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ABSTRACT

Physical and biological processes interact during ¢ rly life stages to determine
the distribution and abundance of larvae of many marine benthic species,
including the commercially and ecologically important American lobster, Homarus
americanus. Following planktonic development, )ster postlarvae seek benthic
habitat to occupy during a juvenile phase. Past studies of lobster settiement and
post-settlement behaviour hay rarely considered the effec  of physical factors.
To test whether lobster settlement is affected by flow, | conducted flume
experiments. Flow increased set :ment by increasing substrate encounter
throL "1 passive deposition and modification ° searching behaviours. To
examine shelter fidelity of recently settlied juvenile lobster, the behavioural
response of 3-month-old lobsters to shelter warming and cooling was tested.
Lobsters behaved aversively in response to coc  “ temperatures, and abandoned
their shelter to move to warmer water. These s dies of the in ractions between
physical factors and early lobster bet siour ent  1ce our understanding of spatial
and temporal variability in popu ions and ¢« r ability to identify habitats for

conservation.
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1.4 Study Species: the American Lobster

The North American lobster, Homarus americanus, is an important Atlantic
species and has long been a\ uable commercial species in Canada and the
United States. Dramatic increases in lobster landii 5 occurred during the 1990s,
and they are currently at near historic highs in many areas jarty 1995,
Fogarty & Gendron 2004). Howev -, precipitt s declines in me stocks
underscore the fact that, despite the relatively large body of knowledge about
lobster biology, our ability to predict and explain changes in lobs  populations

remains limited.

Beginning over 100 years ago, biological research on the Americ 1 lobster has
produced a vast literature on its physiology, pc 1ilation and fisheries biology,
aquaculture, ecology, behaviour, and sensory biology (Factor 1995). Lik many
marine organisms, the adult stages of lobster have been n st frequently
examined, and the ecology of early life stages is less well known. A fuller
understar “ng of tt early life history of Homarus is eme ~'ng, through the use of

new approaches and tools in both the field and laboratory (Cobb & Castro 2006).

Studies of clawed lobster populations (Family: Nephropidae) have concluded that

successful settlement can be a key driver of lobster demogr: 1y (Fogarty &

ldoine 1986, Palma * al. 1999, Wahle et al. 2 4). In contre : to other large
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vibrations) stimuli (Atema & Vo' *~ 1995). Lobst¢ ; are demonstrably able to
detect and respond to a suite of environmental variables such as salinity,
temperature, osmolarity, and hydrodynamics (Atet 1 & Voigt 1995, Childress &
Jury 2006). The ability to integrate this sensory in ‘mation into key behavioural

decisions such as habitat selection and migration I ; clear adaptive value.

The remarkable sensitivity of lobsters to environmental stimuli me¢ 1s that abiotic
factors play a significant role in their ecology, not ly by affecti ) physiological
rates or by defining the environment in which biolc cal processes occur, but also
through their influence on or¢ 1ism sensory biology and behaviour. For
example, as a result of the impor 1ce of olfactory signals in many aspects of
lobster life (e.g. courting, agonistic behaviour, food detection), there is a complex
relationship 2tween hydrodynamics, habitat and odour de :tion (Childress &
Jury 2006). Because environmental cues signific 1tly influence behaviours and
affect processes such as movement, habitat selection, and mating, they play an
important role in the life history of lobsters. in tt r review of It ster behaviour,
Childress and Jury (2006) recommend that in the study of the relationship
between habitat and recruitment, a better unc standing of the behavioural

responses of lobsters to environmental change is needed.
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following metamorphosis (Cobb et al. 1989a). Timing of settlement is variable
and, if suitable habitat is not encountered, postlarvae can delay their transition to
the benthos until after a subsequent molt (Cobb al. 1989a, Incze & Wahle
1991). Postlarval lobsters display a range of swimming and searching
behaviours and respond to a suite of physical and chemical cues in controlled
laboratory experiments (Hadley 1905, Botero & ema 1982, Johns & Mann
1987, Cobb et al. 1989a, Boudreau et al. 1990, Boudreau 1991, Boudreau et al.
1992, Boudreau et al. 1993a,b). Postlarvae are 1own to exploit a variety of
substrates, but laboratory experiments have demonstrated a preference for
structurally-complex substrates such as cobble, rather than sand or mud (Botero
& Atema 1982). Size of shelter substrate has been shown to correlate to body-
size of juvenile and adult lobster (Cobb 1971, Wah 1992) buta p erence for a
[ ‘ticular cobble si; at settlement has nott 1 <@mined. Johns and Mann
(1987) found that lobster postiarve choose habi’ ‘s with seaweed or seaweed
mimics more frequently than habitats without. L "1t penetration has also been
identified as one of the most important substra chare _ zristics for lobster at
settlement, and it has been su¢ 3:sted that a hie ‘chy of cues act to ultimately
determine settlement location (Boudreau et al. 1990). While settling postlarval
lobsters have been shown to respond to many ph_ cal and chemical factors, the

difficulty of observing the settlement process in the field has resulted in
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2.3 Materials and Methods

