting of woody plants was beneficial for national Red Listed,  of shade-dwelling and nutrient-demanding species, indicate some
xerophilic and nutrient undemanding plants, as well as for  progress in ecological succession (sensu Poorter et al., 2023) leading
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to habitat closure and eutrophication (e.g., Pruchniewicz, 2017). On
the other hand, these processes do not seem to endanger the
sensitive plant species, since no decrease in biodiversity was
observed in any of the plant species groups. Moreover, the
increase in richness of Red Listed plant species suggests that
abandoned military training areas maintain their position as
strongholds of plant biodiversity in the region (Cizek et al,
2013). One reason for these patterns may be the positive effects
of management. The cutting of woody plants supported Red List
species, nutrient undemanding and xerophilic species, i.e., groups
that should be negatively affected by shrub or forest encroachment
and eutrophication (Teleki et al., 2020). Grazing, although for
agricultural purposes, could have also contributed to mitigating
these impacts (Pykald, 2003; Elias et al, 2018), as it supported
nutrient undemanding species, too.

Mowing is another management tool that is considered to counteract
successional changes and eutrophication (Leps, 1999). However, its effects
on plants were mixed in our study areas. Interestingly, plant species (those
listed in the national Red List) seem to benefit from mowing for
agriculture, but suffer from mowing for conservation (generalists to
wetness). Although surprising, these patterns can be explained by
species’ ecological characteristics. Many species listed in the Red List
originally occur in steppe habitats that are highly exposed to natural
disturbances (Chytry et al., 2007). Therefore, disturbance represented by
mowing is beneficial for them as it keeps their habitats open. In contrast,
generalists, that include many woody plants and expansive species (such
as Calamagrostis epigeios) in our data, are often targeted for reduction by
management (T¢sitel et al,, 2018) because they trigger deterioration of
open habitats (Somodi et al., 2008). Thus, the negative impact of mowing
for conservation on these species can be perceived as a positive outcome.

Similar to plants, grasshoppers showing
predominance of positive biodiversity changes, and management

are a taxon

accounts for at least part of them. Cutting of woody plants proved to
be beneficial for total species richness of grasshoppers and
abundance of national Red List species. Since grasshoppers
generally prefer open habitats (Latchininsky et al., 2011) and the
threatened species like grasshopper Dociostaurus brevicollis or bush-
cricket Montana montana are typically those with the highest
habitat specialization (Engelhardt et al., 2022), reducing woody
plant encroachment seems to be a vital strategy to support them.
Xerophilic and mesophilic species in semi-open and woodland
habitats were supported by grazing for agriculture that may
maintain the conditions created by the cutting of woody plants,
even though it is unlikely to improve the quality of the habitat per se.
Instead, habitat quality can be improved by grazing for conservation
that was associated with increased abundance of open-habitat
xerophilic grasshopper species like grasshopper Calliptamus
italicus and bush-cricket Platycleis albopunctata. The surprisingly
negative impact of grazing for conservation on Red List grasshopper
species was driven by large increases of these species in localities
where this management type was absent and their modest increases
in localities with a high effort devoted grazing for conservation. Such
a difference resulted in an apparently negative relationship, but it
would be premature to consider this management type as harmful.

In contrast to plants, where we found both positive and negative
effects of mowing, this management approach had solely negative
effects on grasshoppers. The abundance of open-habitat xerophilic
species, semi-open/woodland habitat xerophilic and mesophilic
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species, as well as of Red List species decreased with increasing
effort devoted to mowing for agriculture. Due to mowing, plant
individuals are cut which results in high mortality of grasshoppers
(Humbert et al., 2010). If mowing occurs too often, as may be the
case for this management type in some of our localities, such
frequent mortality events limit population recovery and result in
population declines. Mortality is probably less severe in the case of
grazing, even though it is performed for agricultural purposes as it
had a positive effect on semi-open/woodland-habitat xerophilic
grasshoppers. We suggest that the benefit may lie in preventing
woodland habitat closure. Although these species are associated with
woody plants (Latchininsky et al., 2011), they require open and not
closed woodland (Rosch et al., 2019) which may be maintained by
grazing.

