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ABSTRACT
Two-decade-long monitoring studies at Europe’s fitatutory marine reserve—Lough Hyne in SW
Ireland—indicate that benthic communities are rigpithanging. Populations of the ecologically
important purple urchirRaracentrotus lividus) have fluctuated widely, most recently with a plagion
boom in the late 1990s, followed by a mass moyt#hiat persists to the present day. Eight general
hypotheses have been proposed to account for thenwtecline including cold temperature limiting
reproduction, ephemeral algal exudates disruptingin fertilization, low larval availability (duetover-
harvesting and/or episodic recruitment), high niisytaf settlers and juveniles due to hypoxia, hypéa
or predation (a trophic cascade hypothesis), acr@ased mortality due to pathogens (stress hypejhes
The cold-temperature and the trophic cascade hgpethappear unlikely. The remaining hypotheses,
however, all seem to play a role, to some degreériving the urchin decline. Ulvoid exudates, for
example, significantly reduced urchin fertilizatiand few larvae were found in plankton tows (2012—
2015), indicating low larval availability in summé&¥hilst settling urchins regularly recruited under
shallow-subtidal rocks until 2011, no settlers wieiend in these habitats from 2011 to 2014 or éfdfi



experiments (2012—-2018) using various settlemdrdtsata. Seawater quality was poor in shallow areas
of the lough with extreme oxygen fluctuations (digtling hypoxia), and 1-day experimental exposures
to DO values <1 mg Lwere lethal to most juvenile urchins. Multiple ieases of the predatory spiny
starfish Marthasterias glacialis) population in recent decades may also have tuntéd to the demise of
the coexisting juvenile urchins. Finally, urchirfsatl sizes were seen suffering from dropped spines
tissue necrosis, or white-coloured infection, satjge of stress-related pathogen mortality. Thess &
paucity of broken tests, indicating limited predatby large crustaceans; the large number of adult
urchins ‘missing’ and few?. lividus tests on the north shore points to possible unehimoval by

poachers and/or starfish predation. While thestogimal, environmental, and anthropogenic processes
occur on many open coast rocky shores, many ameghated by the semi-enclosed nature of this fully
marine sea lough due to its limited flushing. Mulki factors, including low larval availability amdpidly
expanding starfish populations, coupled with degddaabitat quality (ephemeral algal mats and exrem
oxygen fluctuations), indicate that the purple imgbopulations will not recover without an improvent

in the water quality of Lough Hyne Marine Reseithe, restocking of urchins and protection from

poaching.

Keywords: Paracentrotuslividus, sea urchins, mass mortality, marine resevarthasterias glacialis,

hypoxia

1. Introduction

Many echinoderms exhibit ‘boom-and-bust’ populatitymamics (reviewed by Uthicke et al., 2009),
exemplified by the European purple urchiaiacentrotus lividus) which has shown rapid to catastrophic
decreases in density followed by little recoverarieset al., 2001, 2002; Trowbridget al., 2011). This
species has also exhibited intense proliferatimwylting in barren grounds and regime shifts (@ghe
Mediterranean Sea: Sala et al., 1998a; Bonaval. e2009; Agnetta et al., 2013, 2015). Mass mitigal
of urchins and other marine taxa are becoming thetteumented and/or more frequent (Feehan and
Scheibling, 2014a,b; Fey et al., 2015). For exanthke green urchirrongyl ocentrotus droebachiensis)
in maritime Canada, the long-spined urchldnafema antillarium) on Caribbean reefs, its congener in the
Pacific,D. africanumin the subtropical E. Atlantic, the purple urch@ gurpuratus) in the NE Pacific
have all exhibited mass mortalities in recent desgf®earce and Hines, 1979; Miller and Colodey3198
Lessios, 1988, 1995; Karlson and Levitan, 1990,itefVillalobos, 2009; Girard et al., 2012; Hendler
2013; Clemente et al., 2014; Feehan and Scheil#ditga,b). Populations &% lividus have crashed
within weeks to months on Mediterranean shoresmatite Canary Islands and more slowly, over years

2



in Ireland (Boudouresque et al., 1980; Barnes.e2@02; Boudouresque and Verlaque, 2007;
Trowbridge et al., 2011; Girard et al., 2012; Yemrhet al., 2015¥urthermore, Jurgens et al. (2015)
reported mass mortalities of echinoderms (and ohjtacross 100 km of NE Pacific shore. The drieérs
such mass mortality events are understudied altheageral have been proposed. Outbreaks of
pathogens or disease, increased seawater tempgem@tvironmental degradation, or a complex
interaction between multiple stressors have begtidated in the crash of urchin populations (Fostet
Schiel, 1988; Steneck et.a@002; Knowlton, 2004). Given the many factors etifeg urchin population
dynamics (and their additive or multiplicative effg), the timings of mass mortality events aredirg
unpredictable.

Some studies of the consequent changes that atoocky subtidal communities have been based on
comparisons between pairwise surveys (historicatestemporary) made many years apart. For
example, O'Sullivan and Emmerson (2011) took tpisraach to suggest marine reserve designation of
Lough Hyne led to establishment of stronger trogliscades and altered community structure and
dynamics. However, as pointed out by Dayton et18198) after a 25-year study of kelp beds, osaltet
and changes in subtidal communities can exhibieextly long-term regime shifts. The drivers of
present-day distributions may lie decades in trst. Wdithout surveys at an appropriate time scéale (a
least annually), it is thus hard to investigatesesuand mechanisms of change. Fortunately, thees ha
been some long-term subtidal annual surveys, whésle noted changes in echinoderm populations.
Hereu et al. (2012), for example, surveyed poputatiofP. lividus in the northwest Mediterranean, over
a period of 20 years, demonstrating changes itioalto habitat and the drastic effect of a violstarm
which reduced population densities to the lowestlieobserved during the study. Filbee-Dexter and
Scheibling (2014) reviewed long-term studies thahitored changes in the alternation between urchin
barrens and kelp forests. Their models demonstthtetmportance of feedback loops that stabilizshea
state. In some areas, transitions between thess $tave different thresholds when moving from kelp
forest to urchin barrens or barrens to kelp fodestther areas, transitions may be triggered kyeta
scale oceanographic changes.

In the present study, we investigated the causeBanfges in the abundance of the uréhilividus
in Lough Hyne, Ireland. Thanks to the work of Jkiching and his collaborators, this lough has been
one of the sites where experimental studies ofmreagtology evolved (over the last 70 years, sge, e.
Ebling et al., 1948; Kitching et al., 1952; Hawkietsal., 2016), and where many field techniquesswer
pioneered (Paine, 1994; Kearney, 2011). Many oktiry measurements of change in the urchin
populations in the lough were made by Kitching andvorkers (Ebling et al., 1966; Kitching and Thain
1983), when ‘drastic falls’ in numbers were obsdrisgetween years. As well as documenting changes in
theP. lividus population, we have measured major changes intilvedance of the spiny starfish



Marthasterias glacialis, as both have shown extreme fluctuations on siradales to those discussed by
Uthicke et al. (2009). In parallel to our studiéshe intertidal zone (Little et al., 2017a, 2018% also
guantified the abundance of major species of mégaeaand macro-invertebrates in the shallow subtida
region over the period 1994-2014, with supplemespakies data from 2015 to 2017.

The loss of ecologically significant species, sashurchins, can have important consequences to
communities (Personnic et al., 2014; Thibaut et28l17), particularly where they are keystone,,lmwlt
rivet speciessensu Power and Mills, 1995; Schiel, 2006). Past reseatd ough Hyne indicates that the
urchin, P. lividus, was ecologically important (Kitching and Ebling,619 1967; Kitching and Thain,
1983). Furthermore, this species has been desa@ibadkeystone species in the Mediterranean region
(Prado et al., 2009, 2012). Recent research ath_blyge on the trophic consequences of losing such a
major herbivore dismissed the urchin’s importar@&rman and Emmerson, 2009; O'Sullivan and
Emmerson, 2011); but these researchers investigatatteady declining and unhealthy population of
urchins with insufficient consideration of the dpgemporal variation in the decline and alternativ
explanations (Trowbridge et al., 201tis study). While it is unequivocal that the purple urchin
population in Lough Hyne has declined catastroplyita the last two decades (Barnes et al., 199912
2002; Verling et al., 2002; Trowbridge et al., 20ttis study), the timing and proposed drivers remain
matters of debate and, in several cases, basddcamstantial evidence. There are at least eight
published hypotheses that may account for the nmdécline in Lough Hyne and on other Irish shores;
these are discussed below. This variety of theatiggest that there is no simple, ‘silver bullet’
explanation, as sought by previous colleagues Bames et al 2001, 2002; O'Sullivan and Emmerson,

2011; Boudouresque and Verlaque, 2013), and theeaafithe decline is undoubtedly multi-causal.

2. Hypotheses and alternatives
2.1. Low temperature limiting reproduction and, hence, larval production
The purple urchin occurs on NE Atlantic shores fi®ootland and Northern Ireland to southern
Morocco and the Canary Islands as well as througiheuMediterranean Sea (Boudouresque and
Verlague, 2013). However, within Irelar, lividus lives at the eastern edge of its range (see Hisebck
al., 2004 for range map redrawn from Forbes). Tehins have been reported from Whitehall in County
Cork to Malin Head (Southward and Crisp, 1956; neziees therein) with a single verbal record of the
species outside of Lough Hyne at nearby Baltimpeseg. comm. from Renouf to Southward and Crisp).
The urchins live in water temperatures that vaoyfrl0° to 15°C in winter and 18° to 25°C in
summer, although many of the Atlantic locationsareler. The lethal upper and lower limits for BEall
Channel urchins are 29°C and 4°C, respectively @®atesque and Verlaque, 2013). The reported
seawater temperature range in Ireland and, thdisindiough Hyne fits well into the species’ habi&b
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temperature range. Sea urchin fecundity is knowrettemperature-dependent; summer seawater
temperatures <13°C inhibit urchin spawning (Goezdtusta et al.2010) although the extent to which
this varies with acclimatization to local conditohas not been explored. Studies of Irish populatad

P. lividus have shown that spawning occurred in January -€Mand August — September in Bantry
Bay, May — July in Ballynahown, and June — Juliimsk (Crapp and Willis, 1975; Byrne, 1990) (see
Fig. 1A for localities).