2.3.1 Lobster Larval Culture

Homarus americanus postlarvae were raised at tt  Ocean Sciences Centre of
Memorial University. Fifteen ovigerous female lobsters were collec 1from Notre
Dame Bay, Newfoundland using standard lobster traps durir July 2007.
Females were transported to the Ocean Sciences Centre laboratory and
maintained in separate tanks under ambient light with flowing seawater at
ambient surface temperature (range: 8-15 °C). Tt lobsters were fed a ration of
squid or mussels every 3 days. When hatching ccurred, lobster larvae were
collected from the adult tanks using a fine mesh net. During this period, tanks
were checked frequently for larvae in order to ensure they were collected soon
after hatch. Larvae of the same age (hatched w 1in the previous 24 h period)
were cultured togett ~ in  atic, 10-L cultu ntainers filled with filtered
seawater maintained at 17-19 °C. Larvae were 3pt under ificial light (12 h
light : 12 h dark cycle). Initial culture densities inged from 20-40 larvae-L".
Strong aeration decreased cannibalic . in the culture containers. ' arvae were
fed ad libitum a mixed diet of enriched frozen  ult artemia and live artemia
nauplii. Culture water was changed and dead larvae removed from the cultures
every 2 days. After molting to the fourth stage (postlarval stage), larvae were

separated from their initial culture 1d reared, iing the same methods, with
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and settlement substrate were  :orded for settl 3 individuals. settlement
occurred during unobserved periods, e time was recorded to the nearest 15-
minute interval. Individuals not settling by the end of the 1-hour trial were scored

as not settled.

Count data obtained from these xperiments were analysed using the
generalized linear model procedu (SAS sta ical software). Response
variables of (1) settlement (settled / not settled), (2) settlement substrate (small /
large cobble), (3) substrate encounter during Jservation (encounter / no
encounter, and (4) settlement following encounter (encountered and settled/
encountered and did not settle), were modeled in terms of the nominal predictor
variables postlarval age (mid-stage / late-stage) 1d flow treatment (flow / still
water). Models for tt ;e binary data used a binomial distribution and a logit link
function. Effects of postlarval age and flow treatment on time to settlement were
analyzed using a generalized linear model proce Ire with a poisson distribution
and log link. For all analyses, plots of residuals v sus fitted values were used to
evaluate assumptions of homogenous errors and whether the structural models
adequately represented the relationships. See Appendix A for details of each

analysis and for sample diagnostic plots.
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2.3.3 Flow Characterization

To characterize the hydrodynamic environment in the flume during the flow trials,
vertical depth profiles of velocity were measured at different locations in the
flume: 0.5 m upstream of the test section in the middle of the channel, and above
the top of a rock and a crevice for each substrate treatment mid-way along the
test section (Fig.2.2). The bounding surface at € :h location (i.e. rock surface,
flume bottom) was the bottom from which height .-, measurements were made.
All flow measurements were perforn 1| with a £ itek 16 F Acoustic Doppler
Velocimeter (ADV) connected to a positioning system to allow me surements at
defined coordinates (x,y,z) in tt  flume channel. A sampling volume of 0.75 mm?
was used and each point was sampled for approximately 300 seconds (> 3000

samples per point).

All flow experiments were conducted using a moderate, smooth irbulent flow,

1

with a free-stream velocity of approximately 7.5 ¢ -s”. 7 undary shear velocity,

u,, ; a measure of the shear stress acting on a boundary and is typically used as

a convenient velocity parameter to characteriz: near-bottom flow (Nowell &

Jumars 1984). The shear ' ocity (u,) upst .am of the test section was

calculated to be 0.34 cm.s™ using the log layer ° the upstream velocity profile

(Fig. 2.2a) and tt  formula:

K
—u+lIn(z,)
u‘
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where K is von Karman'’s constant (=0.41), u is the velocity at height z, and z,is

the bottom roughness parameter. This u, is typical of mid-ran : near-bottom

flow in a coastal embayment (Butman 1986, Grass et al. 1992).