Butterflies are organisms that seem to be at particular risk in
abandoned military training areas. Their total species richness and
the abundance of several groups show negative changes over time,
and we did not detect any positive effects of management. Instead,
two types of management showed negative effects. Specifically,
butterflies suffered from grazing for agriculture and from vehicle
movement. Management by intensive and long-term grazing results
in uniform and low sward height which reduces butterfly breeding
and shelter opportunities (Bussan, 2022), as well as in destruction of
plant-pollinators interactions by reduction of nectar food supply for
butterflies (Rakosy et al., 2022). These results suggest that butterflies
may be negatively affected by the management type that
simultaneously provides benefits to some other taxa (ie., plants
and grasshoppers in our dataset). Such sensitivity of butterflies can
be explained by the high ecological specialization of many species,
such as Euphydryas aurinia or hairstreaks (species of subfamily
Theclinae), coupled  with their habitat
requirements—species often require the simultaneous presence of

complex

several different kinds of ecological conditions on a small area (e.g.,
both tall and short herbs, both grassland and woodland) that are
very difficult to create or even support by a single management type
(e.g., Hula et al,, 2004). The fine mosaic of variable habitat types in
military training areas a few years after their abandonment was most
likely the reason of the high richness and abundance of butterflies
recorded at time of our first survey (Cizek et al,, 2013) and it seems
that subsequent homogenization of this mosaic was not prevented
by management despite considerable effort. This probably resulted
in the observed butterfly biodiversity decline. Therefore, butterflies
appear to require a more nuanced approach to the management of
abandoned military training areas.

Butterflies bound to the later successional stages were also
negatively affected by vehicle movement. This result is driven by
the extensive top-soil removal by military vehicles carried out as part
of planned management on several abandoned military training
ranges, which occurred just before our second survey period
(Dvorakova et al., 2002a; Dvofdkova et al., 2002b). Such an
extensive disturbance inevitably resulted in habitat loss for many
butterfly species, particularly those associated with forest-steppe or
light forests, as Callophrys rubi or Lasiommata maera, which show
significant population decreases. However, this apparent negative
effect may not be permanent, since the experience from other areas
that underwent such kind of disturbance indicates that, if these
disturbances are not too frequent, butterfly populations recover after
a few years (Zografou et al., 2017) and the community may become
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even more diverse compared to pre-disturbance conditions (Tropek
etal., 2012). Therefore, although it is unclear whether such recovery
will occur in our study areas, the observed negative impacts of
vehicle movement may not be as fatal as our results suggest.
Birds showed a mixture of positive and negative changes as their
total species richness increased, while the abundance of several
species groups decreased between study periods. Some of these
increases can be attributed to management options. Such options
were represented by grazing for conservation to which birds
drier habitat types
positively. This type of disturbance blocks successional changes

associated with semi-open, responded
and maintains habitat openness, i.., creates conditions that
exactly match the habitat preferences of these bird species (Reif
et al, 2013; Aunins and Avotis, 2018), such as the Stonechat
(Saxicola rubicola) or Woodlark (Lullula arborea) in our dataset.
At the same time, woodland birds in wetter habitats responded
positively to both mowing for agriculture and grazing for
conservation. We suggest that these associations can be attributed
to their foraging habits—even though these species breed in
woodland, they forage on the ground in grasslands (Hudec and
gfastn}", 2005; St’astn}" and Hudec, 2011), and reduction of herb
height makes their food more accessible (Hoste-Danylow et al,
2010). In addition, large mammalian herbivores used for
conservation grazing serve as a bird food source per se, attracting
various kinds of flying insects (e.g., species of the order Diptera) and
hosting their larvae (Musitelli et al., 2016).

Regarding the changes in beta-diversity, it is interesting that
common species drove the pattern in all taxa, regardless of whether
their species richness increased or decreased. This is consistent
with the important role of common species in the ecosystems
which has recently been recognized from both theoretical (Sizling
et al, 2009) and applied perspectives (Gaston, 2010). In this
respect, it is particularly worrying that the increasing beta-
diversity of plants, grasshoppers and butterflies in the studied
abandoned military training areas was driven by the extirpation of
the common species. Such species may suffer from being
overlooked by the current management efforts, which are
typically prescribed on the basis of the needs of the most
threatened species (Scheele et al., 2018) which are usually also
rare (Mace et al., 2008). Birds contrasted somewhat with the other
taxa, as their beta-diversity decreased due to a slight dominance of
colonization by common species over extirpation. As the most
common bird species prefer later successional stages (Bystricky
et al., 2023), it is possible that they benefited from the lack of
management in some areas.