Kitching and Thain (1983) suggested that the warmraers of 1975 and 1976 may have led to the
high urchin recruitment and peak numbers in 197@thermore, Barnes et 42001, 2002) suggested
that theP. lividus population declined in Lough Hyne in response tol@&oseawater during years that the
Atlantic summer temperatures were suppressed hyltial effects of a Pacific ENSO event which
constrained urchin reproduction. However, thogedatuthors measured seawater temperature at 1-m
depth at an open-water buoy in the lough, notetthter depth or shore location where urchins were
actually found. To counter these data, we hypotkessihat shallow-water temperatures on the shore
would be warmer in summer than open-water tempersitand that temperature thresholds for urchin

reproduction were met during most Irish summers.

2.2. Extreme weather causing significant mortalities

Extreme weather phenomena have caused major redsi@tiP. lividus populations in different parts
of the species’ range, including: record heat oréasing temperatures, unusually cold temperatures,
exceptional rainfall, and intense storm winds amdes (Bouxin, 1964; Turon et. al., 1995; Fernaratez
al., 2003, 2006; Garrabou et al., 2009; Girard.eR@12;Hereu et al.2012; Boudouresque and
Verlaque, 2013; Fey et aP015; Yeruham et al2015). We, therefore, predicted that harsh wirdedor
exceptional rainfall would be the most probable na&ism to cause urchin decline at Lough Hyne. If
extreme weather events were observed in the Mea#ir records for the meteorological station at
Sherkin Island (Fig. 1A) near the lough, and didsgasignificant mortalities, we would generally esip
to see an abundance of intact urchin tests onetiilees! (although if high winds were the causal
mechanism, we would expect a high density of brdkets). Given that urchins have low tolerance of
reduced salinities, extreme rainfall effects wdoddlocalized to the upper edge of the urchin’d tidage
and the northern-most area on the western shoreevgtreams and/or seeps flow into the lough.
Furthermore, such events would cause an acute tropaachin populations, not a chronic one.

2.3. Reduced urchin fertilization due to ulvoid exudates
Ephemeral green and brown algae are proliferatimghmres worldwide, including Irish shores
(review by Lyons et al., 2014) and those of Lougmél(Trowbridge et al2011; Little et al., 2018).



Ulvoid algae (e.gUlva intestinalis) are opportunistic species that tend to bloom asses (forming

‘green tides’), sometimes covering entire shoramnamy places around the world. Ulvoids contain
chemicals that can be exuded when the algae ereratréssful conditions during aerial desiccatmig.(
Van Alstyne et al.2011). These exudates—such as dimethylsulfoniopngpé (DMSP), dopamine,
reactive oxygen species (ROS), and their breakdowducts—could have negative effects (e.g. reduced
fertilization, larval growth and metamorphosis ecreased mortality) on the coexisting adult anddar
stages of marine invertebrates and some macro@igdson et al., 2003; Van Alstyne et al., 2014,201
Peckol and Putnam, 2017; Vazquez et al., 2017) gaheetes (sperm and eggs) of the Pacific sandrdolla
(Dendraster excentricus) were relatively insensitive to exudates of ateslaulvoid (Vazquez et al., 2017)
but fertilization success and larval developmentevgignificantly altered. If reduced fertilizatisauccess
were occurring, we would expect to see a paucijywdnile benthic urchins in recent years with the

increase in ephemeral algae.

2.4. Low larval availability

Paracentrotuslividus gonads are a commercially prized human food threngbh of the urchin’s
geographic range, including Ireland (reviewed by@muresque and Verlaque, 2013). Moylan et al.
(1998) reported the over-exploitation of urchinsviestern Ireland in the 1970s and early 1980s.dpecl
O’Donnell (previous warden of Lough Hyne Marine Be®;pers. comm.) suggested that the known
decline in wild urchins may have caused low lapraduction and supply in SW Ireland, including
Lough Hyne. Furthermore, residents of southwesk @axe illegally harvested urchins from within the
lough (onfidential pers. comm.), presumably contributing to low local larval é&ds.

Low larval availability could also occur if the thio species experienced recruitment failure within
the lough for several years and/or episodic remreiit from outside the lough. Many marine invertedsa
as well as macrophytes exhibit periods of low riéerent followed by episodic pulses of high recriétrh
(e.g., Ebert, 1982; Pearse and Hines, 1987; Mdrg$d,; Yoshioka, 1996; Sam and Keough, 2012).
Many species of sea urchins exhibit highly variakleuitment dynamics (e.g., Ebert, 1982; Pearde an
Hines, 1987; Turon et al., 1995). For example, E@&82) reported one strong recruitment class in
Strongylocentrotus purpuratus in Sunset Bay, Oregon during a 20-year study deRearse and Hines
(1987) reported a single strong recruitment pufs& purpuratus during a decade-long study in
California. In neither case was the pulse corrdlatith water temperatures or upwelling indices (Ebe
11982; Pearse and Hines, 1987). Episodic recruttmdrether as a result of oceanographic events
influencing larval supply or biotic interaction®raributes to high variation in adult abundance.

Given the longevity of the urchin’s benthic stagasges from about 6 to 9 years in Ireland (Crapp
and Willis, 1975) and up to 15 years dependingoeallty (Boudouresque and Verlaque, 2013), a



bottleneck at the larval stage, and thus poor ieseint, would cause a rapid population declinehas t
oldest age-classes senesced. If this processoreuering, we would expect to see a paucity of filee

benthic stages of urchins in recent years, andnaalance in the urchin size-frequency distribution.

2.5. Increased predation intensity and/or changed predator guilds

Changes in predator regimes may significantly affiechin populations through trophic cascades
(O’Sullivan and Emerson, 2011; Galasso et al., 20#any predators reputedly consumdividusin
different parts of its range, includisgarfish, crabs, hermit crabs, trigger fish, sparigkllan wrasse and
other labrids (Muntat al., 1965; Ebling et al., 1966; Kitching andikb) 1967; Kitching and Thain,

1983; Bernardez et akP00; Sala and Zabala, 1996; Sala etl@98a,b; Guidetti 2004, 2006; Hereu et
al., 2005; Figueriedo et ak005; Guidetti and Dui¢, 2007; Bonaviri et al., 2009, 2012; Gianguzzal et a
2009, 2016; Galasso et al., 2015; Boudouresqué&/ardque, 2013; McAllerpers. comm.). As well
reviewed by Galasso et al. (2015: 1), however Himpascades ‘are no means certain to occur in all
locations.’

By comparing pairwise surveys in 1962/3 and 2018ullivan and Emmerson (2011) concluded that
the 1981 marine reserve designation caused areBeia predatory crabs and starfish that in tusirtdea
decline inP. lividus. However, they provided no direct evidence forL@& shortly thereafter) being the
date for change in ecological regime (e.g., aathahge in fishing pressure and/or predation intgnsi
and ignored numerous other alternative drivers (sewbridge et al.2011; references therein). In our
study, we documented long-term temporal changdseishallow-water abundances of purple urchins as
well as the generalist predator, the spiny stashthasterias glacialis. Savy (1987) found tha¥!.
glacialisin Mediterranean France consumed purple urchingcfwtonstituted approximately half the
diet); Bonaviri et al. (2009), Galasso et al. (20Hnd other researchers have documented thisalari
shores. Furthermore, Verling et al. (2003) repottede shallow-water juvenile starfish have an
opportunist diet and do consume purple urchinsomgh Hyne.

Based on this predation hypothesis, we would exjgeste a decline of large adult urchins and/or an
increase of smashed or cracked/broken tests (casigredators) or intact tests (starfish or sti@sshe
seabed of the lough (see Boudouresque and VerlaQa8). Thus, the expected pattern would be similar
to that produced by severe wind events.

2.6. High mortality of early post-settlement stages

The high mortality of purple urchin settlers hastevell studied in the Mediterranean (L6pez et al.,
1998; Tomas et al., 2004; Prado et al., 2009, 2BdBRaviri et al., 2012). In addition to the attwiti of
larvae and settlers due to predation, juvenileiarstages are vulnerable to declining physical d@rs



which may be exacerbated in the semi-enclosed @théully marine) Lough Hyne. The development of
extreme low oxygen conditions in the lough (Trowlge et al.2017a; Little et al., 2018), for example,
may initiate mortality of early urchin life stagetissolved oxygen (DO) levels <1.5 mg are lethal to
larval purple urchins (Saco-Alvarez et al., 20H)rthermore, low DO values prevent green urchiosfr
becoming reproductively mature (Siikavuopio et2007). If this process were occurring, we would
expect to see a paucity of juvenile stages in tegears (post-2010) at Lough Hyne. The resultintepa
of urchin size-frequency distribution would be danito that expected for the low larval availalilit

hypothesis.

2.7. Increased mortality due to pathogens or parasites

Mass mortality of urchins around the world has o due to virus and/or bacteria outbreaks with
physiological stress (e.g., increased seawateragghpes) being a contributory trigger (e.qg.
Boudouresque et al., 1980; Gilles and Pearce, 198&i0s, 1988, 1995; Scheibling et 2010; Girard
et al., 2012; Boudouresque and Verlaque, 2013; Véaag), 2013; Clemente et al., 2014; Feehan and
Scheibling, 2014a,b). Semi-enclosed bodies of semwath low flushing rates (such as Lough Hyne:
Johnson et al., 1995; Jessopp and McAllen, 200T)jduee particularly vulnerable to such pathogen
outbreaks. Although purple urchins have exhibitepytation crashes due to bald-urchin disease (or
something similar) in Mediterranean locations (zeo et al., 2004; Boudouresque et al., 1980;
Boudouresque and Verlaque, 2013) and the Cananydsl(Girard et al., 2012), the existence of the
disease has not yet been confirmed for IrelandgbetTrowbridge et a011 for discussion of its
probable occurrence in Lough Hyne). If pathogensewiee cause of mortality in the lough, we would
expect to see either a variety of sizes of ailirchins and/or intact tests on the seabed of thghlpor a
narrow range of sizes if stress were size deper{derihdicated by Girard et al., 2012).

