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Abstract: Vertical eddy diffusion coefficients (Kz) were determined for the surface waters at several sites in Lake On-
tario and along the Upper St. Lawrence River using the water column distribution patterns of hydrogen peroxide.
Values ofKz ranged from 0.45 × 10–3 to 23 × 10–3 m2·s–1 in Lake Ontario and from 0.75 × 10–3 to 2.1 × 10–3 m2·s–1

along the St. Lawrence River. The residence time for bacterioplankton and phytoplankton in the surface waters was
then determined from theKz values and incorporated into a spectral model to determine the continuous biologically ef-
fective exposure to ultraviolet radiation (E* UVR). The values ofE* UVR for stations where the temperature fine structure
profiles indicated near-surface warming (diurnal thermocline formation) were higher (149.1 J·m–2) than at stations with
isothermal surface waters (3.0 J·m–2). Model calculations for two contrasting bays of a lake underscored the dominant
role of diurnal thermocline formation in increasing the duration of exposure to continuous damaging ultraviolet radia-
tion exposure. TheE* UVR value for the near-surface bacterioplankton in a humic stained bay was higher (219.2 J·m–2)
than in a larger bay with lower concentrations of chromophoric dissolved organic matter (47.83 J·m–2).

Résumé: Les coefficients de diffusion turbulente verticale (Kz) ont été déterminés pour les eaux de surface de plu-
sieurs sites du lac Ontario et de la partie d’amont du fleuve Saint-Laurent en utilisant les régimes de répartition du
peroxyde d’hydrogène de la colonne d’eau. Les valeurs deKz variaient de 0,45 × 10–3 à 23 × 10–3 m2·s–1 dans le lac
Ontario et de 0,75 × 10–3 à 2,1 × 10–3 m2·s–1 dans le fleuve Saint-Laurent. Le temps de séjour du bactérioplancton et
du phytoplancton dans les eaux de surface a ensuite été déterminé à partir des valeurs deKz et inclus à un modèle
spectral afin de déterminer l’exposition biologiquement efficace continue au rayonnement ultraviolet (E* UVR). Les va-
leurs E* UVR pour les stations où les profils de structure fine de la température indiquaient un réchauffement à proximité
de la surface (formation d’une thermocline diurne) étaient plus élevées (149,1 J·m–2) que les valeurs aux stations à
eaux de surface isothermes (3,0 J·m–2). L’application du modèle à deux baies différentes d’un lac a montré le rôle do-
minant de la formation d’une thermocline diurne pour l’accroissement de la durée d’exposition au rayonnement ultra-
violet continue nocif. La valeurE* UVR pour le bactérioplancton situé à proximité de la surface d’une baie teintée par
des matières humiques était plus élevée (219,2 J·m–2) que dans une baie à plus faible concentration de matières organi-
ques chromophores dissoutes (47,83 J·m–2).

[Traduit par la Rédaction] Scully et al. 51

Introduction

Intense sunlight causes inhibition of phytoplankton photo-
synthesis and growth (reviewed by Neale 1987), and many
studies have shown that ultraviolet radiation (UVR,
280–400 nm) can negatively impact both bacteria and phyto-
plankton (Vincent and Roy 1993; Karentz et al. 1994 and
references therein). For example, cellular DNA damage
increases sharply with decreasing wavelength in laboratory
experiments (Setlow 1974); similarly, short-term photo-

inhibition is a negative function of wavelength (Cullen et al.
1992).

The response of plankton to UVR in the natural environ-
ment can be influenced by factors not included in laboratory
experiments. During relatively calm periods of intense solar
radiation, a near-surface buoyancy gradient or diurnal
thermocline can form (Imberger 1985) and restrict the trans-
port of plankton. These conditions can trap phytoplankton
near the surface and increase their exposure to UVR and
high levels of photosynthetically active radiation (PAR).
Conversely, enhanced mixing rates near the surface may
reduce the amount of damaging UVR to which an organism
is exposed. Milot-Roy and Vincent (1994) found indirect
evidence associating UV-induced photoinhibition of phyto-
plankton with near-surface thermocline formation in a sub-
arctic lake. Furthermore, modeling studies by Neale et al.
(1998) demonstrated the critical role of vertical mixing and
mixing depth in influencing the photoinhibition of phyto-
plankton in the water column of Antarctic waters. Bacterio-
plankton in aquatic systems may also be negatively impacted
by UVR. For example, suppressed bacterioplankton activity
in the surface waters of the Adriatic Sea was attributed to
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the more energetic UV-B radiation (280–320 nm) (Herndl et
al. 1993). More direct evidence of the effects of surface wa-
ter mixing on UV-induced damage to aquatic organisms is
that DNA dimer formation in bacterioplankton of the Gulf
of Mexico was highest when surface water mixing rates
were reduced (Jeffrey et al. 1996).

