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1 | INTRODUCTION

The global decline of freshwater biodiversity has prompted many
efforts addressing its conservation (Geist, 2011). This holds
particularly true for freshwater mussels, which are among the most
threatened taxa throughout Europe (Lopes-Lima et al., 2017). From a
conservation perspective, endangered freshwater mussels, particularly
the freshwater pearl mussel (Margaritifera margaritifera L.), are
considered target species for the conservation of aquatic ecosystems,
as they simultaneously fulfil the criteria of flagship, indicator,
keystone, and umbrella species (Geist, 2010). The continuing declines
and lack of natural recruitment of freshwater mussels in Europe has
led to an increasing number of rearing approaches for population
augmentation. It has also led to controversies about the usefulness of
captive breeding in the context of mussel conservation, particularly if
such activities are not properly monitored or are conducted without
considering habitat restoration (Preston, Keys & Roberts, 2007;
Schmidt & Vandré, 2010; Gum, Lange & Geist, 2011; Patterson
et al,, 2018).

Rearing methods developed for North American mussel species
and conditions (Gatenby, Neves & Parker, 1996; Beaty &
Neves, 2004; Neves, 2004; Jones, Mair & Neves, 2005;
Barnhart, 2006; Hua & Neves, 2007; Patterson et al., 2018) have
often been transferred to European mussel species, but without
systematic evaluation of the success of such actions. Recent studies
reveal that some captive breeding practices, such as the use of a low
number of parents, can result in erosion of the genetic constitution of
offspring compared with the original populations, both in freshwater
mussels (Geist et al., 2021) as well as fishes (Stoeckle et al., 2022). Co-
adaptation or co-evolution of mussels to certain fish hosts (Geist &
Kuehn, 2008; Taeubert et al., 2010; Taeubert, Gum & Geist, 2012;
Salonen et al., 2017; Taskinen & Salonen, 2022), the effects of host
fish age (Marwaha et al, 2019), duration of the parasitic phase
(Marwaha et al., 2017), water temperature (Taeubert, EI-Nobi &
Geist, 2014), and rearing conditions (Eybe et al., 2013; Eybe

4. Rearing efforts range from highly intensive laboratory incubation to lower
intensity methods using in-river mussel cages or silos. Most breeding efforts are
funded by national and EU LIFE(+) grants, are well documented, and consider the
genetic integrity of the propagated mussels. Limited long-term funding
perspectives, the availability of experienced staff, water quality, and feeding/
survival during early life stages are seen as the most important challenges.

5. Successful captive breeding programmes need to be combined with restoration of
the habitats into which the mussels are released. This work will benefit from an
evidence-based approach, knowledge exchange among facilities, and an overall

breeding strategy comprising multiple countries and conservation units.

aquaculture, captive breeding, conservation translocation, freshwater mussel culturing,

Margaritifera margaritifera, propagation, reintroduction, Unio crassus

et al., 2015; Lavictoire et al., 2016; Lavictoire et al., 2020) all have an
impact on the performance of captive-bred mussels, with potential
consequences if such interactions are not taken into account. Cross-
exposure experiments indicate that stock origin and environmental
conditions affect both the survival and the growth of juvenile
freshwater mussels after their release (Denic et al., 2015). Based on
an earlier review of European and North American captive breeding
programmes, Gum, Lange & Geist (2011) suggested that captive
breeding should only be a rescue tool to retain the evolutionary
potential of priority populations that would not persist long enough to
benefit from habitat restoration practices. This is in line with
Rytwinski et al. (2021), who identified a need for evidence to evaluate
the effectiveness of conservation-oriented captive breeding and
release programmes for imperilled freshwater mussels. This is
particularly important given the worldwide increase in captive
breeding programmes for highly threatened freshwater mussels
(Strayer et al., 2004; Barnhart, 2006; Thomas, Taylor & Garcia de
Leaniz, 2010; Gum, Lange & Geist, 2011; Patterson et al., 2018).

The aim of this article is to review the current state of freshwater
mussel captive breeding programmes in Europe. The critical
challenges associated with these activities were identified from
personal interviews with key groups involved in the captive breeding
of freshwater mussels throughout Europe, including information on
the context of these programmes, the coverage of species, the
intensity and type of rearing practices, and their timelines. This
information was then used to make recommendations for effective
conservation of freshwater mussels through captive breeding, and to

identify priorities for its future use.

2 | METHODS

All the institutions and organizations listed in Table 1 were contacted
by one of the three main authors and interviewed using the same

questions, to gather standardized information. The interviews took

asUB0 17 SUOLIWIOD) BAIRRID a|qedl(dde auy Aq peutenoh ale sapie YO ‘8sn Jo sajnJ 1oy Aleld 1T auljuQ 43| UO (SUOIPUOD-PUR-SLLIBYWOY A3 | IM A Riq U1 Uo//:SANy) SUoRIpuoD pue swd | auY1 89S *[720z/10/60] Uo AelqiauljuQ A3 1M ‘UoApoiAzid AuouydQ 1mAsu| Ag 81O obe/z00T 0T/10p/od 8| 1M Aleld 1 puljuo//:sdny wouy papeoumod ‘TT ‘€202 ‘S5.0660T



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| 2%

GEIST ET AL.

(sanuuo))

(¢z0T “wwod
'siad) 'g JoQ
3 [ BAONLIBAS 3
BAOMNUIIDZ “O wmm_nm

(¢zo “wwod
's1ad) ‘5 9110|\
(1202) 'le 19 15199

(T20T) e 19 15199
(TToz
“wwod 'siad)
D 13p3Y2S-13|Ydid
(czoz
“wwod 'suad) *q
|Ite@ D 428uidwng

CERITEYETEN |

HNOUIP J33UIM
ul (snu3ap) pooy
[BANJEU JO UOII3[|0D

S9)S 9ses|al pood
pulj 03 3NdIHIp Y
X ew suoljeindod
JaAeaq 3uidisw]
Jje3s 3uidueyd
0O 9snedaq 3 ndiIp
s[auueyd jo 3uiues|d
3jers
pue 393pnq pajiwi

aJnsun
3ulpuny wua3-3uo
pawnsaud ssauly
MO| Y}IM ‘sjassnui
jualed Suowe
Ajjeqiow y3iH
3unsanley
J93)e Ajoys
sajluaan( Suowe
Ayljerow ysiH

saguajjeyd utep

"suoljelnaiqqe Jo uoljeue|dxa Joj puasa| a|qe} 995 2doin3 ul syoafoid Juasayip Aq pazijiIn s|assnW Jajemysaly Jo spoylaw Suipaaiq aAnded

Nd N33 |euolieN

3(0ud-34|7

Nd N33 |euoneN

NI
pue |Ad N3 [euolleN
WO 324nos Suipun

pasea|aJ 00005
‘xoidde pue xojod
Aje|z ojul pasesjal

000°‘T xouddy
‘pul painjind wouy
awod uolje|ndod
SIU} JO %66 49NY
S9|INY(‘pul paJn3nd
woJj awod
uonejndod siyy
30 %) J21uY oAy
ul Aj3oauip pases|ad

S9|IUaAN( Jo %G
810¢ pue
‘P10C ‘L00T SleaA
a3 ul Sulojuow
dn-mo||o) ulnp
punoy sjassnw
OU JO [eAIAINS ON
‘sjouueyd 3uieal
JOOpIN0 OM}
ul pases|as s|asshw
pasoydiowejaw
Alysady
30 %56 Y10C

pue /00¢ usamisg

%09
INoOge S| J2JUIM
IS4l |y Ul wwl <
S|9ssNW JO [BAIAINS
(uoneindod
SIY3 Ul SPssnw
Jnpe Suluewal
6T Yyum pasedwod)
paseajal (p|o
sieaA TT) S|Pssnw Og
*SWID)SAS
Suises ul s "pul
paJeas 00T C ‘18103 |

azis 10
a8e uonejndod pjim
0} olje. pue ‘ases|al

‘ss920ns Sulieay

(A1ayd1ey pue
p|IM) b33n13 OWDS HH
usiy

S9||NY pue sunpy
SJ9AL JO Jusawydles
ul [suueyd apis DO
auou )|
J9ALI 34 Ul
Aejs sjpssnwi ‘pjayy
3y} Ul pa3a3||0d
eIpiyoo|8 g
(A1aymey)
DIINIF OWIDS 4H
wnipaw |

weauls ay}
ul SO|IS [9ssnw pue
‘saded yalsusappng
‘S9X0Q JUBWIP3S DO
sax0(q Jojeqnoul |
Ayjioey uipaauq
a3 e Ajjusuewuad
1dox :giN
(A1aydrey)
b1NIY oW(DLS 4H
Y3Iy-wnipaw 3|7

poylaw pue
Ajisuaqul jo [9Ae7]

JuasaId-066T ww

juasaid-500Z W

Juasaid-110g Wy

(91ep Sulpus)  sapdads

JUIS/SIEIA

ay3 Jo Adualdy

UOIIBAISSUOD)
ainjeN

/elwsyog yinos

angnday
yoaz)

(e19eL

SIy} ul SunoquiaxnT

99S) unoquiaxn

Uyum uoijesadood
£T0C dUIS

(MdS) 1uojlepm

9p 2l|gnd 21AIBS

/uoI39y sauuspay wnidlpg

Auedwo)
Adueynsuo)
‘N2 Yasyne|q

/euisny Jaddn euIsny

uopn}Isul/uoiSay Anuno)

T 37avl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

=4 | WILEY

(ecoc
“wwod 'suad)

M BlIpe) 3 ) Seepy

(¢20z “wwo)
's1ad) qnjoH
SO|IIN “(TZ02)

‘e 32 Alig {(810¢2)

‘e 39 euia) X(8107)

1839 Al (£102)

‘|e 39 uowls {(ST02)
‘e 39 Uowis (£T0Z)

‘|e 39 eBAuBAS
(0002) 1sniH

(666T) &AsnIH

S9IU.9J9Yy

ul Ajljepow ‘Ynsai
e se ‘uwnjne

1541} 943 Jo pus 3y}
Aq (93esane uo ww

T ueyj ssa|) Mo|
SI s9X0q J0jeqnaul
ul yimous3 [9ssnin

ers

uoijels uipasiq

Jo Ajjuenb pue
Ajjenb sy} ainsu3j

aJnsun

s Suipuny wia3-8uo

sal|ed0|
[9SSNW woy
paoe|dsip 8utaq
9Je UYdIym ‘Inoty
uo spedwi yum
‘wep oudi] wouy
weaJujsdn peauds
(spiundAd) ysiy 31|
-dJed SARY eABYA
S9|IUSAN[ pasealal
3unoyuow
ursspnoyia

sagua|jeyd urepy

ai1nyny
Jeau
ur op 0}

ued - oN

WO

syo3foud 3417
-N3 3 [euoneN

924nos Suipun4

QY3 Ul s|essnw
+2 0ST pue +T
Ot xosdde pue
saxoq Jojeqnoul
ul s[assnwi
+0 000°0T [e303 U]

610¢

-9TOZ Ul paseajal

sleah +¢G 01

—+¢ pade sajiusAn(
018 Dj03od juznT

¥2/220T

ul pasesjal

9q 03 pauue|d

3Je 'pul 000'T

xoidde ‘paseajas

u9aq Apeadje aAey

sa|luaANn( |lews 0Og

‘xoidde :1aAryY 9s|e|N

£202/€20C
pasesjal aq

03 pauue|d aJe "puj
plo-1e2A-G 000'T~

‘sp|o JeaA /-9
000‘T< Jo asesjal

‘zzoz aunr/Aey
Spjo JeaA QT

-8 000°‘T Jo ases|al

‘Tz0g aunr/AeN
JBALY BABYA
uoljejndod

18303 343 JO %01

dn ayew sajiuaAnf
pasesjad :adluelg
+9 'puigze

‘TT0T Ui 9 pul

TL6TOT U -G661

uj dd1ue|g ojul

9zIs 1o
98e uonendod pjim
0} oljel pue ‘ases|a.l

‘ss900ns SuLieay

ale ysij 1soH
"pagunsIp jou
9Je pue IaAl 3y}

ul Aejs s[assnw :gin
(P1im)

D333 OW(DS :4H

Ysiy-wnipaw ;[

s|puueyd apis ul
S9X0Q JUBWIP3S DO
sax0q Joyeqnauj |

pIsy

3y} ul pa323||0d
elpIYy20]s : g
poyaw pue
Ajisuaqul Jo [9Aa

uasaid-0z0ozZ W

a)ua)
jJuswaseue|p|
159104 €3S

/e1U03S3 4O YHION elu0}s3

Jesids [o1puo
COUS VINIVAIG
elwsyog 1S9/
}oQ jlwnyog “o
“J'S ‘22 sniewwes)
Som |edfjoead
‘uonessiuIupy
>1ed
|euoneN eAewns
2ljgnday :umva

(23€p SuIpus)
20UIS/SIEd A

sa1dadg uoinyjsul/uoisay Anuno)

(penupuod) T 3714VL



WILEY_| %%

GEIST ET AL.