Parasitic infection is another possibility, althbugsufficiently studied. In Norway, extensive
population declines of the green urchiitr éngyl ocentrotus droebachiensis) were caused by parasitic
nematodes. In fact, Hagen (1992: 207) suggesteld¢hlly distributed nematode ‘could terminate
population outbreaks of the urchin’ though Skadshet al. (1995) questioned the parasite’s impoganc

2.8. Mortality due to toxic microalgal blooms

Dinoflagellate blooms have been well studied arowekhnd and their toxic effects have been
reported for invertebrates (e.g. Cross and Southd@80; Leahy, 1980; Silke et al., 2005). Inipatar,
the dinoflagellatdarenia mikimotoi (formerly calledGymnodinium aureolum) has been implicated in
repeated shellfish and fish mortalities in Europangen 1977; Ottway et al., 1979; Cross and Sotghga
1980; Silke et al., 2005; Davidson et al., 2009) eorldwide (O’'Boyle and Silke, 2010; O'Boyle et,al



2016). Numerous blooms of this dinoflagellate wex@orded in 1978 and 1979 in SW Ireland (O'Boyle
and Silke, 2010) and around Sherkin Island (Fig. ibARoaringwater Bay in 1985, 1993, 2001, 2004,
and 2010 (Dale and Murphy, 2014). Leahy (1980) rtejoiothat 14% of thBaracentrotus surveyed in a
belt transect at Dunmanus Bay during a dinoflageelidoom K. mikimotoi) were dead; 50% of the
urchins encountered during the general shore swreeg also dead. There was also an exceptionafrbloo
of the dinoflagellate in western Ireland in 2008K&et al., 2005; O'Boyle et al., 2016). O'Boylea.
(2016) emphasized how seasonally stratified maieas are particularly vulnerable to such
dinoflagellate blooms. Thus, Lough Hyne with itslivesstablished seasonal stratification, particylanl

the Western Trough (Kitching et al., 1976; McAlletnal., 2009) may be affected by harmful algal
blooms more than neighbouring coastal areas outsalmugh.

In the Mediterranean Sea, there have been numezoest reports of blooms of the benthic
dinoflagellateOstreopsis ovata. In laboratory experiments, Privitera et(@012) demonstrated that this
species caused significant mortalityRafr acentrotus juveniles. This dinoflagellate or its congenersénav
been reported also from Atlantic Portugal and Spaiits spread to SW Ireland is possible. Mass
mortalities of urchins have occurred in New Zealand Brazil fromOstreopsis (Shears and Ross, 2009).
It was beyond the scope of this study to testtinéc bloom’ hypothesis in Lough Hyne.

These hypotheses are not necessarily mutually gixelunor exhaustive. In this review, we document
the quantitative decline of the purple urchins augh Hyne, and then evaluate each of these hymsthes

as potential causal agents in the context of aug-term, community-level investigation.

3. Description of the urchin populations
3.1. Ste description

Lough Hyne is a semi-enclosed sea-lough in southinedand (Fig. 1A) which is connected to the
sea by narrow ‘Rapids’ (Bassindale et al., 1948)as designated as Europe’s first statutory Marine
Reserve in 1981. In area it measures ~1, lamd consequent upon the small fetch, all shoresetatively
sheltered. Most of the lough is less than 20 tan3@ depth and, until recently, the benthic habitas
oxic most of the year. With the exception of thseés of subtidal rocky cliffs, the substrata beldwm is
primarily mud. The Western Trough is 40 to 50 regland becomes anoxic in summer and early autumn
(reviewed by McAllen et al., 2009). No macrofaungetls within the anoxic habitat until storm events
disrupt the thermocline seasonally.

Because of the restricted inflow at the Rapidstitted cycle is asymmetrical, and the tidal rise an
fall is restricted to about 1 m, so the intertidahes are compressed (Rees, 1931, 1935; Bassetddle
1948; Little, 1991). Much of the intertidal is esthbedrock or shingle, and varies from nearly gattio



shallow slopes (Ebling et al., 1960; Williams et 4899; Trowbridge et al2017b). There are several
areas where small freshwater flows or seeps émdptigh and locally dilute the surface water (Rees
1935). However, there is almost no dilution of thain body of the lough below a salinity of ~34
(Kitching, 1987). At times of exceptionally highiméall, a localised, thin freshwater lens may faatrthe
surface (Little pers. obs.).

3.2. Sudy sites

Ebling et al. (1960) defined 20 monitoring sitesward the lough above the Rapids (Fig. 1B) as part
of their comprehensive description of the faunaftora of the lough. Little et al. (1992) resurveye
20 sites in 1990 and 1991. Then 10 of the 20 amiggites were selected (Fig. 1B) for annual moiritpr
Each ‘annual’ site consisted of a 10-m length akyoshore marked at each end with a stainless steel
plate to enable exact recognition at future samgpliates. The other 10 sites (‘historical’ sitesjave
surveyed in 2014 as part of a related study (Tralgeret al., 2017b).

3.3. Methods of monitoring juvenile and adult urchin popul ations

Purple urchins are only in a narrow depth rangeratdhe lough (low shore to about 5 m). In much
of the lough, the urchin’s lower depth range isstmined by (1) limited availability of rocky to bloler
habitat and (2) steep substratum (subtidal cliffse centre of the lough does not function as aiptes
reservoir of urchins for two reasons: (1) it is ahexclusively muddy to gravelly substrata and (2)
becomes seasonally anoxic (Kitching et al., 1976AN&n et al., 2009). The remaining purple urchims
Lough Hyne occur within the interstices of bouldsysically dominated by the green alGadium
vermilara, brown algaCystoseira foeniculacea, and ephemeral algae. This ‘cryptic’ behavior sagh
hiding in crevices was noted by other colleagudsoagh Hyne (e.g., Verling et al., 2003) as welbas
Italian shores (e.g., Sala and Zabala, 1996; Agredtal., 2013).

To monitor purple urchins in Lough Hyne, three gliéfint approaches were taken: (1) rock-turning in
shallow subtidal habitats at ‘annual’ sites, (2)ming urchins along the entire north shore ofithugh
and (3) whole-lough snorkel surveys. The snorkelesgs provide a better estimate of living urchensg
estimates can be greater by an order of magnituden compared to those from shore-based
observations (Trowbridge et al., 2011) or from Boated estimates that have been made periodically f
decades (e.g., Muntz et al. 1965; Kitching and mhA&83; Kitching 1987; Barnes et al. 2002). Lough
Hyne urchins have been shown to be most activaglalaytime (Ebling et al., 1966; Crook et al. 2000)
making our urchin counts reliable, whereas theisgds nocturnally active in the Mediterranean and
migrates between habitats (Dance, 1987; Fernartddz 2001; Hereu et al2005).

10



For over two decades, shallow subtidal rocks weameeid over annually to document the juvenile
urchins that move down through the loosely assetrbbellders and rock slabs (Ebling et 4966;

Crook et al., 2000); all rock slabs were put bactheir original positions within a few minutes whidid
not appear to significantly affect the benthic ned&una (see Trowbridge et al., 2017b). This proeess
done in 1990/1991 (Little et al., 1992) and fron®4.%0 2014 this study) at 10 ‘annual’ sites (Fig. 1B)
each August to September. In addition, rocks wis@tarned in 2014 at 10 ‘historical’ sites (Fid)1
that were previously surveyed only in 1955 and 199(see Trowbridge et al., 2017a). The test
diameters of all urchins found were measured walipers (+ 0.1 mm). These latter ‘historical’ sites
could potentially have higher urchin densities taannual sites as the rock slabs had not beeeanov
for two decades (i.elower disturbance). High densities of juvenilehins would serve to reject the low-
recruitment hypothesis and would support postesattht mortality hypotheses.

Urchins were counted along the entire north shbtkeolough from 1998 to 2014, during late
August/ early September. Counts were made fromviiiethat forms the boundary of the lough, using
binoculars when necessary, during low tide and kighds, and supplemented by counts taken from the
water's edge. The entire north shore was typicallweyed on three separate days, though this was no
always possible because of unfavourable visibilitye highest count was selected as being the best
estimate of population size.

During annual snorkel surveys (2006—2017), moghefshoreline of the lough north and west of the
Rapids was assessed in a non-destructive manresentor location and condition (the presence/alasen
of spines and/or lesions) of urchins was notetiénmharked 108 sectors (Renouf, 1931; Fig. 1B). For
dead urchins, the cause of mortality (BoudouresoukVerlaque, 2013) was evaluated based on whether
the test had peristomial membranes and Aristoldgitern present (assumed freshly dead, categoaized
‘entire’); test ‘intact’ but spines, membranes, @ds missing (potentially caused by starfish ptiedeor

lethal stress); or test broken or crushed (potiiyntig fish and/or crustaceans).

