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Comparative field and laboratory data on the distribution-limiting levels of dissolved oxygen (DO) for yearling
yellow perch (Perca flavescens) is presented. At Blind Channel, Delta Marsh, Manitoba, dicl fluctuations in DO
concentrations began by June, approximately 6 wk after ice-off. By carly July severe hypoxia (=1.5 ppm DO) first
occurred in the callail habitat close to the substrate at dawn, and by early August severe hypoxia extended
throughout the cattail bed. Using wire minnow traps, juvenile perch persisted within the cattails close to the
substrate in June. In early July, juvenile perch occupied the submerged macrophyte — open water habitat, away
from the cattail and hypoxia. Significant diel changes in horizontal distribution were evident at one site, where
fish avoided severe hypoxia in the cattail bed overnight but returned during the day, as there was little alternative
cover and when DO levels were not lethal. In situ survival experiments demonstrated decreased survival close
to the substrate, in the cattail, and overnight compared with overday, reflecting the distribution of low DO.
Survival increased 27% over the control by bubbling oxygen into holding cages. In a two-chambered
normoxic/hypoxic tank, perch demonstrated a preference for cover, and avoidance of hypoxia at 1.5-3.0 ppm
DO. The habitat choice of juvenile yellow perch in Delta Marsh is a compromise between the cattail, with
favorable predator/prey conditions, and hypoxia.

Les auteurs présentent des données comparatives, obtenues sur le terrain et en laboratoire, sur la distribution des
teneurs limitantes en oxygene dissous (OD) pour des perchaudes (Perca flavescens) d’un an. Dans le chenal Blind
de Delta Marsh (Manitoba), les lluctuations nycthémérales de la concentration en OD ont débuté en juin, environ
6 sem apres la fonte des glaces. Au début de juillet, on notait pour la premiére fois une importante hypoxie (=1,5
ppm OD) a I'aube dans I'habitat a typhas, a proximité du substrat; au début d’aot cette hypoxie s’étendait a toute
la zone a typhas. L'utilisation de trappes a ménés métalliques a permis de noter que les perchaudes juvéniles
demeuraient dans les typhas, pres du substrat, en juin. Au début de juillet, les poissons occupaient I'habitat d’eau
libre & macrophytes submergés, loin des typhas et des conditions hypoxiques. Des variations nycthémérales
significatives de la distribution horizontale ont été notées en un endroit ol les poissons évitaient les conditions
hypoxiques séveres des typhas au cours de la nuit, mais y retournaient durant le jour car il y avait peu de couvert
disponible et les concentrations de OD n’y étaient pas mortelles. Des essais de survie in situ ont montré une baisse
de la survie a proximité du substrat dans la zone a typhas; cette baisse était plus importante la nuit que le jour,
ce qui reflete la distribution des faibles tencurs en OD. Le taux de survie a pu étre accru de 27 %, compara-
tivement a celui des témoins, en diffusant de I'oxygéne dans les cages. Au cours de ces essais en cuves a deux
compartiments (conditions normales et hypoxie) les perchaudes ont préféré le couvert et évité une hypoxie de
I'ordre de 1,5—3,0 ppm de OD. L'habitat choisi par les perchaudes juvéniles de Delta Marsh représente un
compromis entre la zone a typhas ou les conditions prédateurs—proies sont favorables et I’hypoxie.

Received August 7, 1985
Accepted April 22, 1986
(J8379)

abitat criteria for juvenile freshwater fish include
predator risk, prey abundance, presence of competi-
tors, temperature, and other factors (e.g. Crowder et
al. 1981; Hall and Werner 1977; Keast et al. 1978).
Werner et al. (1983) demonstrated with centrachids a tradeotf
between prey availability and predator risk in habitat choice.
Habitat choice is a compromise among many factors, including
the interaction of physical and biological effects. The potential
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for low dissolved oxygen (DO) to strongly interact with the
biological factors has rarely been considered (Rudstam and
Magnuson 1985), and yet hypoxia is a pervasive phenomenon
in many aquatic communities. Severe hypoxia in potholes and
small eutrophic lakes caused by collapse and subsequent de-
composition of large algal blooms (e.g. Nicholls et al. 1980)
results in catastrophic mortality of fishes in midsummer, as
well as mortality due to nocturnal hypoxia and subsequent
avian predation (Kushlan 1974; Tramer 1977). These accounts
described a characteristic sequence of mortality, related to the
species’ physiological and morphological adaptations for
breathing the surface film or air-breathing (Gee 1980). An
obvious, but often ignored, initial behavioral response to hy-
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poxiais movement to habitats of higher DO (Hochachka 19801,

