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ABSTRACT  1 

 2 

1. Many taxa  a round  the  globe  a re  th rea tened  by often  unexpla ined  3 

m ass m orta lity even ts (MMEs), which  can  decim ate  popula tions and  4 

com prom ise  key ecosystem  functions. One  exam ple  of a  h ighly 5 

th rea tened  taxon  facing frequen t MMEs is freshwate r m usse ls 6 

(Unionida).  7 

2. There  has been  a  recen t increase  in  in te rest in  understand ing the  8 

causes of freshwate r m usse l MMEs, bu t standard ised  m ethodologies 9 

for how best to  respond  to  them  to  facilita te  d iagnoses a re  10 

unavailab le . When  an  MME is obse rved , swift and  appropria te  sam ple  11 

collection  is im pera tive  owing to  the  transien t na tu re  of these  12 

phenom ena . 13 

3. Here  we  provide  structu red  gu idance  tha t will facilita te  rap id  and  14 

appropria te  sam pling of MMEs, using freshwate r m usse ls a s an  15 

exam ple . We se t ou t standard ised  p rocedures for sam ple  collection , 16 

prepara tion , and  prese rva tion .  17 

4. The  procedures we  ou tline  will im prove  our capacity for d iagnostic 18 

investiga tions of MMEs and  othe r m orta lity even ts, not on ly in  19 
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freshwate r m usse ls bu t a lso  across m any othe r taxa . Th is, in  tu rn , can  20 

in form  appropria te  m anagem ent responses. 21 

Keywords  22 

Die-off, d iseases, fre shwate r m usse l, h isto logy, m orta lity even t, p rotocol, 23 

sam pling m ethods, Union ida  24 

1 INTRODUCTION  25 

Mass m orta lity even ts (MMEs) a re  rap id ly occurring dem ograph ic 26 

ca tastrophes involving m orta lity ra tes h igher than  background  leve ls (Fey e t a l., 27 

2015). MMEs can  a lte r food  web structu res and  change  com m unity com position  28 

(Baruzzi e t a l., 2018; Fey e t a l., 2019), d isrup t ecosystem  function  (Fey e t a l., 29 

2019), and  in fluence  the  su rvival of species (García -March  e t a l., 2020). Recen tly 30 

reported  MMEs include  the  dea th  of hundreds of Sou th  Am erican  sea  lions 31 

(Ota ria  byronia ) in  Argen tina  due  to  an  ou tbreak of h igh ly pa thogen ic avian  32 

in fluenza  A (Rim ondi e t a l., 2024), tsunam i-induced  buria l and  sta rva tion  of the  33 

long-lived  and  sparse ly popula ted  clam  Mercena ria  stimpsoni (Kubota  e t a l., 34 

2021), and  the  loss of over 200,000 Sa iga  an te lope  (Sa iga  ta ta rica ) in  three  weeks 35 

in  cen tra l Kazakhstan  due  to  bacte ria l-induced  (Pasteurella  multocida ) 36 

haem orrhagic sep ticaem ia  (Kock e t a l., 2018). Unlike  these  cases, the re  have  37 

been  m any MMEs for which  the  cause  rem ains unde te rm ined  (Fey e t a l., 2015; 38 

Ham ilton  e t a l., 2021; Richard  e t a l., 2021; Walle r & Cope , 2019; Young, 1994). 39 
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This is partly due  to  the  cha llenges in  im plem enting a  tim e ly and  com prehensive  40 

diagnostic investiga tion . Given  tha t the  frequency and  m agnitude  of reported  41 

MMEs have  increased  in  m any phyla  in  recen t decades (Fey e t a l., 2015), 42 

standard ised  m orta lity response  and  sam pling m ethods cou ld  he lp  overcom e 43 

these  cha llenges and  lead  to  a  be tte r understand ing of the  causes of MMEs. 44 

Freshwate r m usse ls (Union ida) a re  am ong the  m ost h ighly th rea tened  45 

fauna l groups worldwide  (Lopes-Lim a e t a l., 2018). Since  the  1940s and  1950s, 46 

MMEs have  been  reported  in  freshwate r m usse l popu la tions (Downing e t a l., 47 

2010; Neves, 1987; Walle r & Cope , 2019), with  recen t exam ples includ ing the  48 

MMEs of pheasan tshe ll (Ortmanniana  pectorosa ) in  the  Clinch  River, VA and  TN, 49 

USA, during au tum n each  year be tween  2016 and  2019 (Le is e t a l., 2019; Richard , 50 

2018; Richard  e t a l., 2020, 2021), of m ucke t (Ortmanniana  ligamentina ) in  the  51 

Huron  River, MI, USA, in  Septem ber 2018 (Richard  e t a l., 2022), of m ultip le  52 

Union ida  species in  the  Odra  River, Poland , in  the  sum m er of 2022 (Marchowski 53 

e t a l., 2024; Sob ie ra j & Mete lski, 2023; Szlauer-Łukaszewska  e t a l., 2024), and  of 54 

freshwate r pearl m usse ls (Marga ritifera  marga ritifera ) in  rive rs across Sweden  55 

be tween  2005 and  2020 (Alfjorden  e t a l., 2023; Wengström  e t a l., 2019).  56 

Conside ring tha t freshwate r m usse ls m ain ta in  water qua lity, increase  57 

hab ita t com plexity, and  influence  nu trien t cycles, am ong othe r ecosystem  58 

functions (Zie ritz e t a l., 2022), m usse l MMEs cou ld  cause  flow-on  e ffects in  the  59 

whole  ecosystem  (DuBose  e t a l., 2019; Vaughn  e t a l., 2015). Desp ite  th is, m any 60 
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freshwate r m usse l MMEs are  not system ica lly investiga ted , in  part due  to  a  lack 61 

of responders and  clear sam pling p rotocols for MMEs.  62 

The  overa ll ob jective  of an  MME investiga tion  is to  iden tify poten tia l 63 

causa tive  factors tha t m ay have  led  to  the  even t (Work, 2015). To investiga te  64 

MMEs, the  steps used  during a  d iagnostic investiga tion  to  iden tify the  cause  of 65 

dea th  in  a  single  an im al a re  app lied  on  a  la rge r sca le . Th is involves a  66 

com bina tion  of standard ised  fie ld  obse rva tions and  d iagnostic te sts (Figure  1). A 67 

cen tra l com ponent of the  d iagnostic investiga tion  is the  postm ortem  68 

exam ina tion  (tha t is, necropsy or au topsy on  eu thanised  m oribund  (sick) or dead  69 

ind ividuals), where  tissues a re  exam ined  a t the  gross (‘naked  eye’) and  70 

m icroscop ic leve l, a long with  the  collection  of sam ples for o ther d iagnostic te sts. 71 

The  postm ortem  exam  a llows the  iden tifica tion  of pa thologica l p rocesses and  72 

ind ica tes poten tia l causa tive  agen ts for fu tu re  research . Corre la tions be tween  73 

pathologica l find ings and  d iagnostic te st re su lts subsequen tly he lp  eva lua te  74 

poten tia l causes. Any d iagnostic investiga tion  depends on  those  working in  a  75 

fie ld  se tting collecting the  righ t in form ation  and  sam ples needed  to  execute  76 

these  steps.  77 

Although  in form ation  is ava ilab le  for tips regard ing the  p rocess of 78 

conducting an  MME investiga tion  (e .g., Abila  e t a l., 2018; Meyer & Barclay, 1990; 79 

Southwick & Loftus, 2017; Work, 2015), p rese rving sam ples from  m arine  m ollusc 80 

MMEs (e .g., EURL for Molluscs Diseases, 2020), and  quan tifying MMEs 81 



   
 

 5  
 

(Marchowski e t a l., 2024), a  de ta iled  and  wide ly ava ilab le  protocol for how to  82 

collect and  p rese rve  the  sam ples needed  to  undertake  an  MME d iagnostic 83 

investiga tion  is lacking, e specia lly for freshwate r m usse ls.  84 

In  th is paper, we  p rovide  a  p rotocol for sam pling an  MMEs in  a  m anner 85 

tha t will facilita te  an  MME investiga tion  through  the  app lica tion  of a  wide  range  86 

of d iagnostic m ethods. These  m ethods can  be  used  to  investiga te  the  ro le  of 87 

m any poten tia l causes p reviously im plica ted  in  MMEs of both  freshwate r and  88 

m arine  b iva lves, where  the  cause  is not im m edia te ly obvious, includ ing m icrobes 89 

(Alfjorden  e t a l., 2023; Le is, Dziki, Richard  e t a l., 2023; Ne to  e t a l., 2024; Richard  e t 90 

a l., 2020, 2021; Zhong e t a l., 2016), m acroparasite s (Jonsson  & Andé , 1992; 91 

Thie ltges, 2006), transm issib le  cancer (Carba lla l e t a l., 2015; Charles e t a l., 2020; 92 

McGladdery e t a l., 2001), harm fu l chem icals (e .g., heavy m eta ls, organ ic 93 

pollu tan ts, or a lga l or cyanobacte ria l b loom  produced  b iotoxins) (Donaghy e t a l., 94 

2016; Flem ing e t a l., 1995; Neves, 1987; Sob ie ra j & Mete lski, 2023), and  various 95 

environm enta l factors such  as low oxygen or h igh  tem pera tu res (Neves, 1987; 96 

Soon  & Ransangan , 2019; Werner & Rothhaupt, 2008).  97 

Methods involved  in  investiga ting poten tia l causes of m usse l losses tha t 98 

are  obvious or associa ted  with  longer-te rm  declines a re  not addressed  in  th is 99 

paper. Exam ples of such  causes include  drought (Atkinson  e t a l., 2014; DuBose  100 

e t a l., 2019; McDowell & Sousa , 2019), flood ing (Downing e t a l., 2010; Haag, 2012; 101 

Sousa  e t a l., 2012), im poundm ent (Tiem ann  e t a l., 2007; Vaughn  & Taylor, 1999; 102 
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Watte rs, 1996; Watte rs & Flau te , 2010), p reda tion  (Downing e t a l., 2010; Strayer 103 

e t a l., 2004), physica l hab ita t destruction  (Downing e t a l., 2010; Haag, 2012; 104 