3.4. Changes in juvenile and adult urchin populations

The total number of purple urchins recorded antiogitoring sites increased from 1990 to 1995,
stayed high (maximum total 145) through 1999, thegan to decrease until there were only 7 recorded
in 2014 (end of two-decade survey) (Fig. 2A). bDgrsupplementary sampling in 2015, 5 urchins were
recorded at the 6 annual sites surveyed and 2i@dlaliispecimens at the historical sites surveyed. |
2016, we recorded 3 specimens: 1 at North Labha& Sbuth Labhra, and 1 at Graveyard. The boom-
and-bust pattern on the north shore was comparalihe monitoring-site pattern although the timing
differed: Paracentrotus counts peaked at 2000 (a year later than at thétoniog sites) with 2,110 visible
individuals, and declined to 0 in 2014 (Fig. 2DhE, since marine reserve designation (in 1981)gho
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Hyne purple urchins exhibitedpapulation boom before the mass mortality; this boom was not regubrt
by colleagues working on the same lough populdi8arnes et al., 2002: fig. 1; O'Sullivan and
Emmerson, 2011). When urchins were relatively comtizey were observed on the top of rocks, and
caused extensive ‘graze patches’ where ephemknaeintous seaweeds were absent or rare. However,
when the population declined, urchins were usisdbn only underneath rocks, and visible graze patch
were absent.

To evaluate the published assertion that the dmaghn urchins were ‘locally extinctsénsu Barnes et
al. 2002), we divided our counts between northsmndh basin sites (Fig. 2B). Based on our unddk-roc
surveys of shallow subtidal urchins in August/Seier, there were clearly many urchins presenten th
south basin in the early 2000s, and there wasgmifisiant difference in overall counts between tioeth
and south basin sites (Student’s t-tes,.431, df=38P=0.669). Thus, our results reject the suggestion
of local extinction of urchins in either basin hetpast 25 years.

There was immense variation in number of purpl@inscamong monitoring sites and years (Fig. 3),
indicating that the population decline was not ealsy spatially or temporally discrete events. Base
urchin sizes and counts, the individual specimensended during one year were not generally the ones
recorded the subsequent year. Maximum urchin nusnlbere seen at Westwood North, and minimum at
North Island (Fig. 3A), but at most sites numbeesawery low at the beginning and end of the survey
period, with highest numbers in the late 1990searty 2000s.

Population structure showed high variation in lewaf recruitment from year to year (Fig. 2C, 3, 4).
Maximum overall numbers of recruits (urchins witteat diameter <10 mm) occurred in 1996, but as a
percentage of the population, maximum recruitmectiocred in 2000, when ~30% of the population were
this size. The lowest percentage (6%) occurredi02and from 2011 to 2014 when there was no
observed recruitment (Fig. 2C, 3-4). A few urclgoruits were seen in 2015, 2016, and 2017 butmrchi
densities were not increasing. Recruitment appespatially variable (Fig. 3B) with only 4 of the $lles
having 5 or more recruits recorded per year. Codday, a site directly north and west of the Rapids]
the highest recruitment (40 young-of-the-year urstirom 1996 to 2014). Westwood North, SE Labhra,
and North Labhra also had similar recruitment (2048hins) during the long-term study.

Based on two decades of monitoring surveys anataddeof snorkel surveys, we observed that the
majority of dead urchin tests Bf lividus and the larger common urchiehinus esculentus (Fig. 5) were
intact. Most of the mortalities recorded were ia gast decade, with a notable onset in 2009 at the
monitoring sites (Fig. 5A). There was a paucityiathin tests relative to the number of purple urshi
disappearing each year on the extremely wave-shdlshores of Lough Hyne. This absence was
particularly noteworthy on the north shore wherly @nsingle urchin test was noted in a decade of
snorkelling despite 2,110 living urchins being meleal there in 2000 (Fig. 2D). The majorityRflividus
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tests recorded in late summer were on the wesegkdg. 5B, 5E), where most of the remaining urshin
live. Partial spine loss was frequently seen dusimgrkelling in livingE. esculentus but notP. lividus; in
contrast, 6 deaB. lividuswere recorded under rocks in this condition (Fi@, 5F). Two subtidal
specimens were recorded with necrotic patches §Hpgand four low-shore individuals had white spots
at the base of their spines (Fig. 5C). Finallyréheere no observed casedPofividus or E. esculentus

with broken or crushed tests (Fig. 5C, F) in the tlecades of monitoring surveys or decade of shorke
surveys. However, the first author saw one cagSeptember 2018 on the western shore close to getobs
den.

The north shore purple urchin population peake2Di®0 with over 1,000 urchins counted each year
from 1998 to 2001 (Fig. 2D). However, by 2005 tlopwation had declined 10-fold and by 2007, it had
declined 100-fold. In 2009 and 2014, no purple inehkvere seen on the north shore, even by snargelli
It is therefore clear that a near-complete poputatiisappearance had been recorded 10 to 15 yesirs p
boom. We would not consider the decline to be all@xtinction’ per se because we did not turn the

rocks under which most of the urchins dwell.

3.5. Short-termvs. long-term studies

Short-term ‘snap-shot’ evaluations of urchin dynesrin the lough (e.g. Barnes et al., 2002) may give
an inaccurate perspective of the population. Baanelscolleagues suggested that the last populp&ak
was in 1979 with no further recovery to 1999; théso suggested that after 2000, the populatiohean t
south basin was ecologically ‘extinct’ (no recordedhins)—an extremely strong statement for a
population that still occurred at most of our stsitgs. Our results (Fig. 2A) indicate a subsequent
population peak in 1999 (monitoring sites) or 2Q00rth shore). Furthermore, our results (Fig. 2B)ve
no significant difference in purple urchin coungveeen the north and south basins; thus, locahetidin
had clearly not occurred.

How do we resolve these dramatically different ssidn the same urchin population? First, the two
research groups surveyed at different times of yéthrthe Barnes’ surveys being conducted earntier i
the summer than our late-summer surveys. If there weasonal differences in urchin behaviour and/or
environmental conditions in the benthos, signiftbadifferent patterns might be recorded. For exEmnp
if dissolved oxygen levels under rocks and in titerstices between rocks declined during the summer
the purple urchins would shift upward in the rocktrices or even move out of the cryptic habitatéalbey
summer. Second, the differences may be due toiffleeimg methodology of sampling. In order to make
results compatible with historical data, Barnealetollowed the methodology of Kitching (1987) whi
involved boat-based visual surveys. As pointedbyuKitching and Thain (1983), however, these susvey
produced only ‘an indirect indication of the numpegsent. There were probably two to three times as
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many under rocks...". In contrast, our studies inedla combination of snorkelling and turning rocks
(Trowbridge et al., 2011, 201fhis study). Because of this difference, the earlier stu¢idzsnes et al.,
2002) underestimated urchin numbers, although alptipn crash did occur years later.

4. Hypothesis testing
4.1. Cold-temperature hypothesis
4.1.1. Methods

Seawater temperatures were measured in the hadnidtsater depths where the urchins occurred.
Temperature sensors were deployed at multipleitotatlong the western shore of the lough with@ th
shallow (<1 m) subtidal habitats in which urchirgwarred (Renouf sectors W9/10 to W22/23,
Trowbridge et al., 2011). Sensors, attached tdkbénigth cable ties, recorded temperature everyZ to
hours (Onset Pendants) and every 15 minutes (Oidigits) from March 2014 to the present; data were
downloaded twice a year. Although not every sems® relocated each time, multiple replicate sensors
were found and data downloaded each time. HOB®@ldisg oxygen and temperature sensors (Onset
U21-001) were deployed in various shallow locatiarmund the lough (Codium Bay, East Goleen, North
Labhra, etc.) and in Barloge Creek from SeptemB&B2intil the present. The data were downloaded,
sensor caps replaced, and sensors recalibrateg @weonths.

In addition to these short-term, high resolutiotadéhe surface water temperatures were measured
manually (with a hand-held mercury thermometethitop 10 cm of the water column at the lough
several times during every annual visit. Initigtys was carried out from the Glannafeen Laboratory
qguay (S4/5); since 2000 to the present, tempematueee taken near the Gate Lodge on the north-east
shore (N11).

4.1.2. Results

Since April 2014, seawater temperatures have vanedally by ~10-12°C in shallow subtidal areas
on the western shore of the lough (Fig. 6) wheeerémaining urchins live. The mean minimum
temperature in winter was ~7-8°C and the mean surtengerature was >15°C all three summers. In
2014 and 2015, the summer water was cooler thanaldyy about 2-3°C. However, in 2016, the
seawater was ~15°C for much of the summer. Tempesatemained high until September/October with
minimum temperatures in February and March. Althotige mean values never fell below 5°C,
individual sensors did record temperatures of 1-2@wvever, there is no strong evidence (since April
2014) that winter temperatures fell to the repolétidal level for purple urchins (4°C) or that sugmm

temperatures rose to lethal limits (29°C) in hdbitghere urchins actually occurred.
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How generalizable are these high-resolution val@s?ong-term summer lough water temperature
estimates on the south and north shore (Fig. T3atelthat these values were typical for the last t
decades with the exception of 1992 when the sumvatar temperature was anomalously low. Water
temperatures were above the 13-15°C urchin spawhieghold for much of the summer and early
autumn. In terms of the cold temperature in 2018mwithe Goleen froze over, no observations were made
of urchin mortality (larvae or adults) although anghor (RM) noted extensive mortality of barnadles

other authors were in Ireland during that time).

4.1.3. Conclusions

Oceanographic events that cause low seawater tatupes in Lough Hyne during the summer (e.g.,
1992) did occur but the minimum temperature thriesfar spawning was still attained in most years
(Fig. 6-7). Furthermore, since ENSO, NAO or othezanographic events are periodic and purple urchin
longevity is ~8 years or longer, one cold wintesommer would not be sufficient to cause a popati
level failure as opposed to a cohort or year-daitsre. Thus, the cold-temperature hypothesis eatggl

by Barnes et al. (2001, 2002) would not be suffitte explain the local situation on Irish shores.

4.2. Extreme-weather hypothesis
4.2.1. Methods

Meteorological data were obtained from Met Eireforrthe weather station at Sherkin Island (Fig.
1A). The maximum air temperature, wind speed, gpsed, and rainfall for each month were calculated
as well as the minimum air temperature. The wialdies would be estimates only, due to the steép hil

to the west of the lough that shelter the body atfewfrom the south-westerly storm winds.

