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Abstract

We used a spectrally resolved kinetic model to calculate ultraviolet radiation (UVR) and photosynthetic active
radiation (PAR)-dependent photoinhibitory losses in planktonic primary production in a large lake (Lake Erie) under
mixing and water transparency scenarios typical of current and possible future environmental conditions. The model,
previously calibrated for Lake Erie phytoplankton, also provided estimates of photoinhibition recovery rates under
high irradiance conditions that were compared against direct measurements of recovery rates under lower irradiance.
Extensive recovery of photosynthesis, even after severe (80%) inhibition, occurred after transfer to benign, low
irradiance conditions. Measured recovery rate constants were independent of preexposure treatment (median of 1.70
3 1024 s21) and were comparable to modeled rates under higher radiation fluxes (2.10 3 1024 s21). Recovery rates
were sufficient to allow near-full recovery within one photoperiod, even after severe inhibition (,6 h). Estimates
of the photoinhibitory loss of primary production, integrated through the mixed layer, were not greatly affected by
mixing rate variations but were higher in all scenarios with finite mixing rates than in those with no mixing. Modeled
20% stratospheric ozone reductions resulted in small increases in integrated UVR photoinhibition (,1%), as did
20% and 50% changes in dissolved organic carbon (DOC) concentration, whereas increased maximum water clarity
scenarios decreased integrated photoinhibition estimates. While UVA, not UVB or PAR, caused most of the pho-
toinhibition in Lake Erie phytoplankton, the extent of integrated photoinhibition is likely to depend mostly on algal
physiological parameters of UVR susceptibility (sensitivity and recovery) and the ratio of mixing depth to PAR
and UVR photic depths.

The main targets of ultraviolet radiation (UVR) in phy-
toplankton are DNA and photosystem II structural proteins
(D1), so recovery from exposure likely involves both the
repair of damaged DNA and the de novo synthesis of chlo-
roplast proteins. Some of the enzymes involved in repairing
damaged DNA are inducible. The transcription of photolyase
is under light control and is inducible by UVB in plants, and
DNA polymerase and DNA ligase are also inducible (Pang
and Hays 1991; Greenberg et al. 1997). The control of tran-
scription of these different enzymes is under regulatory con-
trol by kinases that are involved in signal transduction and
are themselves inducible by growth arrest and DNA damage
(Pang and Hays 1991). Evidence for the necessity of de novo
chloroplast protein synthesis for recovery of photosynthetic
activity comes from experiments, specifically those that use
streptomycin to inhibit chloroplast protein synthesis (Lesser
et al. 1994; Ihle 1997). In the presence of this protein syn-
thesis inhibitor, recovery does not occur.

Recovery of photosynthesis and related processes from
UVR-dependent photoinhibition may require only few hours
or .20 h (e.g., Larkum and Wood 1993; Hermann et al.
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1997). The variation is likely due to differences in endpoint
measurements (e.g., DNA photoproduct removal, oxygen
evolution, quantum yield, photosynthesis), length and spec-
tral quality of exposure conditions, and algal taxa used by
different investigators (Karentz et al. 1991; Schofield et al.
1995; Hazzard et al. 1997). For example, full recovery of
optimal quantum yield (measured as Fv/Fm) and O2 evolution
in Dunaliella salina was achieved after short exposures (30
min) to natural solar radiation, but recovery was still incom-
plete after 21 h when the exposure was 3 h in duration and
included mainly UVB (280–320 nm) and short UVA (320–
400 nm) radiation (Hermann et al. 1997). The wavelength
dependence of recovery was also observed in a macroalga,
Palmaria palmata, for which exposure to progressively
shorter wavelengths increased the degree of photoinhibition
and delayed the onset of recovery in the field (natural pho-
toperiod) (Hanelt et al. 1997).

Quantifying the impacts of UVR in nature demands
knowledge of recovery as well as damage rates and is further
complicated by the difficulty of measuring or modeling the
spectral exposure regime in the natural environment (Buma
et al. 1996). Mixing in aquatic systems transports phyto-
plankton through strong vertical gradients of spectral quality
and quantity of radiation, and the resulting degree of pho-
toinhibition depends on the strength (i.e., rates) and depth
of mixing (Franks and Marra 1994) as well as the spectral
transmission properties of the water column. Relatively few
studies have attempted to quantify the effects of mixing on
the vertically integrated (i.e., areal) rate of primary produc-
tion, but two kinds of approaches have been taken. The first
involves physical simulations of the effects of mixing (e.g.,
Helbling et al. 1994; Zagarese et al. 1998; Köhler et al.
2001). The second approach employs models that use quan-
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Fig. 1. Map of the sites sampled on Lake Erie in 1997 and
1998.