Strayer e t a l., 2004), and  reductions in  host fish  abundance  (Downing e t a l., 2010; 105 

Haag, 2012; Strayer e t a l., 2004; Watte rs, 1996).  106 

This paper a im s to  p rovide  a  p rotocol tha t equ ips non-specia list first 107 

responders with  a  core  p rocedure  tha t will a llow a  rap id  response  to  MMEs 108 

(Figure  1), with  a  focus on  sam ple  collection  and  prese rva tion . Using our 109 

procedures will enable  a  subsequen t d iagnostic investiga tion  with  the  support of 110 

collabora tions estab lished  be fore  or a fte r sam pling. Although  the  p rotocol is 111 

deve loped  for MMEs in  freshwate r m usse l popula tions, the  approach  can  be  112 

read ily adap ted  for m any taxa  across a  varie ty of sca les and  se ttings. 113 

2 PRELIMINARY DATA COLLECTION 114 

Although  the  focus of th is paper is sam pling for a  d iagnostic investiga tion , 115 

a  basic se t of p re lim inary da ta  (Tab le  1) de rived  from  fie ld  investiga tions is 116 

necessary to  ensure  the  appropria te  sam ples a re  collected , he lp  p rioritise  117 

diagnostic te sts, and  enab le  the  in te rp re ta tion  of labora tory find ings. The  118 

pre lim inary da ta  cou ld  be  colla ted  from  previous su rveys or collected  during or 119 

before  sam pling. At a  m in im um , these  p re lim inary da ta  shou ld  include  the  120 

species and  age  class a ffected /unaffected , an  approxim ate  pe rcen tage  of 121 

m orta lity and  num ber of m orta litie s obse rved , a  tim efram e  of m orta lity, any 122 

ava ilab le  in form ation  abou t the  environm enta l circum stances (e .g., extrem e  123 
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flow, tem pera tu re , and  pH) tha t were  obse rved  in  the  wate r body be fore  the  124 

MME, wider environm enta l changes noticed  a t the  site  (e .g., construction  125 

activitie s), and  the  presence  or absence  of m orta lities in  o the r taxa . However, 126 

first re sponders shou ld  not be  d issuaded  from  collecting a ll the  re levan t da ta  127 

they can , even  if it is not everyth ing on  the  above  list.  128 

To quantify the  exten t of m orta lity, tim ed searches a t each  site  can  be  129 

undertaken , record ing the  num ber of hea lthy m usse ls, m oribund  m usse ls, dead  130 

m usse ls, and  fresh  she lls found . Fresh  she lls typ ica lly have  a  clean  and  sh iny 131 

nacre  (re fe r to  Sou thwick and  Loftus (2017) for fu rthe r in form ation  on  assessing 132 

she ll condition). For species tha t burrow, it m ay be  necessary to  use  quadra ts 133 

and  care fu lly excava te  the  sed im ent in  the  quadra ts (e .g., as in  Brian  e t a l., (2022) 134 

and  Sm ith  e t a l., (2001)) because  m oribund  m usse ls m ay be  le ss ab le  to  burrow 135 

and  m ay d isproportiona te ly occur on  top  of the  sed im ent. The  m orta lity m ay not 136 

be  even ly d istribu ted , so  searches shou ld  be  conducted  a t m ultip le  site s. 137 

However, ca re  m ust a lways be  taken  not to  sp read  any b iologica l or chem ica l 138 

agen ts by p roceed ing from  upstream  to  downstream  (Section  3.4). For m ore  139 

in form ation  on  quan tifying aquatic MMEs, re fe r to  the  work of Marchowski e t a l. 140 

(2024) and  Southwick and  Loftus (2017). 141 

Age can  be  estim ated  by m easuring she ll size , counting she ll annu li 142 

(where  they occur), and  then  using re levan t pub lished  von  Berta lanffy growth  143 

curves (e .g., as in  Ollard  & Aldridge  (2023)). 144 
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In  addition , it is beneficia l to  collect da ta  regard ing the  m ollusc com m unity 145 

characte ristics (e .g., age  structu re , popu la tion  density, species d ive rsity, and  146 

spa tia l exten t of the  m usse l bed) (For de ta iled  exam ples re fe r to  Cum m ings e t 147 

a l., (2016)), hydrologica l cond itions of the  wate r body (flow ra te  or d ischarge , 148 

wate r leve l), land  use  p ractices (for exam ple  ca tegorisa tions re fe r to  page  14 of 149 

British  Environm enta l Agency, (2003)), noticeab le  e rosion  (e .g., landslips) around  150 

the  site , loca tions and  sources of upstream  d ischarges (e .g., wastewate r 151 

trea tm ent p lan ts, industria l p lan ts, feed lots), signs of pollu tion  a round  the  site , 152 

and  any inform ation  abou t p revious MMEs. Idea lly, if invasive  b iva lves (e .g., 153 

Corbicula  spp . or Dreissena  spp .) have  been  recorded  a t the  site , th is shou ld  be  154 

noted  and  the ir abundance  roughly quan tified . It shou ld  be  noted  tha t in  som e 155 

cases it m ay be  necessary to  obta in  a  pe rm it for the  collection  of these  156 

pre lim inary da ta .  157 

3 PREPARING TO SAMPLE A MASS MORTALITY 158 

EVENT FOR A DIAGNOSTIC INVESTIGATION 159 

Mass m orta lity even ts m ust be  sam pled  rap id ly a fte r the ir de tection  to  160 

ensure  tha t adequate  sam ples of m oribund  ind ividua ls can  be  found . To 161 

facilita te  rap id  sam pling, it is im portan t to  be  p repared  with  appropria te  pe rm its, 162 

safe ty p rocedures, collabora tions, and  a  sam pling p lan .  163 

3.1 Perm its and  lega l cases 164 
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The  sam pling team  shou ld  con tact the  appropria te  sta te , federa l, 165 

provincia l, or equiva len t na tura l re source  agency to  acqu ire  any pe rm its 166 

necessary for the  hand ling, sam pling, and  collection  of m usse ls from  the  site . 167 

Idea lly, genera lised  sam pling pe rm its could  be  p repared  in  advance  in  case  an  168 

MME were  to  occur because  rap id  sam pling is e ssen tia l. Considering tha t in  169 

m any countrie s sam pling wate r and  sed im ent does not requ ire  a  pe rm it, in  170 

cases where  pe rm its for m usse l sam pling a re  not im m edia te ly forthcom ing, 171 

wate r and  sed im ent cou ld  be  sam pled  im m edia te ly using the  p rocedures we  172 

outline . Loca l re search  team s shou ld  be  aware  of what sam pling can  be  done  173 

withou t a  pe rm it and  th is knowledge  used  to  m axim ise  the  am ount of sam pling 174 

tha t can  take  p lace  im m edia te ly a fte r de tection  of a  possib le  MME. In  the  even t 175 

of a  lega l investiga tion , it is im pera tive  to  understand  and  follow procedures for 176 

the  p roper docum enta tion  of the  collection , transport, storage , and  ana lysis of 177 

lega l case  specim ens (e .g., evidence  tags or cha in  of custody form s) (Sou thwick & 178 

Loftus, 2017). Where  the  MME has happened  across m any taxa  (e .g., fish ), it m ay 179 

be  necessary to  coord ina te  with  o the r research  team s. 180 

3.2 Safe ty and  tra in ing 181 

Safe ty concerns a re  sim ila r to  those  of o the r fie ld  investiga tions and  182 

include  environm ent, equ ipm ent use , hazardous m ate ria ls, hea lth , work hours, 183 

and  dea ling with  the  public. The  sam pling team  shou ld  fo llow the ir agency’s 184 

standard  opera ting procedures for sa fe ty and  be  tra ined  in  the  p roper m ethods 185 
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for the  collection , hand ling, species iden tifica tion , and  transport of freshwate r 186 

m usse ls. 187 

3.3 Collabora tions 188 

A com prehensive  MME investiga tion  typ ica lly involves collabora tions with  189 

other labora tories to  a id  in  sam ple  ana lysis, conducting postm ortem  190 

exam ina tions and  sam ple  p rese rva tion  steps, and /or fie ld  collection  of m ore  191 

specia lised  add itional sam ples. Such  collabora tors can  be  sought by con tacting 192 

loca l governm ent an im al hea lth  labora tories, fish  hea lth  labora tories, wild life  193 

disease  su rve illance  p rogram s, ve te rinary d iagnostic labora tories, loca l 194 

universities, or re levan t region-specific professiona l organ isa tions.  195 

3.4 Sam pling p lan  196 

A thorough  sam pling p lan  includes de te rm in ing the  sam pling design , 197 

sam pling site s, sam pling d irection , sam ples to  collect, orde r of sam pling, 198 

tim efram e for sam pling and  sam ple  p rocessing, decon tam ina tion  p rocedures, 199 

and  gear needed .  200 

As part of the  sam pling p lan , e stab lish  an  appropria te  sam pling design . A 201 

Before–Afte r Control-Im pact (BACI) design  is op tim al (Christie  e t a l., 2019) bu t it 202 

is like ly not feasib le  because  it would  requ ire  prior in -dep th  m onitoring and  203 

sam pling of popu la tions be fore  an  MME occurs. Ra the r, to  de te rm ine  which  204 

pathologica l find ings or causa l agen ts a re  un ique  to  an  MME, m oribund  205 

ind ividuals a long with  apparen tly hea lthy con trol ind ividua ls a t the  im pacted  site , 206 
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as we ll as hea lthy con trol ind ividua ls from  an  un im pacted  con trol site , shou ld  be  207 

sam pled  (Figure  2). Moribund  ind ividua ls ra the r than  dead  ind ividua ls shou ld  be  208 

prioritised  to  lim it confounding factors due  to  decom position  (Knowles e t a l., 209 