Stratospheric ozone depletion will result in increased
UVR, specifically UV-B radiation (280–320 nm). Severe
stratospheric ozone depletion has been documented in the
Antarctic (Madronich et al. 1991; Schoeberl and Hartmann
1991) and is also occurring in the Arctic (Rex et al. 1997).
An overall increase in UV-B radiation for the Northern
Hemisphere during winter to early summer has been de-
tected (Kerr and McElroy 1993). Increases in UV-B radia-
tion will further impact the biota of aquatic ecosystems.
However, surface water mixing rates may already be a factor
controlling the exposure of aquatic organisms to UVR.

UV-absorbing chromophoric dissolved organic matter
(CDOM) is an additional control on underwater UVR. De-
clines in dissolved organic carbon (DOC) through
drought-induced acidification can substantially increase the
penetration of UV-B radiation in lakes (Yan et al. 1996). Pri-
mary productivity in lakes may be positively influenced by
CDOM by its effect of screening the phytoplankton from
damaging UVR. However, CDOM can also have negative ef-
fects by screening PAR, thereby reducing the amount of
energy available for primary production. Modeling has dem-
onstrated that CDOM can have this combination of positive
and negative effects in the Southern Ocean (Arrigo and
Brown 1996). Physical mixing processes in lakes can also be
influenced by CDOM. Epilimnetic depths as well as light
transparency in small Canadian Shield lakes are correlated
with DOC concentration; the depth of the surface mixed lay-
ers increased with increasing light transparency and decreas-
ing DOC concentration (Fee et al. 1996). CDOM in
freshwater ecosystems may therefore play a pivotal role in
controlling UVR exposure to aquatic organisms by limiting
UVR penetration and by influencing mixing processes.

In the present study, surface water mixing rates were cal-
culated from depth profiles of hydrogen peroxide (H2O2) in
Lake Ontario, the Upper St. Lawrence River, and the mouth
of the Niagara River and incorporated into a spectral model
of UVR based on biological weighting functions for UV
damage of DNA. From these model calculations, the roles of
surface water mixing rates and diurnal thermocline forma-
tion in influencing the biologically effective exposure of
bacterioplankton to UVR for the selected study sites were
assessed. The role of CDOM in conjunction with mixing
rates in influencing the biologically effective exposure of
near-surface plankton to UVR was further examined in two
contrasting bays of a lake, one more humic stained (higher
DOC) than the other.

Materials and methods

Optical and chemical characteristics of the study sites
Experiments were conducted in hydrodynamically contrasting

environments in Lake Ontario and the Upper St. Lawrence River
(Table 1). Lake Ontario stations 1, 2, and 3 were in midlake re-
gions far from inshore influences whereas station 4 was situated at
the mouth of the Niagara River. The river stations (2, 3, 4, and 6)

were selected along a transect in the St. Lawrence River (Table 1).
UVR and PAR profiles were determined for Lake Ontario stations
1 and 2 and for St. Lawrence station 4 at midday on September 9,
10, and 11, respectively, with a Biospherical PUV-500 profiler.
The penetration of both UVR and PAR at the sites was characteris-
tic of large clear systems (Scully and Lean 1994) with relatively
low DOC concentrations (3.3–3.5 mg C·L–1) (Fig. 1). Vertical
downwelling attenuation coefficients were calculated from the pro-
files of PAR and UVR at 305, 320, 340, and 380 nm (Table 2).