Scasonal changes in vertical distribution and survival of ish
in refation to fow DO cand high temperature) oceur i stratified
fakes. where by midsummer the hypolimnion may become
anoxic (Clady 19761 Engel and Magnuson 19760 Vige 1980:
Rinne et al. 1981: Rudstam and Magnuson 1985). Horizontal
DO eradients. resulting from sewage effluent or natural causes.
abso attect fish and vertebrate distribution (Odum and Cald-
well 19330 Alabaster 19392 Birtweltl et al, 1983). Magnuson
et al. (1983 showed that vertical and horizontal fish distribu-
twon under tee was w lunction ol low DO and high CO..
Northern pike (£sox lucins) can avord tow DO in late winter
(Casselman 1978y, and juventle pike are attracted to traps with
an acrated discharge under the wce tJohnson and Movle 1969).
Fis poxaa and fish scarcity may be correlated but the undertving
mechanmsms are difticult to establish in the field (Whitmore ¢t
al. 1900) because ol other interacting tuctors (prey distribution,
light levelsy. Rarely are these hypotheses tested with in situ
survivat experiments (Odum and Caldwell 19550 Klinger et al.
FORZ: Birtwell et al. 1983 Comparative lTaboratory and field
studies on the eftect of Tow DO on fish distribution are essential
to resolve these interacting effects. particularly with respect to
a changing diel regime. Alabaster and Robertson™s (19601)
study is unique tnousing @ large outdoor tank to study
diel effects of temperature. DO concentrations. and light levels
on Nsh oactivity and distribution, though the results were
mconclusive.

Our objectives were to deseribe (1) the temporal and spatial
vartation DO temperature. and vegetation and (2) the asso-
clated distribution of vearling vellow perch (Perca flavescens)
in Delta Marsh. We demonstrate experimentally how amounts
ol DO and cover attect lish distribution and survival in the
laboratory and in the ficld. Delta Marsh is one of the largest
freshwater marshes in North America and surprisingly hittle is
Known of its lish populations. The marsh is a nursery ground
for quvenile northern pike. carp (Cyprinis carpioy. spottail
shiner (Norropis ludsoniny ). Tathead minnow (Pimephales
promelasy. and brook stickleback (Culaca inconstans). The
marsh is potentially hvpoxic due to the abundance of decaying
vegetation and submerged macrophytes. but during the spring
it provides fish with cover. protection from storms, and a more
abundant invertebrate food resource compared with the adja-
cent Lake Manitoba.

Materials and Methods

Study Arca

Rescarch was conducted (rom the Umiversity of Manitoba
Field Station, Delta Marsh (5071 U'NL 8" 23'W) | situated on
the southern shore of Lake Manitoba. Data were collected at
Blind Channel., a former bed of the Assiniboine River. It is a
shallow  (1-m maximum depth). 8-km meandering channel
lined with cattail (Fyplie spp.i and bullrush (Seirpis sp.y. The
only connection to Lake Manttoba 1s via & narrow cut, mid-
way along the chunnel. Average water levels in Blind Channel
vary by 15 em due to wind-generated seiches on Lake Man-
toba. Water chemistry is similar to that of the lake (pH
%.0-8.5. brackish. = 1500 mu total dissolved solids+ L 'y and

turbid, particularly in spring but clearing by carly summer

ClTudorancea and Green (975).
Two sites (A and B) were selected on the basis of acces-
sibility and presence of large stunds of cattail vegetation. Cat-

Cono do by Aguar Scio Vol 4301980

TaBsrr 1. Percent cover of submerged macro-
phytes at station 3 (open water habitaty in 1983
during the periods ol yellow perch abundance
(n - 20 counts * $p). Early June values in
cluded dead plants from the previous summer.

