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A REVIEW OF SALINITY TOLERANCES FOR THE NEW ZEALAND MUDSNAIL 
(POTAMOPYRGUS ANTIPODARUM, GRAY 1843) AND THE EFFECT OF 

A CONTROLLED SALTWATER HACKFLUSH O"i THEIR SURVIVAL 
IN AN IMPOUNDED FRESHWATER LAKE 

LARRY L. LECLAIR* AND YUK W. CHENG 
t,Vashington Departn1ent \'.l F'ish and VVildl{/C, 600 C'apiiol Vf;'ay /\/, C)lyrnpia, HlA 98501 

ABSTRACT The Ne1v Zealand rnudsnail (NZMS) is an invc1sive first discovered in Olympia, Vv\1shington's. Capilol Lake in 
2009 and has since been de\ecLed in the lake at high densities. ln 1his study. we re-vicvv salinity tolerances from NZMS investigations 
conducwd in the wild and in the laboratory. Based on the review, wi: hnckfiushcd Capitol Lake with saltwalcr introduced through 
a dam 1hat connects the lake to the sea to exarnine the effect of' increasing the lake's salinily on NZIVfS survival. \Ve present pre- and 
postbackllush survival rates fron1 26 sarrtp!e stations. 8 of which wen; supplemented 1Nilh lhe lopical apphcalion of' salt. ln,;reasing 
the lake\ salinity decreased survivaL :u1d the topical application orsaH increased the effect. Sample size and location had a significant 
effect un survi\··al. \"/c subjected pre- and postbacldiush NZJ\.1Ss 10 labon11ory salt.water 1ri,ds and used the data to construct a 
generalized iinear rnodcl to prcdic1 survival rati:s under various salinity exposure regimes. More NZMSs were kilkd in rcsponst.' to 
the backflush than was predicted hy the generalized linear 1nodel. \Valer temperatures in (he lake were k/\-ver than th,)sc used in the 
la.bfiratory and this may have decreased NZl\.1S resistance to increased sc1linitics in the lake. 

KEY f'VORDS: salinity tolerance, Nev.' Zealand mudsn,til. Potamopyrg11s, survival ral.-:\ generalized line,1r model 

[\"J'R(H)UC'riON 

'fhe New Zealand 111udsnail (NZI\1S) is a hydrobiid n1ollusc 
that is native to New Zealand. Its in1pact on native fauna and 
ecological processes outside its native range is not well understood 
(but see Schreiber el ,11. (2002), I-fall et al. 2003, l(erans et al. 
(21)05), Strzelec (21)05), Strzelec et aL (2006), Hall et aL (2006)): 
however, its expansion during the past century' to estuarine and 
frcshvvater environrncnts around the world, and its ability to reach 
very high densilies rapidly \vhen es1ablished.. has led to concerns of 
disruption to local food \Veb <1nd trophic dynarnics, ecosyste1n 
functions. and native con1n1unity structures (Ffall ct al. 2003). 
Developing strategics and 1ncthods to control and 1nanagc NZi'v1S 
populations in the lJnited Stntes is listed as one of the objec1ives of 
the National I\1anagen1ent and Control Plan fOr the New Zealand 
n1udsnail (Ne\v Zealand i'v1udsnail Managernen1 and C'A)ntrol Plan 
Working Cll"oup, 2007) that ,vas developed under the auspices of 
the in\ergovcrn111cntal national Aqualic Nuisance Species Task 
Force to address these ,ind other concerns. 

Thus far, NZMS n1anagen1ent efforts in their nonnative range 
have focused prin1arily on controlling their spread hy En1iting 
public access to infested water bodies, educating citizens lhrough 
public avvareness ca1npaigns, and developing dccontan1ination 
111ethods and pro!ocols frlr recreationists and natural resource field 
workers (Richards ct al. 2004, Hosea ._r.::_ Finlayson 2005, Schisler 
et al. 2008). Large-scale in situ eradication has not been a1te111pted 
(but see lVIdVfil!in & Trun1bo (2009)). Tn thjs study, ,vc (1) exan1-
ined the effect on NZ.MS survival of backflushing a freshv:ater 
lake (('apitol Lake in C)lyn1pia, WA) \:Vith salt,vatcr introduced 
through ,111 existing engineered Lide gate dan1 tbnt connects the lake 
to the sea (Puget Sound\ (2) subjected prebackflush and surviving 
posthackflush NZMSs to a !abora1ory~conducted saltwater trial 
to evaluate the population's posttrcatn1-:::nt response to increased 
salinity, (3) tested !he effect of aug1nenting the saltwater back.flush 
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with topically applied rock salt, and (4) used the data to construct 
a predic6ve 111odel for deterrnining the probability of NZMS suJ­
vival under various salinity exposure regirncs that can be used to 
inforn, n1anagers \vho arc considering salt\valcr treatrncnls as 
an eradication or control rneasure against nonnative NZMS 
infestations. 

L[TERATURE SYNOPSIS: SAL!NlTV TOLERA~CES 
F()R THE !\'ZMS 

Po1a1nopyrgus an1ipodarwn is v,1riously refCrred to as Hydro­
hia jenkinsi, Pa!udes1rina jenkinsi, and Porarnopyrgus jenkinsi in 
the historical literature . .!\11 are synony1nous and, ln the interest. 
of clarity, the V,ridely accepted vernarular 'NZYiS wi!I be used 
throughout this review. Jn the source docun;enls. salinities are 
expressed in parts per thousand using the per n1ille sy1nbol 
We have adopted the n1odcrn convention of reporting salinities as 
nun1bers vl"ilhout. unit thus dispensing with the per 111ille symbol. 
A sun1n1ary or the salinity tolerances reported in this review is 
presented in Table L 