Horizontal flow accelerated as it moved over tt  roughne 3 e ents in the
substrate test section, reaching approximately 8 cm.s™ and 8 cm.s” above the
small and large cobble, spectively (Fig. 2.2b). Flow weakened above the
bottom within crevices, and crevices in the larg cobble section, where rocks
reached ~4.5 cm above the bottom, created flow Idies with increased vertical
and transverse velocities, and a reverse horizontal flow (Fig. 2.2b). The temporal
fluctuation in horizontal velocities (sf n of 95% cc idence intervals) can be used
as a 2asure of turbulence and was generally greater in tt substrate test
section compared to the upstream profile, and was more pronounced in areas of

the vertical profile over the large cobble compared to the small cobble (Fig. 2.2¢).
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2.4.2 Swimming Behaviour Trials

Postlarvae were more active in their searching while in still water. In still-water
trials, the mean number of full ¢ cents by postlarvae was significantly greater
than in flow trials (Fig. 2.7 ; t-test: t=3.05, p<0.01). Postlarvae so performed
significantly more partial descents (t=3.32, p<0.01) 1d lift-off behaviours (1=2.94,
p<0.01) in still water compared to flow (Fig. 2.7). e postlarvae actively swam
during flow trials, typically at sg :ds qual to or lightly less than the current
speed. In flow, postlarvae bottc  searched with deliberate sinking behaviour,
using the current to transport them ba wards and ) the bottom, with their claws
out and abdomen extended. This behaviour was in contrast to active diving as
the main mode of descent in still-water trials. In ow, once in contact with the
bottom, postiarvae often remained, an explored tt  surface by walking, whereas

in still water, lift-offsv e the p red method of :  ching.
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flow speeds well above the 7.5 cm.s” velocity us 1 in this experiment (Ennis
1986, Cobb et al. 1989b). When e: osed to tl flow, however, postlarvae
modifed their behaviour, deliberately sinking i 1 subsequently becoming
entrained to the bottom, particularly in the turbulent test section. These results
indicate that the behavioural mechanisms by hich postlarvae reach @

substratum and ultimately settle can be influenced by hydrodynamic conditions.

Settlement requires two events to occur: (1) 1bstrate encounter and (2)
acceptance of the encountered substrate. The latter often requires an active
behaviour on the part of the larva, whereas the initial component can occur
pas: 'ely. Two categories of conceptual behaviot il models have been used to
explain active settlement of marine larvae in flow (Mullineaux & rland 1993,
Abelson & Denny 1997, Dobretsov & Wahl 2008). Most commor ', larvae are
thought to contact the substrate surface via advective flow, and subsequently
accept or reject the surface (e.g. Butman & Grassle 1992, Snelgrove et al. 1993).
If a larva rejects the surface, it returns to the water column. Alternatively, the
“contact and explore” model suggests that certai larvae will cc tact a surface,
and rather than make a binary accept/reject rc rons they w explore the
substrate to locate a suitable settlement site. N¢ her of these models consider
the influence larvae may have on substrate encounter, but rather, the “choice”

comes when larvae accept or >t a substrate.  2cause larval ¢ -apods have
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results indicate that, like larvae and adults, young juvenile lobsters can sense
and respond to changing water temperatures, and will risk out-of-shelter
movement to avoid unfavourable conditions. These results suggest that young
lobsters, particularly those that inhabit thermally variable areas such as coastal
areas subject to upwelling, may be less bound to a sing shel - than has been
previously thought, and this finding has impo ant implications for lobster post-

settlement migration and mortality.

3.2 Introduction

Thermal environment is of major importance in regulating marine community
structure (Denny & Wethey )01). Temperal e, possibly more than any other
single environmental stor, has a perva influence on the biological
processes of marine organisms, and consequently plays a central role in the
distribution and abundance of populations, and ultimately regulates the structure
of marine communities. Inc 1, the brc 1-sce  biogeography of species in the
marine environment is closely linked to v temperatt . (Ekman 1953,

Kinne 1963, Crame 1993).

Temperature effects vary significantly among species and life history stages.

The behaviour and movement of most crus ins =~ strongly influenced by
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3.3.3 Statistical Analyses

Because the measures were repeated on animals for each of the three
treatments, data was analysed using generaliz 1 estimating equations (GEE), an
extension of the generalized linear model | )cedure that accounts for non-
independent responses (Hardin & Hilbe 2002  This analysis used a binomial
distribution and logit link function to determine whether treatment
(cooling/warming/control) t 1 an effect on juy nile lobster response (proportion
of aversive versus normal responses). Pairwise comparisons were used to
identify which of the treatments ¢ ised any s ificant differences in behaviour.
Analyses were performed using SPSS Statistical Software. See Appendix B for

detailed model and parameter information.