(sanunuo))

"(¢zog “wwod

's1ad) °[ uaupjse]

(T202)

‘e 12 usupeAAH

S9IU.9J9Yy

ysiy—awn
Jo pouad poys
e UlyHM sa|iusAn(
10 siaquinu
Y31y 4o Juswydexg
suole|jelsul
24n3nd jo 3ui330pd
YHm swd|qodd
JSJUIM
Ul 3NdiIp sniLi3sp
40 UoRid3||0D
'$924N0S sNjLILp
3|qejins om} AjluQ
paysi|qelsa Ayjioe}
Mau usaym sadid ul
J1addod yum wsjqoud

Sununy juesuod

aydsap ‘uone|ndod
J9ABD( 9AIIDY

JaAL
3yj Ul susWIpas

auly pue i

J3JUIM 3541 L Ul
Y31y sem sa3ed ayy

sagua|jeyd urepy

N33 N3 ‘leuoneN

924nos Suipun4

1343 350]|
9AeY S[assnW }npy
"00C°T St 491
ul 9z1s uonejndod
LNy 'zeoc
ul saxoq |aAel3
ul pasnpoJul
s9|1uaAn(
+0000%T
'SIedA ¢ Jayje
SAIB %E6 6TOT
ul saxoq |[aAes3
ul pasnpoJjul
s9|IuaAn( pjo
-1e9A-T 00T :eMeAs
/Mjoluonsnin JaAry
%28 SeM |eAIAINS
[9SSNW +T J33uIM
pu0o23s ay3 u|
‘%G9 SEM |BAIAINS
|ossnwi p|o-J1eaA-T
J3WWNS puodas
Y} Ul "%LT sem
[BAIAINS [9SSNW +(Q
J33UIM 34l Y3 U]
‘%G SeM |BAIAINS
SIusAN( Jswwins
1541J Y3 Ul JUSAL
ul saded yaisuappng
%09 "xoidde
SeM [BAIAINS
|9ssnwi ‘JeaA
3114 3y Sulng
‘%0, Sem |BAIAINS
SIuUsAN[ Jswwins
351y 8y Sulnp
:S9X0(q Jojeqnou|
sa3ded yaisusppng
ul J9AU SAIRU

azis 1o
a3e uonendod pjim
0} ojjel pue ‘ases|as

‘ssa2ons Sunieay

10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WA /Y3 Jsyisym
uMou| Jou SI |
J] "umou si sadads
ystj 3soy 3|qens
150w ay3 JI ‘pasn
(InoJ3 10 uowies)
1soy pausagaud
a3 1ses| 1e
‘3|qejieAe jou ysiy
1e20] J| "SaLIYdIRY
ul a|ge|ieAe
31 ‘pasn ysy (8207
‘(Adaydiey) Jpjps
owps ‘(Aisyaiey)
byniy owjos 4H
y3iyn

so3ed
J[Isusppng D0
sax0q Jojeqnoul :D|
SS[IUSAN( "Wy Jo
uo011939(|0d 3y} Ja)je
pasesja.l aJe ysiy
350y ‘s|qissod §|
943U suijuelenb
e 0} pajodsuesy
pue suoidas
J9ALI USASS
pue 33y} ussmiaq
woJy y3ned
2Je 1n0J) pajsajul
0071 "xo4ddy 'sjou
UM pa129]|0D aJe
S9|1UaAN( payoelap
pue 3ulysijol1ds|e
Aq 3ySned

poyjaw pue
Ajisuajut Jo [9A]

uolelS YoJeasay

uofimsul/uolsay



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

JSALI 3y} 0}

puadse jouued jsoy
uowles paiinbai
343 1nq ‘000°0E~
s1 uoljejndod
|eanjeu sy} Jo

92IS JuUaIN) 2202
ul saxoq |[aAes3

ul pasnpoJjul
sajiuaAn(
p|o-4eaA-+Q

000t 1edA T J9A0
[BAIAINS %09 “TZ0C
ul saxoq |aAel3

ul pasnpoJul

saded
JaIsusppng pue
‘sax0(q JuUsWIpPas
‘sa8ed JaAU-UI :DO
Sn}3ep
pue ‘ouueN ‘}21p
yslzys yim pa4
*Mou 3sn Je|nsas
uljou Ing pa3sa}

sajluaAnl 4+-0 wa)sAs ysnouyy
000°C :01N7 JaAKY -MOJ} pasind
Ananded ‘awinjj/ysnoJy pue

ul uonjelljigeys.s soxoq Jojeqnoul |
Jedh-g snjLIep
UHM PaJsA0dL pue ‘ouueN
nq ‘Ayioeded I31P ysy|Idys

aAIONpoudal J1IsYy}
150| aABY S|assnw
HNPY 008 s!
uoije|ndod |eanjeu
9y JO 9zIS JuUaIND
*JedA T JaNO
[BAIMINS %16 “T20T
ul saxoq |aAel3

ul pasnpoJjul

UM payJ sjassnwi
HNPY "elpiyd0l3
3uises|al payels
Asyj pue sieah

Z J0J Ajjioe) ay3 ul
pazelljiqeyas asam
uonipuod Jood ul
S[9ssnW ‘sased OM)
up "Aoey ayy Ul

sa|luaAn( 1day| sjpssnw 3npe
p|o-JeaA-Z wouy pa3dal|od
00C'T ‘€353 eIpIyo0j3 pue pjaly
/bjolueneiyy JaAry 9y} Ul pa339]|0d
Aunndes eIp1y20|3 :gIN
3uipuny ul uonjelljigeyad 3uiuuidaq ayy
JO A}ljiqeulelsns J1eaA-g Je pasn aJe sa1dads

pue uopenuiuod

YHM pa1anodal

430g Uy} InoJ3 Jo

V.. Asojeloge| ul ing ‘Ajoeded uowes 0} paydepe
88 uoljelleA |euoseas aAIPNpoudas si uonendod
-
— S92UIDJ9Y sagua|jeyd ulen| WO 924nos Suipun4 9zIs 1o poylaw pue (o3ep Sulpus)  sapadg uoinyjsul/uoisay Anuno)
W 98e uonendod pjim Ajisuaqul Jo [9A9] 9DUIS/SIeDA
0} oljes pue ‘ases|a.l
‘A ‘ss920ns Suleay
S
a (penupuod) T 314Vl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| %

GEIST ET AL.

(sanunuo))

(ccoz 3foud
“wwod ‘suad) 3417 9Y1 Jo pua a3
‘IA Juowlipneg 1€ salllAnde 3ulieal
R 'y Aeadan JO uol3eNUIUOD ON Nd
uonesado
JO sieah QT Joye
sanInouyIp Sulpuny
sleah
(¢20g "wwod ¥-€ Inoge Jayje

SwIa3sAs Joopul uj
Y3mo.s JO uoijessad)

'si1ad) *D azie|g

(T207) ‘|B 3 35199 INT S INd

LERIIEIETEN sagua|jeyd urepy WO

pafoid-3417 N3

p3foid-3417

N3 9 [euoneN

924nos Suipun4

8< s9IusaAn(
000°0€ "xoidde jo
|e303 e swwei3oud
3411 3y3 Buung
SHNpe 000‘YT
xoidde Jo s3SIsuod
uoljejndod |eanjeN
siedh +
pue +T usamiaq
93e ul 3uidue.
‘PuUl 000°00C
‘xoidde Jo asea|oy
(wd
-¢ yoeau Aayy |1pun
SW3)SAS JoopIno
ur 3day Jaypny
pue sieaA ¢ 1oy
Ayljioey spisul 3day)
9ZIS Ul WD {-&
1€ pases|al s|assnw
19p|O ‘[eAIAINS
40 uonesipul
S| YHM +0 349M
%96 INq ‘suoj|jiw
|eJ9AS :9sesjoy
(S49A1 XIS
ul) swnjj/ysnoJy
3y3 ul paunynd
pue pajsaAley
WA 40 uoljiw
|e49A3s ‘2102
92UIS :u0l1dNpo.d
0GT s! uonendod
lednjeu ayj Jo azis
aany 'geog Ul
saded yalsusppng
pue saxoq |aAeJ3
ul pasnpoJjul
sajluaAn(

+0 000621
:pjofos| JaAry

9zIs 1o
98e uonendod pjim
0} onjel pue ‘asesal

‘ss920ns Suleay

(A1aymey)
p33N43 OWIDLS {H
usiy

sa8ed JaAL
-ul ‘so|Is [assnw
‘59X0( JUSWIPas
‘lpuueyd apis :D0
aedje
|EIDIaWIWOd YM
paj awny/y3noay |
p1sy
ay3 Ul pa329)|0d
eIpIy20|3 :gIN
(A1aymey)
byniy ow|ps :4H
ysiy

poyjaw pue
Ajisuajut Jo [9A7]

0c0z-910¢C W

juasaid-TT0Z ‘W

(23€p SuIpud)
0UIS/SIEDA

saldadg

/3ulelinby
9||9ANON uoI3ay
- audopuoq

juswapedaq souel

SopuewIoN
Ssul|jod s9p 31dD
‘DQ]ueAIp susejaug
2J)s1ul4 Np 3Yd2d
9p uoiesspa
/ApuewioN

R Auenug souel

uoinyjsul/uoisay Anuno)

(penupuod) T 3714VL



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

15 | WILEY.

(€207)

J3|[NWHY (9002)
JLuieg R BNy
(S66T) >aIsuappng

(6102)

‘e 19 UaZjuepA

(6102) ‘e 32

J3]0S :(q8T07)

‘e 32 J49|0S
(e8107) '|e 32 43|0S

‘(cecoz

“wiwoo ‘siad) [ 43|0S

(0207) 'le 10 Awejeg

LERIIEIETEN

V/N

Aynipe
Suiieals Joy 4jess
y3nous JoN ‘Moys

sem uoljesnp 323foid

SUJUOW M3} ISIly

3ulnp Mmoj [eAIAINS

cuonnjjod
SIS "24nynd

ul pasn Ajljenb Jajepn

SwaisAs y3nouy
pues uj sjassnw

3|luaAn( jo uoriepaid

a4nynd

10} Pasn JaALI woJy
(uonnjjod) sanss|
Ajijenb usjem

awi3 03 awiy wol4

HNdIIp pooy se

2es|e ysaly Jo aInynd

sagua|jeyd ulen|

ajeAnd
SUON pue |euoieN

INF S INd P3f0ud-3417 NI

WO 924nos Suipun4

Syjuow gg Jaye
%G > pue sieah
C-T 19HE %0C
-9%G 93el [eAIAINS

S3|1UaAN[ paseajal
40 Sulojluow oN
(000°2)
pases|ad sajluaAnf
pasoydiowelsw
Alysai4
sajluaAn(
J9p|0 JO 3ses|a ON

ul [BAIAINS ON
syjuow
uey) Jsp|o sjewiue
353npoud 01 9|ge 10N
000‘0T < :1eah
/P123]|02 S3|IUSAN[

pspus
303foid 3417 83 se
s|assnw pases|al
J0 3ulioyiuow oN
24N} wWoJy
swod uolendod
SIU1 0 %0S
JaAL 3Y1 ul Ajpdadip
paonpoujulal usaq
aAey ‘pul dniseled
-3s0d 000'GTT pue
(syruow 8 0008
+ 4e2A 7 008'YT
+ s1eah 2 00y +
ww -G Usamiaq
pue sieaA ¢ pade
00€°€) syruow

9zIs 1o
98e uonendod pjim
0} onjel pue ‘asesal

‘ss920ns Suleay

(Pl1im)
p33N43 oWIDLS {H
wnipaw - MoT
auou DO

921Nn0S

u1104d se ajym

335 Jo as) ‘soAes|

UYHM SNILIRP

paJedaud-j|as ‘1a1p

ae3|e [erJawwod
YHm pay
awn|y/ysnouy pue
Sax0(q Jojeqnoul |
elpiyo0|3
JO asesal [iun
Ayl|1oe) Buipaalq
e 3day| pue
JeaA AISAS plim
3y} Ul pa329)|0d
S|assnuw Mau :g|ia
(A13yd3ey)
111apq Jasuadidy :H
ysiy

(so8ed uapuljAd)
$98ed JaAU-UI :D0
oeg|e paunynd

Alysauy pue
|e12J3WWod Y3m
paj awnyy/ysnosy :D|

pRY

3y} ul pa3d9||0d
eIp1y20|3 :gIN
poyiow pue
AJsuajul Jo [9A97]

(nepaa)
juasaud
-600C

‘200T-986T

810C-110¢C

(23€p SuIpud)
0UIS/SIEDA

‘W

‘0

saldadg

93e315 Auoxes
JOMOT ‘JanouueH

40 AjIs1aAlun

/AuOXes Jamo

Sinoj.
Sp SMSISAIUN
/24107-39-3.pu|
Juswanedsq
/34107

ap [BA-2J3Ud)) UOISIY

uisnow] pJo81ad
|euoi39y [a4njeN
JJed - Xneapiog
9P DUSIBAIUN

uoimisul/uolsay

(panunuo))

Auewssn

2ouel

Anuno)

T 37avl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| %%

GEIST ET AL.

(ssnunuo))

(TZ0Z) '|le 32 35199
(TT0CZ) WIBY|3S
3 a3ue {(6002)

a3ue (G00¢) 28ue

(ezoz
“wwod 'siad)

JawyieQ 3 J3INWHY

(ezoz
“wwod 'siad)

Jsumsg R Bnuyy

LERIIEIETEN

uolpeunp
109foud Ju0ys

sagua|jeyd ulen|

yoeal isuoseas
yimous 9.y}

ur ww 9 yoeau
‘paonpolid 000‘6<
:SWeaJ]s INoJ Wody

N[ 399foud Sauu93ul N3 suonjejndod om|

yoequiog pue
BpJa9 Ul MOU |13un

$$920NS JO |0J3U0D ON
(9102
ul 'pul 00S°9T 03
86T Ul ‘PUl 00T
woJy aseatdul)
123N JaAlY
9y ul uonjejndod
9|qelA e ysi|qeisa
-a1 03 padjay
S9pEIP JSA0
34OM UOI}eI0]SDI
pue p3nJ3 owvs
snouoyjyd03ne

pa31sajul JO asea|ay

WO 924nos Suipun4 9zIs 1o

98e uonendod pjim
0} onjel pue ‘asesal
‘ss920ns Suleay

sjassnwi Jo p|aly
a1 ul pa3d9||0d
eIpiy20|s :gIN
(A1aymey)
byniy ow|os :4H
ysiy:n
uope|ndod
‘W 1913NT J9ALY
a3 woJy elpiyoo|3
YHM pajsajul
3ulaq Jope
Al21e1paWwwl 10}
1y3ned-p|im Jo
asesfal ‘6T Qg 20uls
yoequiog JaAly ul
1404J3 UOI3NPOIIUIRDY
uoljejndod
W 493N JaATY
Y3 woJy elpiyoo|s
YHM pajsajul
ulaq Jope
Al31e1pawwl N0}
1ysned-pjim Jo
aseafal ‘600 2uls
:NePIID) JSALY
104J3 UOoIIONPOIIUIDY
elpiy20|3
UM paysajul Bulag
J91e Ajajelpsww
jnoJ3 ysned
-p|IM JO 9ses[ay
‘(949Y pajuaAul
/@isusppng)
saded JaAU-U| :DO
ON ‘DI
e1p1y20|3 Jo ases|al
|l3un euenbe
ul Ajoys 1day
sjassnwi Jo p|aly
3y} ul pa3d9||0d
BIPIY20ID ‘N

poyjaw pue
Ajisuajut Jo [9A7]

Adayd3ey [assnw

£00C-100¢C Wi puejjSoA/Auoxes Auewss
J99]UN|OA paJllal
€ se pue N4 600¢
(yoequuog) 20uls (NI4) A30j003
JuasaId-4T02 10} Aduady
(o3ep Sulpus)  sapadg uoinyjsul/uoisay Anuno)
DUIS/SIEIA
(penupuod) T 314Vl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

3% | WILEY.