H2O2 and temperature profiling
The Lake Ontario and St. Lawrence River stations were sampled

for H2O2 concentrations at depths of 0.5, 1, 2.5, 5.0, 7.5, 10.0,
12.5, 15, 20, and 25 m from the CSSLimnoswith 6-L Niskin bot-
tles mounted on a rosette. Temperature measurements were
obtained at 0.5-m intervals using a Seabird CTD profiler. Site loca-
tions and sampling times for each station are listed in Table 1.

H2O2 concentration was determined using the horseradish
peroxidase scopoletin method, which involves measuring the enzyme-
mediated loss of fluorescence for scopoletin (Cooper et al. 1988; Scully
and Vincent 1997). Sample concentrations were calculated from the
slope of the change in fluorescence as a function of the H2O2 concen-
tration. Calibration curves were obtained through standard addi-
tions. Samples were generally analyzed within 15 min of
collection.

Brunt–Väisälä frequency
The Brunt–Väisälä frequency(N2) was calculated every 0.5 m

through the water column at each of the sampling sites as a mea-
sure of water column stability (Imberger 1985):

(1) N g z2
0= -( )( )y yr rd d

where r is water density,r0 is the reference water density
(103 kg·m–3), z is depth, andg is acceleration due to gravity
(9.8 m·s–2).

Eddy diffusivity calculations
Epilimnetic eddy diffusion coefficients (Kz, square metres per

second) for diffusion between the photochemically active region
and the underlying water within the seasonal mixed zone were esti-
mated at the afternoon sampling sites for which H2O2 profiles were
recorded. The photochemically active region is defined as the
depth stratum where the bulk (99%) of the total water column
H2O2 is produced (Scully et al. 1998) and its lower limit as the
depth of 10% of surface UV-A radiation at 380 nm (Fig. 2). Depth
of the photochemically active region (Zp) is also approximately
equivalent to the depth of 1% H2O2 production (Scully et al. 1998).
The depth of the surface mixed layer (i.e., depth of the diurnal or
seasonal thermocline or of the sediments) (Zm) estimated from
temperature profiles at the time of sampling was 2, 16, and 7.5 m
for Lake Ontario stations 1, 2, and 3. The estimated surface mixed
layer for St. Lawrence River stations 3, 4, 6, and 2 and at the
mouth of the Niagara River was 5, 5, 7.5, 17, and 20 m, respec-
tively. TheZp was estimated to be 3.5 m for all stations (Table 2).

The observed areal H2O2 production for the photochemically ac-
tive region (Po1

, 0–3.5 m) and the underlying stratum (Po 2
, 3.5 m to

Zt) (micromoles per square metre per second) was first calculated
as (Ct – C0)/D t, where Ct is the areal concentration at sampling
time (micromoles per square metre),C0 is the areal concentration
at sunrise (H2O2 carryover from the previous day’s production)
(micromoles per square metre), andD t is the difference in time
(seconds) between sunrise and the sampling time. The subscripts 1
and 2 refer to the photochemically active region and the underlying
stratum, respectively. Since early morning profiles were unavail-
able, aC0 term for the Lake Ontario and St. Lawrence River sites
was estimated with the dark H2O2 decay constant of 0.041·h–1 for
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Lake Ontario (Scully et al. 1998), as 68% ofCt at midafternoon.
Dark decay constants for H2O2 of 0.041·h–1 are typical of oligo-
trophic freshwaters with low DOC concentrations (Scully et al.
1998). The UVR-estimated H2O2 areal production (Pe) (H2O2 pro-
duction in the absence of any turbulent diffusion) was then calcu-
lated by allocating 99% of the total observed H2O2 areal
production (P Po o1 2

+ ) to the photochemically active region (Pe1
)

and 1% to the underlying water column (Pe2
). The surface mixed

layer areal flux of H2O2 associated with turbulent mixing (F,
micromoles per square metre per second) was determined by sub-
tracting the observed areal production rate (Po, micromoles per
square metre) from the UVR-estimated areal production rate (Pe,
micromoles per square metre):

(2) F P P= -e o2 2

The flux of H2O2 at depth stratumZp was then divided by the dif-
ference between the mean concentration in the photochemically ac-
tive region and that in the waters below (D [H2O2]/Zt) Scully et al.
(1998). Thus, the calculation ofKz values can be represented by
the equation

(3) Kz = F/(D[H2O2]/Zt)

where Kz is the epilimnetic eddy diffusion coefficient (square
metres per second),D [H2O2] is the difference between the mean
[H2O2] in the photochemical zone and the mean [H2O2] in the un-
derlying stratum of the epilimnion (micromoles per cubic metre) at
Ct, andZt = Z2 – Z1, whereZ1 is the depth (metres) of the center of
the photochemically active region andZ2 is the depth (metres) of
the center of the underlying stratum.