2023; Walle r & Cope , 2019). The  hea lthy con trol popula tion  shou ld  be  as sim ila r 210 

to  the  im pacted  popula tion  as possib le , for exam ple , from  an  un im pacted , 211 

iso la ted , upstream  loca tion  or tribu ta ry. Alte rna tive ly, m usse ls cou ld  be  sam pled  212 

from  a  sim ila r nearby wate rbody. If no  su itab le  con trol site s a re  ava ilab le  with in  213 

the  wate rshed , a  d iffe ren t watershed  or a  tem pora l con trol (e .g., sam pling a fte r 214 

m orta lity ends as we ll) cou ld  be  conside red . The  sam pling p lan  shou ld  a lso  215 

include  a  com parison  of exte rnal environm enta l sam ples and  param ete rs, 216 

includ ing wate r sam ples, sed im ent sam ples, and  tem pera tu re  be tween the  217 

im pacted  site  and  un im pacted  site  (Figure  2). Sam pling regim ens sim ila r to  these  218 

recom m endations have  been  app lied  to  studying freshwate r m usse l MMEs 219 

previously and  re flect a  typ ica l ep idem iologica l case -con trol study design  220 

(Richard  e t a l., 2020, 2021). If possib le , repea t sam plings over tim e  of both  the  221 

con trol and  the  im pacted  site  shou ld  be  undertaken , includ ing sam pling afte r an  222 

MME has ended  (assum ing m usse ls rem ain) (Le is, Dziki, Richard , e t a l., 2023; 223 

Richard  e t a l., 2022).  224 

Sam pling shou ld  be  undertaken  in  a  downstream  d irection  (if in  a  rive r) 225 

and  a t un im pacted  site s without known MMEs before  im pacted  site s to  avoid  the  226 

spread  of b io logica l or chem ica l agen ts. If an  un im pacted  site  m ust be  sam pled  227 
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afte r an  im pacted  site , a  separa te  se t of gear for im pacted  and  un im pacted  site s 228 

shou ld  be  used . If th is is not possib le , gear shou ld  be  decon tam ina ted  be fore  229 

en te ring the  un im pacted  site  with  a  1% Virkon  solu tion  or a  10% b leach  solu tion , 230 

accord ing to  the  m anufactu re r 's instructions. Sim ila rly, gear shou ld  be  231 

decontam ina ted  be tween  days and  d iscre te  sam pling site s.  232 

Rapid  response  to  an  MME can  a lso  be  facilita ted  by the  p repara tion  of a  233 

response  kit tha t con ta ins the  necessary sam pling supp lies (Supplem entary File  234 

1) and  can  be  stored  on  hand  for sam pling a t short notice . Prepara tion  of the  235 

requ ired  equ ipm ent is e specia lly im portan t if sam ple  p rocessing (Section  4.4) 236 

m ust be  undertaken  in  the  fie ld  because  in  th is case  it will be  necessary to  b ring 237 

the  required  p rese rva tives sam pling (Section  4.4, Supplem entary File  1). 238 

4 SAMPLING A MASS MORTALITY EVENT FOR A 239 

DIAGNOSTIC INVESTIGATION 240 

Conside ring the  com plex in te ractions be tween  m ultip le  stressors (any 241 

biologica l or physica l factor tha t nega tive ly a ffects the  physiology of an  242 

organ ism ; for exam ple , e tio logica l agen ts such  as parasite s or environm enta l 243 

factors such  as h igh  tem pera tu re ) involved  with  MMEs, a  standard ised  p rotocol 244 

tha t involves a  cross-d iscip linary approach  in tegra ting nove l and  trad itiona l 245 

techn iques to  investiga te  a  range  of poten tia l causes is e ssen tia l to  provide  a  246 

deeper understand ing of MMEs (Care lla  e t a l., 2023). To facilita te  th is, we  ou tline  247 

a  p rocedure  for the  collection  and  prese rva tion  of sam ples from  a  freshwate r 248 
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m usse l MME. Following our procedure , the  collected  sam ples can  be  used  for a  249 

varie ty of ana lysis m e thods (Tab le  2). If resources a re  lim ited , p riority shou ld  be  250 

placed  on  collecting and  p rocessing m usse l sam ples (Sections 4.2-4.4).  251 

4.1 Collecting environm enta l param ete rs and  sam ples 252 

As tim e  perm its, environm enta l param ete rs and  sam ples can  be  recorded  253 

and  collected . There  a re  m any ana lytica l op tions for environm enta l sam pling 254 

tha t m ay requ ire  un ique  storage  and  hand ling, and  a  com prehensive  review is 255 

beyond  the  scope  of th is paper. We provide  som e suggestions for param ete rs to  256 

m easure  bu t h igh light tha t loca l con text and  con tact with  re levan t specia lists will 257 

de te rm ine  the  best environm enta l param ete rs or sam ples to  take  a t a  given  258 

MME. 259 

Basic environm enta l factors (e .g., tem pera tu re , sa lin ity or conductivity, 260 

dissolved  oxygen  (DO), am m onia , and  pH) can  be  m easured  with  appropria te  261 

probes and  m ete rs on-site , and  upstream  and  downstream  of a ll sam pling a reas. 262 

Many environm enta l factors a re  sub ject to  sign ifican t d iu rnal fluctuations in  the  263 

aquatic environm ent (Bridgewate r e t a l., 2017) and  shou ld  be  m easured  m ultip le  264 

tim es th roughout the  day if possib le . At a  m in im um , m easurem ents shou ld  be  265 

collected  con tem poraneously with  m usse l sam ples. 266 

Water sam ples (~1 L) can  be  collected , p laced  on  ice , and  transfe rred  to  a  267 

labora tory for the  m easurem ent of a lka lin ity, hardness, tu rb id ity, nu trien t 268 

concen tra tions, suspended  solids, or o the r param ete rs if desired  (Bridgewate r e t 269 
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a l., 2017). These  wate r sam ples shou ld  idea lly be  collected  a t represen ta tive  270 

poin ts in  the  sam pling reach  (e .g., up  and  downstream , near any e ffluen t site s or 271 

springs, e tc.). If wate r qua lity issues a re  suspected  as a  like ly cause , consu lt a  272 

specia list for additiona l sam ple  collection  conside ra tions.  273 

Poten tia lly harm fu l chem ica ls (e .g., m e ta ls or b iotoxins) from  the  274 

environm ent can  a lso be  sam pled  by collecting three  rep lica tes of approxim ate ly 275 

2 L of su rficia l sed im ents and  wate r. Multip le  represen ta tive  loca tions shou ld  be  276 

sam pled . Unless the  even t involves chron ic toxic contam ina tion  or sam ple  277 

collection  occurs con tem poraneously with  the  onse t of the  even t, harm fu l 278 

chem ica ls m ay be  d ifficu lt to  de tect in  wate r sam ples (Sou thwick & Loftus, 2017). 279 

In  con trast, sed im ent sam ples can  con ta in  residua l con tam inants a fte r the  even t 280 

has passed  (Sou thwick & Loftus, 2017). For m any chem ica ls, am ber glass ja rs a re  281 

idea l for collection  fo llowed  by freezing a t -20⁰C if storing long te rm  (ensure  to  282 

leave  space  for wate r expansion  during freezing). However, if a  chem ica l is a  283 

suspected  cause  of the  MME, the  re levan t departm ents of hea lth  or environm ent 284 

shou ld  be  in form ed , and  a  specia lised  labora tory shou ld  be  consu lted . The  285 

de ta ils of environm enta l chem ica l sam ple  collection  m ay depend  on  the  ta rge t 286 

chem ica l and  te sting stra tegy used  by the  specia lised  labora tory (Cam pisano e t 287 

a l., 2017). For exam ple , it is advisab le  to  avoid  storage  con ta iners tha t m ay leach  288 

con tam inating com pounds in to the  sam ple .  289 
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If ava ilab le , a  flow m ete r can  be  used  to  m easure  the  flow ra te . Otherwise , 290 

flow ra te  and  water-leve l da ta  m ay be  ava ilab le  from  in -stream  m onitoring 291 

gauges. During ana lysis, the  environm enta l da ta  ga the red  during the  MME can  292 

be  com pared  with  any h istorica l da ta  colla ted  from  records (Section  2) to  de tect 293 

any anom alies tha t m ay have  con tribu ted  to  m orta lity.   294 

Algae  and  cyanobacte ria  can  p roduce  harm fu l toxins or o the rwise  fa ta l 295 

hypoxic cond itions during pe riods of post-b loom  decom position . Changes in  296 

wate r colour, unusual odours, and  the  p resence  of non-filam entous su rface  297 

scum  should  be  noted  because  th is will be  use fu l for a ttribu ting an  MME to  a lga l 298 

and  cyanobacte ria l b loom s (Hudne ll, 2008). 299 

Environm enta l sam ples for m olecu lar ana lysis (e .g., PCR or 300 

m etagenom ics) can  be  collected . Wate r (th ree  rep lica tes of approxim ate ly 1 L) 301 

can  be  collected  and  filte red  using 0.22 μm  Ste rivexο  (or sim ila r) filte rs (Merck, 302 

Germ any). Idea lly, both  filte rs (con ta in ing ce llu la r m icrobes) and  filte red  wate r 303 

(con ta in ing viruses) shou ld  be  frozen  a t -80°C with in  24 hours of collection  and  304 

kep t on  ice  un til freezing. If 1 L cannot be  filte red  th rough  a  0.22 μm  filte r due  to  305 

suspended  particles, a  p re filte r th rough  an  approxim ate ly 20 μm  filte r can  be  306 

used . Wate r sam ples can  be  obta ined  d irectly from  the  wate rbody with  syringes 307 

before  filte ring or first collected  in  a  bottle  be fore  filte ring. If the  bottle s for 308 

collecting and  storing wate r a re  not ste rile , they can  be  ste rilised  with  b leach  for 309 