The first recorded occurrences of the NZM S outside its native 
range 10/cre fron1 estuarine environn1ents in We~tcrn Europe, and 
only later were they noted from inland freshwater locations 
{revie,ved by Bondesen and I(aiser (l 949). Lassen (1978) and 
:Hugh cs (1996)). Nicol (1936) reported finding NZtvISs in salinity 
as high as 23 in the brackish water 1narshes of North l.Jist in 
Scot.lnnd's Ouler 1--Iebrides. Winlcrbourn (1970b) found NZJ\1Ss 
in salinities as high as 26 in lhe species' native New Zealand. 
Under laboratory conditions, the s<.nne author noted t.hut after 
24 h, snails :iequired rro1n bo1h freshwater and brackish water 
sources reniained active al a salinity of 17.5. exhibited reduc~d 
n1oven1ent at a salinity of 21._ and ,vithdre\-v con1pletely inlo their 
shells and were-inactive in higher salinities. 1 All the snails rcsu111cd 
norn1al ucth,ity \Vi thin 24 h of being returned to low-snlinlty water 
(_3.5). Johnsen (1946) reported finding a sing:lt NZl\-1S on the 
northeast shore of B0rnholn1, L)en1narlc near the 1noulh of the 
Baltic Sea in a tide poo! with a salinity of 33. The pool ,vas 
described as having been part of a once larger pool that bad been 
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TABLE 1. 

References to salinity tolerances reJlOrted for the New Zealand 
1nuds11ail (Pota,nopyrgus a11tipodarun1). 

Refereuce 

Adam ( J 942) 
Costil et al. (200 l) 
Drown ct al. (201 l) 
Duncan ( J 967) 
Duncan and Kk-kowski (19671 
Hyllcberg and Sicgismund (1987) 
Jacobsen and Forbes (1997) 
Johnsen ( 1946) 
Klc-:kowskl :-1nd Duncan (1966) 

Muss (1963) 
Muss (1967) 
Nicol (1936) 
Sicgisrnund and Hylkhcrg (1987) 
Todd (1964) 
Winlcrhourn (1970a) 
WinLcrbourn (1970h) 

34 
28 
JO 
34 
58 
30 
15 
33 
64 
15 
24 
23 
22 
32 
21 
26 

\Vi!d 

X 

X 

X 
X 
X 
X 

X 

X 

X 
X 
X 
X 
X 

X 

X 
X 

reduced in size through evaporation. Because the surfacC-\Vatcr 
s;:i].inity of the Baltic Sea in the Bornho!Jn Basin rardycxceeds 15, it 
would seen1 likely that the snail had arrived in the pool at a tin1e 
\Vhen the \Vater \Vas less saline, prior to evaporation. 'fhe disposition 
of the snail at the tin1c of discovery \Vas not noted, although it is 
presumed to have been living. Thu,-;, it n1ay have hccn aci.ive, having 
acdin1ated to higher salinity over the tin1e it took lhe pool to 
evaporate, or it nHty have retracted into its shell and becon1e 
quiescent in response to increasing salinity. c:ostil ct al. (2001) 
exan1ined the biodiversity of aquatic gastropods across several 
bio1opes in t.he Mont St-Michel basin or northern France. They 
encountered NZMSs over a wide range of salinities up to 28 and, of 
59 stations sa1npled, those stations \Vhere NZM.Ss were found had 
the highest salinities; ho\vever, the authors did not indicate whether 
the snails were active at higher salinities. G6r:-ird et al. (200J) 
studied the rate oftre1natodc parasitism in relation to salinity and 
gastropod con1n1unily structure in the sa111e basin. The NZMS v,'as 
the only hydrobiid 1110Jlusc encountered in the basin's polyhalinic 
(salinity, 18--30) waters. The rate of' infection by tren1atode 
parasiles decreased \Vith increasing sa!inity over all species exan1-
ined, and NZMSs \Vere not inrcctcd at the highest salinities. 

Jacobsen and Forbes (1997) subjected NZMSs san1pled frorn 
6 sites in Denn1ark to salinities ofO and 10 (all 6 siies) and 5 and 
15 (2 oft.he 6 sites} The sites represented a n1ixture of the two 
inost con1mon 1noqJhologlcally distinguishable genetic strains (A 
and B) occurring in Britain ;.u1d continent.al Europe (Ftauser ct al. 
1992. Jacobsen et al. 1996). The A strain is inost often associated 
with in!and freshwater lakes and strean1s, \vhereas Bis found in 
coastal estuarine environn1cnts. They tested the effect of salinity 
on four fit.ness~relatcd traits (reproductive output fCeding rate, 
growth rate, and size at birth) and co111prired results between 
strains. All four traits were influenced by salinity in both strains: 
hovv·cvcr, the authors concluded that NZMSs are able to f'eed, 
grow, and reproduce over a salinity range of 0--15 and that the 
genen,d response to salinity of botll s1.rains suggested a salinity 
opti1nnrn of ;:::::5. Dro,vn et al. (2011) con1pared 7 traits (proba­
bility or survivaL probability of reproducing, growth rate, time to 
asy1nptotic shell size, tin1c of first reproduction, shell size of first 

reproduction, and individual fitness) fron1 ancestral- and invasive­
range lineages ofNZMSs ae-ross a salinity gradient (0, 5, 10, and 
15). Snails held at nonzero salinities were acdin1ated by increasing 
the salinity by 5 every 6 h until the desired treatn1cnt salinity was 
achieved. Snails were held at their respective treatn1ent salinlties 
for up 1o 230 days. The authors noted that att.en1pts to acclimate 
snails to a salinity of 30 resulted in high n1ortalities for son1e 
lineages and precluded their lJse for co1nparative analyses over all 
7 cxainined traits, although they observed that only the invasive 
strains \Vere successful at reproduction in salinities ·of 15 and 30. 
They l.'.oncluded that invasive NZt1S lineages are adapted to 
a higher salinity con1pared \Vith ancestral lineages. 