Site B

Period Site A
Early June S1.5+£20.4 3.3*5.7
Late June 31,0358 1.8+2.2
Early July 64.3441.0 38281
Late July - O01.0+34.8

"Not recorded. approximately 1004

tatl was selected over stands of bullrush. as vellow perch were
more abundant i the former (Suthers 1984, In June and July
there was a greater percent cover of submerged macrophyies in
the open water habitat at site A than at site B, Sie A at the
northern extremity of Blind Channel was comparable with u
backwater. with litde current and  abundant  macrophytes
(Myriophyllum sp.. Poramogeron spp.. and Utricularia sp..
Table D). while site B was midway along the channel, with
sparse submerged macrophytes (chietly P. pectinanisy and
shight current due to wind seiches.

Sampling Procedures

The DO regime and fish distribution were determined at sites
A and B in 1982 along tour replicate transects selected at
random from a total of 10 sct perpendicular to the shore, ap-
proximately 25 m apart. Each transcct was composed ol four
stations. Station 1 was approximately 2 m into the cattail bed
in 30—40 cm ol water, station 2 was at the cdge of the cattail
in 40—50 ¢m of water, station 3 was 2—3 m offshore in
S0—=60 cm ol water, and station 4 was almost midehanncel in
70—80 cm of water. At each station a rod supported two wire
minnow traps (42 cm long: 21 em diameter) with one at the
water surface and one at the substrate. For 3 d four transects
were selected and traps set in the morning (07:00—10:00 and
then examined that evening (19:00—22:000 when a new set off
four transccts was selected. These times were intended to ap-
proximate midpoints of the diel DO fluctuation, thus generatly
trapping over a high DO and a low DO time of day. This
procedure was repeated the following wecek at site B. The 3-d
sampling ntervals at cach site were repeated over lour sum-
pling periods during the summer: 8—18 June, 6—16 Juiy.
27 July — 6 August. and 17--26 August.

For cach trap, DO and temperature were recorded and lish
were counted before release 500 m away. DO was recorded
using a YSI oxyeen meter (model 57) and calibration was
checked after cach transect. Comparison with the Winkler
method indicated close agreement (*+4%). There were five
levels of treatment tor cach site: sampling period (). day (3).
time of day (2). station (). and depth (2} with four replicate
transects. DO was analysed for cach site with a five-way fuc-
torial analysis of vartance (ANOVA). Nearly all factors and
interactions were significant and only the six largest sums of
squares are discussed.

The catch per trap was expressed as a proportion of cach
morning’s or cach cvening’s total catch. This removed the
cffect of larger catches overday than overnight (Suthers 1984)
and greater abundance in early June than carly July. Homogen-
city of variance was attained using an aresine,  square-root
transform of this proportion. The distribution of vellow perch
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abused for cach site using the larger. bottom trap catches

wiv e and carly Julv sampling periods ina four-way

Caperod g Cday C3 tume of day (200 by station (4)).

A e tunsects were maintained at cach site with

drons per transect tomitimyg station 4 midchanneh.

copercire s and catch o were recorded at cach wrap

Fent T6000 and 22:00 for 2 dat cach site durimg <ix

Ceened s during the summmer: PO 20 Mav. 30 May —

co b dune. 26 June G July. 19-27 Julv. and

agrist O was analvsed for cach site ina five-way

YOV N period (00, day (210 tme ol day (4)0 station

Ao s ath five replicate transects). A continuous 24-h

s ot rempeature and DO CYST model 36) was obtained at
w3 atsite A daring 1983,

veoabindance of vearting vellow perch was lower in 1983

00 and 1000 catch and the 16:00 and 22:00 catch

shingd o give an Covernight™ and an “overday™ cateh.

P Beawath 19820 Catehes were converted to proportions

s rdenncal analvsis was applied to the larger

iop cntche omitting the May and August sampling

Foperee b e dav 20 time of dav (), station (3. and

A

Sacntal Nianpulations i the Field

Pesbovere trapped amongst the cattaal by carly July. and
e nistomanpulations were used o determine it fish
b enperee fnthe cattadl habitat at that time. Caged fish were
Forshe Ain nud-July 1983 for two davs and two nights
ot rephicete transects composed of stations 1. 20 and 3,
el bottom Bach cage (oo minnow trap. corked at both
Forcontaned five perch with the top cage just below the
andace. Bish were caught from Blind Channel in trap
sthim 24 h o the experiment. At approximately 10:00,
voosmperature. and number of live fish were recorded., the
wotoeled vaath new fishe and reexamined at 22:00.
Foterermime it the level of DO aflected survival in the
Lotothe osveen regime was manipulated over two davs and
s ncarly Julv 1983 under three treatments: oxygen-
A4 bukbledy, hypoxic (N bubbled). and control. The
“ocvental desien was dentical to the experiment deseribed
ceptihiat station 3 was onutted. Oxygen and nitrogen
~opphed from evlinders ving i a nearby dinghy to air-
v the bottomy trap. To reduce large-scale mixing with
crdhme water. wosmall plastic sheet was placed under the
sapand over the surfuce trap. After cach 12-h period.
sumber of Tive fish were recorded. Analysis of the
nival Giresine transformation) involved a four-way
L PTON A (time of day (230 treatment (3), station (2),