titative functions to describe the spectral and time depen-
dence of biological responses (biological weighting func-
tions [BWFs]), together with additional functions, to
simulate the mixing and optical regime in the water column
(e.g., Franks and Marra 1994; Neale et al. 1998b). The in-
fluence of mixing on the extent of photoinhibition has been
related to the sensitivity of the organisms to UVR (Neale et
al. 1998b; Zagarese et al. 1998; Boelen et al. 2000) and to
the kinetics of photoadaptation with respect to the mixing
and optical characteristics of the water column (Cullen and
Lewis 1988; Franks and Marra 1994). Vertical mixing will
invariably cause different phytoplankton cells within the
same water column to possess various histories with respect
to light exposure, so knowledge of the appropriate BWFs,
including the kinetics of UVR-associated damage and re-
covery, is critical (Cullen and Lesser 1991; Lesser et al.
1994; Neale et al. 1998b).

In a previous article (Hiriart-Baer and Smith 2004), we
introduced a new spectrally resolved kinetic model for UVR-
dependent photoinhibition of Lake Erie phytoplankton and
presented measurements of recovery rates and BWFs for the
photoinhibition of primary production. This article begins by
evaluating rates of recovery under relatively high (and dam-
aging) irradiance, as predicted by the model, in comparison
to experimentally measured recovery rates under lower (non-
damaging) irradiance. Using relationships previously defined
for Lake Erie between UVR attenuation and more frequently
measured limnological variables (Smith et al. 1999), the
characteristic spectral irradiance attenuation for each of the
lake’s three main basins was then defined. The photoinhi-
bition model was then combined with an incident radiation
spectrum representative of early summer (high UVR) con-
ditions to calculate the impact of present-day and possible
future levels of UVR on primary production. The purpose
was not to obtain definitive estimates of the actual degree
of photoinhibitory losses, which would require more data on
biological response factors and in situ spectral irradiance
than were available, but to compare the influence of some
of the factors (notably mixing processes and incident radi-
ation spectra) commonly considered important to UV-depen-
dent photoinhibition. The results indicated that variations in
the physiological attributes of the phytoplankton (sensitivity
to damage and rates of recovery) and penetration of UVA,
within the known range of variation in Lake Erie, are much
more important to photoinhibition than are variations in mix-
ing rates or ozone-related changes in the incident radiation
spectrum. Alterations in spectral transparency and mixing
depths associated with climate changes and anthropogenic
influences have a large potential to influence photoinhibition
of lake phytoplankton.

Materials and methods

Model for photoinhibition and recovery—In the presence
of inhibiting radiation, photosynthesis will be a function of
both damage and repair kinetics:

dP(t) 5 2k E* P(t) 1 k [1 2 P ] (1)1 inh 2 (t)dt

where P(t) is the photosynthetic rate normalized to an optimal
rate (P/Popt) at time t, k1 and k2 are the damage and recovery
rate constants, respectively; and E is the biologically*inh

weighted inhibitory irradiance (for more details about the
model, see Hiriart-Baer and Smith 2004). The kinetic model
for damage and recovery (‘‘R-model,’’ Eq. 1) was fitted to
time-course observations of Lake Erie phytoplankton in
1998 under photoinhibiting conditions (Hiriart-Baer and
Smith 2004) to provide estimates of damage (k1, E ) and*inh

recovery (k2) coefficients. If cells are removed from the pres-
ence of any inhibiting radiation, photosynthesis is expected
to recover with first-order kinetics:

dP9(t) 5 k [1 2 P9 ] (2a)2 (t)dt

and, if integrated over time, this equation becomes:

P 1 2 Pavg (0) 2k t25 1 2 (1 2 e ) (2b)
P k topt 2

where t is time since transfer to noninhibiting recovery con-
ditions (t 5 0 at the beginning of the recovery phase), Pavg

is the average photosynthetic rate from the beginning of the
recovery exposure to time t, and P(0) is the average photo-
synthetic rate at the beginning of the recovery phase, where
both rates are normalized to an optimal rate, Popt. Using Eq.
2b, we can estimate k2, and once this value is known, we
can solve the equation to determine the expected time for
recovery to 90% of the optimal photosynthetic rate.