Consistent with Jacobsen cind Forbes (1997), Muss (1963) 
listed 0--15 as being a rough esJj111ate of the salinity ninge over 
which NZMSs inay be considered con1n1on in Den111ark. ln a later 
study, the sarne author noted that NZMSs \Vere co1nn1011 in 
K.ysing (Norsrninde) Fjord, Denn1ark, in salinities up to ~22. and 
occurred sporadically in salinities as high as 24 near the seaward 
entran..:e to the {Jord (Muss 1967). This ls sin1ilar lo the findings of 
S!cgisrnund and Hylle berg ( 1987), \vho described the distribution 
oflhe 3 n1ost. abundant hydrobiids (including NZMS) in the same 
fjord and assessed the f'actors leading to their coexistence. They 
found NZMSs at tin1es and locations \vhen, according to the 
hydrographic data they present, salinities ,vould have been on 
the order or 2()- .. 22. In a different study. the san1c authors tested 
the effect of salinity in co1nbination with te1nperature (Hylleberg 
and Siegisn1und 1987). They reared NZMSs in salinities as high as 
30 and concluded that NZMS tolerance to near-freezing temper~ 
aturcs decreased rapidly with increased salinity, and that the 
observation seen1ed to a.gree well with the ten1poral and spatial 
distribution of NZ\1Ss in l(ysing Fjord. 

Todd ( 1964) tested the osn1otie bala nee or strains A and B. 
and a less eomrnon European strain known as type(~. Changes 
in internal osn101.ic concentration occurred rapidly as the snails 
\Vere transferred fro111 lower to higher salinities. and all 3 strains 
n1aintaincd hyperos1notic urine relative to the rearing n1cdiun1 
over a range of salinities up to 32, the maxi1nun1 salinity tested. 
The author also reported that NZMSs survived indefinitely in 
salinities up to 32 if conditioned first to lower salinities, but did 
not describe ho1,v the condiLioning ,vas achieved or if there was 
an observed decrease in activity (e.g., 1no1.ility, feeding, and so 
forth) at higher s:=ilinities. Similarly, Duncan (1967) 1es1ed Lhe 
salinity tolerance of NZMS acquired fro1n fresh\vater and 
brackish \Vatcr sources in Poland over salinities ranging fron1 
frcshv,,ater to rull seawater. They found that 1001~,'o of the snails 
tested fro1n both sources survived for a1. least 24 h after direct 
in1n1ersion in salinities up to 18, but that the survival rate 
decreased rapidly with increased salinity above 18 to just 101).,'o 
in full seawater, However. accli1natizing snails ror up 10 2 days 
at a salinity' of 18 before transferring 1.he1n to higher s,11ini1ies 
nearly doubled the survi-val rate. Furlhennore, they found thal 
NZMSs acquired fron1 both sources n1aintained hyperosn1otic 
he111olyn1ph in the highest s::i.linities tested. 

Adan1 (1942) ;:icclimatcd NZMSs obtained fron1 a ['reshv,,ater 
creek in Belgiurn by placing batches of 20 snails each in 14 ordinal 
salinities ranging fro111 Q .... 24. At approxin1a1cly 1-mo intervals, the 
surviving snails fron1 each batch \Vere n1ovcd to a slightly higher 
saJlnit.y. Snails that were placed directly in salinities or 22 or 
higher at the beginning of lhe experin1ent failed to survive the first 
111011th. ()fthe snails that were initially introduced to a salinity of 
20. only 9 survived the first 111011th: hovvcvcr, those 9 survived the 
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nex1 7 n1onthly transfers up lo a salinity or>4, after which they all 
died .. Offspring were produced in salinity as high as 28. although 
the nLnnbcr of offspring was notably Jcnvcr in higher salinities 
and, consistent with Jacobsen and Forbes (1997)_ ,vas greatest in 
salinities less than 16. In sin1ilarly devised experiments .. Klek.o\.vski 
and l)uncan (1966) n1easurcd respiration in juvenile NZMSs 
acquired fron1 a sn1all (11-ha) freshwater lake near /\.berdeen, 
Scotland, and respiration and heart rate fro1n juvenile NZMSs 
collected fro111 a brackish \.Vater 1narsh near Plymouth, EDgbnd 
(Duncan ('k., l(lekowsk[ 1967). Son1e of the fresh\.vater-derived 
snails survived in salinity a:,:; high as 64 when acclin1ated every 2 
days by an increase in salinity of2-·J, and the authors noted that 
even at a salinity of 58, a ft~\V snails \Vel""C still capable of searching 
for food. The snails derived froin brackish water \Vere subjected 
to a 1norc uggressive acclin1atization process (the salinity was in­
creased by 8 every 24 h) and did not survive beyond a salinity of 
58. The authors speculated that observed increases in respiratory 
rate with increused sa)jnity n1ay be the result of increased osrno­
regulatory de1nands. Boycott (1936, p. 14 l) stated that, "fresh­
water strains n1ay easily he got to live and breed fn sea \Yater/' but 
did not provide any details. 