© 2000 NRC Canada
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Station Latitude (N) Longitude (W) Sampling date and time (EST)

Lake Ontario
1 43°25¢10¢¢ 79°17¢57¢¢ 9 Sept. 1996, 14:00
2 43°59¢59¢¢ 76°26¢31¢¢ 10 Sept. 1996, 09:30
3 43°34¢16¢¢ 78°16¢36¢¢ 12 Sept. 1996, 10:00
4 43°15¢24¢¢ 79°03¢30¢¢ 12 Sept. 1996, 15:30

St. Lawrence River
3 44°16¢12¢¢ 76°02¢02¢¢ 10 Sept. 1996, 14:00
2 44°38¢18¢¢ 75°35¢59¢¢ 11 Sept. 1996, 09:00
6 -44°31¢ -75°35¢ 11 Sept. 1996, 14:00
4 44°23¢12¢¢ 75°52¢10¢¢ 11 Sept. 1996, 15:30

Table 1. Location and sampling date and time for Lake Ontario and St. Lawrence River stations.

Fig. 1. Depth distribution of solar irradiance in Lake Ontario
stations (A) 1 and (B) 2 and (C) Upper St. Lawrence River
station 4 for 305 (s), 320 (u), 340 (n), and 380 nm UVR (,)
and for PAR (e).

Lake Ontario St. Lawrence,
station 4Station 1 Station 2

DOC (mg C·L–1) 3.5 3.4 3.3
kl (305 m) (m–1) 1.85 2.18 2.05
kl (320 m) (m–1) 1.25 1.34 1.43
kl (340 m) (m–1) 0.94 1.00 1.03
kl (380 m) (m–1) 0.71 0.62 0.62
kl (PAR) (m–1) 0.26 0.24 0.24
Zp (m) 3.2 3.7 3.7

Zeu (m) 17.7 19.2 19.2

Note: kl values are the diffuse attenuation coefficients for four UV
wavelengths and PAR (400–700 nm),Zp is the depth of 10% of surface
radiation for UV-A (380 nm), andZeu is the depth of 1% of surface
radiation for PAR.

Table 2. DOC and underwater irradiance conditions in Lake On-
tario and the St. Lawrence River.
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Diffusion time scale
The time scale for a passive particle to diffuse a distanceZ in a

turbulent flow can be estimated asZ2/2Kz (Denman and Gargett
1983). This diffuse transport relationship was used to determine
the time (t) for a passive particle to diffuse from the surface (Z = 0)
to the depth of the surface layer (Zp) (Fig. 2). The above estimate
of t was determined assuming an averageKz for the epilimnion
(Z t). A time scale specific to the surface mixed layer was deter-
mined with the following equation:

(4) t Z K= p z
2 2y

wheret is the diffusion time scale (seconds) andZp is the depth of
the surface layer (metres). By this formulation,t (maximum 6 h)
provides an estimate of the residence time of dissolved materials
and nonsinking particles in the surface layer.

UVR effective exposure
The primary objective of this study was to determine the impact

of surface water mixing rates on the effective exposure for damage
by UVR. The biologically effective exposure for UVR was deter-
mined for each of the study sites every 2 nm from 280 to 400 nm
with biological weighting factor values (el ), diffuse attenuation co-
efficients (kl ) (Scully and Lean 1994), UV irradiance measure-
ments (El ), and surface water diffusion times (t) (maximum 6 h).
This was attained through the following spectral model in which
diffusion time was multiplied by the mean irradiance for the upper
water column (E/(k*Z)(1 – exp(–k*Z))) (Riley 1957) approximated
here asEl /(klZp) (<0.1% difference between estimates) and by a
biological weighting factor (el) for DNA damage (Setlow 1974):

(5) E*(l) = [(El /(klZp))el ]t.