4.2.2. Results

There have been several periods in the past feadésowvith extreme weather. For example, there
were several hot days in 1995, 1999, 2003 and 20ig6 S1A) with 2003 being the most extreme year.
During the extremely cold winters of 2010 and 2(Hify. S1B), air temperatures did drop well below th
minimum threshold tolerances of purple urchins (#f@e English Channel). Winter mortality of
urchins may have occurred in 1996, 1997 and 1998Hsas 2010 and 2011 but examination of the
urchin population (Fig. 3A) does not support a lowgde mortality in any of the hot or cold years.
Furthermore, the urchin population was extremely before the 2010 and 2011 cold periods, indicating
that the low temperature was not the primary catisaér of decline.

Daily rainfall was extremely variable (Supplemerital. 1A) with two days (in July 1997 and August
1998) with unusually high precipitation. Howeverchin counts declined at only 4 of 10 sites in 1997
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and 3 of 10 sites in 1998 (Fig. 3A). Thus, whilmnmay have contributed to urchin mortality dudaw
salinity, it may have been localized and acuteeddmg on the water depth of each sub-population of
urchins.

In terms of severe wind, 1998 had the highest glusind (at the Sherkin meteorological station) and
the maximum 10-min period of wind speed (Supplemldrig. 1B). Hurricane Ophelia in September
2017 was clearly extreme. However, as noted alibeel 998 and 2017 events did not coincide withrclea

declines in purple urchin counts (Fig. 3A).

4.2.3. Conclusions

Extreme-weather phenomena have occurred durintpogrterm study. While such events may
account for urchin disappearance at individual rtwoimg sites, they are insufficient to explain therall
population decline due to lack of spatial concordaffig. 3-4). The extremely cold winters of 2010/2
may have killed many of the remaining urchins, ot of the decline occurred within the preceding
decade. As most of the remaining urchins wereherpairtially shaded western shore, extreme hot
weather effects were probably insufficient to acttdor the urchin demise; temperature sensors also
refuted significant high temperatures as a princaysal factor. Extreme wind could cause waves to
form in the lough and shift rocks under which unshiived. However, most of the severe storms came
from the south-west and the lough was partiallytgued by steep hills on the western side. Additilgn
there were very few broken tests observed duribgeguent sampling—which further indicates extreme
wind events were unlikely to result in mass matyativents due to shifting substrata. A comparable

conclusion was reached by Verling et al. (2005).

4.3. Algal-exudate hypothesis
4.3.1. Methods

Two species of green algae (Chlorophyta) prolifagpin the lough were evaluated for potential
effects on purple urchin reproduction. In Septen#8r2, 9 sexually matuiaracentrotus were obtained
from John Chamberlain’s Dunmanus Seafoods in Du€asCork. The ephemeral algdva intestinalis
was collected from the east shore (Renouf sectbisad E19) and the perennial at@adium vermilara
was collected from the west shore, near the madiuttheoGoleen (sector W24) on the day of the
experiment or the afternoon before. Algal exudatpssition was based on methods described by Van
Alstyne et al. (2011)Jlvaintestinalis andC. vermilara were blotted dry. Four pieces of 4.2 g (n=4 per
algal species) were weighed and placed in smakdbawls. To simulate low tide conditions, bowlgave
placed outdoors in direct sunlight. After 2.5-3xpa&sure, 300 mL of filtered seawater (FSW) wereeadd
to each bowl to simulate an incoming tide. Theteréd min, the macroalgae in all the bowls were
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removed. The water in all the bowls that had com@U. intestinalis was then mixed together into a
single container labelled aslva exudates’ and the water in all the bowls that t@mutainedC. vermilara
was then mixed together into a single containegllal as Codium exudates’. This methodology was
comparable to that of other studies (e.g. Vazquek,e2017) where exudate concentrations used were
determined to be within the natural range of exodadf the ulvoids (Van Alstyne et al., 2011, 2014)

The wet mass of purple urchins was determined lagwl individuals were shaken to stimulate natural
spawning. For urchins that did not release gamatedollowed the standard procedure of inducing
spawning (Gosselin et al., 2003) by injecting 20gi0.5 M KCI per gram of wet weight through the
perioral membrane of each urchins. Eggs were delliein beakers filled with cold FSW whereas sperm
was collected ‘dry’ on Petri dishes; beakers asties were held in trays with ice to keep cold.

To determine the effects bf. intestinalis andC. vermilara exudates on fertilization &f. lividus, ~3
mL of eggs from 5 females were mixed in a beaketaining 300 mL of FSW. Then, ~3 mL of eggs
from this stock were added to each of 20 plastitainers. Fifty mL of théJlva exudate were then added
to 5 containerslva treatment); 50 mL of th€odium exudate were added to another 5 containers
(Codiumtreatment); 10 containers were each filled withfi0of FWS (control treatment). The eggs
were left to soak for 15 min. After the exposumgg®in theJlva-exudate an€odium-exudate treatments
were filtered through a 41-pm mesh and then plaeett in their containers with 50 mL of FSW. Sperm
from two urchin males was mixed in a Petri dish arttop of the mixture was diluted in 50 mL of FSW
and well mixed. About 3 mL of the diluted sperm wlasn used to fertilize each container. After aapth
15 min, eggs in each container were filtered thhoaigll um mesh, placed back in the containers, and
then preserved with 3-5 mL of 10% buffered formadfi eggs in each sample were counted under a
compound microscope; the number of fertilized anfgniilized eggs was recorded and then analysed
with a Likelihood Ratio Chi-square test. Eggs wewasidered fertilized if a fertilization envelopasv

present.

4.3.2. Results

In the experiment withJlva intestinalis, the level of successful urchin fertilization etexudate
treatment was significantly lower than the contrehtment (Chi-squarg? = 14.9, 1 df, P<0.001): there
were disproportionately fewer fertilized eggs ie firesence of algal exudate (Fig. 8) than in tterdid
sweater control. However, in the experiment v@tdium vermilara, the extent of fertilization did not
differ between the exudate treatment and the cb(r)fr=92.6, 1 df, P=0.109). Thus, the ephemeral

macroalga disrupted urchin fertilization succesenghs the proliferating perenn@lvermilara did not.
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4.3.3. Conclusions

Our results provide definitive evidence that ulveididates reduce fertilization (Fig. 8) and, thus,
purple urchin production although we have no dinefttrmation about environmentally relevant
concentrations in the lough. Based on the studydmquez et al. (2017), we assume that the mechanism
is disruption of the fertilization membrane ratkiesn reduced viability of gametes.

In recent years, there has been a proliferatiarwafids, ectocarpoids, and other ephemeral
macroalgae in Lough Hyne from March through Octdhétle et al., 2018) and in other Irish coastal
waters (Lyons et al., 2014), presumably due tgaifitant increase in nitrogen (Jessopp, 2011;0pg8s
et al., 2011; McAllenunpubl. data). This proliferation is indicative of a bottom-effect, not a top-down
effect that would be expected from a trophic cascatie recruitment failure of urchins from 2011He
present was markedly different from the patterrecfuitment seen in 1994-2010 (Trowbridge et al.,
2011) and coincided with the domination of ephelinmi@croalgae.

A variety of other chemicals (including rare heangtals, pollutants, etc.) in terrestrial runoffoals
significantly interfere withP. lividus reproduction and development (e.g. Oral et all,/20 These
chemicals should also be assessed in Lough Hynethed semi-enclosed loughs and bays to determine
if they were abundant enough to have contributeti¢airchin decline.

4.4, Low-larval availability hypothesis
4.4.1. Methods

Echinopluteus larval duration Paracentrotuslividusis about 3-4 weeks (Boudouresque and
Verlaque, 2013) although it may be shorter if uith planktonic food is available. Based on the
published spawning periods for Ireland (Januaryard¥t and August - September: Crapp and Willis,
1975; May - July and June - July: Byrne, 1990) alséwhere (spring and summer, Boudouresque and
Verlaque, 2013), we postulated there would be Bimd.ough Hyne in mid to late summer. Past
spawning observations at Lough Hyne have includedhdass spawnings &f lividusin July, 3 in
August, and 1 in September (Minchin, 1992)ook (2003) reported July to September spawning in
urchins held in flow-through aquaria at the lougbrthermorethe zooplankton study by Greenwood et
al. (2000) reported that echinoid larvae were preem May through to September in the lough wveith
peak in July and a secondary peak of late-stagadan September. They presumed these were
Paracentrotuslarvae based on their own observations of urchiiavning in July (Greenwood et al.,
2000) and July - September (Minchin, 1992).

To determine if Lough Hyne purple urchins wereilerdnd both sexes were present, we examined 3
adultParacentrotus from the west shore in August 2012; we inducedvsiirag, following methods
presents above (section 6.1), and examined theicata relative abundance of gametes. Although it
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would have been ideal to sample more urchins, weidered disturbing additional specimens would not
be appropriate, given the conservation objectiféemarine reserve.

To evaluate the availability of urchin larvae, werfprmed extensive plankton tows (typically every
2-3 days) along the western and southern shoteedbtigh in August and September of 2012, 2013, and
2014. We used a 130-um mesh net (50 cm diametegnple surface waters where Greenwood et al.
(2001)found the most larval echinoids. Plankton samplesevgieved and examined directly.
Echinopluteus larvae were collected and photogmphe

On 31 August 2012, we completed a series of 3 bota tows from Renouf sector S12/13 to S4, S4
to S1 (mouth of the Goleen), and from W24/23 to YY@§Fig. 1). On 4 September 2012, we performed
two additional horizontal tows on the west and balitores as well as a vertical tow in the nortlirbds
August - September 2013, a total of 19 separats teave performed, following the same four paths: tw
along the west shore (W12/13-W18 and W18-W22/28)tan along the south shore (W38-S4 and S5-
S14/15) (Fig. 1B). In August - September 2014, veelenan additional 15 horizontal tows on the western
and southern shore of the lough. Thus, we madabab40 tows over three years during late summer.