Although at least some of the observed changes in biodiversity
can be explained by management, there may be other drivers that
could not be included in our analysis given the data we have. In this
respect, climate change is the hottest candidate. Indeed, the increase
in species richness due to climate change has been documented in
Central European grasshoppers (Fartmann et al., 2022) and birds
(Leroy et al., 2023), as well as the decrease in plant (Wesche et al.,
2012) and butterfly richness (Eskildsen et al., 2015). However, the
effects of this global driver are usually recorded at large scales,
whereas the local-level data we focus on here reflect the effects of
local habitat changes (see e.g., Jandt et al., 2022). Thus, we do not
think that it would be strong enough to affect the reported
relationships with management types at the study sites.
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Our simultaneous focus on four different taxa uncovered various
taxon-specific patterns in biodiversity-management relationships. If we
had studied only a single taxon, e.g., birds which are often considered
reliable state-of-nature indicators (Fraixedas et al., 2020), we would have
obtained a seriously biased view of the system showing increasing
species richness (not true for butterflies), decreasing beta-diversity (not
observed in plants, grasshoppers and butterflies), and the lack of
response to several management options, such as woody plant
cutting (supporting plants and grasshoppers) and vehicle movement
(negatively affecting butterflies). Therefore, we recommend conducting
multitaxonomic studies to gain complex insights into the effects of
various management types on biodiversity in open habitats.
Considering such complexity is important for setting appropriate
conservation targets (e.g., Boetzl et al., 2021).

Conclusions and conservation
implications

Our study demonstrated a dynamic change of biodiversity in
abandoned military training areas, sites considered to be biodiversity
strongholds. At least some of these changes can be explained by the
To that the
recommendations for practitioners:

management. end, we propose following

1) We observed both positive and negative biodiversity responses to
the focal management types across taxa. It often happens that the
benefits of one management approach for a given group of
organisms are offset by costs to another one. Environmental
management of abandoned military training areas thus must be
based on setting the priorities for conservation.

2) As one such priority that can be considered the most urgent, we
propose the conservation of butterflies. Butterflies are the only
taxon to have a consistent pattern of biodiversity loss, negative
management impacts and no benefits. We believe that these
patterns arise from the specific ecology of this taxon, requiring
smaller-scale habitat heterogeneity than any other taxa studied.
To reverse the negative trends, we suggest that butterflies need
combination of different management approaches that would
increase small-scale habitat heterogeneity. Finding the optimal
management combinations for the most declining butterflies
should be the most urgent research priority.
3) The cutting of woody plants seems to be widely positive with
benefits for both plants and grasshoppers and did not have any
negative impacts on the other species groups. Therefore, it seems
that it is an important management tool for blocking woody
plant encroachment and it is currently applied in biologically
plausible. Its current form can be further supported.

The effectiveness of mowing for conservation should be thoroughly

investigated. According to our data, it did not increase the

biodiversity of any groups of organisms. Although the observed
negative effect can be perceived as advantageous for biodiversity

(ie, suppression of generalist plants), the absence of positive

relationships is worrying. More detailed studies with an

experimental design are needed to identify the aspects of this
type of management that should be improved.

5) Both mowing and grazing for agriculture showed a mixture of

biodiversity benefits and costs. Overall, plants and birds were more
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likely to enjoy the benefits, while grasshoppers and butterflies were
more likely to experience the costs. We suggest that these different
effects may be explained by the differences in the lifestyle of these
organisms. As both types of agricultural management are relatively
intensive, the organisms that could perceive their benefits should
also exhibit some form of ecological generalisation (birds) or
resilience (plants). In contrast, both invertebrate taxa are
relatively specialized and thus more sensitive to the negative
consequences of this management approach which particularly
concerns butterflies. Therefore, we suggest that mowing and
grazing for agriculture can be applied on some abandoned
military training areas, but not on sites where they can harm the
sensitive taxa. This particularly applies to mowing for agriculture in
grasshoppers and to grazing for agriculture in butterflies.
6) Grazing for conservation brought more benefits than costs,
which seems encouraging. On the other hand, the benefits are
modest at best, since none were observed for plants and
butterflies. At the same time, these taxa are often considered
to be those for which this management type is most frequently
prescribed (Bubova et al,, 2015). We therefore urge detailed
experimental studies (such as Konvicka et al., 2021) in areas of
application to identify the aspects of this management approach
that can be improved to maximize its positive influence.
Vehicle movement resulted in costs for butterflies. Although this
effect may be temporary as we discuss above, we suggest that
vehicle movement should be applied in a more spatially restricted
manner that would prevent such negative impacts.
Extirpation of common species was a main driver of biodiversity
changes in plants, grasshoppers and butterflies. Such species do
not appear to be supported by current management efforts, and
the development of specific management types to satisfy their
requirements may be needed.

In conclusion, our study is the first to investigate the
consequences of various managements approaches on different
representatives of biodiversity in abandoned military training
this identified
knowledge gaps and provide management recommendations and

areas. Based on investigation, we several
suggestions for further research. It is important to recognize that our
data collected at the level of whole areas cannot reveal more detailed
relationships that require experimental design. Such experimental

studies should be a research priority in the future.
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