— ol vartance were performed using the Statistical
e (SAS TYR2) and dilferences in the Fostatistic
foed stenificant at the 5% level (p <2 0.05). Tay-
Levo (Eott 1977) was applied to determine a suit-
mdion and checked using Cochran's test. Com-
consowas performed using Duncan’s multiple

Laeeriments

vl perch (6= 10 emfork length) were caught in
don July 1982 and maintained at 12°C ma 12 h

rhotoperiod on frozen brine shrimp (mainten-
o lgmpany 1984 when the Tish were acclimated

to 18°C over 4wk to approximate June water temperatures in
the marsh.

The test chamber was a 120 X 26 < 15 cm clear acrvlic
plastic tank with an intake at cach end. dramimg at the centre
from holes in the sides und bottom (Scherer and Nowak 1973y,
Deoxveenated water (generated by bubbling nitrogen through
@ 200-L drum) flowed to one side of the test-chamber while
the opposite side remained normoxic. Flow rates ol about
0.8 cm-s ' capproximately 10 L-min " at cach end) vielded
distinct conditions of DO in the two halves of the tank through
which fish swam without impediment. To simulate conditions
in the marsh. the hvpoxic side contained cover (weighted biack
plastic strips). the normoxic stde being bare. DO was mon-
itored (YSI model 537) with the probe next to the hvpoxic side
inlet. A clear plastic sheet covered the surface to prevent atmo-
spheric exchange. The tank was illuminated by a row of incan-
descent bulbs with a diffusing sereen (35 KIx at the surface)
under a 12 h light: 12 h dark photoperiod. and also tluminated
continuously by [our infrared lamps (400 nm). Observations
were made on a school of cight tish. acclimated to the test tank
for 3 d. Using a Sony video camera with a Vidicon sensor tube.
and @ Sony SL 3400 VCR. the number ol fish on the hypoxic
side (with cover) were counted every 30 s for 13 min-h ' over
two control and two experimental nights (alternated. using the
same school). The experimental nights involved lowering DO
[.5 ppm-h ’. starting at midnight, from saturation (9.2 ppm)
to 0.6 ppm at 06:00. After the icandescent lights cume on the
count was repeated at 07:00 and DO was returned to saturation
by 13:00 at the same rate.

Results

Dissolved Oxygen and Temperature Regimes

DO concentrations varied considerably in time and space
within the study arca. Using DO (1982) as the dependent vari-
able. the six largest sums of squares explained almost 75% of
the total variance (Table 2). Distance from the  cattail
("station”™) was the most important single factor at sites A and
B. the lowest DO being in the cattail and increasing offshore to
station 4. DO recorded in the evening was greater than the
morning (“time ol day™), and also greater at the surlace than at
the substrate (“depth™. Generally. mean DO was higher and
more variable at sitc A than at site B (Table 2. total §S). Daily
water temperature changed £2° about the mean but increased
scasonally from 9.5°C in Tate May to 22°C by August. Extreme
conditions were recorded in lTate summer. with temperatures on
occasion as high as 27°C and 18 ppm DO (200% saturation).
The 1983 DO analysis (Table 2) for sites A and B also showed
greater DO offshore. but “period™ accounted for a larger pro-
portion of the vartance. as six pertods were sampled during the
1983 summer (which was comparatively warm and dryvy. DO
was highest in the midatternoon (16:00 = 22:00 = 10:00

- 04:00). Significant dicl fluctuations i DO occurred from
mid-June onwards (site Ay and carly July onwards (site B)
compared with carlier. more uniform conditions.