For all tows, the plankton net was pulled behirelthiversity College Cork inflatable RIB at about
1 knot (1.852 km 1) for 5 min. At the end of each tow, the net wallgoliout of the water and the
plankton rinsed down into the end. The concentratedents of the plankton net bottle were pouréa in
a 200-mL bottle, alternating between rinsing andripg in order to collect all of the plankton. Thet
was cleaned without the cod end attached betwedntew to eliminate inter-tow contamination. The
plankton sample was split into five sub-sample$®ML each, using a Hensen Stempol pipette. We
placed each sample into a zooplankton counting &nag used a dissection microscope to sort andtcoun
the plankton.

To supplement these plankton data, a series afite@nt experiments was conducted in 2012-2018
to eliminate the possibility that the window ofdal seasonality had been missed. ‘Welcome mats’ and
‘scrub brushes’ —used by juvenile urchin collectorthe Mediterranean populationskflividus (Hereu
et al., 2004; Tomas et al., 2004; Prado et al.9p8@vere deployed as well as pot-scrubbers andiacryl
plates as settlement substrata.

Collectors were deployed in multiple blocks witmaimum of 4-5 collectors per block. They were
positioned around the south basin for 2 weeksrtbths, retrieved, manually defaunated, and
guantified. Inter-annual variation in urchin re¢nuént was expected based on other studies (Herdy et
2004; Tomas et al., 2004; Boudouresque and Ver|&file3). Reported survival of settling urchins o 2
3 mm (test diameter) was <10% (Azzolina and Wi/l§i@87) or 0.5-0.7% (L6pez et al., 1998),
depending on conditions, location, etc. It wagjmted that purple urchin availability and recrugmh
would be higher in the north basin than the soagirbbased on results of Greenwood et al. (2001) fo
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many invertebrate species. Furthermore, it wasigtetithat there would be higher recruitment on the
north end of the west shore than the south enddltie prevailing water current pushing larvae

northward along the west shore.

4.4.2. Results

In August 2012, both sexes of urchins were presedtall 3 specimens sampled were highly fecund.
However, in August and September plankton towsfouad no urchin larvae. In 2013 tows, a few
echinoids were found: one recently metamorphoseliuand three 4-armed pluteus larvae along the
west shore. However, it was not possible to knofinilizely if the larvae belonged to the purple hirc
Paracentrotus lividus, common urchifechinus esculentus, or green urchifPsammechinus miliaris. In
2014, an additional 7 pluteus larvae were foundoddfs tows. Overall, in 40 tows during 3 summers,
two recently metamorphosed juveniles and 10 lavwexe recorded. Thus, there was a paucity of all
echinoid larvae in the lough during the period imiah they were expected to be present. Based on ou
annual counts of all three urchin species (Trowdwidnd Little, unpubl. data), we posit that larwenild
be primarily those of purple urchins.

For the past seven years (2012—-2018), no juverilgins have been found on numerous settlement
collectors in the lough (data not shown due to xataes but 40+ scrub brushes per year). A few (<5)
young-of-the-year were found under shallow subtideks each year, either at monitoring sites oeoth
areas in the lough. Thus, there has been mininchirurecruitment to the adult habitat in the lowsgice

2010 (Fig. 3-4); twdParacentrotus recruits were seen in 2017 at 8 monitoring sitesested.

4.4.3. Conclusions

A few echinopluteus larvae were found in the losghface waters during the 7 years we sampled.
Furthermore, of the Baracentrotus specimens assessed for fecundity in 2012, all Wwetdy fecund in
August and both sexes were present. The Lough Hynde urchins, therefore, have the ability to spaw
(historically and currently): we observed spawnimghins in June and September 2017. Thus, some
external factors must be constraining reproductteges, including effects on urchin fecundity,
fertilization success, and pluteus production amgligal. At such low urchin densities, the Alledesit
may be one of the primary factors constraining uréértilization. Urchin fertilization success isegtest
in aggregations; if urchin densities are too low/anindividuals are too distant, fertilization sess is
likely to be low. Furthermore, urchin recruitmesfiiequently positively correlated with adult déwsi
(e.g., Ouréns et al., 2014 fBrlividus on Atlantic shores and Miller et al., 2007 fiadema antillarum
on Caribbean shores). Additional research shoulddtiesed on these vulnerable stages to evaluate

whether Lough Hyne and Irish purple urchins camvecto form self-sustaining populations.
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Because urchin recruitment can often be highigagfic (e.g., Ebert, 1982; Pearse and Hines, 1987),
our two-decade study may have missed recruitmdaepwvith longer periodicities. There are known
long-term cycles (e.g., North Atlantic Multidecad@dcillation, North Atlantic Oscillation, and Rufise
Cycle) in sea surface temperature and currentsifNE Atlantic Ocean (e.g., Cushing and Dickson,
1976; Garcia-Soto and Pingree, 2012) but evaluatieiy potential causal role in the supply of plige
larvae (or lack thereof) to Lough Hyne was beydraldcope of our study, particularly given the absen

of long-term monitoring of purple urchin populattoaround Ireland.

4.5. High post-settlement predation hypothesis
4.5.1. Methods

To evaluate direct predation on juvenile staggsuople urchins, in 2016 young-of-the-year and one-
year-old urchins were obtained from John ChambedaDunmanus Seafoods for use in laboratory
experiments. In the first trial, 10 urchins (1.0+81m test diameter) were placed per Petri dish avith
freshly collected juvenile spiny starfiskérthasterias glacialis) from the south shore; half the 10 dishes
had small starfish (4-5 mm centre of disc to tifoofyest ray) and the other half had larger onBs1&
mm). Urchin survival was monitored every day. Exteecare was taken to ensure that no urchins or
seawater associated with the urchins entered Lblygle due to marine reserve conservation issues. We
also monitored the abundanceMfglacialis under rocks at the monitoring sites (Fig. 1B) frb@®0 to

2016 together with experimental substrata on theteve shore in August — September 2016 and 2017.

4.5.2. Results
Marthasterias glacialis

Although there are many potential predators of jgugpchins in the lough (starfish, crabs, and
fishes), the only species for which we have diex@tlence for a predator increase in the same hatsita
the urchins was the spiny starfish. Urchins andysptarfish abundances were inversely correlateasac
the 10 sites and 21 years (Spearman’s rank caom|at=-0.343, n=210, P<0.001). There were large
fluctuations in recorded numbers of this starfistha monitoring sites from year to year but thees
generally a cyclical pattern until 2015-16 (Fig. aximum numbers occurred at the SE Labhra
monitoring site (140 starfish) in 2004. However2007 we recorded only 2 individuals at this ditg.
2008 overall starfish numbers had risen to 58.tiéred at several sites was of an increase in stafiffom
very low numbers in the mid-1990s to a peak inghdy 2000s, followed by an extreme reduction by
2014. However, 2015 and 2016 were population-boeans/for starfish settlement and growth at the

monitoring sites (Fig. 9, Trowbridge et al., 20884 also on deployed experimental substrata. Most o
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the starfish located on and under shallow subtintzts were <60 mm arm length with modal size of 20-
25 mm.

Do starfish actually consume juvenile urchins? Baseour 2016 experiments, the young-of-the-year
starfish (4.4 mm from centre of disc to tip of lesgray) do not consume the young-of-the year nschi
(1-4 mm test diameter). However, slightly largarfith (16.2 mm)—presumed to be the 2015 recruits—
were able to ingest healthy, hatchery-raiBellvidus, leaving intact empty tests (without spines). Mafst
the urchins consumed were small (1-3 mm). Stagiiskdation on juvenile stages of urchin could have
contributed to the paucity of recruiting urchingy(R3-4). Extensive recent research in the Meditezan
has demonstrated thislt glacialis does consume purple urchins, adults and juverBesdetti, 2004;
Bonaviri et al., 2009; Galasso et al., 2015; GiarzgLet al., 2016). Spiny starfish studies conduicted
Ireland and Portugal (Verlag et al., 2003; Tuya Budrte, 2012) also support the occurrence of such

asteroid predation although the ecological sigaifie of it was not entirely clear.

Asterias rubens

Numbers of this ‘common’ starfish noted during &mmual under-rock surveys were usually lower
than those oMarthasterias, and never reached high levels in two decadearapbng. Overall totals
across sites were very low from 2006 to 2011, ragdjiom 4 to 40. From 2012 to 2014, none were found
in the monitoring sectors. All individuals were dhjiaveniles not capable of predating on adult peirp

urchins although they may have consumed juveniles.

4.5.3. Conclusions

Predation by the growing population of spiny stdrfin the shallow subtidal habitat could have
caused a total recruitment failure of urchinst{gre were any metamorphosing urchins settling)linger
et al. (2003) stated that shallow-water starfishevteophically opportunistic but did consume purple
urchins on the north shore of Lough Hyne. Guid2@i04) reported that 18 species of fishes in 6lfami
including sparid and labrid fishes, consumed punpddins in SW Italy. Furthermore, Bonaviri et al.
(2009) reported that predation barthasterias was a major source of urchin mortality in the marin
reserve on Ustica Island, SW ItaMarthasterias ate significantly more female than m&aracentrotus
in a laboratory experiment and presumably causedntile-skewed sex ratio at Ustica Island (Gianguzza
et al., 2009). We present compelling, though irdjrevidence that starfish could have been a $ogmf
contributory factor in the urchin decline around thugh. From our own observations, starfish stdmac
acid weakens the inter-ossicle joints in urchitsteagndering them extremely fragile. Thus, sthrfis

feeding may leave few persisting urchin tests wigiglepse down to the component ossicles.
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Crab predation would not sufficiently explain ouchin population results (Fig. 3, 5). High crab
densities reported by O'Sullivan and Emmerson (2@id not persist (Matthams, 2015) and few broken
tests (indicative of crustacean feeding: Boudowesnd Verlaque, 2013) were seen during our extensi
snorkel surveys. Crab abundances fluctuated itioalto parasite-host cycles (Matthams, 2015) astd n
necessarily to marine conservation policies. Poarbf crabs and lobsters may be important influence
on subsequent predation levels. Although such pogahas frequently observed by the first four
authors, we have no evidence concerning the s€aléch activities.