3.4 Results

Treatment had a significant effect on lobster behavioural 32sponse (x*=43.0,
p<0.001). 1rly juvenile lot ers ¢ ‘a  asignific 1t 'sion to shelter
cooling. When the temperature in the experin 1tal shelter was decreased from
9.9+0.1°Cto 29 +£0.4 °C (range 2.2-3.7 °C), most (73.5%) the lobsters left
their cobble shelter to move to warmer waters (Fig. 3.2). The high rate of shelter

abandonment was clearly in response to the temperature manipulation, given
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that during the control trials, only  of the 34 »sters (3%) left the shelter (pair-

wise comparison: p<0.001).

Shelter warming did not elicit the same stro ] aversive response as cooling,
however, given that only 5 of 34 lobster (1 %) abandoned the experimental
shelter during warming to 16.0 £ 0.5 °C (range 14.7-17.6 °C). The proportion of
aversive responses in warming trials was not significantly different than in control

trials (Fig. 3.2; p=0.13).

100 :
EER Aversive E 1aviour
| " Normal/ No Activity
80 -
o
E 60 A
7
<
40 -
20 A
0 - |
Cooling Warming Control

Exf 1imental Treatment

Figure 3.2. Com; ison of the percenl  juvenile lobsters that exhibited
an aversive response during cooling, warming and control trials.
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The most common aversive response obsen 1 was movement to open sand
outside of shelters, followed by movement to the top of the cobble, upward
swimming, and movement out of the shelter enclosure (Fig. 3.3). In the cooling
experiment, of the 25 lobsters that exhibited av  sive behaviour, 16 (64%) moved
to exposed sand, 11 (44%) moved to the top of cobble, 5 (17%) swam, and 4
(14%) moved completely out of the shelter 1closure area. In the warming
experiment, in which 5 lobsters responded to e treatment, all moved onto the
open sand in front of the cobble and 2 moved further out of the shelter enclosure.
The one individual that exhibited an atypical behaviot durin the control trial
moved around the front of the cobble shel , walked to another rock, and

resumed sheltering.
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3.4; Fig. 3.5). There was no obvious trend in the less cc...mon responses
(swimming and moving out of the shelter enclosure) in terms of 1e temperatures

at which they occurred.

100 ——

80
w
2 60 A
c
o
o
w
O
X 40
X

20

0‘/’—1—\ T T

9 8 7 6 A5 3 2

Coo =">

Shelter Temperature (°C)

Figure 3.4. Cumulative percent of aversive responses occurring as
temperature was decr¢  :d during s  ter cooling. Lettt ;s indicate

behaviours occurring at each temper  re: Sa= moved to open sand,
C=moved on top of cobb  Sw=swe: O=left shelter closure.
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Figure 3.5. Temperatu which ific bel  rioural respor s occurred during

shelter cooling experiments.

3.5 Di ussion

Early juvenile lobster can detec and resp 1d behaviourally to changes in
environmental temperature. In cooling experiments, lobsters began to respond
aversively when water temperatures decreased, and a majority chose to move
out of their burrows. It is not surprising that 1elter cooling elicited a stronger

response from juvenile lobsters than warming, _ ven that cool  has a potentially
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| ) threshold temperature was found at which  iponses to cooling occurred, but
rather aversive behaviours were observed thi ighout the range of decrease in
temperature. This experiment was not designed to detect specific temperatures
at which responses occurred. Because temp: itures were recorded at the rear
of the shelter, it was not possible to assess the precise te perature to which
each lobster was exposed when they disp red aversive behaviour. Thus,
because individual lobster would burrow/shelter in different are: of the cobble, it
is quite possible that cool water r¢ :hed them at different ra s. Not unlike wild
conditions, heat transport proces: 5 might have brought sudc¢ 1 puises of cold
water into contact with postlarvae. In futt = experiments, studying several
subjects simultaneously, as well as attaching temperature loggers to individual
lobsters, may prove useful in detecting poten 1l temperature resholds. Even
though information on specific temperature  sponses of juvenile lobsters is
lacking, the data suggest that there may be different behavioural responses as
water cools. Horizontal movements to sand outside of the shelters typically
occurred at higher temperatu 3 than vertic  movements to the top of the
cobble. Further studies to characterize the specific behaviol _ in terms of their

duction temperatures as well as their associated predation risk would allow a

more thorough evaluation of the implications of cooling events.
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settlement stages in order to explain recruitmer My results highlight the need to
consider the complex re :onst between environment and behaviour by
assessing the early post-settlement mortality risks and migration associated with
different types of habitats or  jions. Incze et al. (1997) and Palma et al. (1999)
have suggested that juver : lobsters remain within 1-2 m of v ere they settled
during their first year, but findings here suggest that this fidelity could depend on
whether they settle in thermally dynamic areas. Habitats with frequent
temperature fluctuations may represent a greater mortality risk for juvenile lobster
because of their behavioural response to temperature, above and beyond any
direct physiological impacts. The thermal environment, in terms of average
temperature and temperature variability, are likely to influence early juvenile
lobster relocation and therefore predation mortality. These post-settlement
processes have a significant effect on local population sii and need to be

considered in predictions of recruitment and models of habitat quality.