(¢20g “wwod

"s1ad) *4 ayoIuNI

(T207) 1319 319D
(ez02)
‘e 39 )PIuni
(zz072) 'le 32 jdar

(0102)
9IpUBA %3 IPIYIS

LERIIEIETEN

9seajal Joj pasn
SWeaJ]s Jualap
Syl ulyum
9ouewoad
3IuaANn(
JO S9OUIBYIP

|lenuue Suouls
SJeaA JuaIaYIp
3unnp sa3ed
Pl3Yy ay3 ut Ayjenb

SN}LASP S|qeleA

|EAIAINS MOT

sagua|jeyd ulen|

NI INd

SUON

WO

[euoneN

N33 |euolieN

924nos Suipun4

‘0202) sweaus
9Al} Ul pasea|al
u99(q aAeY s|assnw
}npe-1was 00T
punouJe ‘0z0g 2ulS
%01
-%G 031 dn ‘sieah
T 38413 343 Buunp
[BAIAINS “%0¢ 03 dn
‘1e9A 35414 Sunp
[BAIAINS *%0/~%09
‘UOSeas Jawwns
35414 Sunp
[BAIAINS “JB3A Uoed
pa31saAley sofiuaAn(
+0000°'ST
-0000T

D0 Ul %T>
3)ed [BAIANS (00T >

0T0¢
03 dn pases|a) 000
Sleah
G Jaye ww oz~
9z1s 10
98e uonendod pjim
0} oljes pue ‘ases|a.
‘ss920ns Suleay

pue >aisuappng)
sa3ed JoAL-Ul DO
('ds
sisdo.Jojyoouupy))
e009c0uUUEN
pue ‘Ja1em weaJls
‘(seaue uenedu
woJy) snyap
JO aUnIXiw e pay
‘sax0q Jojeqnaul |
pisy
3y} Ul pa329)|0d
elpIyo03 :giN
(A1aydrey)
byniy ow|ps 4H
ysiy
Jazem
JaA1 pue Suuds
8uisn syaxseq
yssw pue ‘saxoq
JUBWIPaS ‘(Jay30
pue xaisusppng)
saded JaAu-ul :D0
auou )|
PRy
3y} ul pa3d9)|0d
eIpIyooi3 :giN
(A1aydrey)
p33n43 OWIDS 4H
wnipaw :[7

(121susppng
pue exgniH)
s98ed JSAU-UI :D0
uiej0.d [BWIUE pUE
SSYI}p puejiom
wouy snyap pay
‘sax0(q Jojeqnoul )|
eIp1Yyd20|3 Jo ases|a.
|13un euenbe
ur Aaniq 1dsy

poyjaw pue
Ajisuajut Jo [9A7]

juasaid-z10zg W

£00C-L661 W

(23€p SuIpud)
0UIS/SIEDA

saldadg

sippue3SoA

3 (NNET)

oMW pun anieN
Sunynissapue

aydsisyoes/Auoxes Auewian

319q93)
Assyojey ysiy

‘z|eydiagqQ/eleneg Auewsan

uoinyjsul/uoisay Anuno)

(penupuod) T 3714VL



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| %t

GEIST ET AL.

(senunuo))

(T202)
e 3938199 *(z20T
“wiwod siad)
‘N 21UsQ (TT0C
“wwod ‘siad)

" JABN 3“4 JSpud|3

LERITEYETEN]

suolpuod
weaJ3s Juasnd
uo juspusdap
Alysiy uonendod
ays 8uizjiqels

Ul $$920NS WJ93-3U0T]
Jeah
AJ9AS suonipuod
|EJUSWUOIIAUD
9|geLeA
03 sassadoud
ay3 Jo uonejdepe
JUBISU0D Ssalinbau
pue ‘aunpadoud ayy
uizipsepuess ul
swsajqo.d o3 spes|
s9123ds Jo awiy

juswdojaAsp 3uoT

sasuajjeyd ulen

s3|IuaANn[ uaym
p[IM 0} sasea|oy
£20C 1’3un
papuny Sujopuow
ases[ay (pas3e;
11d 9|dwesqgns
‘uid|leH)
pa83e) uaaq
9AeY "pul pasea|ay
000°€T
-000°0T Inoqge
Jo suonjeindod
plim Jaoddns
0} pases[al uaaq
aAey (+g) sajiuaan(
000°€< 4B} oS
%09 1noge Jeah

3SIl4 9L Ul [eAIAING

Nl Nd |euoizeN

£20Z [13un papuny
3uliojluow asealay
's3e) 11d yum
pa33e) sjdwesqns
‘s3e3 ysy|ipys
Yam pag3ey
2Je S[assnw pases|ay
suolne|ndod |ednjeu
33 WoJj (s|essnwi
0ST punoue)
‘pul p|o M34 e Ajuo
pue uoljels Suniess
93 Wouy sjassnw
pasnposjuia.
JO Ajulew 3sisuod
swieau)s ayj ul
suonejndod [assnip|
(P10 sieah
0z 03 dn synpeqns
00C'T< 40
asesfad ‘TZ0g (wd
£-S) s}npeqns
17T JO 9ses|al
azIs 1o
98e uonejndod pjim
0} oljes pue ‘ases|al
‘ss922ns Sulieay

WD 924nos Suipun4

‘S9X0Q USPOOM)
S9X0Q JUBWIP3S DO
(610 2U1S)
sax0(q Jojeqnaul |
uoljejsajul
pajjo4puodun
INg |esnjeu aJow
104 ysiy 3504 S}
yam Jay3agos swn
Hoys Joy Ajjioey
je 3da3| sjpssnwi Jo
Jaquinu [lews ‘pjaly
ayj Ul pa323)|0d

eIp1yoo|8 : g\ nesseq
(A1aymiey) pueqianasaly
0333 OW|DS :4H dsyeyospue
ysiy-wnipaw 17 juasaid-7002 W /eueneg
S9X0( JUBWIPaS
pue (Jay30
poyjaw pue (o3ep Bulpud)  sardads uolnjsul/uoiSay

AYisua)ui Jo [9A] 20UIS/SIEIA

(PanuBUOD)

Auewan

Anuno)

T 31avl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

12 | WILEY.

(zz0T “wwod
's1ad) "H wiay|as

(ccoe
“wwod 'siad)

" 8us|ieH ‘(zzog

“wwod ‘siad)
*M uuew|a3aqg
{(1202) ‘e 39 319D

LERIIEIETEN

Asaydiey

ysy o1qnd

ul ysij pajssjul

3uruiejurew
salndyIa

94N12N13S JSAL

10 D€ Ul S3nsal

U21ym ‘swii3al

JJo-unu Sujuaduod

seNdYIa
Jje3s Supueuly
3uiuiaou0d
Aynunuod
2JNSUS spJemiale
pue aseyd |eniul
1Je)s 03 siouop
o1gnd snorea

Aq spouad Suipuny

JHoys Jo aduanbag

2eg|e |eJawwod

Yum sanssi AlsAlleq
3[2AD JajuUIM
Sunnp Jenoied
ul ‘Ajilenb

SNLIISP S|geleA
sweauls
|eanjeu ui Ajijuenb
pue Ajijlenb

J9]eM JuadIy4Ng
aseyd |eniul 1oje
3ulpuny Jua3sISU0d

pue juaIdINS aunsuj
JJe1s pasusuadxs
pue Supueuly
3uiu1aou0d

A)nunuod ainsuj

sagua|jeyd ulen|

[euoneN
INT S INd 3 8a1193u| N3
[euonjeN
INT S INd 3 8a.1193u| N3
WO 924nos Suipun4

0¢< sjewiue 00T
:uleJ]s USISIN JOALY
eIpiy0|3
9o3npoud 03 pajels
s|ewiue painjjnd
15414 943 ‘020 Ui
8ua)
ulww 0£-0v<
JO sjewiue /1
-TC0c Ut aAlle Jlis
sa3ed JaAl-ul 3uisn
paonpoud ww Og<
J0 s9|1UaAN[ 06T
1eaA Jad paonpoud
ww T< JO sajiuaAnf
000°C-000'T
‘010¢-900¢
usaM1a(q ‘ules)s
yoequaliad JaAly
pauueid
sis3ey |1d 40 asn
uolje|ndod
SUO WOy
paJpuny |eJ9ASS
YpUl pIo +/+€
JuswaSeuew
191399 Aq Suimous
S| 9)ed [eAIAINS
000°0Z<
:7T0T-120T 3PAD
000'T<
‘1202-020C 32AD
spalpuny |eJaAas
:suolje|ndod
€ WO} 6T0C-8T0C
9242 15414 WOy
|EAIAINS 3|IUSAN[

az1s 9|qeses|al
yoeal 03} sieah
9-G ey Aey
‘WWw GT< aunsesaw

9zIs 1o

98e uonendod pjim

0} onjel pue ‘asesal

‘ss920ns Suleay

(poom)
S9X0(Q JUBWIPaS
pue (3aisusppng)

saded JaAuU-Ul :DO

saxoq Jojeqnouy |
P31} 8y} ul sjewjue
paJnjnd ApeaJje
woJy e1piydo|s jo

uo1333]103 0Z0C 93Ul
pIaY sy ut
pa323]|02 elpiydo|3
Jo eipiyd0o|3
JO asesfal [1pun
euenbe ul Ajjouq

1day sjassnwi :gN
(A1aydiey)

byniy ow|ps :4H

ysy o

S9X0( JUSWIPasS
3 (y21susppng)
sa93ed JoAL-U| :D0O
sax0(q Jojegnau :D|
PRy
3y} Ul pa3da)|0d
BIPIY20[D “dIN
PliM pue (pa.q-§3s
pue sauaydley
Juasayip)
byniy ow|ps :4H
YsIH 17

sa8ed yaisuappng

pue (a4ay pajuaAul
poyaw pue
Ajisuajul Jo [aAa]

Juasa1d-900Z W

Juasa1d-810Z W

(23€p SuIpud)
0UIS/SIEDA

saldadg

uayoey
uoi3aya1pers
uone)s [ediSojolg
/eleydisop

-aulyy YyMoN Auewlian

JOH z3nydsinieN

pung/eleaeg Auewlan

uoinyjsul/uoisay Anuno)

(penupuod) T 3714VL



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| %%

GEIST ET AL.

(sanunuo))

(ccoe

“wwod 'siad)

‘W 4915903 1(120C

3 020 “wwod
's1ad) "y 08nH

(¢z0z “wwod
'siad) “ N [98ed

LERIIEIETEN

131SIN
J9AIY 1€ 91e4sgns
pajew|od Aly3iy
ayj ojul Ajdasp
pamo.ing s|assnwi
}npe y3noua Suipul4
3uipaalq
pUuE ‘UoIjeAISSUOD
‘Buliojluow [ssnwi
Ul SJUSWISIAUL
wJ93-3U0| 24Nsud
0} SJedA g ueyy
J98uo| pouad e
J9A0 3uipuny ainsuj

|el eenbe
ulysty 3soy Jo sso7

(uawdinba

pue Jjels)

sal}IAI3Oe Sulieal
104 398pnq payiwir]

syuey

Supeas U a3esgns

JO uonew|od
spoo}} ysiH

sagua|jeyd ulen|

sajiuaAn(
00991 "xoudde :7z0z
SuoI323s
WwieaJ3s [eJaAas ojul
T20T 42703120 Aq
s9JlusAN +T 0059
‘xoidde Jo ases|oy
%CE
(+7) JesA T Jsye
9)el [BAINNS %7/
pue %8z usamiaq
‘uol3ed0| Suipaaiq
uo Suipuadap
‘(+0) sseyd
15414 9y} Sulinp a3ed
[BAIAINS ‘pa)SaAley
sajiuaAn(

00§ "xoidde :0z0Z

N3 INd |euoieN

|nJssadons
J0U Sem TZ0Z
ul aJnjnd euenby
put
paJnjnd wouy aJe
uoljejndod siy3 ul
S|ew|ue JO %G IN0qy
ymou3 poo3d
pue [eAIAINS %00T
pamoys Jaje| Jedh
T J9AL 343 Ul |0J3U0D
00C ‘ww g-¢
40 Y38us| 3e pases|ay
00z :pa2npo.d
Nd |euoneN ww g< S9|luaAN(
Jey
0S J9A 3Y3 Ul 9344
pases|aJ s|ewiue oN
(91eunejed
-puejauIyy) ww

WO 924nos Suipun4 9zIs 1o
98e uonendod pjim
0} onjel pue ‘asesal

‘ss920ns Suleay

J9ALI 0] pauun)al
S|9ssNIA “elp1yo20|3
JO 3ses|al |iun
elienbe uj 3day pue
1eaA AJSAS plIm
ay1 ul pa3d9||0d
s[assnw Mau g
(A4aydiey) snsbu
DW0IS0IpUOYD
se ||om
se (p|Im) snjpydad
snijpnbg pue
SN2s12N3| $N2sIdNa]
asn 03 ueld
‘(plim) snuixoyd
snuixoyd 4H
usiy
sswny/ysnou :D0
elienbe pues a8.e| ;)|
J9ALI 0] pauinial
uay) 3doispoo.g
"eIpiyd0|3
JO ases|al |un
euenbe uj 3day pue
JeaA Alans pim
33 ul pa3ds||0d
S[assnw Mau :gA
PIim
ay3 ul 3ysned Jo
Aiaydiey [e20] wody
J3Yus ‘snuixoyd
snuixoyd ‘snsbu
DUWI03S0IPUOYD)
‘snjpydad snipnbs :4H
wnipsw :[

poyjaw pue
Ajisuajut Jo [9A7]

‘N'® P3IM
213qQ/49I5IN
93.y//91euljejed
—pugpuIyy

pue eljeydisapn

¢¢0¢-0¢0¢ N -auIyy YyMoN

JauyolapaIN
anpjayydJe

€¢0C-610C on -S}jeyospue/erieseq

(23€p SuIpud) uoinyjsul/uoisay

2dUIS/SIBIA

saldadg

(panunuo))

Auewlian

Auewan

Anuno)

T 37avl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

1% | WILEY.