The first recorded discovery of NZMS in North An1ericn 
occurred in 1987 in Idaho's Snake River (Bov./ler 1991). Since 
then. NZMSs have been found in 9 additional \Vestcrn stat.es 
(Gustafson 2002), and l)yhdabl and J(anc (2005) suggest that 
the \vestern North .1\.111crican lineages nuiy be genetically linked 
to Australia. The western North An1crican and Australi<111 
lineages both appear to be genetically dissi1nilar to the European 
strains (M. Dyhdahl. School of Biological Sciences, \Vashington 
State lJniversity, pers. con11n .. ). I)avidson ct al. (2008) reported 
occurrences of NZI\.1Ss fron1 several low-salinity estuarine loca­
tions along the ()rego11 coast, and frorn one estuarine location 
on the west coast of Vancouver Island, British Colun1bia. 
NZMSs are no\v well esL=iblishcd at n1any fresh,~·'ater and 
brackish \:vater sites throughout the lower (:olumbla R.iver 
estuary (rcvie\vcd by Bcrsinc ct al. (2008)).' The highest salinity 
in which NZMSs have been docu1nented in the lo\ver Colu1nbfr1 
River (B,iker Bay) is l.1 (Syts1na et. al. 2004), and this is the 
highest salinity froJn which the NZMS has been rec.ordcd along 
the west coast of North 1-\incrica er, Davidson, Aquatic 
Bioinvasion Research and Policy Institute, Porlland St.ate 
lJniversity, pers_ co1n1n.). However, snlinity in ihe lower 
Colun1hia River fluctuates ,videly fron1 0-30, and it is likely 
t1u11 NZ!V1Ss in the lovvcnnost reaches of the river experience at 
least intcnnlttent exposures to higher sulinities. The NZMS was 
Virst reported frorn Washington State's Capitol Lake in ()ct0ber 
2009 (B. Bartleson, Pacific North\J.,rest Shell Club; E. Johnnnes, 
Dcixis (~onsultants, pers. comn1s.), and densities of up to 20,000/1112 

have since been detected (A. Pleus, Aquatic Invasive Species Unit, 
Vv'Df\\.T .. pers. con1111 .. ). Invertebrate surveys of the lake con­
ducted as recently as 2003 (revievved by Hayes et aL (2008)) did 
not detect the presence of NZ!'v1S. The current infestation, 
therefore, is likely a recent phenon1enon, having reached detect­
able levels son1etin1e during the past 8 y. 

The rnihlished accounts of NZMS salinity tolerances and 
occurrences suggest the species is generally restricted 1o salinities 
ranging fron1 Creshv,·c11er to brackish \Vater in the \Vild. Results 
frorn laboratory 111anipulations, hov,·ever_ indicate they n1ay be 
accli111ated lo withstand hypersaline water, likely as a result or 
thdr ability to osn1oreguiate over n broad range of cnvironn1ental 
conditions, and that their 1naxin1un1 saliniry tolerance is li1nltcd 

pri1narily by tcn1perature and Lhe rate or acclirnatiza1ion. Based 
on (~apito[ Lake's freshwater hydrology and the predicted rate of 
seawater inflow fron1 Puget Sound. \.Ve anticipated that we could 
rapidly achieve, and n1aintai11 for at least 48 h, lake-water 
salinitjes of up to 24 in the lake'"s northern basin. This is close 
to the 111axi1ntnn salinities repor1ed for n1ost NZMSs collected 
fro1n the wild elsewhere {Tabie l ). 

METHODS 

Study Area 

c:apitol Lake is a shallow, rnann1adc freshwater lake that is 
3 kn1 long and covers an area of approximately 105 ha. H w,1s 
fr1rn1ed in 1951 when a constructed benn and d:nn enclosed a 
portion of Puget Sound's southernrnost tidal basin (Budd Inlet) 
and enabled the retention of ou.t!lc)\v rro1n 2 adjoining strean1s 
(Deschutes R.ivcr and Percival (:reek) to inundate the tidal fiats 
pen11anently (Fig. 1 ). Puget Sound is a sahvv·ater estuary fjord or 
rnixed sen1idiurnal tides. Salinity in Budd Inlet varies seasonally 
and is largely dependent on rainfrtll and input fro1n adjoining 
rivers and strcan1s, and stonn \Vater runoff fron1 the of 
Olyn1pia (population, ;::.::46,000). f)uring the course or the back­
flush, surface salinity n1easureme111s taken a! a station located near 
the entrance to Budd Inlet, approximately 14.5 watercourse kn1 
north of lhe clam, ranged from 27.3-28.3 (rnean, 27.8) and are 
typical for the n1011ths of February and March (\Vashington State 
l)epartn1ent of Ecology 2010). A salinity n1easuren1cnt taken fro1n 
just sc:.n:vard or the dan1 on the afternoon of 1\/larch 1, 20 JO dlu·ing 
the initial phc1sc of the back.Hush registered 28.7 (flallock 2010). 

l.Jnless other\visc noted .. all depths and elev<1tions in thls study 
arc reported relative to the National Geodetic Vertical Daturn of 
1929 (N(JVD29). This daturn is the benchn1ark elevation used by 
the city of ()lyi.npia and forms the basis for U.S. (Jcodetic Survey 
quadrangle 1naps of the area. The niean \Vinier elevation or 
Capitol Lake is L5 111. Jv1ean sea level on the seaward side of the 
darn is approximately 0 .. 3 111 .. l~his cxperin1cnt look advantage of 
a spring tidal series that resulted in higher than usual tides in 
Puget Sound and enabled large volun1cs of saltwater to he 
backflushed into Capitol Lake through the darn. During the 
backflush. ast.ronornically predicted high tides ranged fro1112.38--
2.74 m. Ac1ual tide heights were not 111easured and rnay have 
differed son1e\a/ha1 froTn predicted heights as ;=i result ofn1etcoro­
logical effects (Moffatt & Nichol 2008). A.ir te1nperatures 
re1nained above freezing (n1ini1nun1, 3°('; n1axi1nu111, 12°C) dur­
ing all phases 0C1he experiment. Thus, exposure to subfreezing 1cn1-
peratures during the drawdown phases of the experin1cnl was not 
a factor affecting survival (Cheng & LeC'lair 2011 ). 