Severe hypoxia (=1.5 ppm DO) was first cvident in carly
July at the station | bottom trap position at dawn. By carly
August severe hypoxia extended throughout the cattail bed for
most of the day. Stations 3 and 4 never became hypoxic
(1.5=3.0 ppm). These patterns in DO and temperature regimes
are summarized in a series of continuous recording traces
(Fig. 1) from May. Junc. and July 1983 at sitc A. In May. DO

Can. o Fish Aquat. Scioo Vol 431986



TABLE 2.

Six factors with the largest sums of squares ol a five-way ANOVA with DO

as the dependent variable at sites A and B during 1982 and 1983, All are significant

at po= 0,005

Site A Site B
Source df SS “o total SS SS “total SS
1982
Period 3 1235 9.5 6Ys 8.6
Period X replicate day 6 394 3.0 104 1.3
Time of day | 2992 23.0 b 679 207
Station 3 3618 27.8 222 27.3
Depth 1 I 218 9.3 903 1.1
Period X depth 3 164 1.6 301 3.7
Residual 576 2048 15.7 16| 4.0
l'otal 767 13028 100.0 8124 100.0
1983
Period 5 8 842 38.7 2 788 18.6
Time of day 3 2263 9.9 2 475 16.5
Period % time of day 5 0685 3.0 671 4.5
Station 2 3019 13.2 3164 21
Depth 1 2 481 10.8 1 403 9.4
Time of day X depth 3 921 4.0 339 2.3
Residual 1151 | 579 6.9 1 952 13.0
Total 1438 22873 100.0 14987 100.0
" Station 3 r
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DO (solid lines) and temperature (dotted lines) traces from a continuous recorder at site AL 1983, at top and bottom traps. Top and bottom

temperatures are dot—dash and dotted lines. respectively: top and bottom DO vatues are dashed and solid lines. respectively.

conditions were uniform both spatially and temporally. but in
June and July. DO increased with distance from shore and from
the substrate and with increasing dicl fluctuations.

Yellow Perch Distribution

Most perch were found in the bottom trap and were less
abundant in 1983 as shown by a comparison of the mean catch
per 12 h per trap (1 = number of traps set):

Trap location Top Bottom
1982 (n = 768) 0.429 4.701
1983 (n = 1200) 0.020 0.342

Can. . Fish. Aquair. Sci.. Vol 43, 1986

Generally, bottom trap catches were greater amongst the
cattail than open water in early Junc. but in carly July. yellow
perch began to move offshore. and by August, catches were
smaller and mostly at open water stations.

The four-way ANOVA of the 1982 proportion of catch in the
bottom traps showed two significant effects at site A and four
at sitc B (Table 3). These results indicate the following. A
seasonal shift in distribution was demonstrated at both sites by
significantly larger catches at station | in early June relative to
early July when there were larger catches at station 2. A daily
shift in distribution was evident at site B over both periods by
significantly larger catches at station | overday than overnight
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TaBLE 3. Significant factors of a four-way ANOVA with proportion ol vellow pereh
caught in the bottom trap as the dependent variable at sites A and B during T9R2 and
1983 (**p = 0.005).

Site A Site B
Source df SS F SS I
1982
Station 3 1.3350 I8, 7% 14694 17,847
Period x station 3 1.53736 : 0.7942 9.6¢
Day X station 6 0.1153 0.8 (1.5649 RIS
Time of day X station 3 0.0351 0.5 04835 5.9+
Residual 142 33859 3.9599
Total 189 7.1363 N.2227
1983
Period X station 3 17428 IR 1816 S.007
Residual 192 14.9576 15999
Total 239 18.8234 15 8641
Site A

YR ‘'m

0% 139 21% 85 18% 12:9/

/

m o Bom o

50% 3q/ 43% 79/

,/
15% / 5% 3a/

< (211) (584) (319) (654)
f_,) early June early July
@©
o
-
o Site B ) .
z 4
8 N 1%
@ <
Q Ny
@ a4
100y 1% ?L'/
0 /
i 43%46 10% 73/
/
2% %88"0 51
on od
(398) (555) (165) (463)
early June early July