(8T0T) suaxioolN
(8102) [B 39 3519D

(¢z0z “wwod
'siad) Y Jsweg

LERIIEIETEN

Jle pajIy weassdn

A13sai0y (|94

-Jes|d wouJ) indul
Mis Jofew ‘€TOZ Ul

2oe|d 3ysu ay3

ul aJe Jeyy san|idey

9jeldoadde

pue pauies}

aJe oym jjeis
pajedipap SuineH

suoljessiuiwpe
JueAs|al
Aq pauoddns
pue pamoj|o)
Aj9Anoe jou 129f0id
HNIHIP
suoljelisiuiwpe
JUSJ3JJIp USIMIS(
uoljeuipioo)

sagua|jeyd ulen|

(8T0T ‘SUOON)
poyiau

3uipaauq wusy
-}0ys ayj 3uisn
s9|luaAN[ pa3sAdxa
Aimau 000°0€
‘xoldde Jo asea|as
N0 paLue) ‘awi}
QY3 Je QO¢ 'xoidde

Nd leuoneN sem uonendod aioN

SleaA Jaje| ul
uonjepaud jenjsnw
Jo }nsau e se
150| S|ewlue 3So|jn|
‘|BAIAINS SWOS
pamoys yoegajje ]
OAIY Ul ¥T0C Ul
3upojiuow dn mojjo4
Jeah/ysiy
Pa3s3jul 000°T
‘xoidde Jo ‘ases|al

SUON |euoneN eale uloqaped

HaSuIM

-u193s uonels
3uipaauq ayy

1€ s|auueyd Moy ul
3d9x 000'g punose
‘sajiuaAnl 40
005 xoidde jo
asea|ad i(sajiuaanf
0050T<)

%9 ‘(+0) aseyd
15414 9y} Suunp
[BAIAINS ‘pajSaAley

WO 924nos Suipun4 9zIs 1o
98e uonendod pjim
0} onjel pue ‘asesal

‘ss920ns Suleay

3ue) 3y} uo |aAes3
03Ul 350y JO JJo
-doup ss[iuaAn( D0
ON ‘DI
‘ysl Jo
JUSWISADUS J0J 3)IS
uo x203spoo.g :gin
(P1im 9 Adaydiey)
byniy owyps :4H
WnIpsiN <11
JBALI 3AI1}IRdSaI
3y} ul pases|al
ystj pasajul 00
auou )|
eale Ja)sun|n pue
eaJe uioqusped
JDAIY 0] paunjal
S[assnA “elpiyd0|3
Jo ases|al
|13un Auaydjey
ysiy 3e 3day pue
Je3A Alans pim
33 ul pa3as||0d
S[assnw Mau g
(P1IM) snapajnop
5N2150421509)
‘snuixoyd
snuixoyd :4H
Mo

saxoq
JUBWIPaS ‘sawnjy
/4y8nou3 JoopIno DO
sawnjy/y3nouy
pue ‘elienbe pues
‘sax0q Jojeqnoul |

poyjaw pue
Ajisuajut Jo [9A7]

wiey ysiy mojrayy
/3uipry ynos

¥102-500C PN -Asesaddi] Ayuno)

Jajsunin
uonelsolg-NAvN
QuuUaS-ulogJiaped

SEI|
uonels aydsisojolg

J9ajsunin

pue uiogJaped
siaJy|/elleydisapn

juasald-£002 N —3UIYy YLoN

(o3ep Sulpus)  sapadg

2dUIS/SIBIA

(panunuo))

uoimisul/uolsay

pueja|

AueuLsn

Anuno)

T 37avl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

m (ssnunuo))
Q !
SJE9A Ul SUou) MO| (7 uoseas
V.. SeM |9A9] aunyded ul Asayojey pue jueld Juswieal |
] (2Z0Z “wwod JUBWISAIXa 3sod 3l1usAn( Inqg ysiy p|IM) D33NI3 OWIDS 4H J9]BAA USpesw|Iy|
] 's1ad) g [joa4eD s3[1uaAn( Jo aimde) SUON leuoneN U0 JuUBWISAIUS poo) ydiy 1 jussaud-410¢ W /pJojisiepp Ajuno) puejaJ|
- pawluod aq
W 0] ue|d "00} ‘SISAL
Jay30 ojul Suipnd sse|d
104 S9[IuUdAN( JeaA yoea o4 yuey
9sayj asn sdeyuad ua1a41Q “(pasn
pue JaAIY J10dmaN S)Uue} JejnduId pue
0}ul X2eq Swos 1y3iea3s) woyoq
ind 03 ueld ‘000°‘0S jue)l ayj uo |9Aes3
‘xoidde Jo s1sIsuod ojul s1soy JJo
uoljejndod pJIAA doup sajiuaan( :D0
umou3 pey Asyy ou :D|
pue punoj swog eIpIy20|3 199]|0d
T20¢ 1_3qued3Q 01 Ayl|1oey Je 1doy
aAIND pue 15qo310 s|assnwi jnpe g
Bujuies) dosys AUSA ul yymous pue 24n3ny ul bINIY
9ousIadXxa pajiwi] |BAIAINS 10J Yue) owl|bs ‘(Aaydiey)
(2zoz “wwod ssa20.d 3ulu.es) 10 wonoq 1e [aAel3 Ab|ps owl|bs :4H 31N113sU| SuULB|N
'siad) -3 0343 o pue uisuadi| ul ||nS SUON leuoneN ul s3[1usAn( payasy) wnipsw ;7 jussaid-0z0zg W /oAeN Ajuno) puejaJ|
(Y38u?) |I9YSs Ww
Gz 'xoidde pue pjo
syjuow gz o3 dn)
S10Yyod ||e ssoude
s9|1luaAnl 000'ST
‘xoidde sem |ejo|
¥Z0z ul 9e|d
9)e1 01 S23Yd
aAIsusya4dwod
aJow {3je| JeaA T
d|qissod PSWIIUOD [BAIAINS
JUAS JJ1s-y3iy *J9)em uado ‘ssed
Jayjoue Jo sasueq 0}ul pasesjal Jley 1edA Yoea 4oy juey
32035poo.q Jay30 pue saydjed uaIa1Q “(pasn
}npe jo 1e3qeY 1599 S)ue} JejnduId pue
Auew pue s3jusaAn( ul pauNng aJam JjeH 1y3ie.3s) wonoq
EERITEIETEY| sa3uajjeyd ule D) 92.nos Suipung azis 1o poyiaw pue (93ep Sulpus)  samadg uonnsul/uoisay Anuno)
98e uonejndod pjim Ajisuaqul jo [9Ae7] 9DUIS/SIeDA
0} oljes pue ‘ases|a.l
r ‘$$920Ns uliesy
<
=
- (Ponupuod) T 374VL
w
U}




10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

13 | WILEY.

eale ay}

ul sweauls ay3 ul
sonss| Ajljenb uajepn

A28y JB S|ewiue

+z pue ‘+71 ‘40

0 8uipaay a1enbapy Jax3agnil
Jeah wou) uipuny
(STOZ) '8 32 2943 1541 ay3 Suunp |euoijeu pue

(€T0C) '8 39 2943 ysiy leainuns dasy  INM S INd p03foid 3417 N3
plim
a3 woly ysiy soy
JO sajel |eAIAINS 100d
LR IEIETEN| saguajjeyd uien WO 924nos Suipun4

%€ 'xoidde
aseajal |Ipun
Ajl|10€} 3 [eAIAING
‘pul paanjind
wouJy uoryeindod
SIY3 40 %001
pJO S4eah
¥-€ 008 :paseaja.
suje}s uewsan)
‘pul Pa4n3ind wo.y
swod uoljendod
SIY3} Jo %6
p|o Sieah
-€ 0008 :pases|al
sules3s wnigjlag
‘pul paanjnd
wo.y uonejndod
SIY3 40 %00T
‘PO SJedA -/
04§ ‘TC0OC Ul anlje
so3ed u| pases[a.
ulel3s nQ JaAry
PIo
sledh 4-¢ 00€'T
:s93ed ul pases[a.
ulel3s JnQ JaAry
005°'T-000°T
1esA/ww QT
JO Y33us| Je pases|oy
000'7-000°c
:1eaA/paosnpoud
ww g< S9|lUsAN(

(€ JeaA ul sajiuaAnf
0S ‘T puet
azis 10
a8e uonejndod pjim
0} olje. pue ‘ases|al
‘ss920ns Sulieay

puod e uo sa3ed
Sunjeoyy pue ‘sojis
‘S9X0Q JUBWIP3S DO
sawnjy/y3nouy
pue ‘elienbe pues
‘sax0q Jojeqnaul |
PIRY
2y} Ul pa329)|0d
eIpIy20|3 :gIN
(A1aydey)
byniy ow|ps :4H
ysiy
auou :DQ
ajep 0}
sa|luaAn( ulniyded
Ul $$920NS pajwl| :D)|
eIp1y20|3 129]|02
01 Ayl|1oe) Je 1day|
sjassnwi jnpe :gin

poyjaw pue
Aysuajul Jo [aAa

Juasa1d-800Z W

(91ep Sulpus)  sapdads

JUIS/SIEIA

JPMW? 9 Unjeu Aq
JN3eN,p 44 J3|I2H
uoljepuo,/uoisay

19413 ssuuapay  SunoquuaxnT
uoinyijsul/uoiSay Anuno)
(penupuod) T 3T4VL



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| %

GEIST ET AL.

(sanuuo))

saldads
SILY3 10} uleds ysiy
1soy ajenbape pulq

(¢20g “wwod
'ssad) 4 uspaIY L

eale ayy

ul sweaus ay3 ul
sonssi Ajljenb uajepn

Anoey je

slewiue +T pue +Q
40 3uipaay a1enbapy

Jeah

3sdly 8y Sulnp
Y31y [eAlauns daay

(STOZ) | 39 2047
(€T0C) e 39 2043

CERITEYETEN | saguajjeyd utep

SUON JeuoneN

39 N7 woy
Suipuny jeuoijeu

INd 3 323f0ud 3417 N3
WO 924nos Suipun4

0c0c

ul A13 93uis Sunnp

SESHTETIVEN I}
139]|03 03 3|qe 10N

ysiy

1soy pajsajul Jo
$s0| 919|dw0d 3SoW |y
0Z0g Ul Ss920ns ON

%G "xoidde
aseajal |I3un

AN|1DE) JB [eAIAINS
‘pul Pa4n3inNd wo.y
awod uolje|ndod

SIY1 40 %ce
pasesjal

Plo SIedA T < 00T

uleJl]s Janesg JaAlY
‘puUl PaIn}iNd wo.y
swod uolendod

SIU}JO %ET
pases|a.

Plo sIedA Z < 00Z‘C

ulel3s JnQ JaAry
005'T-000'T
11esA/ww QT

40 Y33us| je pases|ay
000°€-005°C
:1eah /paosnpoud

Www G< S9|lUsAN(

azIs 1o
a8e uonejndod pjim
0} oljes pue ‘ases|a.l

‘s$920Ns 3uleay

pasn jou :DO
pasn jou )|
9Xe| 03 pauJnial
S|9sSNIA "elp1y20|3
JO asesjal |ipun
Ayjioey Suipaaiq
Je 1day pue pjim
9y} ul pajd9||0d
sjassnwl :g|A
PlIm 343 ul 3ysned
snjpydad sniipnbs :{H
wnipaw :|q

puod e uo saded
3uneoyy pue ‘so|is
‘s9X0(Q JUBWIP3S DO
sawnjy/ysnouy
pue ‘elienbe pues
‘sox0q Jojeqnaul |
J9ALI 0} pauinjal
S[9ssnIA "eIpIy20|3
1o asesjal |1un
Ayjioey uipaauq
Je 1day pue
1eaA AISAS plIm
a3 ul pajo9||0d
S|assnuw mau :gia
PlIm ay3 ul ysned
(mouuiw) snuixoyd
snuixoyd :4H
ysiy:n
poyiow pue
Ajisuaqul Jo oA

JPMW? 9 Unjeu Aq
JnieN,p 44 4312H

A uollepuo4/uoi3ay
9|3uIs 0Z0TZ dn 19413 ssuuapdy  S4noquuaxn
JPMW R Injeu Aq
ANIEN,P 4l JoII2H
uoljepuo4/uoiday
ju9sald-z102 N 12413 sauuapdy  S4noquiaxn
(91ep Sulpus)  sapdads uoinysul/uoisay Anuno)
2DUIS/SIED A
(penupuod) T 314VL



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

13 | WILEY

's1ad) ‘H [ Aosadeln

$s920ns 3uijenjeAl
plim ayy
ul [BAIAINS SHWI|
Ajjenb Ja1em Jood
UMM SISALI 03Ul

sa|luaan( Suises|ay
w?|qoud e ua3uo)
ou pue paulyal
MOU SWI3)SAS Inq
‘98u3jjeyd e sem
|eAlAIns y3iy Joy
2oe|d ul SWalsAs

Sun3as Ajleniu

(220T “wiwod

%9 "d Uasqoxer

S92UIDJ9Y sagua|jeyd ulen|

NS INd |euolieN

WO 924nos Suipun4

00T -0T 3Ise3| 1€ 4o}

JUN02Je S3|IUSAN(
pajededoud
‘suorje|ndod
1S0W uj "y
S|assnw Moy AJaA
aAey suope|ndod
Auel ‘saiond
SJe JuswWNIdaL

OU 9ABY Jey] SISAY
191949
S| $9zIs Ja34e|
1€ 9ses|al 994y
1ng ‘a|qejdadde
S| saxoq
ul y13us| ww

1 38 ‘pul 3uisea|ay
|oned
J9AL 01Ul S9sES[al
Ajuo (TZ0g 92uls)
MOU :SJedA 31514
3y} J0J Sax0q Ojul
S9583|9Y 'SISAU
2Z o1l sajiuaAnf
p|O-JedA-/
01 -1 009 [e10}
S95E9[a4 SNOIAS.Id
‘(uononpoud
$S9IX3)
J9ALI J3Yyj0Uue ojul
Aj323.1p pases|al
2J9M S|assnwi
paddoup Ajpuadau
000°0S ‘uoippe
uj "J9ALl BUO OJul
A30241p pases|al
s[essnw 000 T
‘120z U] 'sianu
93.y3 ojul Aj3oadip
paseajad sjassnw

+Z 00%'S ‘Teoz vl

9zIs 1o
98e uonendod pjim
0} onjel pue ‘asesal

‘ss920ns Suleay

S9X0( JUBWIPIS DO
smL3sp
pue seg|e aAl| yum
awn|j/ysnoJy pue
saxoq Jojeqnaul :D|
aunuesenb ur JesA
T 19}j€ p|im 3y} 03
pauinjal s|assni
"eIpIY20|3 199]|02
03 Ajljoe) ayy
Je 1day pue pjay
ay1 ul pajd9||od
sjassnwi 3npe :gin
sulel}s
Plim wody paiq
(++2) b1y owvs
pue up|ps ow|bs :4H
u3iy
poyiow pue
AJsuajul Jo [9A97]

uadiag jo
Ajsianiun/Aunod

juasaid-z10g WA PUBJISIA Ul |JOASISNY

(o3ep Sulpus)  sapadg uoinyjsul/uoisay

2dUIS/SIBIA

(panunuo))

AemuoN

Anuno)

T 37avl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| 2%

GEIST ET AL.