Fiehl S'ampling 

The dan1 is fitted with two steel radial arn1 gates that open 
upv,;ard so that the exchange or discharge of lake \\'atcr occurs 
fro1n beneath them. Freshwater was allowed to drain from the 
lake during lo\:v tides. and the lake-level elevation was kept 
knvered for a period of approxi111atel,y 3 (.h1ys prior to the 
hackflush. This allo\vcd sornc tiine for density rcstratification 
of the water on the se:1\vllrd side or the darn lo occur and 
reduced the potential for less dense freshwater to be refluxed 
into the lake during the backJlush. The effect of the prebackflush 
dnnvdown on NZ:V1S survival \Vas assu1ncd to be insignificant as 
a result of the known ability of NZrv1Ss to survive uns1.1b1nergcd in 
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l 
Figure I. J\1ap of\Vashington slate showing the location of Puget Sound and (}lympia (Capitol Lake), and of Capitol Lake showing the 2 s:nnplr: sites 
used to cva!nah; the effect of a saltwater backfiush on New Zealan.t mudsnai! survival. 

da1np cnvironn1ents for long period::; of tiTnc (\Vinterbourn 1970b). 
Cloud cover, high hurnidiLy {1naximum, IO(Ji}{J; 111inin1un1, 61 ~'(1), 
low winds, and n1oderate te1nperaturcs pre-vented the exposed 
lakebed froin drying out, and all sa1npling occurred at locations 
that ren1aincd thoroughly 1nolstened during the dnn:vdov./n. The 
first h)\vcring of the lake level co1nmenccd on February 26, 2010. 
The lake was rapidly refilled \:vith saltwater during high tide on 
March 1 and was knvered at the eonclusion of' the backflush on 
March 5. ()11 March 6, the gates at the darn ,vcre closed and the 
lake was pe1111itted to refill to the prebackflusb level (Fig. 2). 

Dullng the tin1e the lake level was lowered but prior to the 
backfiush, 14 stations were selected along the 11(,rth shore near the 
da1n where we judged rnaxilnu1n salinity \Vould be achieved during 
the back.flush, resulting from close proxinllty to the sal1.water 
source and 1naximu1n distance from freshwater Jlowing into lhe 
lake fron1 the l\VO adjoining slrean1s. Half the stations \Vere localed 
upshorc a\vay fro111 the water's edge (elevation, >0.5 rn), and half 
were located near the water's edge (elevation, <0.51n). Four 1nore 
stations were selected along 1he soulh shore near the 1.5-m 1nean 
winter lake-level isobath. An additional 8 stations, 4 each at the 
north and south san1plc sites, \Vere treated V11ith a topical applica­
tion of rock salt (Monon \Vhite Crystal()<~, Rock Salt, Morton, Inc .. 

Chicago. !L) applied at the rate of l kg/1112 over an area or ap­
proxin1,uely l 1n2. Each of the ~6 stations (Fig. l) was n1urked \V:ith 
a nu1nbered st.eel stake, and NZMSs \Vere sorted in lhc field fron1 
rando1n substrate san1ples taken \vithin I 111 of the stake. V-/e ai1ned 
for a n1inin1un1 sun1ple size of 50 NZMSs fro1n each station. ;\t 
lovv-density stations where it bccan1c apparent that the desired 
n1ini1nu1n satnple size could not be achieved. ,.ve coller.:ted as n1any 
NZfVISs as could be found in approxin1ately· 20 1nin of searching. 
All snails vverc in1n1cdiatcly transported to a laboratory and 
exan1ined n1icroscopically .. A.ny shells 1.hat did not conwin a body 
were discarded. The re1naining snails were cxainined fi:.,r signs of 
moven1ent and. arbitrarily, any snail that could not be induced to 
1novc after 4 h \Vas dee1ncd dend. Tbc san1e san1pling procedure 
was repealed at each station in1111ediately an.er lhe backflush 
during the second drawdown. 

Salinity rneasure111ents. including one near the surface and one 
near the botto1n, were taken at each of 10 locations in the northern 
basin of the lake on Tvhirch 2, shortly after the initial salt\vater 
back.llush phnse of the experi111ent began. Near-surfoee salinities 
ranged fro111 7.5 -14 . .2, and near-botton-1 salinities ranged from 
12.7-24.9. The salinity n1casuren1ents taken nearest the, 2 NZf\.1S 
sainplc sites (;:::;6{) 111 distant) registered 10.5 and 12.4 {near surface), 
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3.0 Saltwater Backflush 
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Figure 2. Lake-level elevations before, during, and after the saltwater backf!nsh, and before and after hackftush sample dates and tilncs. NGD\/29, 
l'"atioual Geodetic Vertical Datum of 1929. 

and 24.8 and 22.8 (near hotton1), at the north and south san1plc 
sites. rcspectjvely. ,!\ wenk halochne \Vas evident at a depth belov.i 
the surface of,::;: 1.5 111 (not corrected to N(JVL)29) (Hallock 2010). 

Lahoratol'y Saltwater Trial 

To construct a predictive 1nodcl for esti1nating the probability 
ofNZMS survival under various salinity expOSlffC regin1cs before 
and after the backflush, we pl.iced 200 live adult snails eolk'Cled 
fron1 near the north sainplc site> days prior to and 5 days after the 
backflush in each of 5 separate, covered 15-L containers. The 
cont.,1iners were filled respectively ,vith (]) fresh\vater fron1 
Capitol Lake; (2) brackish vvater (salinity, 21) from Budd Inlet 
approxi1nalely 200 111 north of the dan1; (3) brackish water 
(salinity. 24) produced by blending saltvvatcr fro1n the n1orc saline 
entrance to Budd Inlet, approximntely l l kn1 north or the dan1, 
'lvitb freshwater fro1n Capitol Lake; (4) brackish \vater (salinity, 
27) fro1n the entrance to Budd Inlet, and (5) saltwater (salinity. 35) 
produced by 1nlxing Instant Ocean \Vith frcslv,i.1atcr from Capitol 
Lake. :\l.l the containers were held at roon1 t.e111pera1ure (::::::25°C) 
lo increase acti-vity and expedite ihc identification of live snails. 