5 m inu tes be fore  use . The  b leach  can  be  rinsed  ou t with  ste rile  wate r or wate r 310 
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from  the  specific site  of the  sam ple  collection . Three  rep lica tes of 1-5 m L of 311 

sed im ent can  a lso  be  collected  in  a  5 m L m icrocen trifuge  or con ica l tube  and  312 

frozen  the  sam e  way as the  wate r sam ples. Gloves shou ld  be  worn  when  313 

collecting the  wate r and  sed im ent sam ples and  the  sam ples shou ld  be  collected  314 

upstream  of your body in  flowing water.  315 

4.2 Musse l collection  316 

The  following sections d iscuss sam ple  collection  and  p rocessing using 317 

le tha l m e thods. Le tha l sam pling of m usse ls a llows for an  ana lysis of the  whole  318 

an im al, which  is necessary for the  de tection  of som e  stressors (e .g., pollu tan ts) 319 

and  h istologica l ana lysis, a  fundam enta l aspect of a ll MME investiga tions. More  320 

stressors can  be  ana lysed  from  one  ind ividua l when taking le tha l sam ples, 321 

sim plifying the  sam pling p rocedure , reducing the  overa ll sam ple  size , and  322 

a llowing the  investiga tion  of associa tions be tween  d iffe ren t stressors. If le tha l 323 

sam pling is com ple te ly restricted  due  to  the  p rotected  na ture  of the  species, 324 

non-le tha l sam pling m ethods can  be  conside red  (re fe r to  Section  4.4.2). 325 

Musse ls can  be  found using a  ba thyscope  and  collected  from  the  wate r 326 

body by hand . However, if the  wate r body is too  deep , rakes, d redges, 327 

snorke lling, or d iving m ay be  requ ired  to  find  and  collect m usse ls. Idea lly, 328 

ind ividual notes abou t each  m usse l’s cond ition  and  behaviour in  the  wate r body, 329 

on  rem oval from  the  wate r body, and  while  hand ling, would  be  recorded  be fore  330 

the  m usse l is p laced  in  a  un ique ly labe lled  bag (re fe r to  Supplem entary File  2 for 331 
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an  exam ple  da tashee t). However, in  m any situa tions, such  de ta iled  note taking 332 

m ay not be  possib le . Instead , m usse ls can  sim ply be  separa ted  in to  hea lthy and  333 

m oribund  individuals with  notes on  the  crite ria  used  for the  designa tions 334 

recorded  (Section  4.3). For transport to  a  su itab le  p lace  for p rocessing, ind ividual 335 

m usse ls can  be  p laced  in  separa te  bags in  a  coole r or con ta iner of ice  with  a  336 

laye r of cardboard  or towels be tween  the  m usse ls and  the  ice  to  ensure  the  337 

tissue  does not freeze . Photographs shou ld  be  taken  to  docum ent the  site , the  338 

m orta lity of m usse ls in situ, and  the  appearance  of each  sick and  hea lthy m usse l 339 

sam pled .  340 

During a  day of sam pling of an  MME, the  exact num ber of sam ples 341 

collected  will vary depending on  factors such  as pe rm it re strictions, the  size  of 342 

the  team , the  tim ing of sam ple  collection  re la tive  to  the  MME (e .g., if m orta lity 343 

has m ostly ceased , good  m oribund  specim ens m ay be  hard  to  find  am ongst 344 

she lls), o the r variab les to  collect (e .g., wate r sam ples or sed im ent sam ples), the  345 

m ethod  of sam ple  p rocessing (e .g., le tha l rem oval of m usse ls to  a  lab  for 346 

processing, le tha l sam pling of m usse ls in  the  fie ld , or non-le tha l p rocessing in  347 

the  fie ld ), the  trave l requ ired  to  reach  the  site , wate r body conditions (depth , 348 

wate r cla rity), m usse l density, and  the  weathe r conditions on  the  day. A sim ila r 349 

num ber of m oribund individuals, apparen tly hea lthy ind ividuals from  the  350 

im pacted  site , and  apparen tly hea lthy ind ividua ls from  the  con trol site  shou ld  be  351 
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collected  (Hewson  e t a l., 2024). Depending on  the  above  factors, approxim ate ly 352 

10-20 ind ividua ls in  each  group  can  be  an  ach ievab le  goa l.  353 

Diagnostic va lue  rap id ly decreases as the  tim e  since  dea th  increases due  354 

to  decom position ; the re fore , sam pling dead  m usse ls is often  avoided  (Knowles 355 

e t a l., 2023; Walle r & Cope , 2019). Desp ite  th is, dead  m usse ls can  be  sam pled  in  356 

add ition  to  m oribund m usse ls, e specia lly when  m oribund  m usse ls a re  in  short 357 

supp ly. However, dead  ind ividua ls shou ld  not be  sam pled  instead  of ava ilab le  358 

m oribund  m usse ls. Moribund  and  hea lthy con trols shou ld  be  collected  from  a ll 359 

im pacted  species.  360 

4.3 In -fie ld  physica l exam   361 

Physica l exam ina tion  is a  standard  com ponent of any d iagnostic 362 

investiga tion  and  is undertaken  to  classify m orbid ity and  be tte r characte rise  the  363 

nature  and  dura tion  of d isease  and  involved  organ  system s. However, like  m any 364 

invertebra tes, physica l exam  m ethods and  m etrics in  m usse ls a re  p resen tly 365 

lim ited . The  classifica tion  of health  is genera lly lim ited  to  m oribund  ve rsus not 366 

m oribund , and  studies com pare  these  groups to  iden tify sign ifican t associa tions 367 

from  coinciden ta l (Alfjorden  e t a l., 2023; Le is, Dziki, Stand ish , e t a l., 2023; Le is e t 368 

a l., 2019; Ne to  e t a l., 2024; Richard  e t a l., 2020, 2021; Wengström  e t a l., 2019). 369 

There fore , a  fie ld  b iologist will need  to  use  a  physica l exam ina tion  of a  m usse l to  370 

classify it as e ithe r m oribund  or hea lthy. Distingu ish ing be tween  hea lthy, 371 
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m oribund , and  even  dead  m usse ls can  be  cha llenging; thus, the  fo llowing 372 

provides gu ide lines for ca tegorising the  hea lth  sta tus of m usse ls.  373 

The  m oribund  sta te  of m usse ls p rogresses increm enta lly, re su lting in  a  374 

grad ien t of lost organ  functions as tissues d ie . The  she ll adductor m uscle  can  act 375 

independen tly and  m ay rem ain  responsive  a fte r o the r vita l p rocesses have  376 

stopped . There fore , we  recom m end using a  su ite  of ind ica tors to  de te rm ine  377 

hea lth  sta tus. Hea lthy con trol an im als will often  be  buried  firm ly in  the  sed im ent, 378 

rap id ly respond  to  tactile  stim uli, close  the ir va lves firm ly when  d istu rbed , and  379 

resist open ing when  cha llenged  (Richard  e t a l., 2020). In  som e cases, a  hea lthy 380 

m usse l m ay be  near the  su rface  of the  sed im ent and  unburied  if m oving. Gravid  381 

fem ales of som e  species will be  above  the  su rface  of the  sed im ent to  d isp lay 382 

and /or re lease  gloch id ia  for fish  in fection . They can  be  d istingu ished  from  383 

m oribund  m usse ls by the ir active  va lve  closure  response  to  p rob ing. Moribund  384 

ind ividuals will often  be  sitting on  the  su rface  of the  sed im ent showing abnorm al 385 

behaviour. For exam ple , they m ay d isp lay gap ing va lves, tigh tly closed  va lves 386 

withou t filte ring activity, secre tion  of excessive  m ucus, and  slow or no response  387 

to  tactile  stim uli (Curley e t a l., 2021; Knowles e t a l., 2023; Richard  e t a l., 2020; 388 

Southwick & Loftus, 2017). Moribund  m usse ls m ay be  on ly ab le  to  close  the ir 389 

valves slowly and  weakly, or the  va lves m ay be  easily opened  and  he ld  open  by 390 

hand  when  cha llenged . Typica lly, fu lly open  va lves ind ica te  a  dead  ind ividua l, 391 

which  can  be  collected , bu t these  sam ples a re  suboptim al com pared  to  392 
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m oribund  specim ens (Section  4.2). It is not necessary to  obse rve  a ll sym ptom s in  393 

a  m usse l to  classify it as m oribund; ra the r, on ly a  se lection  of sym ptom s will 394 

like ly be  obse rved  in  an  ind ividua l m oribund  m usse l. For re fe rence  im ages of 395 

m usse ls from  MMEs, re fe r to  Supplem entary Figure  1. 396 

4.4 Postm ortem  exam ina tion  and  sam ple  p rese rva tion  397 

In  an  idea l scenario , m usse l sam ples collected  in  the  fie ld  can  be  sh ipped  398 

to  a  d iagnostic lab  with  expertise  in  m usse l m orta lity investiga tion . In  th is case , a  399 

com ple te  postm ortem  ana lysis can  be  accom plished , which  m ay involve  ancilla ry 400 

diagnostic m ethods tha t will not be  d iscussed  in  de ta il in  th is paper. Such  401 

m ethods m ay include  haem ocytology, cytology of tissue  p repara tions, and  402 

m icrobia l cu lture . Although  these  m ethods have  benefits (Tab le  2) and  cou ld  be  403 

included  in  a  com prehensive  investiga tion , they will like ly be  im possib le  un less 404 

the re  is access to  specia list knowledge  (for m ore , re fe r to  Supplem entary File  3). 405 

Idea lly, such  collabora tions a re  in  p lace  be fore  sam pling m usse ls (Section  3.3). 406 

However, m orta lity even ts can  ou tpace  ab ilitie s to  iden tify labora tories tha t will 407 

perform  the  te sts requ ired  for a  com prehensive  d iagnostic investiga tion . Even  408 

so , the  fie ld  b iologist can  still confidently undertake  a  core  p rocedure  to  conduct 409 

a  partia l postm ortem  exam ina tion  and  p rese rve  essen tia l sam ples (Figure  1, 410 

steps in  exclusive ly red  box), facilita ting d iagnostic te sts and  pa thologica l 411 

in te rp re ta tions once  collabora tions have  been  found  (Figure  1, steps ou tside  the  412 
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red  box). Th is core  p rocedure  is de ta iled  be low. During th is p rocedure , 413 

institu tiona l gu ide lines for the  eu thanasia  of b iva lves shou ld  be  fo llowed . 414 