(ssnunuo))

S|ossSNW J91eMysa.)

ypm aouauadxs

snoiaaad ou

Se sueldIuyda) ulesy
0] SulwNsuod awl |

(zzoT
“wwod 'si1ad) [ sioy

paAoulsap
pue paAowsal
2JOM EpIN JOAY
dY3 Ul ysyy pajsajul
daay| 03 pasn saded)
SwiajsAs Supieal
J10J J91eM JSAL
asn 03 9|qissod J0N
J9A1 323foud
wouy aouelsip
3uo| Ajlj1oey Suipaalg
19loud
Jo Suiuuidaq ay3 je
92usIadXa aun3nd
[9Ssnw Jo »oeT

(ezoz
“wwod 'suad) *| delez

paosnpoud

3ulaq sjassnw may

Asan 03 pa| Ayljioey

UoReARR|nd ay3

Je Ajljenb Jajem
Yam ssiynoiyig

(¢20g “wwod
'saad) "H r Aosagel

S92UIDJ9Y sagua|jeyd ulen|

paonpoud (jedeqey

pue edag SIaAL)
suoije|ndod j234e3
9y} Wody sajiusAn(

INd ajeAud/[euolieN 000°GE IN0oqy

EPIN J9ARY Ul Y9
s|essnwi 3npe 09-05
19A sjassnw
JO 9sesjal oN
M3l zzZoT Ales
ut“put pjo syjuow
0T G€ 'xoiddy
‘pul 00T "xoidde
P9323]|02 S3|IUSAN[
s|assnwi 1npe
0€ Wwouy seAle|
UHM pajsajul ysiy

Wd  P3loid +3411 N3 0€ “Jeak 3511y 3y3 U

s|assnw 000‘E
15e9) Je JO Sjew)ss
uolze|ndod

ay3 yum pasedwod
MO| SseM (82)
pases|a. sjassnw
JO Jaquinu ay ]
‘U0I32NJISUOD peod
UM pajeldosse
‘saunsesw

Jay3o ypm
193930} ‘aunsesw
AJeuonynesaud

auoN |euoiSay € Se aUuOop SeM SIy ]
S}Npe p|im Jo
Jaguinu ay3 sawli}

WO 924nos Suipun4 9zIs 1o

98e uonendod pjim
0} onjel pue ‘asesal
‘ss920ns Suleay

(A1aymey)
byniy ow|os :4H
Y3y :n
auou DO
sawnjy/y3nouy
pue ‘eienbe pues
‘sax0q Jojeqnaul :D|
JOALI 0} pauinial
S|9ssNIA "elp1yo20|3
JO aseaal |13un
Aqloey uipaaiq
1e 1day pue
JedA AJDAS plIm
3y} Ul pa329)|0d
s|assnuw mau g
(PIim) o1go8
01qo9) pue snuixoyd
snuixoyd Yyym sjety
pue 01qo§ sn130) :4H
usiy
S9X0( JUBWIP3S : DO
smLi3sp
pue ae3|e aAl| ym
awn|}/ysnoJ; pue
sax0(q Jojeqnoul |
aupuesenb uj JesA
T 19e p[im i3 03
pauJnial s|assnip|
"eIpIyo0o|3 303)|02
03 Ayl|1oe) 3y}
Je 3day pue pjaly
3y} Ul pa329)|0d
sjessnwi 3npe :gjA
sules)s
PIIM woJ} paiq
(+2) 4pjps owyps :4H
Y3y

poyjaw pue
Ajisuajut Jo [9A7]

- Ayjedpiunw
seonjog
- anbJed seonog

juasald-4T0Z W /1e9Y EJIA PLISIA

MOMeJY| Ul S90U3IDS
Jo Awapedy

ysljod sy}

10 UoIeAISSUOD
2JnjeN Jo aInyIsu|
3yl/puejod

juasaid-0z0Z N |eJ3uUaD-Yynos

as[ay@siapun
-gljiw 30

3S14 pue Js)sausfy
-Ju3|NSuo}y
93113ejanieN
/Aluno)

|lepswoy 8o

QBN ‘Aljeddiunip|
lloA3ulL

0Z0z-LT0C W ‘JSAIY BAJ2103S

(23€p SuIpud) uoinyjsul/uoisay

2dUIS/SIBIA

saldadg

(panunuo))



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

30 | WILEY.

9|qissod jou
103foad dn-mojjo4
juesw uoneziuegio
ul sjulesIsuod
SAljeAsiullpy
SWI)SAS
Paso|d ul s[pssnwi
9yl ps34 0}
(ccoc uo333]]0d smLiIsp
“wiwod 'suad) °r s1oy 104 924n0S ON

Alljleriow
ysi y3iy o3 Suipes)
J3)eM JO JUSJU0D
JuBWIPas aul ysiH
s|assnwi Ja1emysa.y
yHm aouaadxs
snoiAaud ou
(zzoz Se suelIuyda} ule}
“wwod 's1ad) [ sloy 03 8ujwnsuod awi|

LERITEYETEN] sagua|jeyd urepy

(p38ua) U ww -7)
Ajanded uj aesA
T J91e pases|as
s|assnw swog
Swia)sAs ysnoayy
-MOJ} Ul Yymou3
pue [BAIAINS POO9)
'SWa1SAS paso|d ul
SNJLISP 4O 3oe| Aq
pasned Ajijelow
Y3IH (sT0C
-£T07) sieah
€ ul paonpoud
(ented JaA1Y)
uope|ndod 3934e3
3y} wo.y saiusAnf
000°62C 4270

SI9ALL Ul pases|al
0s|e 1noJ} pajsAoul
‘'sAemadel ul 3noJy
woJj Jjo paddosp
000°09 pa1ewns]
‘AlaAISujuL
paonpoud (jedeqey
pue ‘eAlsN
‘eAled SJ9AL)
suone|ndod 128.e3
943 wouy ssjiusAnf
005°9 Inoqy
9z1s
9|qe33e} 03 mou3
031 8ulA1L "000'S
‘}Jo doup puodas
‘T20C ‘00S°‘T
‘iJo doup 3suiy
‘020 'shemade.
ul ymmous
pue |eAlANs
poo3 AJSA “J9ALI 0}
pasesjaJ sajiuaAn(
ou ‘9)ep 0] “Jej 0s

SUON 3411 N3

Nd [euoiieN 3 N3

\[3) 92.1nos Suipung 9zIs 1o
93e uonendod pjim
0} opjel pue ‘asea|al

‘ss920Nns SuLieay

saxoq
JUSWIpas pue
saded JaAL-Ul DO
awin|}/ysnouy pue
S9X0( Jojeqnoul |
PRy
ay3 ul pa3d9)|j0d
eIpIYo0|3 :gIN
(A1aydrey)
byniy owps 4H
ysiy

SI9AL
ul 3n0J3 pajsAdus
Jo asesal :D0
awn}/ysnoa; pue
$9X0(q Jojeqnoul |
pIdY
9y} ul pa1aa)||0d
BIpIYo0|3 g
(A1ayd3ey)
b33N} OWIDS 4H
usy o

SI9ALI U
1n0J3 pajsAdus pue
sa3ed JaAL-Ul DO
awn(}/ysnoJ} pue
s9x0q Jojeqnaul :D|
p1oYy
ay3 ul pa129)||0d
epIyo|3 :giN
poyiaw pue
Ajsuajul Jo [9A7]

snaJsnd

Aq pa8euew
A|1oe) Bulieal
J13enbe ojadwe)

910C-€T0¢C WN /N3SIA PUISIA [e8nyiod
Ajoey Suuieals
oi3enbe sojaJjse)

1202-610C ‘W /1e3nuod ulsayuoN |e3njod
(uogsiq Jo
Ayisisaun) VN

(o1ep Bulpus)  sapadg uoinisul/uoiSay Anuno)

UIS/SIeIA
(penupuod) T 374VL



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| 24

GEIST ET AL.

(sanunuo))

(cz02)

‘[B 32 O]j113seD

(Tcoe) 1’3

o||Lase) +(0z0e)

‘& 39 oj|li3se
(8102) 'e 32 ofneuy

(¢zzoe

“wwod 'siad)

D E|RIEA R 'd BUIPUO

(zzoe
“wwod 'siad) [ sioy

LERIIEIETEN

uolnejsiuiwupe
JueAs|al
wouJy uipuny
Sunsel-8uo| 399
usdIYs
aJow 3uleq
9[Iym yimou3 pue
|eAIAINS saA0AdWIL
ey} ‘wry 1oy
|J02030.d Suipaalq
anosdwl| ‘sas
ases|aJ a|geyns pul4
Jes|d J0uU suoljoe
13foud 347
J0 1oedw| Jespd
jou uiseq e|jn sy}
ul sa1dads sy} Jo
Snjels uoleAlasuo)
ases|al
0} Joud sjoyod
SAISS32INS JO
3uidAjous8 wuojiad

9|qissod jou
109foud dn-moj|o4

jueaw uoljeziuesgio

ul SjuleJISuod
SAljelSIUIWpY
*SWID)SAS

paso|d ul sjpssnw
9y} pas4 0}
uoI329||02 SN}LIIp

10§ 924N0S ON

sagu9|jeyd ulen|

|euoneN
Nd ® 34T N3
SUON 3foud 3417 N3
WO 924nos Suipun4

‘saged yaisuappng
‘(s1eah z-0 wouy)
000°0€ ‘elienbe
{(s1eaA +0) 000°02
‘sax0q Jojeqnoul
:uolPNpoid
syjuow
9 3541} BY3 Ul %09
JO 9]e1 [BAIAINS
‘91qeren Alysiy
S}Nsal |eAIAINS
:sa3ed yaisusppng
%06
punouJe s| syjuow
9 0] |eAIAINS
‘Ajjualund :euenby
‘%06 "xoidde 0}
paddoup syjuow 9
J91Je |BAIAING ‘SAEP
00T 3544 3Y3 Sulinp
%06 03 9502
9)eJ |[eAIAINS e
paAsIyoe :24n3Nd Xog

wuw T 03 dn moJ3
pue sy99Mm QT
03 dn SAIAINS P|NOD
S9|IUBAN( “33IP
aziwndo 03 paau
pue (Aduaiap
wno|ed) Ajljenb
J93em ajenbapeul
03 Suimo
Ayjepow ysiH
"STOC Ul 000G pue
€10¢ ul paanpoud
(1e340 1 JaALY)
uolze|ndod 398.1e3
ay3 wouy sajiuaAn(
000°S¢ Inoqy

azis 1o
a3e uonendod pjim
0} ojjel pue ‘ases|as

‘ssa2ons Sunieay

S9X0( USWIPasS
pue (3aisusppng)
saded JaAU-Ul DO
aedje
Y1IM paJ pue Jsjem
19AL Aq paiddns
elienbe 1noud
-uado UO SaA3IS
papuadsns pue
sax0q Jojeqnoul :D|
SI9AL O]
pauinial s|assnip
‘e1p1yd20j3 329)|02
03 Ajljioe) e 3day
sjessnwi 3npe :gjA
(A1aymey)
Jb|ps ow|bs pue
(P1m pue Asydiey)
byniy ow|ps :4H

ydiy: 1 wesaud-z10oz ww

sa3ed JaAL-Ul DO
awny/ysnouy |
piim
ayj ul elpiyoojs
10 U020 :g|N
(A1aydrey)
sisuapp.p snijpnbg
pue sapiouingp
snijpnbg :4H
udiyn
poyaw pue
Ajsuajul Jo |97

910C-€T0¢C rn

(23€p SuIpus)
20UIS/SIEd A

sa1dadg

eja3sodwo)
ap oSenues
JO AJISISAIUN
/03n7 - epljen uleds

snaJand
Aq paSeuew

Aj1oey Sunieau
onenbe ojadwe)

/N3SIA PUISIA [eSn3iod
uoinyjsul/uoisay Anuno)
(penupuod) T 314Vl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

32 | WILEY.

(6102)
‘e 19 eanwiesieN
(¢20z “wiwod

's1ad) ) ednwexeN

CERITEYETEN |

Ajiey D0 3y e
sjewiue u934e| 1o}
S9Nss| 9dedg “1eaA
3sdiy a3 Buunp
Y3y s st Ayjerioln
plim ayy ul Ayjiia)
Jnpe yym sanssj
pPaAjos 2q 01
Spaau sjewiue ww
05< paJnynd ayy
9seg|ad 0] aJaym

pue moy uo uopsan)

saguajjeyd utep

(s1591
1e2180|021X03023
wuoyuad
03 pue AjAnded
ul 3uipaauq
J10J pasn sI %T
‘s[eued pue JaAlY
0.1q3 3y} 03 s203
%66) 000°000°C
-000‘000C
:1e3A/pa309||0d
(+0) sajuaanf

psuued
EIeIN
uiseq |euoneN
J9AU X (1opes
3Uo Nd /43pead) N3
SJE9A G IX3U UIYIM
000°0C dsesa.
01 adoy ‘00S‘TT
‘uiseq e||n ‘sieah
G XBU UM
000°T 9sealad
03 adoy ‘005°0¢
‘J9ATY 03duly
SJedA G Ixau
UILIM 00C 9ses|al
03 adoy ‘005Gt
“UBAIY 0F pjim
a3 ui suoneindod
JOAIY BN Y3
10 S9Yd31241S OM]
ul pasesjas ww T
JO 97IS 1€ Sa|lusANn(
00%'ST ‘LT0Z Ul
pio
S1eahA -0 ‘SH0Yyod
JUSISJJIp WOy
saluaANl 000'GL
10 |e10] “(p|o S4eaA
6 Pue 8 ‘/) 00€
‘(saxoq JuawWIpas)
s93ed JoAL-Ul
‘(s1eaA 8-0) 000°6¢C

azis 10
a8e uonejndod pjim
0} olje. pue ‘ases|al

‘ss920ns Sulieay

WO 324nos Suipun

"elpIy20|3

JO 3ses|al |iun

oey Suipaaiq

Je 1doy pue

1A AJDAS plIM

3y} ul pajd9||0d
S[assnw Mau g

(PIim)

slj1viAnyj bUD|DS

pue (Asayoiey)
111apq Jasuady 4H
usiy

S9

Juasa1d-100Z ‘vd

poyjaw pue sa1adg

Ajisuaqul jo [9Ae7]

(91ep SuIpud)
20UIS/SIEI A

uo3elsy Jo
JUBWUIBA0D /uoSely

uonmsul/uolsay

(ponupuoD)

uleds

Anuno)

T 37avl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| 2%

GEIST ET AL.