Even if crab or starfish predation pressure wegédri in recent years than before 1981, we strongly
refute the suggestion by O’Sullivan and Emmers@1 {2 that marine reserve designation was the
driving factor for several reasons. There is naence (scientific or local knowledge) that fishing
pressure was ever intense on the lough, even b&®8&%® In addition, there were no pre- and postt198
surveys of predators that were free of the confounthctors such as severe winters of 1978/19785,19
1989 (Trowbridge et al., 2013) and harmful algaldohs of dinoflagellates near the lough (and propabl
in the lough) in 1978 and 1979 (O’Sullivan, 19780€5 and Southgate, 1980; Ottway et al., 1980; £ybu
1980; Southgate et al., 1984). While there may lmen a trophic shift and/or a trophic cascadegave
not agree that the Irish marine conservation effastre to blame.

Human removal of urchins (either for consumptivescentific purposes) remains a strongly
persuasive mechanism of urchin demise. Our reviesgientists’ collection accounts from the North
Wall (e.g. Crook et al., 1999; Crook 2003) couldtribbute to some of the ‘missing’ urchins. However,
the researchers stated they returned the urchihe ttame habitat which would indicate the testsish
have been present even if the urchins were in poadition. Human ‘poaching’ for food and/or for
nursery stock is a much more convincing explanattomould account for the between-site variation i
urchin declines (Fig. 3) and the temporal variatietween the decline at our monitoring sites aritiegt
much more accessible, north shore populations ZAgrs. 2D). We have certainly seen, first-hane, th
poaching of crabs, lobsters, snails, and musseisglthe day as well as numerous clandestine scuba

divers accessing the lough from the north shok@aeen at night.

4.6. High post-settlement mortality hypothesis
4.6.1. Methods

Mortality of benthic stages could also be due tiotibfactors. Extreme dissolved oxygen (DO)
conditions (hyperoxia and hypoxia) could be letodbenthic stages of urchins. To quantify DO leyels
HOBO data loggers were deployed in 5 differentfioce in the shallow subtidal areas of the lough
(North Labhra, Westwood South, SE Labhra, Sectaat$tie mouth of the Goleen, and Westwood

North) where urchins had occurred historically. Dlaiggers recorded every 15 minutes from early June
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to September 2017. The duration that DO levels wenginuously hypoxic (<2 mg1) or suboxic (<6
mg L") was calculated for each location and resultsgmbak the frequency of continuous exposure to
hypoxic or suboxic conditions.

To evaluate how low DO levels affectBdracentrotuslividus, a series of 1-day experiments were
conducted in 2016 and 2017 with urchins of testnaier of 1-4 mm and 8-10 mm obtained from John
Chamberlain’'s Dunmanus Seafoods in Durrus, Co. dorle-litre jars of seawater were placed in a cold-
water bath using seawater from the lough and cossprenitrogen gas was bubbled into them to set a
particular DO concentration in each jar. Using® Wxygen probe, nitrogen gas was added until the
probe read the desired oxygen concentration.

In the first trial of 2016, 5 DO treatments (8.2),£2.9, 1.0, 0.17 mg1) were established, ranging
from normoxic to low hypoxic with 2 replicate jgusr treatment. Ten small urchins were added for 1
day; they were then removed and examined to determhether they were alive and if so, the movement
of their spines, podia, and pedicellariae weredhota the second trial, 9 urchins (1 year oldsjeve
added to each jar and set up 4 DO level treatng8rits2.0, 1.0, 0.2 mg1) with 2 replicates per
treatment. In the third trial, 7 urchins (1 yeads)lwere used per jar, set up 2 DO treatments (@dmm
8.7 vs hypoxic 0.17 mg1), and had 3 replicates per treatment. In all casfesy 1 day the seawater was
replaced with normoxic water and the urchins teabvered (based on spine, podia, and pedicellariae
movements) or died were noted. For all experimamts)in survival was predicted to be low under
suboxic to hypoxic conditions, relative to normogantrols (~8-9 mg t).

In 2017, three additional trials were conductedhknfirst, urchin survival and performance were
compared in normoxic vs. low hypoxic conditionsaad| as in Lough Hyne seawater vs. Dunmanus
Seafoods seawater (n= 4 replicates of this twofaetprial design). In the second experiment, tivezee
4 dissolved oxygen treatments (normoxia, suboxippkia, and low hypoxia: see Table 1) with 5
replicates per treatment. In the final experimtrd,time of exposure to low-hypoxic seawater (02
L'l) varied: 0, 4, 8, and 10 hours; the duration ef24-hour experiment was in full normoxic seawater
(24, 20, 16, and 14 hours, respectively).

4.6.2. Results

In the 2016 DO laboratory experiments, after 1-egyosure to 0.2 mgiseawater, 10 (100%) of
the young-of-the-year urchins were dead in ondaae and 5 (50%) in the other. After the 1-day
‘recovery’ period in normoxic seawater, 2 of theegning urchins were dead. In the 2017 trial, 6
individuals (33%) were dead in the low DO treatm&6€6 were not attached to the substrata and 11%
were only loosely attached; in the normoxic treattnall were firmly attached with their podia tath
sides of the glass jars. After the 1-d ‘recovemstipd, 9 of 21 (43%) urchins were dead in the GrtpL™
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seawater. These results collectively demonstratiesven 1-d exposures of hypoxic (<2 mt) keawater
was lethal or sublethal to juvenile urchins. In 201-day exposures to DO values <1 migwere lethal
to sublethal to urchins (Fig. 10A). Even 8 to 18xposures were lethal to many juvenile urchins.(Fig
10B).

In the summer of 2017, at five sites where urchioruitment had historically been high, the dissdlve
oxygen (DO) levels on the benthos (above the roeised from hyperoxia (supersaturation) to anoxia
(no oxygen) (Fig. 10A). At two sites (North Lablaad Westwood North, both in the north basin), the
dissolved oxygen levels were repeatedly hypoxiartoxic at night and hyperoxic in daytime (i.e. diel
cycling hypoxia). However, the duration of extrecomditions was brief, with daily fluctuations betwve
the two extreme levels. DO levels under rocks Bibhyovere hypoxic and anoxic in the daytime (Fig.
11A). Thus, the duration of the poor conditions {dotary from 15 min to 8-10 hours a day above rocks
(Fig. 11B) (and presumably 24 hours a day for undeks). The duration of suboxia ranged up to about
16 hours a day (Fig. 11C). At other sites and repyears (particularly 2014 and 2015), DO condiio

were even lower (detailed results to be reporteevahere, Plowman et alinpublished data).

4.6.3. Conclusions

Measurements of nitrogen inside and outside thghddessopp et al., 2011; McAllen et al.,
unpublished data) indicate nutrient enhancement@rsequently, eutrophication in the past decade,
presumably due to agricultural runoff regionallySw Ireland. Whether eutrophication was the drofer
urchin mass mortality and/or partially a conseqeenfdt cannot be unequivocally determined.

Given the recent phenomenon of frequent hypoxiaaamadia on the shallow subtidal sea bed of
Lough Hyne (Trowbridge et al., 2017a; Plowman etwaipublished data), on top of and underneath
shallow subtidal rocks, mortality of settling jusenurchins may now be a major cause of the dedfne
purple urchins in Lough Hyne. Certainly, researgtshco-Alvarez et al. (2010) and this study would
indicate that the urchin habitat quality in Lougkte is frequently inadequate for urchin persistefite
demise of sponges, bryozoans, and other inverebiathe lough (Little et al., 2017b; J. Bell, qer
comm.) support the poor-habitat scenario.

Reviews by Vaquer-Sunyer and Duarte (2008), DiakzBmeitburg (2011), and others have reported
the significantly increased frequency of hypoxiariarine coastal waters. Thus, what is happening in
Lough Hyne with extreme dissolved oxygen fluctuagi¢Trowbridge et al., 2017a) is a worldwide
problem although it may be exacerbated in aredslimiited seawater flushing due to coastal
configuration. Furthermore, the lethal and sublefi@ levels of invertebrates varied widely amonxgta
and mass moralities of several groups occurredav@lues well above the hypoxia/suboxia transition
(Vaquer-Sunyer and Duarte, 2008).
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4.7. High-pathogens hypothesis
4.7.1. Methods

To estimate pathogen levels within the lough, isuaveys of sea urchins were made during our
snorkel surveys by pairs of snorkelers in Augugii&maber each year (2006—-2017). Data were recorded
by Renouf sector without disturbing the benthicitabThe condition of all urchins found was tygiga
recorded, and photographs were made of any delateconditions such as spine loss, lesions, etc.
Furthermore, all urchins found under low-shore sodiring the two-decade monitoring at 10 ‘annual
sites’ were examined, and any abnormal conditidedho

4.7.2. Results

Unhealthy urchins were frequently observed in thegh (Supplemental Fig. 2). There were three
general categories of ailments: (1) partial toltspene loss in live and dead urchins, (2) epidérma
lesions, and (3) white coating of urchin surfaceally near the base of spines but occasionallyneleg
up individual spines. These issues occurrdd. lividus as well as in the ‘common’ urchichinus
esculentus (Fig. 5).Furthermore, juvenile purple urchins obtained fitie Dunmanus Hatchery died in
<1 week when being held in buckets of aerated searam Lough Hyne in September 2016; this was
not an experiment so there was no control. Thieswiiter quality itself or pathogens in the watey ma
have contributed to urchin stress and/or mortalitylune 2017, urchin survival did not differ

significantly when held in Lough Hyne vs. DunmaB#s/ seawater.