Integrating over the full UVR waveband gives

(6) E
t

Z
E k* ( ) ( )l e l

l

l
l l l=

=

=

ò
p

nm

nm
d

280

400
y

whereE*(l) is the biologically effective exposure at wavelengthl,
E* is the biologically effective exposure integrated over the full
UVR waveband. (joules per square metre),El /(klZp) is the average
surface layer exposure,El is the exposure at a specific wavelength
(joules per square metre per nanometre),kl is the diffuse attenua-
tion coefficient (per metre) (Scully and Lean 1994), andel is the
biological weighting factor (Setlow 1974). The biological weight-
ing factor values for DNA damage were obtained from Setlow
(1974) and calculated every 2 nm from 280 to 400 nm, as in
Milot-Roy and Vincent (1994). Biological weighting factor values
were normalized to 1 at 300 nm. Spectral solar irradiance
(280–800 nm every 2 nm) (El) was measured over Lake Erie on a
cloudless day, 13 July 1994, from 06:00 to 21:00 every 15–30 min
with an OL 752 Optronics double monochromator scanning
spectroradiometer (Scully et al. 1997). Measured spectra were then
integrated over the period 12:00–18:00 to obtain a midday UVR
exposure value. Because the PUV instrument does not have fine
wavelength resolution in the UV-B region, we applied to our model
calculation the attenuation coefficients (2 nm from 280 to 400 nm)
for Lake Ontario from Scully and Lean (1994).

There was very little variability in UVR penetration at the Lake
Ontario and St. Lawrence River stations. To evaluate the effect of
UVR attenuation by CDOM on the effective exposure, modeled
E*(l) andE* values were also determined for two optically differ-
ent bays (one humic stained and the other relatively clear) in a
small lake in central Ontario, Canada (Jacks Lake, 43°70¢N,
78°02¢W). Diffusion time scale values for bacteria and
phytoplankton were calculated from Scully et al. (1998), where
H2O2-derivedKz values were determined concurrently for Brookes
Bay (humic stained) and Sharpes Bay (relatively clear) over 3 con-
secutive days. Model parameter values (Kz, t, Zp, Z t, and Zm) ap-
plied in calculating E*(l) and E* for both sites are listed in
Table 3.

Results

Temperature, N2, and H2O2 profiles
Profiles of temperature andN2 values at Lake Ontario sta-

tion 1 (14:00) indicate the formation of a near-surface
thermocline (<2 m) (Fig. 3A). Temperature andN2 profiles
at Lake Ontario stations 3, 2, and 4 (Figs. 3B, 3C, and 3D)
indicate generally isothermal surface water column condi-
tions. A temperature gradient occurred at 7.5 m at station 3
(Fig. 3B). H2O2 was generally evenly distributed at the sur-
face (0–7.5 m) at all Lake Ontario stations with the excep-
tion of station 1 where there was a surface concentration
gradient at a depth of about 2 m.

Weak surface thermoclines were also present at St. Law-
rence River stations 3 and 6 (Figs. 4A and 4B), which con-
trasted with the isothermal water column of station 2
(Fig. 4D). Isothermal conditions (as measured at a scale of
0.5 m) were also present at station 4 but only for <5 m
(Fig. 4C). Peaks inN2 values (4.0 × 10–4·s–2) were present at
the surface of stations 3, 6, and 4. There were noN2 peaks
present at station 2. H2O2 concentration profiles for the St.
Lawrence River stations were uniform in distribution and
followed patterns similar to temperature andN2 values and
are consistent with a statistically significant correlation be-

© 2000 NRC Canada
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Fig. 2. Schematic representation of optical and physical depth
limits applied in model calculations.Z0, beneath the surface;Zp,
limit of the photochemical zone (10% of the UV-A atZ0); Zm,
depth limit of the diurnal mixed layer;Z t, depth of the seasonal
thermocline;Zeu, depth limit of the euphotic zone.
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tween H2O2 distribution patterns andN2 values determined
in an earlier study by Scully and Vincent (1997). H2O2 was
generally evenly distributed through the water column at sta-
tions 4 and 2 (Figs. 4C and 4D) but with H2O2 concentration
gradients at the surface of stations 3 and 6 (Figs. 4A and
4B).