4.4.1 Core  p rocedure  415 

Depending on  logistics and  resources, the  core  p rocedure  m ay be  416 

conducted  in  the  fie ld  or in  a  labora tory. The  labora tory is typ ica lly the  p re fe rred  417 

se tting because  it a llows for m ore  tim e  to  collect m usse ls when  sam pling, is 418 

genera lly sa fe r, is conducive  to  m ore  de ta iled  tissue  exam ina tion , and  provides 419 

be tte r cond itions for collecting m olecu lar sam ples. The  fie ld  se tting m ay be  420 

pre fe rred  in  rem ote  loca tions where  sam ples cannot be  qu ickly transfe rred  to  421 

the  labora tory. If in  the  fie ld , ensure  to  p repare  a ll the  necessary m ate ria l to  422 

prese rve  sam ples such  as d ry ice  and  form alin  (re fe r to  text be low and  423 

Supplem entary File  1) be fore  the  sam pling day. 424 

Process m usse ls with in  approxim ate ly 24 hours of the ir collection  to  425 

ensure  as little  change  in  the  m icrob ia l com m unitie s as possib le . During 426 

dissection , it is im portan t to  fo llow asep tic techn ique  to  avoid  cross-427 

con tam ination . For each  m usse l d issection , wear fresh , clean , ste rile  gloves and  428 

ste rilise  a ll tools with  e thanol and  flam e  or b leach  followed  by m olecu lar-grade  429 

wate r be tween  specim ens. Use  fresh  need les and  syringes for each  m usse l 430 

when  drawing haem olym ph. Ste rilise  the  workspace  and  cu tting board  be tween  431 

m usse l d issections (e .g., with  b leach) and /or use  la rge , ste rile  single -use  Pe tri 432 

dishes for d issections. Use  single -use  ste rile  we igh ing trays for each  m usse l. 433 
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Supplem entary File  2 con ta ins a  da tashee t tha t can  be  used  for record ing a ll the  434 

be low-suggested  notes.  435 

First, take  m easurem ents of the  she ll length , wid th , and  he igh t and  note  436 

any exte rna l she ll abnorm alities. Next, extract haem olym ph by open ing the  437 

m usse l with  ste rile  paed ia tric nasa l specu lum s, m usse l tongs, or o the r tools, 438 

inse rting a  25-26 gauge  need le  a ttached  to  a  1-3 m L m edica l syringe  in to  the  439 

an te rior adductor m uscle , and  slowly d rawing flu id  (Fritts e t a l., 2015; Gusta fson , 440 

Stoskopf, Bogan , e t a l., 2005; McCartney e t a l., 2009; Raley e t a l., 2006) (Figure  441 

3a). Haem olym ph sam ples for m olecu lar ana lysis shou ld  be  im m edia te ly p laced  442 

on  ice  or a t 4°C and  stored  a t -80°C as soon  as possib le  on  the  day of collection .  443 

Subsequen tly, cu t the  adductor m uscles with  a  ste rile  sca lpe l and  open  444 

the  m usse l (Figure  3b). Note  any soft tissue  abnorm alitie s, record  the  condition  445 

of the  m arsup ia l gills (i.e ., gravid ity) in  fem ales, and  take  a  photograph  of the  446 

valves open  with  tissues in situ to  show the  cond ition  of the  m antle , gills, and  447 

visce ra l m ass. Then  cu t the  soft body of the  m usse l ou t of the  she ll by cu tting the  448 

rem ain ing m uscles tha t a ttach  the  visce ra l m ass to  each  side  of the  she ll 449 

(re tractor and  p rotractor m uscles), runn ing the  sca lpe l under the  m antle  a long 450 

the  pa llia l line  to  free  the  m antle  from  the  she ll withou t ripp ing it, and  carefu lly 451 

cu tting the  rem ain ing m uscles and  ligam ents a ttach ing the  m usse l body to  the  452 

she ll from  around  the  h inge  a rea  (Figure  3c). Record  the  soft tissue  we t m ass 453 

and  she ll m ass and  note  any abnorm alitie s on  the  inside  of the  she ll. Store  the  454 
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she lls in  a  cool d ry a rea  because  they can  be  used  la te r for various app lica tions 455 

(e .g., age ing, con tam inan t ana lysis, and  de form ity exam ina tions, am ong othe rs).  456 

To prepare  the  tissue  for prese rva tion , p lace  the  soft body on  a  ste rile  457 

surface  and  m ake  a  transverse  section  near the  an te rior end  of the  m usse l a t 458 

approxim ate ly the  widest portion  of the  visce ra l m ass where  the  gonad-d igestive  459 

gland  junction  is located  (Figure  3d  shows the  loca tion  of th is cu t). Th is cu t 460 

shou ld  be  m ade  such  tha t the  an te rior and  poste rior sections con ta in  a  part of 461 

m ost of the  m ajor organs (d igestive  gland , gonad , foot, gills, and  m antle ; Figure  462 

3e). In  hea lthy m usse ls, the  d igestive  gland  (a t the  an te rior end  of the  visce ra l 463 

m ass) will often  have  a  green ish  colour and  the  gonads (poste rior to  the  464 

digestive  gland , in  the  m id-visce ra l m ass) a  pa le  b rown colour, which  can  be  used  465 

to  ensure  tha t parts of both  tissues a re  on  e ithe r side  of the  cu t. However, in  sick 466 

m usse ls d istinguish ing these  tissues is m ore  d ifficu lt because  they will like ly both  467 

be  shades of b rown. If in  doubt, have  tissue  of each  organ  on  the  an te rior side  of 468 

the  cu t.  469 

Place  the  poste rior end  of the  m usse l in  a  -80°C freeze r. From  these  470 

tissues, m olecu lar ana lysis includ ing PCR or m etagenom ics and /or chem ica l (e .g., 471 

heavy m eta l, organic pollu tan t, pharm aceu tica l, or b io toxin) ana lysis m e thods 472 

can  be  undertaken . Th is tissue  can  be  stored  in  a  ste rile  p lastic con ta iner such  as 473 

a  50 m L con ica l tube . However, as with  environm enta l sam ples, if in tending to  474 

undertake  chem ica l ana lysis, a  specia lised  labora tory shou ld  be  consu lted  as 475 
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particu la r storage  con ta ine rs, sam pling m ethodologies, and  p rese rva tion  476 

conditions m ay be  requ ired  depending on  the  ta rge t chem ica l ana lyte .  477 

Place  the  an te rior end  of the  m usse l in to  10% neu tra l buffe red  form alin  478 

for h isto logy (or an  a lte rna tive  h isto logica l fixa tive , re fe r to  Howard  and  Sm ith  479 

(1983)) (Figure  3f). If gravid  and  the  m usse l ana tom y is such  tha t the  m arsup ium  480 

is not included  in  the  an te rior sam ple , idea lly, collect a  3–4 m m  strip  of 481 

m arsup ium  and  add  it to  the  fixa tive  as we ll. The  fixa tive  volum e shou ld  be  482 

approxim ate ly 15-20 tim es grea te r than  the  tissue  volum e (Carson  & Cappe llano, 483 

2019). A sufficien t volum e of fixa tive  to  a llow the  tissue  to  floa t free ly is e ssen tia l.  484 

Som e m ay find  it easie r to  m ake  the  transverse  section  while  the  m usse l is 485 

still in  the  she ll be fore  cu tting a ll the  a ttach ing ligam ents. Th is would  a llow the  486 

an te rior end  of the  m usse l to  be  p rese rved  in  its she ll, which  will m ain ta in  the  487 

tissue  structu re  be tte r. However, m aking a  clean  and  p recise  transverse  cu t in  488 

the  she ll can  be  d ifficu lt due  to  the  curva tu re  of the  she ll and  the  tough  489 

ligam ents.  490 

The  recom m ended  fixa tion  tim e  varies depend ing on  the  fixa tive  used  491 

(Howard  & Sm ith , 1983). For form alin , 24-48 hours is typ ica lly advised . If the  492 

visce ra l m ass of the  specim en  is th icker than  1 cm , se ria l transverse  sections or 493 

sm all incisions a t 5-10 m m  increm ents shou ld  be  m ade  to  a llow for su fficien t 494 

pene tra tion  of the  fixa tive . To avoid  tissue  sh rinkage  a rte facts and  to  a llow for 495 

subsequen t m olecular ana lysis on  h istologica l prepara tions (such  as in situ 496 
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hybrid isa tion  or PCR), a fte r fixing, p lace  tissues in  a  graded  se ries of e thanol 497 

solu tions up  to  70% e thanol for approxim ate ly 12–24 hours pe r change  (e .g., 498 

30%, 50%, 70% e thanol) (Carson  & Cappe llano, 2019). The  tissues can  rem ain  in  499 

70% e thanol indefin ite ly but shou ld  be  regu larly checked  and  topped  up  with  500 

e thanol in  case  evapora tion  has occurred .  501 

Sam ples to  be  stored  in  the  -80°C freeze r (haem olym ph and  the  poste rior 502 

end  of m usse l body) shou ld  be  p laced  in  the  freeze r as soon  as possib le . Afte r 503 

collection , sam ples can  be  in itia lly stored  on  d ry ice , in  a  -20°C freeze r, or on  ice  504 