FiG. 2. Percent of cach overnight and cach overday bottom trap catch (2 - 12) for vearling vellow
perch in carly June and carly July 1982 at sites A and B. Total overnight and overday cateh Tor the
3 d and four replicate transects are in parentheses. Corresponding average DO measurenment is beside
cach column. Shaded. severely hypoxic (< 1.5 ppm): hatched. hypoxic (1.5 3.0 ppm): on. overnight
catch 09:00—21:00: od, overday catch 21:00—09:00. Duncan’s multiple range test ranked the period
X station means for sites A and B and the time of day X station means tor site B as Tollows. Az June
1 > July 2 = Junc 2 > July 3 > July 4 > July | = June 3 — June 4: B: June 1 July 2 ©- June 2
= July | = July 3 = July 4 > Junc 4 — Junc 3: B: overday |- overnight 2 — overday 2 —
overnight 1 > overnight 3 = overnight 4 = overday 3 = overday 4.
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TaprLe 4. Mean pereent survival in - ) of five vellow perch (.£51)
caged overday (10:00--22:00) and overnight (22:00 - 10:00) at stu-
tions 1. 2. and 3 at both depths. Mean DO after cach 12-h treatment

Tasre S0 Al sigmificant factors ina four-way ANOVA with (he pro-
portion of surviving yellow perch as the dependent variable near site
A in carly July 1983, overday and overnight under three treatments:

ts shown. Daily O, regime is that of mid-July 1983, Mcan water control. hypoxic. and oxygenated (Fig. 3. (%0.01 p oL 005
temperature s 24.2°C o < 0.01).
Overnight Overday Source df SS A

DO (ppm)

Station G survival Geosurvival o DO (ppny Time of day | 345
i ; ) Treatment 2 148
3 surface 100 6.2 95 (L£5) 9.8 Time of day X treatment 2 1.78
substrate S0 ¢ 20 3.6 90 (L1 4.8 Station | 191
2 surtace 0 +.2 85 (2 1) 9.3 :{)Cp_[ll] | ¢ | 13';12 380
substrate 0 0.8 25 (125 K Residua H0 6.25
Fotal 89 41.63
I surface 0 0.4 0 6.7 -
substrate 0 0.2 S(r5) I.6
02
1007 i 201
I
sor ; o
601 r 124
aoh \ ; ‘
\
I
20 l 4
I _ B e W
t b t t b ! b
b N,
100 + 204
S 80 161 é_
>
; 60 12 5’
. 40 g{Q
201 44
. _ } o R o]
- t b t o I t b t b
Control
100 204
30 161
60 12
40 81
20 4
L SO . .0 ]
t b t b t b t b
Stn 1 Stn 2 Stn 1 Stn 2
DAY NIGHT
[10.00-22:00; £2200-1000

FiG. 3. Average pereent survival (. — 4 of five vellow perch caged overday and overnight at stations
I and 2 at both depths under three treatments: oxygen bubbled. nitrogen bubbled. and control. Average
DO after cach 12-h treatment 1s shown by an open cirele. The environmental DO regime (“control™)
is that of carly July 1983, with average water temperature of 25°C. Duncan’s multiple range test ranked

the treatment X time of day means as folows: O day = O- night

— control mght.

{Fig. 2). There were also significant day to day shifts in distri-
bution and a shight but not signilicant period effect on dicel
distribution (p = 0.08) at site B (Table 3).

Analysis of the 1983 proportion data also showed a signifi-
cant scasonal change in the fish distribution (Tuable 3). with
significantly less fish caught in the cattail habitat in carly July.
The combined morning and evening catches were low. yet
there was some indication of u changing diel distribution in
July. as fish were caught at station 1 during the day. but not
overnight.

The average DO corresponding to cach average catch indi-

Can. . Fish. Aquat. Sci., Vol 431986

» N- day = control day > N night

cates that vellow perch are present where DO may increase to
no more than 2.0—3.5 ppm. Perch are absent when mean DO
was ‘1.5 ppm or less at the time of sampling.

In Situ Survival Experiments

The survival of caged fish also retlects the distribution of low
DO. Yellow perch survived overnight only at the open water
station (statton 3) in the control transects during mid-July
(Table 4). However. during the day most individuals survived
at station 2 in the surface trap, fewer surviving in the bottom
trap. and none surviving at station 1. Although high DO con-
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FIG. 4. Average proportion (n = 30 counts) ol the school of eight fish on the hvpoxic side (with cover)
over two replicate runs under a day/might regime. (A) Control: (By increasing and decreasing hypoxia:
lights off at 18:15 and on at 06:15. Vertical lines indicate 95% confidence himits,

centration was recorded for the station 1 surface trap by
cvening (Table 4). lethal levels of DO were present in the late
morning. contributing to the total mortality of vellow perch.
Thus. by mid-July. stations | and 2 were uninhabitable
overnight.