Eddy diffusivity and diffusion time scale
Calculated eddy diffusivity and diffusion time at stations

with a near-surface thermocline were lower than at stations
with an isothermal water column. The estimatedKz value at
Lake Ontario station 1 was 0.45 × 10–3 m2·s–1 whereas at the
mouth of the Niagara River (Lake Ontario station 4), the
value was 23 ×10–3 m2·s–1 (Table 4). Along the St. Lawrence
River, Kz values ranged from 0.8 × 10–3 m2·s–1 for station 3
to 2.1 × 10–3 m2·s–1 for station 4. Surface water diffusion
time values for Lake Ontario stations 4 and 1 were 0.07 and
3.7 h, respectively, whereas values at stations along the St.
Lawrence River stations ranged from 0.7 (station 4) to 2.2 h
(station 3) (Table 4).

Effective exposure
The effective exposure (E*) in the wavelength range

280–400 nm was influenced by diurnal thermocline forma-
tion. Increased diffusion time and surface irradiance at the
surface waters of Lake Ontario station 1 resulted inE*(l)
values that were greater than at the mouth of the Niagara
River (Fig. 5A). Similarly, the St. Lawrence River station 3
values were higher than the St. Lawrence River station 4 val-
ues (Fig. 5B).

The relative response in modeled values in Sharpes Bay
and Brookes Bay was also dependent on the surface water
diffusion time and irradiance. Day 1 of the experiment was
calm relative to the more windy day 3, and subsequently,
there was the formation of a near-surface diurnal thermo-

cline in Brookes Bay and Sharpes Bay between 14:00 and
17:00 (Scully et al. 1998). The formation of a near-surface
thermocline on day 1 resulted in a relatively high surface
layer diffusion time/irradiance and hence higher modeled
values than on day 3 (Fig. 6).

As expected, theE*(l) values for DNA damage were lim-
ited to the UV-B region (280–320 nm), with the highest val-
ues at approximately 305 nm. Differences between the lakes
are further underscored by comparing integratedE*. Values
for UV-B effective exposure of 47.8 and 14.6 J·m–2 were cal-
culated for Sharpes Bay obtained on days 1 and 3. In
Brookes Bay on day 1, theE* value was more than four
times higher (219.2 and 60.4 J·m–2, respectively). TheE*(l)
values for the region below the surface layer but within the
seasonal mixed layer zone were also calculated (t = 6 h) and
were always <1% of the surface layer values.

Discussion

This study demonstrates the prominent role of diurnal
thermocline formation in controlling the exposure of plank-
tonic organisms to damaging levels of UV-B radiation. The
E*(l) values for the two Lake Ontario sites were representa-
tive of the general hydrodynamic conditions of the water
column of the two sites. The effective exposure to UV-B,
during a transit of the surface layer, was higher at the mid-
lake station, where there was a near-surface buoyancy gradi-
ent, than at the station at the mouth of the Niagara River
with an isothermal, and likely well-mixed, water column.
The presence of a weak surface thermocline was also likely
responsible for the greater biologically effective exposure at
stations 3, 4, and 6. The study is consistent with observa-
tions that diurnal thermocline formation was associated with
UV-induced damage (Milot-Roy and Vincent 1994) where
photosynthesis of different size-classes of phytoplankton
was measured under various UVR regimes at several sites in
a morphometrically diverse subarctic lake. The mixing and
stratification processes at the sites were determined through
fine-scale temperature measurements. The formation of steep
near-surface temperature gradients was detected at several
stations and was proposed as a significant factor in prolong-
ing the residence time of phytoplankton near the surface and
thus increasing their exposure to damaging UVR. Similar
effects of PAR as well as UVR were observed at Lake
Titicaca, South America (Vincent et al. 1984). Bacterio-
plankton in aquatic ecosystems may be similarly affected by
surface water mixing rates. Jeffrey et al. (1996) found the
accumulation of UV-induced DNA dimers in the surface wa-
ter of the Gulf of Mexico to be significantly higher under
calm conditions than under apparently turbulent surface wa-
ters.