(for a  few hours a t m ost), un til they can  be  m oved  to  the  -80°C freeze r for long-505 

te rm  storage . Liquid  n itrogen  is a  su itab le  a lte rna tive  for long-te rm  storage . If 506 

the  sam ples a re  p rocessed  in  the  fie ld  (not recom m ended  unless it is im possib le  507 

to  ge t m usse ls to  a  lab  with in  24 hours) or the  tissues to  be  stored  a t -80°C 508 

requ ire  fu rthe r overn igh t transport to  a  d iffe ren t loca tion , then  these  tissues 509 

shou ld  be  transported  on  dry ice  or in  liqu id  n itrogen .  510 

4.4.2 Non-le tha l sam pling 511 

In  som e cases, extensive  le tha l sam pling m ay not be  possib le . Thus, to  512 

sufficien tly sam ple  ind ividua ls from  such  MMEs, non-le tha l m e thods can  be  used  513 

e ithe r sole ly or to  com plem ent le tha l m e thods and  increase  the  to ta l num ber of 514 

sam ples. Do not use  non-le tha l m e thods as an  a lte rna tive  to  fo llowing the  core  515 

procedure  if it is possib le  to  take  le tha l sam ples because  non-le tha l sam ples 516 

have  lim ited  d iagnostic va lue  com pared  to  fu ll tissues p rese rved  accord ing to  the  517 
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core  p rocedure  (Section  4.4.1). If undertaking non-le tha l sam pling, additiona l 518 

tim e  will be  requ ired  on  the  day of sam pling to  p rocess sam ples in  the  fie ld .  519 

When sam pling larger m usse ls (>5.5 cm ), sm all foot or m antle  b iopsies of 520 

3 m m 2 to  1 cm 2 (depending on  the  m usse l size ), haem olym ph (0.5-1 m L), or 521 

gonadal flu id  (<200 μL, reduce  the  volum e in  sm all ind ividua ls) can  be  taken  non-522 

le tha lly (Berg e t a l., 1995; Fritts e t a l., 2015; Gusta fson , Stoskopf, Bogan , e t a l., 523 

2005; Karlsson  e t a l., 2013; McCartney e t a l., 2009; Naim o e t a l., 1998; Raley e t a l., 524 

2006; Saha  & Layzer, 2008; Tsakiris e t a l., 2016). The  on ly com bina tion  of non-525 

le tha l b iopsies shown to  be  non-le tha l when  used  on  the  sam e  ind ividua l is 526 

haem olym ph withdrawal with  foot b iopsies (Fritts e t a l., 2015). 527 

When collecting haem olym ph non-le tha lly, fo llow the  p rocedure  ou tlined  528 

above  (Section  4.4.1), taking add itiona l care  not to  open  the  m usse l too  fa r and  529 

inse rt the  need le  on ly once . To take  tissue  b iopsies, specific b iopsy tools (such  as 530 

3 m m  oval-cupped  jaw b iopsy forceps (Fritts e t a l., 2015) or b iopsy punches) or a  531 

pair of sm all sharp  scissors can  be  used . When  collecting gonadal flu id , inse rt an  532 

18-21-gauge  need le  p re loaded  with  approxim ate ly 50 μL of ste rile  wate r in to  the  533 

gonad  th rough  the  foot. Afte r in jecting the  wate r, gonada l flu id  can  be  534 

withdrawn. 535 

Prese rve  non-le tha lly collected  sam ples in  the  fie ld  for m olecu lar ana lysis 536 

im m edia te ly by add ing them  to  d ry ice . Alte rna tive ly, non-le tha lly collected  537 

sam ples can  be  taken  on  the  day of collection  on  ice  to  a  -80°C freeze r. If m ore  538 
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days a re  requ ired  until the  sam ples can  be  frozen  a t -80°C, record  the  tim e  spen t 539 

on  ice  be fore  freezing. If it is not possib le  to  access d ry ice  or a  -80°C freeze r 540 

with in  a  day of sam pling, then  RNAla te r® (Therm o Fisher Scien tific, Waltham , 541 

U.S) (or sim ila r prese rva tive ) can  p rese rve  solid  b iopsies (foot/m antle ) sam ples 542 

for a  week a t room  tem pera tu re  (bu t pre fe rab ly a t 4°C) be fore  they a re  frozen  on  543 

re tu rn  to  the  lab . If using RNAlate r with  tissue  b iopsies, sam ples can  be  stored  544 

for 1 m onth  a t 4°C or indefin ite ly a t -20°C. Gonadal flu id  can  be  p rese rved  for 545 

cytologica l m e thods by adding it to  300 μL of 10% neu tra l buffe red  form alin  546 

(Brian  & Aldridge , 2020). 547 

If the  num ber of m usse ls or tim e  is lim ited , the  non-le tha l sam ple  type  548 

and  prese rva tion  m ethod  to  p rioritise  will depend  on  the  na ture  of the  MME and  549 

any pre -existing hypotheses abou t the  cause  (e .g., if a  suspected  parasite  is 550 

loca lised  to  a  ce rta in  organ). 551 

It is inadvisab le  to  a ttem pt non-le tha l sam pling on  sm all m usse ls (<5.5 cm ) 552 

because  increased  m orta lity has been  obse rved  following haem olym ph and /or 553 

foot b iopsy sam pling in  sm alle r m usse ls (Fritts e t a l., 2015).  554 

4.4.3 If no m oribund  specim ens can  be  found  555 

It can  often  be  d ifficu lt to  sam ple  m usse ls as an  MME occurs. It m ay be  556 

tha t upon  a rriva l a t the  site  on ly apparently hea lthy m usse ls, she lls, and  a  few 557 

fu lly dead  specim ens a re  found . In  th is case , dead  specim ens shou ld  be  558 

collected . Apparen tly hea lthy ind ividua ls shou ld  a lso  be  sam pled  e ither le tha lly 559 
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or non-le tha lly (re fe r to  Sections 4.4.1-4.4.2). Sim ila rly, a  con trol site  with  no 560 

MME should  be  sam pled . Although  sam ples from  dead  m usse ls a re  suboptim al 561 

and  like ly have  lower d iagnostic va lue , they can  p rovide  va luab le  in form ation  in  562 

cases where  idea l sam ples a re  lacking.  563 

4.4.4 Alte rna tive  sam pling procedures 564 

The  core  procedure  above  (Section  4.4.1) is  designed  to  op tim ise  sam ple  565 

collection  for a  d ive rse  range  of stre ssors when  lim ited  m oribund  sam ples a re  566 

ava ilab le , which  can  often  be  the  case . However, a lte rna tive  sam pling 567 

procedures m igh t be  conside red  if focussing on  fewer stressors or if m ore  than  568 

20 m oribund  sam ples can  be  found . For exam ple , in itia l depura tion  of sam ples 569 

before  fixing m ay im prove  the  qua lity of h isto logica l p repara tions. If the  570 

necessary b io-secure  facilitie s a re  ava ilab le  and  chem ica l ana lysis is not a  571 

priority, it m igh t be  pre fe rab le  to  collect haem olym ph sam ples and  sm all tissue  572 

biopsies be fore  depura ting m usse ls, collecting additiona l tissues for o the r 573 

desired  d iagnostic tests, fixing m usse ls with  she lls on  in  10% neu tra l buffe red  574 

form alin , and  transfe rring m usse ls in to  e thanol a fte r 48 hours of fixa tion . In  575 

con trast, if focussing on  chem ica l ana lysis, a fte r consu lting with  specia lists, it 576 

m ay be  desirab le  to  p rese rve  som e whole  m usse ls im m edia te ly a t -80⁰C because  577 

certa in  chem ica l ana lytes m ay not be  adequate ly represen ted  in  only the  578 

poste rior section  of the  m usse l. If p len ty of m oribund  specim ens can  be  found , 579 

sam ples cou ld  be  sp lit be tween  chem ica l ana lysis and  pa thogen  ana lysis 580 
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m ethods to  a llow for the  depura tion  and  freezing of separa te  whole  m usse ls. It 581 

is ou tside  the  scope  of th is paper to  d iscuss a ll the  in tricacies of every ava ilab le  582 

option . Such  d iscussions can  be  undertaken  with  a  specia list, and  our m ethods 583 

can  be  adap ted  to  the ir recom m endations.  584 

Ultim ate ly, the  d ivision  of sam ples from  which  ind ividua ls and  for which  585 

te sts will depend  on  any p re -existing hypotheses of poten tia l causes, the  pe rm its 586 

obta ined  for sam pling (le tha l or non-le tha l), the  num ber of m usse ls found  a t the  587 

site , the  resources ava ilab le , and  any pre -existing specia list collabora tions. Even  588 

so , conducting the  above-exp la ined  core  procedure  (Section  4.4.1; sum m arised  589 

in  Figure  4 and  Table  2) will adequate ly p rese rve  sam ples for specia lised  labs to  590 

conduct a  wide  range  of d iagnostic ana lyses (a  b rie f p rim er on  ana lysis m e thods 591 

can  be  found  in  Supplem entary File  3).  592 

5 DISCUSSION 593 

Many MMEs are  the  resu lt of m ultip le  in te racting factors (Care lla  e t a l., 594 

2023; Soon  & Ransangan , 2019); thus, when  investiga ting MMEs, cross-595 

discip linary m ethods tha t sim ultaneously ta rge t a  range  of poten tia l causes a re  596 

needed . Th is is e specia lly the  case  when  susp icions of poten tia l causes a re  weak, 597 

necessita ting a  b road  search  of m any poten tia l stre ssors. Th is paper has se t ou t 598 

a  system atic m ethod  to  collect sam ples for the  investiga tion  of m ultip le  poten tia l 599 

stressors tha t cou ld  be  causing an  MME. Various case  stud ies of MME 600 

investiga tions dem onstra te  the  app lica tion  and  im portance  of p rocedures such  601 
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as ours for sam pling MMEs in  freshwate r m usse ls (Box 1) and  othe r taxa  (Box 2). 602 

Our procedures will a llow researchers and  m anagers who are  not specia lists in  603 

MME investiga tions to  be  p repared  to  sam ple  an  MME prom ptly and  sufficien tly 604 

so  tha t adequate  m ate ria l can  be  p rese rved  to  facilita te  d iagnoses. 605 