In the manipulated DO experiments the four factors and the
intcraction term (time of day X treatment) were significant
(Table 5). There was significantly greater survival in the sur-
face trap and at station 2 than at station | (Fig. 3). Survival
under the oxygen-bubbled treatment during day and night was
significantly greater than the nitrogen-bubbled and control
transects. and in the two latter trcatments. survival was signifi-

cantly greater overday than overnight.

Laboratory Experiments

Yellow perch demonstrated a marked preference for cover
throughout the day and night (Fig. 4A). During increasing
hypoxia (Fig. 4B). [ish avoided the hypoxic side with cover
when DO fell to between 3.0 and 1.5 ppm and returned under
increasing DO at the same concentration during dayhght
conditions.

Discussion
Dicl fluctuations in DO concentrations develop at Delta
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Marsh during summer such that by late June. severe hypoxia
(=1.5 ppm) occurs at dawn amongst the cattail. Catches of
vearling yellow perch indicated seasonal and dicl shifts in dis-
tribution between the preferred cattail and open water habitats.
It is proposed that these changes in distribution are a direct
result of severe hypoxia and the growth of alternative cover in
the open water habitat.

Yellow Perch Distribution

The marked seasonal movement away from cattail in mid-
summer and the high mortality of yetlow perch caged in the
cattail at this time directly parallel spatial and temporal changes
in DO concentrations. This seasonal change in distribution is
directly comparable with avoidance by fish. in some cutrophic
lakes, of the anoxic hypolimnion in late summer (c.g. Clady
1976: Engel and Magnuson 1976: Vigg 1980). In addition,
growth of submerged vegetation in the offshore open water
habitat by carly July offered alternative cover without the same
conditions of hypoxia. Werner et al. (1983) established that
cover was a major factor aftecting the distribution of juvenile
bluegill sunfish (Lepomis macrochirus). offering protection
from predators. despite greater foraging success in the open
water. In Blind Channel. northern pike were the predominant
fish predator enhancing continuous, not diel. preference for
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cover. Predatory aquatic insccts were abundant in Blind
Channel but their effect on vellow perch is unknown.

Juvenile vellow perch feed predominantly on zooplankton
(particularly Cladocera). aquatic msect larvac. and to a lesser
cxtent chironomids during the spring and summer (Keast and
Welsh 1968; Keast 1977 Kelso and Ward 1977: Paszkowski
and Tonn 1983: 1. M. Suthers. pers. obs.). At both sites in
1983, activity trap estimates of zooplankton abundance in carly
June were two orders of magnitude greater in cattail than in
open water (1. M. Suthers. unpubl. data). Thus. in Blind Chan-
nel. the cattail habitat provides cover and, at least during June
and July of 1983, a more abundant food resource. Yet the
suitability of this habitat 1s compromised us shown by the
survivorship ol caged fish which was due to hypoxia demon-
strated by the manipulated DO regimes. Bubbling oxygen
amongst caged [ish greatly increased survival even under the
most hyvpoxic conditions.

A changing diel distribution ol fish in direct response to diel
variations i DO has not been conclusively demonstrated in
other studies. as there are olten other interacting tactors such as
light fevel and temperature (Vigg 1980: Rinne et al. 1981). In
this study. there was a diel change in distribution away from the
cattail habitat at night and returning during the day in both carly
Junc and July at site B but not at site A in 1982, Site AL at the
end of Blind Channcl. had warm, sull conditions. a faster
decay of the dead cattail with more variable DO concentrations
but with luxuriant growth ot submerged macrophytes in the
open water habitat. In carly July. hypoxia was avoided by
inhabiting this alternative cover. At site B. hypoxic conditions
developed overnight during carly June and carly July. but the
only substantial cover (particularly in carly June) was amongst
the cattail. Consequently. yellow perch tended to return there
during the day with increased light level and predator activity
and higher DO levels. This site is mudway along Blind Chan-
nel. permitting shght two-way water movement by wind-
generated seiches. Here. the movement of more turbid fake
water possibly retarded growth of submerged macrophytes, and
also swept away detritus feaving little cover i the open water
habitat (Table 1. These conditions were modelled in the labor-
atory. which showed that while cover wus the main habitat
requirement. yellow perch distinetly avoided water at 3.0—
1.5 ppm. m accordance with the field data. Alabaster and
Robertson (1961) demonstrated m four trials in an outside tank
that adult veliow perch avoided DO concentrations at 6.7, 3.0,
2.3, and 1.9 ppm (23°C). These values are all higher than
incipient lethal DO levels. which for post-young-ot-the-year
yellow perch (10—25°C). using a variety of technigues. were
below 1 ppm (Burdick ¢t al. 1957: Doudorotf and Shumway
1970 Petit 1973 Gee et al. 1978).