V>/e 1nonitored survival of Lhe snails fro1n each container at 
timed intervals of 1. 24, 4?( and 120 h. At the prescribed ti1nes, all 
snails were rernoved fron1 their contniners nnd placed in fresh lake 
Vv'ater. Snails that failed to shc)\v any signs of n1ove1nen1 after 4 h in 
fresh\vatcr were judged dead . .1\ll live snails were returned to their 
respective source containers after the nu1nber of dead snails had 
been dctennined. 

Suaistical A.nalym's 

'0/e used a generalized linear 111o<lcl ((iLJ\.1) (McC:ullag.h & 
Nelder 1989, Cheng & Gallinn1 2004) using 1he canonical link 
function for lhe binon1ial distribution (logit) to overcome 
problc1ns associated \Vith different sa1nplc sizes a1nong various 

levels of predictors. Fot- field observations, predictor variables 
were the smnplc site localion (north vs. south), san1ple station 
elevation, san1ple size, presence or absence of topically applied 
rock sait. and the status of the expcrin1e11t (before vs. after the 
hackfiush). For the laboratory saltvvatcr trial, the predictor 
variables were tirne (rneasured in hours), salinity. and the status 
of the experin1cnt (before vs. [1f!er the bacldlush). The response 
variable for both the field and laboratory expcrin1en1s \Vas the 
proportion of dead NZ?v1Ss. The chosen (iLM sl1bn1odcls for 
the field and laboratory experi1uents. using all the respective 
predictor variables. were selected b\' hoth Akaike inforn1ation 
criteria (,!\IC) (1\kaike 1974) and Bayesian inforn1ation criteria 
(Sch\varz, 1978). Student's I-test was used to test the significance 
of each predictor variable. Fitted values were plotted against 
observed values to con1pare how well the predictions con1pared 
with laboratory observations. 

RESULTS 

San1plc sl;,:cs, percent survivaL :ind station elevations rron1 
field ohservations are presented in Table 2. The 111ean sa1nple 
size averaged over all 26 stations was 107 (SD, 69). The density 
of NZMS varied widely an1ong stations, and higher density 
stations yielded greater s2111ple sizes. We exan1ined the effect of 
s,unple ::,)ze on the n1odeled proportion of dead NZJ'v1Ss by 
adding assun1ed san1plc sizes of 50 and 150. The s111allcr sainplc 
size resulted in a 9,9 1

/(, and 5.7°/0 increase in the proportion of 
dead NZJ\-1S a1. the nor1h and south si1es. respectively, 1vhereas 
the larg;;:r san1ple size decreased the proportion by 7.5°/(1 and 
3.8 1

~
1
0, respectively. To standardize the elTect of san1ple size. we 

modeled survival using a sarnple size of 100. With an assuined 
san1pk- size or 100, the predicted proportion of dead NZMSs 
prior to the backfl.u::;h was ;:::::;0.5°/(J at both sires. After the 
back-flush, the predicted average proportion of dead NZMSs 
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TABLE 2. 

Sarnple size (n) and Jlr<'- and pos1hackfiush percent' survival a1 
each of 26 san1plc stations. 

Prdn1ckflush Posthackflush 
Elevation 

Station no. " '1., .Live " 'Y., Live (NGVD29"') 

141 100.00 55 69.09 0.74 
2 200 100.00 237 89.03 0.79 

146 100.00 130 45.38 0.79 
4 200 j()(J.00 122 72.13 0.28 

5 28 100.00 73 90.41 0.91 
6 200 100.00 184 97.83 0.91 
7 4R 100.00 37 48.65 0.36 

79 100.00 116 69.83 0.36 

9 244 98.3() 207 96.14 0.89 
10 119 100.00 73 79.45 (L74 
11 100 100.00 258 99.22 1.47 

12 40 97.50 114 88.60 l.75 
13 127 100.00 JOO 100.00 J.75 
14 92 97.83 23 78.26 1.17 

15 119 100.00 105 94.29 0.23 
16 207 99.52 125 92.80 0.23 

17 100 100.00 71 76.06 0.28 
18 169 100.00 61 70.49 0.38 
S! 55 96.36 124 9 J.94 0.84 
S2 72 100.00 133 78.95 0.66 
S3 166 98.80 106 67.92 0.64 

S4 30 100.0() 3 66.67 0.81 
S5 45 ]00.00 74 70.27 O.JS 
S6 2 100.00 80.00 0.41 

S7 61 96.72 38 84.21 0.13 

SB 2 100.00 17 76.47 0.46 

* Ncttiona! (jeodetic Vertical Datum of 1929. 
Sta(ions SJ (hrough S8 were supplemented with topically applied rock 

sa!L 

\Vas 22. l (%1 at the north san1pk site and 10.1:Yo at the south san1ple 
site. The application of topically· applied rock salt added 4.3°/o 
and 2.4°/0 to the predicted values for the north and south sites, 
respectively. This in1plies that topically added rock saH can in­
crease the n1ortality of NZI\1Ss; hovvever, the relationship be­
tween added salt and n1ortality is nonlinear and thus likely to be 
a function of other factors, as 1,,vell. 

The chosen sub1nod.::l for the field observations includes the 
predictor variables san1ple site location (P < 0.001), san1ple size 
( P < 0.0001 ), presence or absence of topically applied rock salt 
(P .---' 0.07), and the st,1tus of the expcrin1cnt (P < 0.001); sa1nplc 
slation elevation is not included (P > 0.2). The fil.led GLM 
results and the observed laboratory data are plotted in Figure 3. 
Although the fitted (iLM predicted values agreed 1,,vcll vvith the 
observed laboratory salt1,,vatcr tiial data, lhe predicted proportion 
of dead NZJ'v1Ss under various salinity exposure regin1es, based 
on the laboratory data, are slightly out of agree1nent with the 
1nortality rate observed in the field. 