Although in the present study, there were no in situ mea-
sures of phytoplankton photoinhibition or UV-induced DNA
damage, the model calculations ofE*(l) provide a more
quantitative estimate of the role of surface water mixing
rates in controlling UV-B exposure of aquatic organisms
than has been previously available. It should also be noted
that the estimates ofKz, and hencet values, determined for
the present study were averages for the epilimnion. Since the
epilimnia of lakes are composed of many layers with vari-
able mixing rates and overturn lengths (Imberger and Spigel
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Sharpes Bay Brookes Bay

Area (km2) 5.1 0.85
Fetch (km) 3.0 1.5
DOC (mg C·L–1) 5.6 7.6
Zp (m) 1.0 0.5

Zeu (m) 4.26 4.04
Z t (m) 5.0 3.0
Kz (10–5 m2·s–1)

Day 1 11 (±0.35) 0.35 (±0.1)
Day 3 36 (±1.2) 2.1 (±0.1)

t (h), Zm (m)
Day 1 1.3, 2.0 9.9, 0.5
Day 3 0.4, 5.0 1.6, 3.0

Note: Zp is the depth of 10% of surface radiation for
UV-A (380 nm), Zeu is the depth of 1% of surface radiation
for PAR, Z t is the depth of the epiliminion,K z is the
surface water vertical eddy diffusivity,t is the diffusion
time, andZm is the mixed layer depth. Standard deviations
for K z values (given in parentheses) were calculated by
propagation of errors.

Table 3. Limnological characteristics of Sharpes
Bay and Brookes Bay (Jacks Lake, central Ontario)
and mixing parameters derived from H2O2 profiling
(Scully et al. 1998).
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1987), theE*(l) values presented here are representative of
hydrodynamic processes integrated over time and depth.
Consequently, the application of average epilimineticKz val-
ues may underestimate the effective exposure for the surface
layer. Furthermore, these values are specific to the surface
layer of the study sites. Phytoplankton and bacteria within
the euphotic zone but beneath the diurnal mixed layer would
be more effectively screened from UV-B (i.e., in the depth
region of 4–18 m in the St. Lawrence River and Lake On-
tario and 2–4 m in Sharpes Bay). These regions of the water
column are therefore subjected to a generally more favour-
able light climate than those within the diurnal mixed layer
(low UVR and moderate PAR levels). Additionally, DNA
shielding may reduce the impact of UV-B-induced DNA
damage to bacteria.

Under calm clear conditions, near-surface temperature
gradients can form and persist for several hours during the
day. During these periods of near-surface warming, solar ra-
diation (UVR and PAR) is generally high. The link between

diurnal thermocline formation and DNA damage to phyto-
plankton and bacteria is therefore particularly relevant
vis-à-vis the impact of UV-B in the natural environment. It
should also be noted that although damage integrated over
the water column is similar under a stratified water column
and under a well-mixed water column, repair processes un-
der both scenarios are likely to occur at different time scales
and rates. The intense continuous midday exposure encoun-
tered by microbial communities within a diurnal layer will
result in an altogether different damage repair dynamic than
in those receiving moderate and (or) intermittent UV-B ex-
posure within a mixed water column. TheE* provides a
measure of the continuous exposure of cells to damaging
UV irradiance and also to potentially toxic levels of H2O2
and other reactive oxygen species (Xenopoulous and Bird
1997). Intermittent exposure to UV and transport out of the
region 0 m toZp will allow cells to recover to an extent that
depends on the time scale of recovery and the residence time
in the regionZp to Zm. In some systems, the exposure to
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Fig 3. Temperature (solid line) and H2O2 (solid line with circles) andN 2 (dotted line) profiles for Lake Ontario stations (A) 1, (B) 3,
(C) 2, and (D) 4.
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damaging UV may be so brief and (or) the recovery from
this intermittent exposure so rapid that any discernable ef-
fects of damage may be eliminated (e.g., Gulf of Mexico,

Jeffrey et al. 1996). In other systems, however, the rate of
recovery is so slow that cells may be entrained back into the
region 0 m to Zp before recovery takes place, and the dam-
aging effects of UV exposure will be compounded. Such ef-
fects are likely under low temperatures (Roos and Vincent
1998) and may operate in the Southern Ocean (Neale et al.
1998). For the latter systems, it may be more appropriate to
scaleE* to Zm rather than toZp, i.e.,

E E k Z* ( )=
=

=

ò l
l

l l le l
280

400

nm

nm
m dy .