(ssnunuo))

pue sjua.ed
10 Apnis d11auan)
anbiuyoay
94N3|Nd OJ}IA Ul 3y}
JO uonejuawa|dw|
(241] Jo JeA
PUODI3S 33 WOY)
aseyd 3uiusyie) ayy
3upnp sajiuaAn(
JO 9dueUUIEW
pue 3uipasy sy}
ul spuswaAosdw
|ealuyda |
9JI] JO JedA 3Su1y
ay3 Surinp a8esop
JO uoljewolne pue
3uipaay a3enbapy

(¢c0oz “wwod
's1ad) |\ sodwo)

(ST0T) '[e 32 olnely

S92UIDJ9Y sagua|jeyd ulen|

pajew}ss

‘S[puueyd

a8eujeup J19y}

pue sweau)s axejul
J9)eM ‘9yeT sojoAueg

pul

96G°S SIedA Z<
s3|1uaAN[ Jo Sup|d03ls

pul

¥TL L8 s9|luaAnl

pajsAdxa Amau
pasesjad Jo 3updols

PUI SV UshY
pa3sajul pasea|ay

(ssueinquy pue

JSAU 3Y3 ul) suiseq
J9ALI BIAN|4 pUB U3 |

|euoneN
duoN 9 spsfoid 3417 N3
‘pul paJnynd
wo.y uoljejndod
SIY3 Ul %0€
-9%0¢ ‘pasea|al ale
s[ewjue ||le dUQ
220z J2wwns
Ul S9X0(Q JUBWIPaS
uj pajesodiodul
I9M WW Ofr<
sa|uaAnl 0Og ueyy
aJow Ajppuanbasqng
“(leAinns 9%00T)
$}NsSaJ pooo
*120Z Jdwwns ul
(ww op<) "pul ma4
YHM I9ATY 04q3
Ul S9X0Q JUSWIPS
ul s|eL} :9seajay
(44014
uroogT < Ww
0S-0¢ s9fiuaanf
"000C-00S
:1eaA/paosnpoud
wuw T< S9luaAn(

WO 924nos Suipun4 9zIs 1o
98e uonendod pjim
0} onjel pue ‘asesal

‘ss920ns Suleay

SJ9ALI 01 pauIN}al
s|assn|A “elp1yoo|3
JO 9sesal [un
Aylj1oe) Buipaalq
Je 1doy pue
1e3A AISAS plIm
3y} Ul pa3a9)|0d

S|assnuw Mau :g|ia
(P1m)
slj1pIANyJ bLD|DS
pue ‘snupjaip)
snijpnbs ‘i1s|japi8
snqibgoidnT (sn
ulew) sijpuolpLiaw

snqiog :4H

ysiy

JOAIY 0443
3y} Jo wonoq sy
€ S9X0( JUSWIPas

£I91BM J9AL UM
palddns swnyy
/4y3nouy JoopIno DO
euienbe pues pue
S9X0(q Jojeqnaul |
SI9ALI 0} pauIN}al
3o03spoo.g

poyjaw pue
Ajisuajut Jo [9A7]

Auejs3|
9p 1240su0) ay3 Aq
pa3euew ‘ssjoAueg

ap Auejs3 | e
speleu 3uipas.q Joj

Juasa1d-010Z ‘wn Alojesoqe/euodin

(23€p SuIpud)
0UIS/SIEDA

saldadg uoinyjsul/uoisay

(panunuo))

uleds

Anuno)

T 37avl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

4 | WILEY.

‘wn uleds 295

LERIIEIETEN

‘wn uledg 99g

sajiuaAn(
paiq aAnded

sagu9jjeyd uien

10} pajewn}ss sl %9
1O |[BAIAINS ||BJ9AO UY
‘PUl T/ :SIe9A <
s9|luaAn( Jo 3up|pols
PULOT6T UsH
pa1sajul pasea|ay
‘pajew}sa
SEM "Pul 00C
—00T usamjaq jo
uone|ndod e ‘€102
-0T0¢ usamisg
‘sjauueyd s3eulelp
pue sweaJu)s axejul
Ja1em ‘9xeT sajoAueg

|euoneN
duoN 9 spsfoid 3417 N3

palewnss
S1 %G 40 Ajljioe}
1€ [BAIAINS ||BJSAO Uy
pul
/9T‘T SIedh z<
s3[1uaAn( Jo ud03s
pul
TG9TL :s3|iuaan(
pa31sAdxa Ajmau
pasesjad Jo upd0ls
‘PUl OOT‘E Usl
pa1sajul pases|ay
‘PU 000'C-000'T
Jo uopjejndod
b} 924nos Suipun4 azis 1o
o8e uonendod pjim
0} oljed pue ‘aseajal
‘ss922ns Sulieay

pue uoliejnaJial
J91eM SnoNnunuod
pue ‘woypoq
93 Je pues |ednjeu
yum swnjy/ysnoa
pue sjood :D0
pues
pue saged yum
awnj/ys3noJy |
SJ9ALI 01 pauinial
s|assnin "eIpiydo|3
JO 9sesjau |pun
Ayjioe) Suipaauq
1e 3day pue
J1e9A AJIBAS plIM
3y} ul pa3d9||0d
S|assnw mau g
(P1m)
Sii3pIAN} DUD[DS
pue ‘snupjaip|
snipnbs ‘11s|ja0i8
sngpgoidn ‘(asn
ulew) sijpuoipLiaw
snquog :4H
usiy:n
soged
3ujeoly pue axe|
93 Jo wonoq ay}
Je paoe|d sage)
‘s9)oAueg e
Wwo.y J91em |eanjeu
UHM [BMBUSI
pue uolejnaJal
J9]eM snonunuo)
‘woxnoq
33 Je pues |einjeu
Yum swinji/ysno
pue sjood :DQO
pues
pue saged yum
swnyy/ysnouy |

poyjaw pue
Ayisua)ul Jo [9AS7]

Aueis3,|
9p 1240su0)) 3y} Aq
padeuew ‘ssjoAueg

ap Auejsy,| ie
speleu 3ulpaaiq Joy

jasaid-010Z N AJojeioqe/euodin

(o3ep Bulpus)  sspdads uoinyjsul/uoiSay

20UIS/SIBIA

(ponunuo))

uledg

Anuno)

1 37avl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| %

GEIST ET AL.

‘saad) |\ sodwe)

‘saad) |\ sodwe)

(sanunuo))

Supnp sajiuaan(

JO [BAIAINS BU}

ul syuswaAosdw
|ea1uyda |

(sa1poq Ja3em

[e20] ul) eIpIy20|3

Jo aumded ayy

2oueyud 01 3DAd

[ea180jolq ay3 Jo
a3pajmou| panoidw

(¢20z “wwod

(241] JO 4B9A
pu029s a1 Wouy)
aseyd Suluaypey ay
3upnp sajiuaAn(
JO 9dueUUIEW
pue 3uipasy sy}
ur syuswanosdwi
|eaiuyda |
9oueuUIjUEW
pue 3uipasy a4l
JO Je3A 3511 Y}
3upnp sajiuaAn(
1O [BAIAINS BY]
ul sjuswaosdwi
|eaiuyda |

(¢20g “wwod

S92UIDJ9Y sagua|jeyd ulen|

SUON

SUON

WO

QJOM WD /

-G JO puUI OT ‘6T0C Ul
s|eued a3euledp
pue ssjoAueg ayeT
ul (p91e20]| 3ISM
‘pPUl OZ) Pa1BWIISD
SEM ‘pul G/
pue 0g usamiaq Jo
uonjejndod e ‘€107

leuoneN pue 0TOZ Usamiag

pIim sy}

0]ul pases|al uaaq
SAeY ‘pul Ou ‘93ep 0]

s|eued a8eulelp

pue ‘sweauls 19|ul

‘sajoAueg ayeq

ul (p91e20]| UM

‘pul XIS) pajewi}se

SEM "pul G¢-0T 40

uonjejndod e ‘€107

[euoneN pue 0T0Z Usamiag

924nos Suipun4 9zIs 1o
98e uonendod pjim

0} onjel pue ‘asesal

‘ss920ns Suleay

Aoy Buipaaiq
1e 1day pue
Je9A Auans piim
9y3 ul pa3d9||0d
S[9ssnw Mau g
(P1m)
snupjaip| snijpnbg
pue sjjpuoipLiaw
sngvg :4H
usiy
so|oAueg axe
wo.Jj J93em [enjeu
UHM [eEMBUS.
pue uoije|naJidal
J9JBM SNONUIIU0D
pue ‘woynoq
9y} Je pues |ednjeu
Yum swinjy/ysnoly
pue sjood DO
pues
pue saded ypm
awny/ysnody |
SJI9ALI 03 pauanial
S|9ssni “elp1y20|3
JO 9ses|al |i3un
Ayjioey Suipaauq
je 3day pue
JedA AJDAS plIm
93 Ul pa3d9||0d
S[assnw Mau g
(P1m)
snupjaip| snijpnbs
pue sijpuoipLiaw
snqupg :4H
sy o
Xe|
3y} Jo wonoq sy
e pade|d saded
'sajoAueg ayeq
woJ) J93em [einjeu
UHM |EMBUSI

poyjaw pue
Ajisuajut Jo [9A7]

sydwaype
|Nyssa20Ns
BEIEH

¢c0C-610¢C

sydwiayie
|Nyssa2ons
BEIES

¢c0C-610¢C

(23€p SuIpud)
0UIS/SIEDA

saldadg

Auejs3|
9p 12405U0D) 3y} Aq
pa3euew ‘sajoAueg

ap Auejs3 | e
speleu 3uipas.iq Joj

Yy AJojesoge/euoli

Auejs3|
ap 1210sU0)) ay3 Aq
paSeuew ‘sajoAueg

op Auejsy,| 1e
speleu Suipaa.q Joy
I'd Asojeisoqge/euolin

uoimisul/uolsay

(panunuo))



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

34 | WILEY.

(£102)
‘e 39 Japlauyds
(czoz
“wwod 'siad)
‘d "1 4spisuyds
B "IN 8ulli=IsQ

(zz0T “wwod
'sa9d) *N ‘WoaISSUIAA

LERIIEIETEN

pue ‘payiom

dwnd ay3 Suunsus

‘193em ayy 3uusyly

- 1y3u uoners
Sulpaaiq ay3 Su3e

sajluaAn(
Sunes swiomie|4

9oueUdjUIEW
pue Suipaay 34|
JO JeaA IS4y DY}

sagua|jeyd ulen|

Nd

Nd

WO

swweusSoud
EE|WEERA 4
Jo ued se /T0Z Ul
ww 9'0-%0
JO 3z|S }e puesnoyy
|BJ9ASS pases|oy

leuoneN
LEERNE

Plim 3y} ul synpe
JO Jaquinu paadxa
|IIM paJeal sjassnw
JO Jaquinu ay3 jeyy
adoH "s)npe 000°C
-00z "xoudde 1nq

EEIRNRE] ‘AdeA sazis uolje|ndod

paAlasqo

SEM [BAIAINS
%00T ‘T20T Ul
"sajoAueg axeq ul
Youp e uj pases|al

924nos Suipun4 9zIs 1o
98e uonendod pjim
0} onjel pue ‘asesal

‘ss920ns Suleay

ysly Jayjo sawosg
“(P1im) snuingjp
snuinqy pue ‘oiqos
sn330) ‘snuixoyd
snuixoyd :4H
wnipaw :[7
pa.1ind20
sey uolje)sajul
J91Je paseajal
s|jassnwi pue ysi4
‘paisajul Ajjeanjeu
awo023q 0} Ysiy
1S0Y pue sjassnw
JNOoJ 0} OM}
3ulpjoy wopoq
uo [9Ael3 pue sapls
Ojul p3|jUp sajoy
yum saxoq onseld
JO uopnie|jeisul :DO
sax0(q Jojeqnoul :D|
eIp1y20|3 329)|02
03 Ajljioe} Je 3day
sjessnwi 3npe :gjA
(A1aymey)
bniy ow|os :4H
wnipaw :[7
s9joAueg axe
WwoJ} Jajem |einjeu
UM [emaual
pue uoje|naaal
J91eM snonuiuod
pue ‘wonoq
ay3 J€ pues |ednjeu
ynm swnjy/ysnosy
pue sjood :D0O
pues
pue saded yjm
awny/ysnouy |
SJ9ALI 0] pauIN}al
s|assn|A eIp1yoo|s
JO aseaal [13un

poyjaw pue
Ajisuajut Jo [9A7]

ejjow
sdiojsawiwaH pue
AYISISAIUN pels|Ie)

810¢-¢10¢ on /USpams uiayinos
uoljeInossy
si9|3uy

9¢0¢-1¢0¢C WA YsIpams/3inquayion

(23€p SuIpud) uoinyjsul/uoisay

2dUIS/SIBIA

saldadg

(panunuo))

usapams

uspams

Anuno)

T 37avl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(sanunuo))

pue snuixoyd /uinyjojos
(20T “wwod osea|al J04 AQQ "000'C-000'T :1edh snuixoyd :4H Jo uojue)
'siad) "y JazIemyds SI9AL 3|qens pul4 INd  [euojue) ‘leuoiieN /P3123||02 S3|IusAN( ysiy:m  uasaid-z10z o /NeSiey JO UOJUBD)  PUBSZIMSG

auou :DQO
WI93SAS

y3noayj-moyj e

Ul S9X0Q JUSWIPaS )|
eIp1y20|8 329)|02
03 Ajl|1oey e 3day|

WILEY_| %

GEIST ET AL.

wa|qoud e si aAle s|assnwi jnpe :gin
so|luaAN[ uidasy (P1IM) snjiana
a8uajjeyd 19A asesjal ON snjiany pue ‘oiqos
3uipuny wus3-493u0] 00G< ‘ueepap sn330) ‘snuixoyd uol1e1ossy
(2Z0g “wwod sa|luaAn( ‘006> ‘ueeslo snuixoyd :4H S19[3uy ysipams
's19d) *N ‘WQJISSUSAA 3unes swiomie|4 :s}npe Jo JsaquinN ydiy /pueljuios Ajuno)
piAes3 aq 03 punoy
2JOM s[assnwi
}npe pajedojsuesy
3y Jo awos Inq
papJodau ss|iuaAn( SIDALI 343

uolpnpoJulal
3s0d punoj aiam
s[assnwi a[uaAn(
Ou Se $$320Ns
uolpnpoJulal
3unenjeAs

ul sapnIIa

3ulwnsuod
-awi} pue

SAISUIUI-324N0SDY

WIISAs
3y} Jo adueudUlEW

S92UIDJ9Y sagua|jeyd ulen|

924nos Suipun4

ou -T¢0c
ul duop SulIoHUOIA
120C ul pue ‘£10¢
pue GT0g usamiaq
siseq |enuue
ue uo Suuiojiuow
pue SIaAl
paJo3sal Jejqey
0} s[assnw }npe
JO uonedojsuel ]
SI9ALI
9S3U3 Ul "pul pjim
ON "8TQC Ul s4oAl
paJo3sal Jeyqey
ay3 03 sajiuaAn( pjo
-1edA-T Q0OF'T J0
9ses|a4 YUM 810¢C
pue /10¢ usamiaq
3uipaauq paduojoid
SI9ALI OM] OJUI
"PUl 00Z'T pases|as

9zIs 1o
98e uonendod pjim
0} onjel pue ‘asesal

‘ss920ns Suleay

0} 9344 S9|IusAN( Jo
9sesfal pue ‘saxoq
H3GIA-X0IUHM
pajsnipe ‘saded
J9puljAd ‘saded
>slsusppng jo
95 "SYOOM |BIDASS
104 SI9AI 3y Ul
pa|[easul saded ysiy
JO 95 "uollelsajul
uodn aseaja.
1234Ip pue pjay
Sy} ulysy pjim

JO suoneIssyul ;D0
euenbe pues pue

s9X0(q Jojeqnaul |
eIpIyo0|3 193)|02
03 Ayljioey je 1doy

sjessnwi 3npe :gjn
pa359]
919M s3[23ds

poyjaw pue
Ajisuajut Jo [9A7]

uoimisul/uolsay

(panunuo))



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

14 | WILEY.