4.7.3. Conclusions

Surprisingly little research has focused on the aflpathogens and/or dinoflagellate blooms
contributing to urchin mortality in Ireland compedreith other regions such as Nova Scotia, the
Caribbean, and the Mediterranean Sea. The rolaldfurchin disease or comparable syndromes in the
shift from high-density populations of urchins tovidensity ones is well established for Meditereane
urchin populations (Boudouresque and Verlaque, Pag3vell as mass mortalities elsewhere (e.g. Girar
et al., 2012). In particular, high temperatureskar@wn to facilitate disease outbreaks by increasin
pathogens and reducing host resistance in uratngls, and many other organisms. Jones and
Scheibling (1985) suggested tiRatramoeba spp. may have been the causative agent in the mass
mortality of green urchinsrongylocentrotus droebachiensis) in Nova Scotia. Bacterial agents were
implicated in mass mortalities of Caribbean andf@alia urchins. Hagen (1992) reported that popaoitat

reductions of green urchins in parts of centralvidgr may have been related to an infestation by the
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endoparasitic nematodehinomermella matsi or other waterborne agents. Regretfully, thesefadiave
not been investigated for urchins in Lough Hyne.

The paucity of such research in Europe’s first amdoubtedly best-studied marine reserve is
concerning from a conservation perspective, pdditugiven that Girard et al. (2012) demonstrateat
large urchins were infected significantly more freqtly than juveniles: the mortality Baracentrotus
large enough to be sexually mature would signitigacurtail larval production. Furthermore, thesfir
author’s (C.D. Trowbridge) periodic observationseéwater exchange (dumping and replacement) from
trucks of imported seafood with lough seawater khba stopped due to the strong probability of poin
source introductions of pathogens.

Similarly, the fact that Lough Hyne has not yetrbeeorporated by the Irish EPA as a regular
monitoring site for harmful algal blooms, nutrigndissolved oxygen, etc. is unfortunate. An EPAdkeh
study by Jessopp et al. (2011) was a notable ercef8W Ireland, including Lough Hyne, has
experienced increased nutrient-enhancement in watiehments and coastal areas (Jessopp, 2011;
Jessopp et al., 2011) compared to two decadeslagngon and Costello, 2002). Furthermore, staiting
the late 1970s, harmful algal blooms (particulanky dinoflagellatéarenia mikimotoi) have occurred in
western and southern Ireland (O’Sullivan, 1978;URyli980; O’Boyle et al., 2016). Many of these
blooms caused significant mortalities of fishes/anthvertebrates (Cross and Southgate, 1980; Leahy
1980; Southgate et al., 1984; Silke et al., 20p&iticularly in seasonally stratified coastal watén
particular, Cross and Southgate (1980) reportetbeeof spines bRaracentrotus and the urchins’
departure from rockpool depressions to lie on tht&om of pools. Yet, only two studies have evaldate
dinoflagellate populations in Lough Hyne (Johnsod €ostello, 2002; Jessopp et al., 2011) and none
have evaluated faunal mortalities during/after bieoThere are extensive possibilities for future
environmental research in Ireland and the roleoaktal configuration on eutrophication, extreme DO

fluctuations and biotic mortalities.

Conclusions: multiple stresses and feedback loops

The current situation in the shallow subtidal ofigb Hyne can be represented by a feedback loop
(Fig. 12). We suggest that multiple factors inchgdhuman collection, starfish predation, and déain
habitat quality due to coastal eutrophication vadreausal factors in urchin population decline.
Ephemeral algal growth reduces water movementyaipalgal decay and promoting hypoxic to anoxic
conditions. Hypoxia in turn promotes death or stiefsadult urchins and reduces larval recruitment.
Reduction in the urchin population in turn promdigsher growth of filamentous algae. This feedback
loop can be accelerated by external influences aaghcreases in predation level, nutrient suppty/the
disruptive effects of weather conditions such asss. Climatic change could exacerbate the intiEnast
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in several ways: (1) increasing the frequency ogmitade of toxic algal blooms (e.darenia or
Ostreopsis), pathogen outbreaks, or extreme weather, (2gasing the seasonal appearance of warm-
water triggerfish known to consume urchins, andr{@)eased proliferation of the spiny starfish whic
spawn during warm-water periods (Minchin, 1992)e Bmthropogenic effect of increased fertilizatiéon o
Irish coastal pastures will cause continued nuteemancement, ephemeral macroalgal proliferatind,
eventually, eutrophication of coastal waters. Withtmuman intervention to improve water quality and

replaced lost urchins, it seems unlikely that theasion will change in the near future.
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FIGURE CAPTIONS
Fig. 1. A, Location of Lough Hyne in SW Irelandhosving places mentioned in the text. B, Map of
Lough Hyne, showing 10 long-term monitoring sit&é8 ( wide on shore) that were surveyed annually
for 2 weeks in late August to early September foy@ars (‘Annual’ sites), and 10 sites that were
surveyed in 2015 to compare with older surveysgtétical’ sites). Annual site names are abbreviated
follows: BB, Boundary Bay; CB, Codium Bay; EC, E&ststle; EG, East Goleen; GY, Graveyard; NI,
North Island; NL, North Labhra; WWN, Westwood Ngrth'wWs, Westwood South. Historical site names
are abbreviated as follows: BH, Bohane Harbour; Gan Quay; NC, North Castle; NWC, Northwest
Castle; RN, Rookery Nook; SC, South Castle; SL tistabhra; WC, West Concrete; WL, West Labhra;
WP, Whirlpool Point).

Fig. 2. A, Counts of the purple urchiaracentrotus lividus at the 10 monitoring sites showing the
population peak in late 1990s. B, urchin countdgubby basin (north vs. south basin sites). C, @ah
the urchins large enough to be sexually maturekitb@rs) and small enough to be considered young-of
the year (recent recruits) (grey bars). D, Visiileple urchins (on logarithmic scale) on north shafr
lough. Black bars indicate counts based on the ooadhll above the shore and grey bars indicatéewnhi

snorkeling. In 2009 and 2014, there were no vigilotdhins remaining on north shore.

Fig. 3. Kite diagrams indicating (A) urchin abundar{counts per 10-m long site) from 1994 to 201d an
(B) recruits (urchins < 10 mm test diameter) fro8®@ to 2014 at 10 study sites. Site names abbesliat

as in caption of Fig. 1. Maximum sample sizesdatid for each kite distribution.

Fig. 4. Size-frequency distributions of test diaengtofParacentrotus lividus from 1996 to 2014. Sample
sizes indicate the number of measured urchins atdritoring sites. Black bars indicate the young-of
the-year (recruits), hatched bars indicate intefateesized urchins, and gray ones indicate potentia

sexually mature individuals (based on test dianmeter

Fig. 5. Number of urchin tests recorded duringghere surveys at the monitoring sites (A-C) andngdur
the whole-lough snorkel surveys (D-F). Mortalitiesre categorized by year (A, D), site or shore{Be

E), or apparent cause (C, F).
Fig. 6. Seawater temperatures from various Tid&iisers deployed in the shallow subtidal zone on the
western shore since spring 2014. Each panel reggesatput from multiple sensors downloaded

approximately every 6 months; thus, the x-axisisgataries among panels. Each sensor recorded every
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15 minutes during the survey period; the valuesasamt means and standard deviations among sensors.
The two summers indicated as cool had extremelatinagNorth Atlantic Oscillation values in July
(Trowbridge et al., 2018).

Fig. 7. Late summer surface temperatures meastte@whermometer at Lough Hyne. The Gate Lodge
readings were taken offshore from the promontocgtied in Renouf sector N12; the Glan Lab readings
were taken from the quay at the Glannafeen Labgratdich was at the intersection of sectors S4 and
S5. Other includes North Quay, center of northrpaatic. The arrow indicates the 1992 summer which
was the only cool summer data recorded.

Fig. 8. Urchin fertilization experiment results vitllva intestinalisin September 2013.

Fig. 9. Temporal changes of spiny starfistafthasterias glacialis) at 10-m wide monitoring sites in

Lough Hyne.

Fig. 10. A, Movement of juvenile purple urchins egpd to varying dissolved oxygen levels for 24 Bour
in June 2017 at Lough Hyne. Attached indicatedpireentage of urchins that were attached to the sid
of the glass jar; righting refers to the percentaigerchins that could right themselves after bdiipged
upside down. B, Survival of juvenile urchins expb$® anoxic conditions for 10, 8, or 4 hours vs.
normoxic control conditions. Spines, pedicellari@eg podia refer to the percentage of urchinswieae

moving those body parts at the end of the experimen

Fig. 11. A, Box and whisker plots of dissolved osggralues recorded in the shallow subtidal habéats
5 sites with known past urchin recruitment. Dataenecorded every 15 min from June to Sep 2017.
Normoxic levels varied between 8 and 10 mig(temperature dependent); hypoxic levels are <2 thg
B, Frequency of DO being <2 mg'l(hypoxic) vs. duration of time (in 15 min intersalC, Frequency of

DO being <6 mg L vs. duration of time (in 15 min intervals).

Fig. 12. Schematic feedback loop of interactionsdngh Hyne occurring since 2010.

Supplemental Fig. S1. Extreme weather in termsraémperature from the Sherkin Island recording
station. C, Rainfall and D, wind speed at SherRiashed horizontal lines (A-C) are heuristic tools t

draw attention to the circled (A) hot, (B) colddafC) wet outlying values.
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Supplemental Fig. SParacentrotus lividus with spine loss (A), spine loss and necrosis @&}l white
patches around base of spines (C). The coexistitkggp common urchirechinus escul entus exhibiting

similar spine loss.
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HIGHLIGHTS

The mass mortality of purple urchins at Lough Hyne Marine Reserve was multicausal.
Ulvoid exudates reduced urchin fertilization.

Few larval or juvenile urchins were recorded in the past decade.

Extreme dissolved oxygen fluctuations exceeded limits for macrofauna survival.

Spiny starfish populations and pathogens contributed to the loca urchin decline.
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