Prolonged near-surface exposure to UV-B may be particu-
larly common for planktonic organisms in small (<500 ha)
lakes with high CDOM levels where, because of limited
wind fetches and near-surface absorption of solar radiation,
steep near-surface temperature gradients are formed. The
formation of these near-surface temperature gradients in
aquatic ecosystems such as Brookes Bay is relatively com-
monplace (Imberger 1985). The modeledE* values in the
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Fig 4. Temperature (solid line) and H2O2 (solid line with circles) andN2 (dotted line) profiles for Upper St. Lawrence River stations
(A) 3, (B) 6, (C) 4, and (D) 2.

Station Kz (10–3 m2·s–1) t (h) Zm (m) Z t (m)

Lake Ontario
1 0.45 (±0.08) 3.7 2.0 15.0
4 23.0 (±2.7) 0.07 20.0 20.0

St. Lawrence River
3 0.8 (±0.1) 2.2 5.0 15.0
4 2.1 (±0.25) 0.7 5.0 15.0
6 1.9 (±0.2) 0.9 7.5 20.0

Note: Standard deviations (given in parentheses) were calculated by
propagation of errors.

Table 4. Surface water vertical eddy diffusivities (Kz), diffusion
times (t), mixed layer depth (Zm), and epilimnion or seasonal
mixed layer depth (Z t) for Lake Ontario and St. Lawrence River
stations.
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humic-stained Brookes Bay were higher than in Sharpes
Bay. Although the smaller size of Brookes Bay was likely a
more significant contributing factor to lower surface water
mixing rates, the greater light-absorbing properties of this
bay relative to Sharpes Bay may also have contributed to the
decreased mixing rates. A correlative relationship exists be-
tween water transparency and epilimnetic depth for small
Canadian shield lakes (Fee et al. 1996). Similarly, diurnal
thermocline formation and persistence in small lakes may
also be influenced by CDOM-mediated water transparency.

DOC concentrations in lakes may be reduced through pro-
cesses such as acidification and climate change, with resul-
tant increases in the penetration of UVR in lakes (Schindler
et al. 1996; Yan et al. 1996). The results of our study, how-
ever, imply that increased light penetration in small lakes
may actually decrease the near-surface exposure of bacterio-
plankton to UV-B through increased susceptibility to mixing
and thus decreased surface water residence time. With in-
creased light penetration, there may be a concomitant
increase in phytoplankton photosynthesis, since more PAR
would be available in the water column. The opposing roles

of CDOM in both enhancing primary production (by limit-
ing UVR) and reducing primary production (by limiting
PAR) were noted earlier through model calculations by
Arrigo and Brown (1996). However, their study did not ad-
dress the role of surface water mixing rates in influencing
UV-B exposure of phytoplankton. The exposure model de-
veloped in the present study underscores the critical impor-
tance of near-surface residence times and provides an
approach towards estimating the biological effects of chang-
ing UV-B (via ozone depletion or climatic effects on
CDOM) in the surface strata of dynamic mixed layer envi-
ronments.
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Fig 5. Biologically effective exposure for DNA damage from
290 to 360 nm for (A) Lake Ontario stations 1 and 4 (in de-
scending order) and (B) St. Lawrence stations 4, 6, and 3 (in de-
scending order). The dotted line represents the biologically
effective exposure values below the diurnal mixed layer.

Fig 6. Biologically effective exposure for DNA damage from
290 to 360 nm for surface waters of (A) Brookes Bay and
(B) Sharpes Bay on days 1 and 3 (in descending order). The
dotted line represents the biologically effective exposure values
below the diurnal mixed layer.
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