(€002)
3unoA  anseH V/N
oudjsissad
poos moys
(TTOZ) P1oY SI9U10 SeaayM
R S1DC0Y ‘UOS|IAM ‘Aj919|dwod Ino
(£002) sHaqoy pa4nods usaq aAey

9 SASY| ‘UO)Sald  Saydjed asesjal Swos

saded
3ulieas Joopino
uo wisijepuep
syjuow
3sd1y a3 Buunp
suol}Ipuod 3uimou3
pue |eAIAINS 3|ge)ls
Suinsiyde sanndiyig

S92UIDJ9Y sagua|jeyd ulen|

CN 341 n3
3411
auoN N3 3 [euoneN

suol}epunoy
Juspuadapul

WO 924nos Suipun4

SW)SAS

98ed JO Ss0| %08

Ja3e| ‘syuow QT >

9lel [BAIANS %TT

-%T ‘padnpoud

S9|ludAN[ pjo-1eaA
-|eJ9ASS 00T >

juasald pue 66T
uaaM}a(q Jeak yoes
pa3sAdus ysiy 000°0C
so|Is Jeyuleg
pue a3es3sgns
J9AL 0} JySiens
pasn
s3e} oag pue | |d
£10¢C Ul
SO}S 934y} SS0JI0E
GET'T ‘9T0C Ul 3yis
3uo je 88 :STOC
ulayssuole gry
‘#TOC ul 83is suo
e 8Z¢ ‘600z u!
S9}IS 994y} SSOJI0E
pasesja4 OGT :21ep
03 pasesjal 6T8°C

sweass
pa1239s Ul “pul
p|o-4e3A-G 1ySie
“JBALI OJUl 9344
Aj9319|dwod ases|ay
sweasls
pa123[9s ul “pul
G/ :s93ed u| ases|oy
ww 0E-07 :Jedh
/YIMo.3 3IusAN(

9zIs 1o
98e uonendod pjim
0} onjel pue ‘asesal

‘ss920ns Suleay

ou )|
usy
1s9jul 03 AJaydjey
Je SwI} SwWos
104 3dd) sjassnw :g|Al
(A1aymey)
Ap|bs owvs :4H
wnipaw :|q

uopeslpuiolq
10} S0JIS [9SSNIA : D0
swin|} paj|-|aAesd
ojul Ajlednieu |jey
S|assnwi dIusAN(
‘awnjj/ysnou] |
yst
1s94ul 03 Auaydiey
1€ 3day sjassnwi g\
(A1aymey)
byniy ow|ps :4H
wnipaw :[7
SJeaA G-17 40}
S9X0( JUBWIP3S : DO
euienbe pues pue
s9X0(q Jojeqnoul |
JOALI 0] pauinial
s|assn|A “eIp1yoo|s
JO asesfaJ [pun
Ayl|ioe} Buipaalq
Je 1doy pue
1e3A AIDAS plIm
2y} Ul pa3a9)|0d
S|assnw Mau :gia

(P1m)
snjpydad snijpnbs

poyjaw pue
Ajisuajut Jo [9A7]

€00¢-100¢C

£L10C
-#10C ‘600

(23€p SuIpud)
0UIS/SIEDA

uonels
pIa!4 Aua3nD
- u9dapJaqy
JO AjIs1aAlun
/311ysuaspiaqy pueposs
W Auno) AN
sna | puejaJ|
SISAIY Adispuljjeg UISyLION
W /3UoJA] Ajuno) N
JUe}NSU0d
Juspuadapu|
saldadg uoinyjsul/uoisay Anuno)
(penupuod) T 314Vl



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_L 2%

GEIST ET AL.

(ssnunuo))

(Teoz) e

1199 £(0Z0T) ‘e 1

QUI01INET (9T0T)
‘e 32 a4i10)21AET

LERIIEIETEN

dn-3as juaind
UIYUM $3NSS|
aoeds os a8.e|
MOU JJ0Y0d Yoes ul
s9|IuaAN( Jo JaquinN
S911IAIIOR 9sesal
pue Suipaaiq
430q JaA0D
03} MO| 003 3ulyjels
3uipuny
0} JUBWI}IWWOD
(s1eaA g<) w9y BuoT

sagua|jeyd ulen|

341
NI INd N33 |eucneN
WO 924nos Suipun4

sa|luaAnf usym
p|IM 0] sasealoy
%
‘uonpejndod juauind
‘0007 IUaX-005°T
'xoidde ‘uone|ndod
JuaLIND ‘007 ST
‘000°00€ xoudde
‘uone|ndod juauind
‘000°€ ‘UsYy3:00S‘T
‘xoidde ‘uorjejndod
JuUD.LIND ‘00S°T
‘un[d:¢ ‘uonreindod
JuaLINd ‘08
‘Aeyieig:ale sieah
G Ixau 1oy pauued
S9sea|ad JOAL JBYI0
(synpe
00€ sem Sulujewal
uoljejndod
PIim) T20T
Ul 4] 0jul (Ww §T<)
synpeqns/sajiuaAn|
00€'T< paseajay
‘WW G-g< J0J
PaAI9SqO |BAIAINS
ysiH ‘suoize|ndod
US|9\ duo pue
ys!j3u3 Juasapp
XIS wouy (Y3us|
ww £<) sajusAnf
000°0€ "xouddy

9zIs 1o
98e uonendod pjim
0} oljes pue ‘ases|a.

‘ss920ns Suleay

19]eM je| paJal|ly
yum payddns
SASdN1d pue
awny/ysnos :D0
sswnyy
pue wnuenbe
3ullemumop |
elpiy20|3
399]|02 0} Aj|1De)
1€ 3doy| sjpssnw
}Npy 'siedh ¢
-T AIaAS pa3ds||0d
320315p00.Iq MaU gIA
(AjoAnDadsau
‘Aayojey pue
plim) p13nI3 ow|bs
pue up|ps ow|bs :4H
usiy
ysy
pajsajul Ajlepyipe
10 ases|ay
‘(131susppng)
saded
J9ALI-U| “J9]eM
JOALI BUIMO}S YIM
paiddns s3ayseq

JUBWIPaS :DO

poyjaw pue
Ajisuajut Jo [9A7]

(vg4) uonepossy

|ea18ojoig
juasaid-/002 W Jaremysalq/euquin)  puejdug Hn
(o3ep Sulpus)  sapadg uoinyjsul/uoisay Anuno)

2dUIS/SIBIA

(penupuod) T 3714VL



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEIST ET AL.

%0 | WILEY

(STOT) W9ssoD

(zz0z “wwod

's19d) [ JojAe |

(€T0C) Zluea

ap epuen) R JojAe]

‘sewoy] (TT0T)

‘|e 19 UaALIDS

‘(0107) ZIuEa]

op elJen) g JojAe|

‘sewoy :(8002)
98pUPIV 13 JOAPIN

LERIIEIETEN

ul pue pajsAdud
Yslj 30 9% Ul Mo))
93eJ JUBWIISAIUD MO

MOJs s (+)
S9|1USAN( Jap|o Jo
ymous) ‘uonjepaid
WIOMIB]) SAISSIIXD
ypm swisjqoud
|euoisead
's924nosaJ y3iy
saJinbas 3ulieas xog
3|gejdipaidun
sajluaAn( jo Ajjenb
‘p|o AJaA pue
sJagquinu ul Moj
aJe suolje|ndod
JOUOp 3S0W ‘3no
peauds Ajasieds
Ajjesauagd synpe
yum ‘uorjejndod
Japunoy
9AIeIUDSDIdDI
e 3uundas ul
Anou4p ‘uoisinoad
924n0Sal MO| :Ajjeru|

sagua|jeyd ulen|

JO 91eWw}sd
ajewixoiddy ‘8T0Z
-TT0C pases|a!

eIpIYd0I3 ypm ysty
Sujulewsau
synpe 1>
pue ‘oS ‘0ST ‘00€
‘00€ Ajorewixoidde
yum suonjejndod
Plim Al

2Je aJayy Juasaud 1y
2Ny nd Ajes
ul +0 000°0¢€ “+1
000°0T ‘+Z 000°C

‘spjo JeaA 9-1, 00Z'T
:9ses|al

JOJ X203 JuaIND
WJSAS pay
-1l0AJ9S31 Y3noayy
-MOJ} |ednjeu-jwas
ul +9 03 +T woud}
[eAIAINS +9%06
‘sysnoJy Suienaan
-3J Ul |[eAIAINS
%0/ ‘S9xoq
onseld ul |eAIAINS

%0L-%0S ‘MON
Jood
SWIISAS J91eM
JOAL y3nouyy
-MOJ4 Ul [BAIAINS

:sydwanje Apeg

NS INd |euolieN

auoN N3 9 [euoneN

(eljensny

‘A9]|eA YsiewpuiH
3e3 jund|eH pue
s3e} | |d) passey
uaaq aAey “pul
pases|al ‘0jep o]
'9ZIS 9ses|a Yoeal
0} S1edA g-G saje|
‘Ww GT< aJnsesw

WO 924nos Suipun4 9zIs 1o
98e uonendod pjim
0} onjel pue ‘asesal

‘ss920ns Suleay

pue (Jnjssadons

Asaydiey)
D}INI} OWDS ‘4H
ysiy

sieaA +9 03 dn
|9AeJ3 JO S3a¥seq ul
J33BWelp ul w g Jo
Syuey 01 Jajsuely ;D0
ww / 01
dn sy3nou3 y3noayy
MO} :3YIs pay
-JIOAJ9S31 0} WW g
1e Jajsuely ‘euenbe
pue sy3nouj
3unejnoanal pue
s9X0q Jojeqnoul
ul Sueau jenjul |
jueq auagd
SulAl] ul wuay Suo|
1day sjessnw g
yoJeasal
- snuid[p snulfaA|ps
pue ‘(sioAu
uJaypiou) Jpjos
ow|ps ‘(paulies
pue [e30]/p|im)
by ow|ps :4H
usiy

poyjaw pue
Ajisuajut Jo [9A7]

juasaid-QT0Z wrw

‘91U
uowl|es Jap|aIy

/PueliaquInyLoN  pueigul ‘NN

S90[plue]
‘AaydreH
3opamAD
‘(uodaug)
AsayojeH SuuAD
sAmod Ajuno)

juasaid-500¢ W S3eM N

(o3ep Sulpus)  sapadg uoinyjsul/uoisay Anuno)

2dUIS/SIBIA

(penupuod) T 3714VL



10990755, 2023, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.4018 by Instytut Ochrony Przyrodyon, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY_| %t

GEIST ET AL.

*SILIOJIPILING OfUN “¥'() UISIOADI olun “4 ‘winio3ald ojun

“d'(n ‘snoubw ojun “wrn {SNSspId olun “2°n ‘sipo33| bpIwioIod “I'd ‘SNUDINILIND OIUNPN3SH D d ‘DI3JIIIDSIDW DIBJIILIDSIDIN “W"IA ‘SISUBAOCLIND DIBJIIIDBIDIN “P’IN ‘S|ENPIAIPUL “PUI ‘DUIIDUD DIUOPOUY “D°Y/ [SUOIFEIASIGQY

‘(sjassnw aIuaAN[ ‘NI ‘sjassnw Juated ‘\d) Sutiojuow

2112UaS ‘|ND PAsN SWIAISAS (D) 24N3ND JOOPINO pue (D) 2InNd Joopul (g|A) UOIENIIS XD03SPO0.q [9SSNW (4H) Pash Ysiy 3soy Inode sjie3ap Y3m Jay3a803 papiaoid si (|7) AHSUajul JO [9A3] POYISIA 310N

(%09< sazed
Alljeriow) uondajul
piugajoidps
:A}l|eyJow Jo asned
SNOIAGO UOWWOD
‘SyIuowW May
15414 Ul Ajjernadsa
dnou3 JeaA yoes

ur Ayieow y3iH
(Aisusp
JuBWISAIUD

EERIIEYETEN| sagua|jeyd uien|

ww
GT< UdYM sjassnwi

ases|as 0} ue|d

uondsyul
piuBajoidps
Ajljeiow Jo asned
SNOIAGO UOWWOD
‘SYjuOW M3y

15414 Ul Ajjerdadsa
‘dnou3 ueaA yoeas ul
Ajjepow y3iH ‘ww
T > 00Z "xoidde
U01193]|02 JajuIM
220C ‘WWw T <08
‘xoidde uo132s||0d
Jawwins/3unds
120T ‘Ww S < 002
xoidde uo1323||0d
Jawwns/3unds
610C ‘W2 G'T <0C
‘xoidde uoi323)|02
Jawwins/3urids
8T0¢/L10C Wouy
sa|luaAn( SuiAl|
jusund "000°sZ8
:pases|al elpiydo|3

WO 924nos Suipun4 9zIs 1o
98e uonejndod pjim

0} oljeu pue ‘ases|a.l

‘ss920ns Sulieay

JO 9ses|ay “19jem
J9AL ym palddns
awn|y/ysnouy
y3nouyj-moyj 0}
paAow sa|iusAn( :DO
soxoq Jojeqnoul :D|
ysty
159)ul 03 Asaydjey
1€ 1da) s|assnw g A
(jnyssa2onsun
Aiaydiey)
Ib|pS ow|bs

poyiaw pue
Ajisuaqul jo [9A97]

Aduady
JUSWUOIIAUT
(o3ep Sulpus)  sapdads uoinyjsul/uoisay Anuno)
20UIS/SIed A
(penupuod) T 374VL



B2 | WILEY

GEIST ET AL.

place primarily via video-conferencing, by phone, or, to a lesser
degree, by email. The answers given were formatted in a standardized

way, to enable comparison, and are presented in Table 1.