Preparedness is e ssen tia l when  investiga ting MMEs because  any de lay in  606 

collecting and  p rese rving sam ples cou ld  in troduce  a rte facts such  as 607 

opportun istic bacte ria  growing on  dead  tissue , which  m ay confuse  cause  with  608 

effect.  609 

Understand ing the  causes of MMEs is d ifficu lt. It m ay be  tha t in itia l 610 

investiga tions using our m ethods fa il to  p inpoin t a  single  cause . Often  the  611 

diagnostic investiga tion  will requ ire  m ultip le  ite ra tions fo llowing ad justm ents or 612 

add itional te sts based  on  previous resu lts iden tifying additiona l stre ssors to  613 

investiga te  be fore  a  re fined  d iagnosis is ach ieved . Sam pling m ay occur too la te  614 

to  collect the  idea l m oribund  specim ens. Even  if sam ples a re  correctly p repared  615 

and  prese rved , it could  be  tha t the  causa tive  agen t has passed  th rough  the  616 

system  and  is no longer de tectab le  in  the  environm ent or m usse l tissues.  617 

If sam pling occurs soon  enough  to  cap ture  m oribund  m usse ls while  the  618 

stressor is still p resent, our p rocedure  m ay revea l com m on poten tia l causes 619 

across m ultip le  MMEs. Th is is an  im portan t step  for understand ing freshwate r 620 

m usse l MMEs fu rther (Walle r & Cope , 2019). Even  so , our m ethods a lone  cannot 621 

provide  defin itive  evidence  of the  cause  of an  MME. Rather, the  m ethods can  622 
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in form  fu tu re  investiga tions of the  MME, such  as experim enta l in fections, to  623 

prove  the  causa tive  ro le  of an  iden tified  stressor in  inducing m orta lity. These  624 

investiga tions cou ld  lead  to  the  deve lopm ent and  app lica tion  of rap id  specific 625 

te sts for im portan t pa thogens (Le is, Dziki, Standish , e t a l., 2023), the  avoidance  626 

of transloca tions of d iseased  or parasitised  ind ividuals (Brian  e t a l., 2021), or the  627 

reduction  of the  im pacts of m ultip le  stressors (Tyack e t a l., 2022).  628 

Investiga ting MMEs shou ld  on ly be  one  part of the  regu lar m onitoring of 629 

popula tions. Indeed , a  critica l need  for freshwate r m usse l conse rva tion  lie s in  630 

the  pe riodic app lica tion  of the  m ethods d iscussed  in  th is paper to  popula tions 631 

not experiencing MMEs or declines, e specia lly those  of h igh  conse rva tion  sta tus. 632 

This would  he lp  iden tify ‘background’ cond itions and  m icrob iota  (Brian  & 633 

Aldridge , 2023), be tte r understand  threa ts to  m usse l hea lth , im prove  early 634 

de tection  of popu la tions under stress, facilita te  the  estab lishm ent of p roactive  635 

m easures be fore  MMEs occur, and  im prove  pa thologica l in te rp re ta tions during 636 

MMEs (Burcham  e t a l., 2023). In  particu la r, during regu lar m onitoring, the  637 

app lica tion  of b iom arker assays (e .g., clin ica l chem istry or m e tabolom ics) to  638 

m easure  hea lth  sta tus cou ld  be  conside red  (Devin  e t a l., 2023; Fritts e t a l., 2015; 639 

Gustafson , Stoskopf, Showers, e t a l., 2005; Legrand  e t a l., 2023; Pu tnam  e t a l., 640 

2023).  641 

Biom arkers were  not specifica lly conside red  in  our MME sam pling 642 

procedures because , a lthough  use fu l during regular m onitoring, these  assays 643 
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are  unab le  to  unequ ivoca lly iden tify the  chem ica ls or o the r stre ssors poten tia lly 644 

responsib le  for m orta lity. Th is is because  m ost param ete rs m easured  can  be  645 

m odula ted  by d iffe ren t classes of pollu tan ts and  a re  a lso  in fluenced  by 646 

environm enta l factors (tem pera tu re , food  ava ilab ility, e tc.) (Devin  e t a l., 2023). 647 

There fore , b iom arker assays a re  not an  essen tia l d iagnostic tool to  iden tify 648 

poten tia l causes of MMEs. However, they can  still se rve  as a  va luab le  649 

supp lem entary tool during an  MME investiga tion , p rovid ing insigh ts in to  m usse l 650 

hea lth  sta tus if the re  is su fficien t haem olym ph or solid  tissue  ava ilab le . 651 

Conside ring the  tim e , labora tory p rocessing, and  expertise  required  to  652 

undertake  b iom arker assays, the  deve lopm ent of a  standard ised , accura te , 653 

widely applicab le , rap id , and  non-destructive  fie ld  te st of m usse l hea lth  would  654 

a id  in  d iagnosing m usse ls a t ea rlie r stages of sickness and  m onitoring base line  655 

conditions in  hea lthy popula tions.  656 

Our sam pling m ethods a re  not re stricted  to  on ly MMEs bu t can  be  app lied  657 

to  cases of unusua l m orta lity. Freshwate r m usse l popu la tions can  be  im pacted  658 

by unusual m orta lity even ts tha t m ay not be  considered  ‘m assive’ bu t involve  659 

a typ ica l cond itions concern ing the  m orta lity. For exam ple , the  m orta lity of one  660 

species am ongst a  com m unity of o the r un im pacted  m usse l species, m orta lity in  661 

th rea tened  or endangered  species, tem pora l or spa tia l changes in  m orta lity, or 662 

unusua l pa thologica l find ings (e .g., de form ed  she lls (Pekkarinen , 1993; Strayer, 663 

2008)). Our m ethods can  be  read ily applied  to  these  cases as we ll as MMEs.  664 
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By assem bling in to  one  p lace  the  range  of wide ly used  tools and  protocols 665 

tha t a re  ava ilab le , and  by fu rthe r ta iloring the  p rotocols towards a  specific taxon  666 

and  to  address a  specific need , we  have  p roduced  an  im portan t fram ework for 667 

enab ling fie ldworkers to  con tribu te  to  our understand ing of the  d rive rs beh ind  668 

the  num erous MMEs with in  freshwate r m usse l popu la tions. Although  our focus 669 

is on  freshwate r m usse ls, the  p rincip les we  ou tline  can  be  applied  to  m any taxa , 670 

both  in  wild  and  cu ltu red  popula tions. Indeed , the  p rotocols would  requ ire  671 

re la tive ly little  m odifica tion  to  be  app licable  to  studying MMEs in  m arine  b iva lves 672 

(Care lla  e t a l., 2023; Lupo e t a l., 2021; Soon  & Ransangan , 2019) and  m ay be  673 

especia lly use fu l in  the  m anagem ent of b iva lve  popula tions with in  aquacu ltura l 674 

system s which  can  experience  ca tastrophic MMEs (Guillo treau  e t a l., 2017; 675 

Perne t e t a l., 2016; Robledo e t a l., 2014; Soon  & Ransangan , 2019).  676 

In  addition  to  furthe r d iagnostic investiga tions of MMEs using the  677 

procedures we  have  ou tlined , MME reporting should  be  im proved  and  678 

acce le ra ted  for freshwate r m usse ls and  across a ll taxa . Alongside  the  publica tion  679 

of MME reports in  scien tific journa ls, which  can  involve  long de lays be tween  the  680 

in itia l report and  the  da ta  becom ing publicly ava ilab le , we  encourage  the  681 

deve lopm ent of an  accessib le  da tabase  for reporting MMEs as soon  as they a re  682 

observed . The  crea tion  of such  a  da tabase  first requires a  standard ised , graded  683 

MME defin ition  and  reporting fram ework. Syn thesising MME reports in  an  684 
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accessib le  da tabase  would  im prove  MME response  and  m onitoring, as well as 685 

in form  wider popula tion- or species-leve l th rea t asse ssm ents. 686 

6 CONCLUSIONS 687 

With  the  ongoing rise  in  the  frequency of MME reports, the re  is a  p ressing 688 

need  for an  increased  capacity to  p rom ptly respond  to  and  investiga te  such  689 

occurrences, particu la rly in  understud ied  species tha t lack com m ercia l 690 

sign ificance  or charism atic appea l (Ham ilton  e t a l., 2021). We have  bolste red  th is 691 

capacity by de linea ting sam ple  collection  and  p rese rva tion  m ethods tha t can  be  692 

used  by b iologists and  conse rva tion ists obse rving MMEs of freshwate r m usse ls, 693 

an  im portan t ecosystem  engineer with  a  concern ing and  declin ing conse rva tion  694 

sta tus. Conside ring the  wider app lica tion  of our m ethods to  othe r taxa , the  695 

protocol we  have  ou tlined  has the  poten tia l to  in form  the  investiga tion  of MMEs 696 

in  a  range  of species, enhancing conse rva tion  e fforts across d ive rse  ecosystem s. 697 

7 DISCLAIMERS 698 

Any use  of trade , firm , or p roduct nam es is for descrip tive  purposes on ly and  699 

does not im ply endorsem ent by the  U.S. Governm ent. The  find ings and  700 

conclusions in  th is a rticle  a re  those  of the  au thors and  the  U.S. Geologica l Survey 701 

and  do not necessarily represent the  views of the  U.S. Fish  and  Wild life  Service .  702 
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TABLE 1 1043 

Essen tia l p re lim inary da ta  to  collect or colla te  during a  d iagnostic investiga tion  of a  freshwate r m usse l m ass 1044 

m orta lity even t (MME).  1045 

Pa ra m e t e r  Pu rp ose  Me t h od o logica l gu id a n ce  
Prevalence  and  
tim efram e  of m orta lity 

Knowing the  p roportion  of m usse ls a ffected  by the  
MME provides key in form ation  about its  exten t and  
like ly e ffect on  the  popula tion , 
Knowing the  tim efram e  of m orta lity p laces the  even t 
re la tive  to  surrounding environm enta l changes and  
gives insigh ts about the  causa tive  agen t regard ing its  
speed  of action  

Section  4.3 (for d iagnosing 
m oribund  vs. hea lthy m usse ls),  
Marchowski e t a l., 2024 and  
Southwick and  Loftus (2017) (for 
quan tifying dead  m usse ls) 