To assess more clearly the ro that mnpera e variation may play in juvenile
lobster movement, mortality, and recruitment in various habitats, the effect of
substrate type also needs to be consic ‘ed. Postlarval lobsters are known to
preferentially settle in several types of substrate, including cobble on sand,
cobble on bedrock, peat ,and st | hash ( + wed by Lawton & Lavalli

1995). The present study examii 1 juvenile lobster behaviour in cobble on sand,
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consider the hydrodynamic conc ions and thermal regime of areas when

examining their suitability as lobster nursery ha at.

In summary, a more comprehensive understanding of the physical factors that
influence survival, growth, and distributions of early life-history stages is of
fundamental importance in ¢ termining the relationships betv :n physical and
ecological processes that jJu e recruitment. Such information has the
potential to be applied to fisheries management, conservation 1d mitigation of

human impacts on marine communities.
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Appendix A

Chapter 2 Statistical Analysis

1. Settlement Outcome

8= Bo+BaA+ BeF+ BagAF+E

where

S= settlement outcome

A= age {mid- or |late-stage)
F= flow treatment (flow or still)

Model Information

Dependent Variable Settlement
Probability Distribution |Binomial
Link Function Logit

No. Observations Used[110

Tests of Model Effects

Type llI
Source Chi-Square Tag Sig.
Age 12.68 1 .0004
Flowtrt 5.88 1 0153
Age * Flowtrt [1.8Ra 1 9103

Dependent Variable: Settlement
Model: (Intercept), Age, Flowtrt, Age * Flowtrt
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Standard Residual Deviation

f
N
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A A
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A c
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T | ] | ! I
14 16 18 20 22 24
Fit 1 Val
Figure A-2. Diagnostic plot of fitted values versus res  als to

check for homogeneity of errors and fit of structural m
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Age

Still: Mid-stage vs. Late-stage
Model Information

Dependent Variable Time to Settlement
Probability Distribution JPoisson

Link Function Log

No. Observations Used |26

Tests of Model Effects

lTvne 1]
Source Chi-Square  Idf Sig.
Flow 4.39 1 0362
treatment

Flow: Mid-stage vs. Late-stage
Model Information

Dependent Variable Time to Settlement
Probability Distribution |Poisson

Link Function Log

No. Observations Used 43

ts
Type Il
Source Chi-Square  [df Sig.
Flow 4532 1 <.0001
treatment
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6. Swimming Behaviour Tr Is
Paired Samples Test
Paired Differenres .
Std. 95% Confidence Sig.
Std. Error Interval (2-
Mean Deviation [N Lower Upper |t df led)
Pair T
1 Midwater |-1.16E0 |1.508EQ 30163 [-1.787E0 |-5.42E-1 |-3.861 (24 |.001
flow-still
lPair T Surface
) -7.42E-1 |5.5246E0 |1.104E0 |-3.023E0 [1.538E0 [-672 |24 |508
2 flow-still
Pair T Bottom
] 1.90733 |5.59693 1.11939 [-.40296 421763 |1.704 {24 |.101
3 flow-still
Pair Lift-offs
] -4.160 |7.087 1.417 -7.085 -1.235 -2.935 24 ].007
4 flow-still
Pair Partial
5 Dives 8.760 13.182 2.636 3.319 14201 ]3.323 4 1.003
flow-still
Pair Full Dives
) -3.800 |6.238 1.248 -6.375 -1.225 -3.046 |24 |.006
|6 flow-still
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Appendix B

Chapter 3 Statistical Analysis

Ab=B, +B+T+¢

where:
Ab= aversive behaviour (yes/no)
T=temperature treatment (warming/cooling/control)

Generalized Linear Model
Model Information

Dependent Variable B viour
Probability Distribution B mial
Link Function Lo t
Subject Effect 1 In ridual
\é\;lfteh;?-Subject 1 Treatment
Working Correlation Matrix Structure In :pendent

Type Il _I
W_ald Chi-
Source  |square df Sig.
(Intercept)|11.779 1 .001
Treatment}43.000 2 .000

Dependent Variab  Behaviour
Model: (Intercept), Treatment
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