3 | RESULTS AND DISCUSSION

3.1 | Existing rearing and culturing programmes for
freshwater mussels in Europe

In this review, 46 captive rearing and culturing initiatives dating back
to 1989 were identified (Table 1). These initiatives cover 16 countries
and 10 species of freshwater mussels. This includes the endangered
freshwater pearl mussel M. margaritifera and the Irish Margaritifera
durrovensis, as well as the giant freshwater pearl mussel Pseudunio
auricularius, occurring only in Spain and France. Five Unio species (the
thick-shelled river mussel Unio crassus, the painter’s mussel Unio
pictorum, as well as Unio mancus, Unio ravoisieri, and Unio tumidiformis)
and Potomida littoralis have also been propagated. Among the pond
mussels (Anodontinae), only Anodonta anatina has been propagated.

The efforts for captive breeding are very unevenly distributed
among these 10 species, with the vast majority of activities being
exclusively focused on M. margaritifera, and, to a lesser but increasing
extent, on U. crassus. Some activities focus on propagating species in
a very critical situation, such as P. auricularius, U. mancus, and
U. ravoisieri, or multiple species concurrently. In proportion with the
efforts put into captive breeding, most is known about glochidial
release times as well as culturing and rearing practices for the
freshwater pearl mussel, followed by the thick-shelled river mussel
and the giant freshwater pearl mussel, whereas far less is known
about these aspects for all other species.

In most cases, existing breeding programmes cover the core areas
of species distribution, with some exceptions. For instance, it is
alarming that currently only the Spanish captive breeding programme
is in place for the highly endangered P. auricularius, as previous
programmes covering the remaining core distribution area of this
species in France have come to an end. Several countries operate
multiple breeding stations for the same species to address
geographical coverage and risk mitigation, whereas some programmes
serve populations in several countries. Most breeding programmes
have received funding through either national or EU LIFE(+) projects
of limited duration (typically a maximum of 5-8 years; Table 1).

In M. margaritifera, the species upon which the majority of captive
breeding efforts have been focused, there is already evidence that
some of the released captive-bred mussels have started to reproduce,
e.g. in the River Lutter (Germany). In some streams, the number of
released captive-bred mussels already exceeds the size of the

remaining natural population.

3.2 | Different intensities of rearing techniques

Most rearing techniques try to bridge the critical juvenile stages in the
life cycle of mussels (i.e. the parasitic and early post-parasitic phases)

by providing optimal conditions during this time. Breeding approaches
vary greatly in the intensity, size, species, numbers of juveniles
produced, and the age/size at which they are released into the wild
(Figure 1; Table 1,). They also differ in monitoring intensity with
regards to the genetic monitoring of the offspring, which is in place in
about half of the programmes. At the highest intensity level, parent
mussels are collected in the wild and transferred into a hatchery where
they remain either permanently (ark-type system) or for extended
periods of time. Examples are the Windermere station in the UK,
where freshwater pearl mussels from five rivers are kept, typically for
between 2 and 36 months, before being returned to the wild, although
one broodstock population has been present at the Ark for 13 years.
Upon glochidial release, host fish, also maintained at the facility, are
infested, and after drop-off juvenile mussels are maintained in a
variety of recirculating and flow-through systems until they reach a
size of about 15-20 mm. Sizes can vary depending on species and
location. Such highly intensive systems are usually free from many of
the adverse conditions in mussel rivers, but also bear a greater risk of a
total loss of multiple populations owing to the aggregation of mussels
in one place (e.g. when systems fail and suitable emergency systems
are absent). These high-intensity programmes tend to be looked upon
less favourably by conservationists, unless habitat and catchment
restoration is being carried out concurrently with the captive breeding
activities. The feeding of juveniles is considered a major challenge as
maintaining mussels in the hatchery often requires the labour-
intensive collection of detritus from natural sources. In addition,
commercially available algal food is often used (Gatenby, Neves &
Parker, 1996), which together with water and detritus from the same
habitat as the parent mussels, have yielded successful results for
juvenile survival and growth.

At the other extreme, some programmes, such as the freshwater
pearl mussel conservation programme in the River Lutter, are largely
field based and independent of technical facilities. Each year a small
number of ripe mussels are collected from the river and used to infest
wild electrofished or hatchery-reared host fish with those glochidia,
before releasing the infested fish into the river. This system has a low
risk of affecting the genetic constitution of the offspring, especially if
different parent mussels are used each year, but it bears the risk of
being largely unsuccessful if stages other than the parasitic phase
of the life cycle are the main bottleneck. This is often the case with
the freshwater pearl mussel, where colmated and oxygen-deficient
stream beds are considered the main bottleneck for recruitment in
Europe (Geist & Auerswald, 2007; Denic & Geist, 2015; Simon
et al., 2015), as low oxygen levels evidently compromise the survival
of juveniles (Hyvarinen et al., 2022).

The methods used in any particular facility depend upon factors
such as the infrastructure available, the water source, and the amount
of staff time and funding available. Where specialist facilities are
available and there are staff to monitor broodstock, fish, and juveniles,
high and medium intensity methods, as described in Figure 1, can be
used. Pulsed flow-through systems (Patterson et al., 2018; Hyvarinen
et al, 2021), incubator/detritus boxes (Eybe et al., 2013; Scheder
et al, 2014; Nakamura et al., 2018; Grunicke et al,, 2023), flumes,
aquaria systems (Lavictoire et al., 2016; Lavictoire et al., 2020), and the
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FIGURE 1 Captive breeding methods used for freshwater mussels throughout Europe. Coloured dots on the map refer to the different

techniques described in the note boxes. Boxes 1 and 2 describe high-intensity methods, requiring maintenance at least once per week; boxes 3-5
describe medium-intensity methods, requiring maintenance at least once per fortnight; and boxes 6-10 describe low-intensity methods, requiring

maintenance approximately monthly, or as needed

Floating Upweller System (FLUPSYS) (Patterson et al., 2018) all require
medium to high levels of attention. The most resource-intensive
systems per juvenile reared are the incubator/box and the pulsed
flow-through systems (Kunz et al., 2020; Hyvérinen et al., 2021). In the
incubator system, juveniles are kept in static water in boxes (with
usually 200-500 individuals per box) and are cleaned and supplied
with fresh water, food, and detritus one or two times per week. The
pulsed flow-through system provides water (and food) changes at
regular intervals (as much as once per hour), but there are usually no
more than 50-100 juveniles per beaker. The lower resource-intensive
systems are the downwelling aquarium system (with 1000 juveniles
per sieve, and containing 12-15 sieves, cleaned every 2 weeks), the
sand aquaria (with 150-500 juveniles per system, and a weekly water
exchange), FLUPSYS (with several hundred to 1000 juveniles per
bucket, and cleaned when necessary), and flumes (with several
thousand individuals per flume, and cleaned when necessary).

The lower intensity and more field-based systems (boxes 6-10,
Figure 1) can be used when space in specialist facilities is limited or
absent. The smallest juveniles (freshly excysted from fish) can be
placed into in-river cage systems. These systems, placed in mussel
rivers, still need regular cleaning and maintenance, but are relatively
low effort in relation to facility-based systems. Juveniles of >4 mm
can be placed into mussel silos, again with regular cleaning (monthly),

whereas slightly larger juveniles (>10 mm) can be placed in sediment

boxes (Bily et al., 2018) or into side channels (often referred to as
Hruska channels; Hruska, 1999; Hruska, 2001; Gum, Lange &
Geist, 2011), as a soft-release method before being stocked into final
release sites. Sediment boxes need some cleaning and maintenance,

but the side-channel method requires almost no maintenance.

3.3 | Challenges associated with mussel captive
breeding programmes

The primary challenges identified in the majority of captive breeding
programmes are related to limitations in budget or staffing, and to
rearing conditions such as water quality, feeding, and the survival of
juveniles during early life stages (Table 1). Concerning budget
limitations, the short duration of funding schemes over only a few
years, especially for long-lived species such as M. margaritifera, is a
more serious constraint than the funding level when starting new
programmes. As M. margaritifera only become mature at an age of
10-15 years (Young & Williams, 1984), the typical funding schemes,
with a maximum duration of 3-6 years in this species, only cover the
rearing of a few cohorts of sexually immature juveniles. Furthermore,
uncertainty in the continuation of funding decreases the retention of
experienced staff and is out of step with the biological pace of some

freshwater mussel species. Frequently, setting up and maintaining
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breeding programmes can also be complicated by water quality issues,
the provision of natural or purchased feed for early life stages, and
high mortality rates, sometimes culminating in the loss of an entire
year cohort. Rearing systems dependent on an external water supply
especially face a greater risk of unforeseen water quality issues, such
as cyanobacteria blooms (Norwegian breeding station Austevoll),
excess turbidity, and fine sediment loading (Austrian breeding station),
as well as water quantity issues (as observed in dry summers in the
German breeding station near Hof). At later stages of the mussel life
cycle, the identification and limited availability of habitat of sufficient
quality into which the juveniles can be released are reported as
additional challenges (Table 1). In addition to the challenges directly
associated with the captive breeding of mussels, monitoring them
after their release is another key issue. Such monitoring is essential
for assessing the suitability of recipient water bodies for captive-bred
juveniles, identifying the ideal release sites, and determining the ideal
captive breeding procedures that result in the greatest survival in the
wild.

3.4 | Recommendations for the future

Despite progress in the captive breeding of freshwater mussels, their
sustainable conservation will always depend on the conservation or
restoration of habitats and catchments. While conservation and
restoration projects continue, captive breeding programmes can help
to save small populations from extinction and boost the number of
individuals for eventual release back into the wild once the habitats
are capable of supporting early-stage juvenile mussels. Based on
information from current freshwater mussel breeding stations in
Europe, the following measures are suggested for improvement.

3.4.1 | Provision of species- and basin-wide
European conservation strategies for freshwater mussel
species with long-term funding commitments

The provision of long-term funding options to secure acquired
specific knowledge and continuous action for long-lived mussel
species is crucial and key to success. The fauna discussed here are
long-lived, slow-growing species, and mussel catchments are so
significantly degraded that in most cases habitat restoration may
take more than a decade. Also, from a genetic point of view,
continued captive breeding over multiple generations can help to
prevent the erosion of genetic diversity (Geist et al., 2021). Owing
to the dominance of funding for captive breeding provided by the
European Union LIFE/LIFE+ programmes and national funds with
limited running times of 5 years or less, easy options for project
extensions following an objective and independent review at
intermediate stages would be most welcome and useful. Species-
and basin-wide European conservation strategies for freshwater
mussels will ensure that programmes have the best chance of

success.

3.4.2 | Science- and evidence-based support in the
development and evaluation of breeding programmes

A significant volume of work has been carried out by breeding
programmes to improve efficiencies and increase the number of
juveniles surviving in captivity. However, much of this valuable work
does not get published in the primary literature, limiting its impact.
Although there is a strong and collaborative European network of
mussel breeding programmes, more science- and evidence-based
support (with the subsequent publication and dissemination of
results) is needed to drive faster paced positive outcomes. The
development of breeding programmes requires the integration of
genetic information, as demonstrated for the freshwater pearl mussel
(Geist et al., 2021), as well as a critical evaluation of the impacts of
captive breeding procedures on the progeny, and ultimately on the
long-term success of different rearing methods in aiding the re-

establishment of functional populations in the wild.

34.3 | Increased knowledge exchange and training
opportunities

Although the diversity of different approaches to mussel breeding is
generally useful, by increasing the overall system resilience and
minimizing the high losses of juvenile mussels, e.g. related to feeding,
these issues could be reduced by an increased level of information
exchange and training. There are often very limited or no funds for
exchange and training opportunities. Therefore, there is a need to
provide trans-European funding, which allows scientific and practical
exchange among existing and newly planned breeding programmes. In
the past, most of the exchange among breeding stations has
happened through local conferences held, for example, within existing
LIFE(+) projects, thus being sporadic in time and place. Within the
European COST project CONFREMUS (2023), an intensified
exchange among mussel experts and mussel breeders has been
initiated for the first time, albeit time-limited to when this project
ends in 2024. Continuation and expansion (where appropriate) of
such successful initiatives is important for ensuring a well-connected
network of experts who communicate new findings in a timely
manner and who are available for training those new to mussel

conservation.

3.44 | Coordinated action related to species and
geographical representation as well as genetic aspects

Despite the success stories of many captive breeding efforts at the
European scale, there is still no coordinated approach among them in
terms of species, geographical, and genetic representation. The
development of a coordinated European strategy for captive mussel
breeding, ideally integrated into habitat and catchment restoration
plans - all of which should be evidence-based and supported by

scientific research - would be needed to increase the effectiveness of
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such programmes. This should ideally be integrated into the
development of minimal standards for captive mussel breeding,
concerning animal welfare aspects of host fish use, disease
prevention, maintaining genetic integrity of captive-bred mussels, and
minimizing extinction risk, as well as requirements of tracking
and assessing the success of mussel releases. It may also be necessary
to prioritize conservation actions (Geist, 2015) to ensure the best
remaining occupied sites within each catchment are secured, rather
than spreading conservation action too thinly to attempt to conserve

marginal populations and risk failure owing to a lack of resources.
3.4.5 | Guidelines for assessment of success of the
breeding action and risk mitigation

Together with the
conservation strategies, the production of guidelines to assess

production of country-wide/European

breeding programme success and how to mitigate risks would be
valuable for new programmes. Guidelines would also help to
standardize the way in which current breeding programmes
communicate their outputs, driving an increased awareness of factors
affecting success and how risks can be minimized. In future,
information on which species, numbers, and sizes/ages of mussels are
being stocked at which locations needs to be collected more
systematically and beyond the level of individual stations. The
successful development and implementation of a standard approach
for monitoring freshwater pearl mussel (M. margaritifera) populations
in European rivers (Boon et al., 2019) and the continuing development
of a new European Committee for Standardization (CEN) standard on
mussel monitoring for a wider range of species illustrate that such
action is possible, even with limited levels of funding. This parallels
strategic conservation approaches in North America, where a national
strategy for the conservation of native freshwater molluscs has been
developed (FMCS, 2016).
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