The chosen suhn1odcl for the laboratory saltwater trial uses 
all three predict.or variables (tin1e. salinity, and status of the 
experin1ent.), each of which is highly significant (P < 0.001), to 
predict the proportion of dead NZMSs (Fig. 4). When stan~ 
dardizcd to a sarnplc size of 100, the n1odcl indicates that prior 
to the backflush, J salinity of at least 27 111aintained over a period 
of 5 days would be necessary to achieve con1plete eradication. 

mo 
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Figure 3. Fitted generalized linear model predicted and laboratory 
observed results. 

Substantial in1pacts to survival could he realized <1l salinities 
of' 24 or less; however, the expo:c;ure tirne necessary to effect 
con1p!ete eradication at any practically achievable concenlra­
tion by backOush alone rnay be beyond reach in Capitol Lake 
as a result of constraints i1nposed by the lake system's local 
hydrology. 

I.lesults frcnn the laboratory salt1,,vater trial conducted with 
NZMSs sarnpled 5 days after the backt1ush sho\ved u ren1arkable 
difference in salinity tolerance when cornpared \.:l/]th those NZl'v1Ss 
smnplcd prior to the backflush .. l\.ftcr 120 h in a salinity of 27, 83{~1

0 

or the NZMSs san1pled post back.flush \Vere still alive co1npared 
\Vi th just 7°/o of the snails san1pled prebackflush. Although nearly 
all snails (pre- and postbackflush) 1,,vcrc.ablc to survive for 120 h in 
a salinity of 24, neither the pre- nor postbackflush NZTVISs 
survived the 120-h irn1nersion in 35 salinity. 

DISCCSSJON 

~ren1porarily increasing the salinity or Capitol Lake in1pacted 
NZMS survivaL /\]though \Ve succeeded in achieving the rr1axi-
1nun1 predicted salinity in the deeper water of the lake\ north 
basin, f'rcs.lnvater input and the concomitant drop in lake~water 
salinity ou:urred n1ore rapidly than anticipated. Measured surface 
salinities did not exceed 15. and lhe rnaxi1nun1 achieved salinities 
recorded in deeper 1,,vatcr were not sustained for 48 h, as predicted. 
Maintnining the lake-level elevation below Doocl level during the 
backflush required that the da1n be opened periodically to release 
excess ,vater entering the lake via the two adjoining s\reains. 
Because the dain opens up1,,vard fro1n the botto1n, flood control 
releases would have consisted of denser (1nore saline) ne11r~botton1 
v,,ater, and enec1iveiy increased the depth of the overriding 1nass of 
less saline v,ratcr. ()ur study sites \Vere located in the ncarshore 
cnvironn1cnt (i.e., shalloVv·cr \Vater), and probably were not 
exposed for appreciable lengths of ti1ne lo the n1axin1un1 salinities 
1.hat. were recorded at depth. Pu1nping surfoGC \Vatcr over the top of 
the dan1, rather than releasing it fron1 beneath, n1lght have reduced 
the depth extent of the frcshYvater layer. 

More NZMSs were killed in response t.o the backflusb than 
was predicted by GLiv1. Thls n1ay be the result of knver 
ten1peratures in the lake (~91}C throughout the course of the 
backflush) that decreased NZMS resistance 10 increased salinities, 
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Figure 4. Gvnera!ized linear mode! predicted mortality cun·es constructed from pre- and postbackfiush laboratory saltwater trials. ~ote that the y-axis 
scales nuiJ differ among salinities. 

a:. noted by Hylleberg and Siegis1nund ( 1987) (see Literature 
S:ynopsis). The ,val.ct· use.cl for the laboratory saltwater trfals v;ras not 
chilled to the same tcn1pcra1.urc as the lake. The (i-LM-prcdictcd 
esfrn1,Hes of surv'ival <.:ould therefore. be viewed as conservative with 
saltvv'aier treatn1ents using cooler water. The pretreatn1ent n1onal~ 
ity predicLed by GLM (::::::0.5(;'(,) could have been Lhe resuh of nat~ 
ural 1nortality, induced handling effects or :.ornc other Eictors. 

The increased salinity tolerance of NZl'v1Ss collected fron1 
C\1pitol Lake after the hackflush was likely the resuh of acdi1na­
llzation. and it is noteworthy that several live and actively crawling 
juvenile snails were observed in the postbackflush sa1nplc at a 

salinily of27 after 216 h (all other trials Vv'ere tenninated at 120 h). 
This anecdotal observation agrees vvcll ,vith the findings of Adan1 
(1942) and Dro\vn cl al. (2011) (sec Literature Synopsis). (Jivcn 
that the pre- and postbackf1ush san1ples were Laken Jess than a 
,veek apart, we assun1e that n1ultip!e cohorts were not sa1npled 
and that adaptabil!ty over 1nultiple generations could not have 
occurred during the s,nnpling period_ l)u1ing the backftush, the 
lakt~'s salinity \vas increased gradually and, in lig:bt or lhe circun1-
stances under ,vhich snails \Vere able 1.o survive in high salinities 
according to previous accounts. probably over a sufficient period 
of ti1nc for so1nc snails to have acclin1atcd successfully. 
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l)etennjning to what extent the surviving NZMS population 
response \Vas functionally adaptive v,,:c.nild require further study. 
If i1 vvas largely adaptive, \Ve \Vould expect the resiliency to be 
persislent with little or no in1ract to overall fitness. If, on the 
other hand. it was pri1narily the result of acclin1atization 
n1ediated by non- or n1aladapi.ive phenotypic plasticity, we n1ight 
predict th;:H son1e cost to overall fitness would be incurred. and 
that the response ,vouid be cphc111eral. Even it'thc tolerance ,verc 
epigeneticatly transn1iu:ecL the effect would likely be Jost through­
out the course of several generations. Among the concerns to 
n1anagers responding to the Capitol Lake N'ZI\1S infestation is 
the potential for spread into the lov..1-salinity Vi'aters of adjacent 
southern Puget Sound. and the threal that NZMSs n1,1y pose to 
the n1arine ecosysten1 there, including effects on the distribution 
and abundance of native littorinid snails. An adaptive NZIV!S 
population response to salinity, 111cdiated by genetic variability, 
would increase the threat. 