Size /age   Knowing whe ther the  MME disproportiona te ly a ffects 
o ld  or young m usse ls cou ld  he lp  d iagnostics and  
pred ict long-te rm  popula tion  ou tcom es 

Olla rd  and  Aldridge  2023 (for 
e stim ating age  from  size ) 

Morta lity in  o the r taxa  Knowing the  specificity of the  MME he lps d iagnostics 
and  pred ict com m unity-leve l e ffects  

At least note  any m orta lity in  
o the r taxa , re fe r to  Marchowski e t 
a l., 2024 for quan tifying m orta lity 
in  o the r aquatic taxa  (e .g., fish , 
sna ils) 

Im pacted  m usse l 
density and  abundance   

He lps p rovide  in form ation  about the  to ta l im pact of 
the  MME and  insigh ts in to  possib le  causes, such  as 
the  poten tia l for transm ission  of in fectious agen ts 

Refe r to  exam ples in  Sm ith  e t a l. 
2001 and  Brian  e t a l. 2022 

Obvious environm enta l 
changes 

Provides in form ation  on  poten tia l causes  Record  any obvious 
environm enta l changes such  as 
hab ita t destruction  by hum ans 
(e .g., construction  activitie s) 

 1046 

TABLE 2 1047 

Outline  of the  d iagnostic te sts used  when  studying freshwate r m usse l m ass m orta lity even ts  (MMEs). TEM: 1048 

transm ission  e lectron  m icroscopy.  1049 

 1050 
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Diagnostic te st In form ation  
ob ta ined  

Advantages  Disadvantages Targe t organ /s to  
sam ple $ 

Long te rm  
prese rva tion  of 
sam ples 

Are  
the re  
non-
le tha l 
sam pling 
op tions 

Esse n t ia l, sa m p le  p re p a ra t ion  is  p a r t  o f t h e  co re  p roce d u re  

Mole cu la r  (e .g., 
m e tagenom ics or 
qPCR) 

Iden tifica tion  of both  
m icro  and  m acro  
parasite s  

Holistic view of m icrobes,  
Can  be  non-destructive  

Expense ,  
Genera l lack of knowledge  on  
m icrobes/viruses tha t a re  pa thogenic to  
m usse ls, 
Difficu lt to  in te rpre t the  sign ificance  of a  
d isease  without pa thologica l assessm ent, 
Errors in  species iden tifica tion  

Haem olym ph #, 
Biopsies from  
m ultip le  organs 

Frozen  a t -80°C 
(or in  liqu id  
n itrogen &) 

Yes 

Ch e m ica l 
a n a lys is  
(e .g., m ass 
spectroscopy, 
colourim etric 
assays) 
 

Iden tifica tion  of 
substances toxic to  
m usse ls such  as 
m eta ls, pesticides, 
PAHs, am m onia , and  
b io toxins (e .g., 
m icrocystin ) 

Very re liab le  quan tita tive  
resu lt, 
Severa l toxic substances 
(e .g., m e ta ls, pesticides) 
have  we ll-estab lished  
ana lyses  

Needs a  re la tive ly la rge  am ount of tissue  (0.5-
1g),  
Destructive , 
Like ly requ ires pooling tissues, 
A la rge  range  of d iffe ren t ana lyses for 
d iffe ren t chem ica ls necessita tes som e  prior 
hypothesis regard ing what to  ta rge t, which  
will like ly involve  consu lta tion  with  an  expert 
labora tory,   
Clear evidence  of the  involvem ent of 
pollu tan ts in  m usse l declines is  d ifficu lt to  
e stab lish  (e .g., Woolnough  e t a l., 2020), 
Health  im pacts of m any toxins (especia lly 
b io toxins) a re  poorly understood , m ost lack 
estab lished  th resholds for hea lthy leve ls in  
m usse ls, and  synergistic adverse  e ffects have  
bare ly been  conside red  

Tissue  
hom ogenates of 
parts of or whole  
m usse ls 

Frozen  a t -20°C 
or colde r 

No 
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His t o logy 
 

Visua lisa tion  of 
e tio logic agen ts 
(m acro  and  m ost 
m icro  parasite s) and  
le sions associa ted  
with  pa thology, 
Diagnosis of specific 
d iseases  

Only m ethod  tha t can  
specify type  of d isease  
accord ing to  pa thologica l 
p rocess, thus, he lpfu l in  
de te rm in ing the  
sign ificance  of a  b road  
range  of poten tia l causes, 
Sam ples p rese rved  for 
h isto logy can  be  u tilised  
for o the r m ethods such  
as TEM if p repared  
correctly  

Destructive ,  
Requires toxic chem ica ls for p rese rva tion , 
Requires specia lised  processing and  expertise  
to  in te rpre t h isto logica l sections 

Sections of the  
key organs of the  
body. 

In  10% neutra l 
buffe red  
form alin  or 
sim ila r* 

No 

Non -e sse n t ia l, a n cilla ry m e t h od s  t h a t  ca n  b e  d on e  if sp e cia lis t s  a re  a va ila b le  

Ha e m ocyt o logy 
 

Iden tifica tion  of 
d issem inated  
neoplasia , abnorm al 
haem ocyte  
m orphology or 
com position , and  
pa thogens in  the  
haem olym ph 

Non-destructive ,  
Gives resu lts  re la tive ly 
qu ickly 

Requires specia list knowledge  for sam ple  
collection  and  in te rpre ta tion , 
Requires im m edia te  p rocessing, 
Difficu lt to  ob ta in  equ ipm ent/reagents in  tim e , 
Refe rences ranges a re  not we ll-estab lished , 
Characte ristic haem ocytic responses to  
d iffe ren t types of host in ju ry a re  not we ll 
e stab lished  

Haem olym ph Im m edia te ly 
p rocess on to  
slides 

Yes 

Cu lt u re  
 

Iden tifica tion  of 
m icrob ia l pa thogens 

Provides iso la tes of 
m icrobes which  can  a llow 
fu ture  experim enta l 
in fection  and /or the  
sequencing of longer 
fragm ents with  Sanger 
sequencing,  
Can  be  non-destructive  

Understud ied  aquatic pa thogens m ay requ ire  
unusual cu ltu re  conditions, 
Requires specia list knowledge  for sam ple  
collection  to  prepare  p la tes for im m edia te  
sam ple  p rocessing, 
Large  b iases in  what will grow on  the  p la tes 
m ean  th is m e thod  should  not be  used  in  
iso la tion  

Haem olym ph Im m edia te ly 
add  to  cu ltu re  
p la tes 

Yes 

Cyt o logy (e .g., 
we t m ount 
p repara tions of 
tissue  clipp ings 
or scrap ings 
and /or sta ined  

Iden tifica tion  of 
surface -associa ted  
protistan  parasite s, 
m acroparasite s (e .g., 
trem atodes), fungi, 
and  la rge  bacte ria , 

Gives a  rap id  ind ica tion  of 
poten tia l p rob lem s, 
Inexpensive , 
Conventional m e thod  to  
de tect organ ism s tha t 
m ay d issocia te  from  

Wet m ount p repara tions requ ire  specia list 
knowledge  for sam ple  collection  and  
in te rpre ta tion  
Requires im m edia te  p rocessing and  
iden tifica tion  of parasite s/abnorm alitie s, 
Most ectoparasite s a re  not expected  to  have  a  
la rge  causa tive  ro le  in  MMEs, 

Multip le  organs 
and  sam ple  types 
(scrap ings, flu id , 
tissue  clips, e tc) 

Im m edia te ly 
p rocess  

Yes 
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prepara tions of 
tissue  im prin ts) 

Iden tifica tion  of 
gross abnorm alitie s 
of tissue , ce llu la r 
in filtra tes, and  
d issem inated  
neoplasia  

surface  tissues when  in  
fixa tive , 
Sta ined  prepara tions can  
be  stored  for la te r 
ana lysis 

Sta ined  prepara tions requ ire  an  extra  step  to  
p repare  slides during sam pling and  som e leve l 
of specia lised  knowledge  

Non -e sse n t ia l, a lt e rn a t ive  u se  fo r  h a e m olym p h  o r  t issu e  co lle ct e d  if e n ou gh  re m a in s  a ft e r  o t h e r  d ia gn os t ic m e t h od s  

Biom a rke r  
a ssa ys  (includ ing 
clin ica l 
chem istry) 

Gives insigh ts in to  
genera l hea lth  sta tus 
of the  m usse l 
th rough  various 
poten tia l assays 
such  as, 
m e tabolom ics, 
p ro te in  con ten t, 
glucose  con ten t, or 
ace tylcholineste rase  
activity 

Screens for b iom arkers of 
hea lth  and  organ  
function , 
Provides a  fine r 
characte risa tion  of hea lth  
sta tus than  visua l 
sym ptom s  

Lim ited  re fe rence  ranges a re  ava ilab le  for 
freshwate r m usse ls, 
Does not p rovide  specific d iagnostics as 
m ultip le  stressors can  im pact the  sam e  
param ete r 

Haem olym ph or 
tissue  b iopsies 

Frozen  a t -80⁰C Yes 

#Haem olym ph can  be  drawn non-le tha lly in  the  fie ld  if non-le tha l m e thods a re  requ ired . However, le tha l sam pling is  recom m ended  for o the r d iagnostic p rocedures. 1051 
Refer to  text (Section  4.4) for m ore  de ta il on  haem olym ph sam ple  transport and  prese rva tion  if non-le tha l sam pling is  requ ired .   1052 
*10% neutra l buffe red  form alin  is  the  m ost wide ly used  solu tion  for rou tine  fixa tion . Other fixa tives can  be  used  (Section  4.4.1). It is  recom m ended  to  wash  sam ples 1053 
out of form alin  in to  e thanol a fte r a t least 24-48 hours of fixa tion  (Section  4.4.1).  1054 
$A descrip tion  of the  best way to  com bine  sam ples from  these  organs for the  d iagnostic te sts can  be  found  in  the  m ain  text (Section  4.4).  1055 
&Other op tions a re  d iscussed  in  Section  4.4 1056 
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