Field observations of juvenile and aduit yellow perch in lakes
have shown crepuscular increases in activity (Craig 1977;
Kelso and Ward 1977). often associated with an onshore move-
ment in the cvening and offshore in the morning (Hasler and
Bardach 1949: Husler and Villemonte 1953: Scott 1955 Emery
19737 Engel and Magnuson [976). This is contrary to the diel
movement at site B. which is argued to be in response to
hypoxia. There is no evidence for a light-induced onshore/
offshore migration at site A. as minnow trap catches show
cover to be the major requirement during the day and night in

early June. when there was no hypoxia. Direct observation of

this was not possible due to low visibility in June and the dense
cmergent vegetation. There were no marked temperature gradi-
ents of any magnitude. and the water is hard and well buffered.,
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reducing gradients in pH and free COL. Shelford and Allee
(1913 and Hoglund (1961) argued that m the ficld. fish may
detect CO- and thus avoid low DO concentrations.

Brook stickleback caught with vellow perch also exhibited a
scasonal shift oftshore. as well as a change in diel distribution
in July by moving both horizontally and vertically away from
severe hypoxia. Complete avoidance of the station T bottom
trap was cvident when mean DO was below 1 ppm at time of
sampling. and was associated with an increased surface trap
catch (Suthers 1984).

Factors Modifying Level of DO Avoidance

The precise level of DO that limits vellow perch distribution
in Delta Marsh cannot be determined from ficld data. The DO
regime preceding cach 12-h sampling can onlv be inferred from
the DO reading at cach trap. and from the continuous recording
(Fig. Do which shows a general deerease from 21:00 to 06:00.
The rate and exent ol this deercuse depends not only on habitat
but would vary daily and spatially: with microhabitat variation
in DO level. Consequently. regressions of mean station 1 cateh
on mean DO concentration at sites A and 3 explained only 62
and 0% of the cateh variance. respectively. Yellow perch may
make briel feeding forays into the hypoxic cattatl by exploiting
microhabitats with elevated DO concentrations. Both Coulter
(1967 and Dendy (1946, cited in DoudorolT and Shumway
1970) gillnetted fish in severely hyvpoxic benthic regions. pre-
sumably feeding. Centrachids were found with food items in
their gut that could only huve been obtained by foraging i the
hypoxic hyvpolimnion (Dendy 1956: Hunson and Qudri 1984).
Microhabitat variation in DO concentration could depend on
patches ol photosynthetic O, production and  consumption
amongst the cattatl. Microzones of high DO mayv also oceur
around bubbles produced by photosvnthesis that are trapped
under algae and displaced patches of periphyton. Exploitation
of these microzones by fishes would involve both a physiologi-
cal (activity levell heart rate. ventilatory rate and amplitude)
and a behavioral response to environmental cues (sunlight.
vegetation, odor). For example. explottaton of high oxygen
microzones at the ice —water interface due to cracks and bub-
bles was observed in mudminnows and brook stickleback under
simulated ice conditions (Klinger et al. 1982 Magnuson ct al.
1982). In a naturally anoxic hot-spring. Odum and Caldwell
(1955) observed lish to exploit eddies where DO had increased
slightly.

The hypothesis that changes in distribution of yellow perch
are a direct result of severe hypoxia and the growth of alterna-
tive cover in the open water habitat is supported by simulation
ol these events in the laboratory. the in situ survival experi-
ments. and consideration of crepuscular behavior and other
factors. The diel shift in distribution is not a periodic. predict-
able migration but an avoidance ol low DO concentrations that
can oceur between spring normoxic conditions and midsummer
anoxia. The optimality tradeoff between prey and predator
distribution (Werner et al. 1983) now appears as one between
favorable predator/prey conditions and hypoxia. Assessment
of juvenile fish utilization of the productive littoral zone as
nursery areas, or as refugia in predation studies. should be
made in the context of a temporally varying environment.
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