"l'here are nun1erous polenti.11 transport vectors fro1n Capitoi 
Lake into Puget Sound. In addition lo the direct outflov ... · of water 
fron1 Capitol Lake into Puget Sound through the dan1, potential 
nonanthropogenic transport vectors include fecal deposits left by 
invertebrate-feeding fishes thal pass through the dm.11. Aarnio and 
B.onsdorff ( 1997) studied the resistance to digestion of benthic prey 
organisms, including snails belonging to the san1c family as the 
NZMS. consun1ed by juvenile flounder (F'la1ich1hys ficsus) in the 
Baltic Sea. They found that the snails could pass through the gut 
of juvenile flounder alive. Plarichth.vs fiesus is closely related to 
Pfatichthys ste!!atus {Borsa ct al. 1997), vvhich is a cornn1on in­
habitant of the waters just scavvard of the dan1 and has been found 
in ich1hyofauna surveys of Capitol Lake (Herrera Environ1nental 
C'.onsult+nts 2004). Dean (1904) noted that NZMS c,in pass through 
perch (species not indicated) as intact shells. although the author did 
not indicate whet.her the snails ,were alive. 'l ellow perch (Perea 
jtavescens) are k.J10\vn to be present in Capitol Lake (I-iayes et aL 
2008), and other species of perch oa:ur in abundance on the 
sca,.:vard side of the dain. Bcrsinc ct al. (2008) docun1cn1.cd the 
occurrence or NZ.MSs in the diet or juvenile Chinook s.ahnon 
(Oncorhynchus rshai.1ytscha) and detennined that they could pass 
through the alin1entary uuu1l alive. Capitol Lake ls a seasonal 
n1igration corridor for both juvenile and adult Chinook salmon on 
their 1.vay to and fron1 Puget Sound. Lassen (1978) speculated that 
watcr/Ov,;! n1ay have been an in1po1iant nicans of Joca!, if not long­
range, dispersal ofNZMSs in Europe. T11e snails n1ay get caught in 
phnnagc or n1ay adhere to feet and bills (C:oates 1922). There are 
several species of 1,.vading and diving birds that use the ncarshorc 
environment of both Capitol Lake and Puget Sound. Man11nnls. 
including pets, also pose a transfer risk. Potential hurnan transport 
vectors include unintentional distribution through the 1novc1ncnt or 
contaminated recreation:-11. construction. and natural resource field 
sampling eq uip1nen1. 

Also of concern lo Jake n1anagers is the i1npact that the 
backflush 111ay have had on other resident benthic 1nacroinverte­
brate fauna. A pilot-scale study conduc1ed by the Washington 
[)epartn1en1 of Ecology using bent.hie samples acquired pre- and 
postbackflush showed that although the overall abundance of 

1nacroinvertebra1es (including NZMSs), and ihe species diversity 
decreased after the backJ1ush, the propoiiion of live NZ~1Ss to the 
overall benthic 1nacroinvertebrate con1111unity increased, and 
NZMS rc1nained an1ong ihc top 5 do1ninant species. As was 
NZMSs, the other benihic Tnacroinvertcbrates appeared lo have 
sustained a greater impact at those sa111ple stations that received 
a topical application of rock salt. Because of the high reproductive 
potential of NZMSs, a reduction in nurnbcrs of resident con1pcl­
itors or pn:dators could result. in an increase in NZMS abundance 
if their ability to repopulate und exploit habitat and food resources 
outpaces that of olher inhabitants (Adan1s 2010). The rate of 
NZMS rccoloni7.ation after the back.flush ·warrants further in­
vestigntion. as does the extent and inag.nitude of collcitera! 
ecological irnpacts lo other species. 

There are n1any water bodies that are at least partially 
aincnablc to controlled saltwater bacldlushcs. For instance, 
navigation locks lhat connect inland freshvvnter lakes and canals 
Lo the sea are con1n1on and are of Len equipped wiih controllable 
salt waler barrier features designed to prevenl excessive intrusion 
of scaV>'ater into frcslnvatcr ccosystc1ns. Sea gates arc son1ctimcs 
positioned along the perin1eters of diked freshwater impound-
1nents and may, under some circumstances, be used lo alter the 
salinity of the contained water. The efilcacy of sal1water treat~ 
n1cnts for controlling NZlv1S infestations at any location would 
depend on each systc1n's unique hydrology and the ability of 
1nanagers to control it.. ] tis clear f"ron1 the results of this study and 
previous accounts that ten1perature and the rate at which 
n1axi1nun1 salinities arc achieved arc in-1portant factors in dc­
tcrn1ining the outcon1e of a salt\.vatcr treat1nent By incorporat­
ing predictions of111aximum achievable salinilies and durations. 
our OLM resulls can be used by n1anagers to n1ake inforn1ed 
decisions about the potential efficacy of eradicating or control­
ling localircd infestations of'NZMSs. 

'<OTES 

L The Nev.., Zealand Mudsnail Manag.crncnt and Co11\rol 
Plan Working Group (2007) appears t.o have incorrectly 
ascribed \Vinterbourn's observation of con1plete v,rithdrawal 
in saliniticR greater than 2 l to Vv'intcrbourn (1970a), rat.her than 
\li/interbourn (1970b). 
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