Experimental procedures for recovery rate measure-
ments—The water sampling and experimental protocols for
photoinhibition experiments are presented fully elsewhere
(Hiriart et al. 2002; Hiriart-Baer and Smith 2004). Briefly,
water samples from the epilimnion (5 m) of seven lake sta-
tions (Fig. 1) were used to measure the response of primary
production rates (14C assimilation into the total organic frac-
tion) to various spectral exposure regimes in temperature-
controlled deck boxes. The recovery experiments described
here involved a 2-h exposure to damaging radiation treat-
ments (photosynthetic active radiation [PAR] 1 UVA 1
UVB or PAR 1 UVA, at 100% and 50% of surface incident
flux), followed by transfer to nondamaging radiation treat-
ments (5% or 10% of surface incident flux). Sample con-
tainers were 50-ml quartz glass tubes and were sampled at
time zero, 0.5, 1.0, and 2.0 h (damage phase) and 4.0, 6.0,
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Table 1. Summary of the limnological variables of the stations
sampled for time-series recovery experiments conducted on Lake
Erie in the summers of 1997 and 1998.

Date Station Basin

Epilim-
nion
depth
(m)

Temp-
erature
at 5 m

(8C)

Chl a
at 5 m

(mg L21)
KdPAR

(m21)

Mean
PAR

% inci-
dent

7 May 97
3 Jun 97
4 Jun 97
5 Jun 97

29 Jul 97

946
946
337
961
23

C
C
W
C
E

22
22*

9*
19*
15

6.0
8.8

13.2
13.4
22.0

1.5
2.5
9.8
1.2
3.5†

0.43
0.29
1.61
0.83‡
0.24

10.6
15.1

6.9
6.3

27.0
30 Jul 97
31 Jul 97
27 Aug 97
16 Jul 98
11 Aug 98

953
962
337
945
946

C
C
W
C
C

12
11

9*
10
17.5

22.2
23.7
21.1
22.9
23.6

1.4
2.0

15.5
4.6
4.9

0.32
0.36‡
1.16
0.33
0.25

25.5
24.8

9.6
29.2
22.6

* Water column was isothermal at the time of sampling.
† Note that in vivo Chl a fluorescence was not uniformly distributed with

the mixed layer on this date.
‡ Value of KdPAR derived from the following relationship: Kd-PAR 5 20.026

3 transmission 1 2.258.

Table 2. Summary of input modeling parameters for the differ-
ent modeling scenarios for the East, Central, and West basins of
Lake Erie.

East Central West

Epilimnion depth (m)
Complete mixing depth (m)
TSS (mg L21)
KdPAR (m21)
Kd320 (m21)

16.00
27.00

0.95
0.26
1.79

13.00
17.80

1.40
0.32
1.94

5.00
7.60
4.15
0.64
2.80

k2 (31024 s21)
«R300 [31024 (J m22)21)
«PAR [31027 (W m22)21]
P (C Chl a21 h21)b

m

ab (C Chl a21 E21 m2)

4.28
1.41
2.19
4.35
7.67

4.28
1.41
2.19
4.35
7.67

4.28
1.41
2.19
4.35
7.67

and 8.0 h (recovery phase). In 1998 only, two additional
spectral treatments were used (PAR only at 50% and 100%
of surface incident flux), and an extra sampling time was
included, at 3 h. The stations at which recovery experiments
were performed are shown in Table 1. The recovery model
(Eq. 2b) was fitted to the measured photosynthetic rates by
nonlinear regression to estimate k2.

Modeling photoinhibition in Lake Erie—The modeling
package Stellat (version 5.1.1 for WindowsTM) was used to
determine the degree of photoinhibition predicted by the R-
model (Eq. 1) for varying conditions of mixing and spectral
transparency of the water column. Although inhibition by
UVR can be rapid and extensive in surface waters, UVR
photic zones are relatively shallow, and mixing moves algal
organisms in and out of these potentially damaging water
layers. Our goal was to determine the impact of photoinhi-
bition, particularly the UVR-dependent component, through-
out the surface mixed layer as expressed by its effect on the
daily integrated (areal) primary production.

The photoinhibition was modeled for an algal community
with average Lake Erie photosynthetic parameter values
(P 5 4.35 C [Chl a21] h21, ab 5 7.67 C Chl a21 E21 m2)b

m

that were derived from 46 light gradient incubations per-
formed in 1997 (11, 21, and 14 in the East, Central, and
West basins, respectively) (Smith et al. in press) using the
model by Platt et al. (1980). To describe the UVR sensitivity
of the phytoplankton, an average BWF measured in Lake
Erie in 1998 was applied (Hiriart-Baer and Smith 2004). The
BWF comprises an array of 52 coefficients at 2-nm wave-
band intervals from 295 to 400 nm and, like other coeffi-
cients used in this study, is available upon request. Recovery
rates and sensitivity to PAR were characterized using the
median recovery rate constant (4.28 3 1024 s21) and PAR
effectiveness (i.e., inhibition) coefficients (2.19 3 1027 [W
m22]21), also measured in 1998.

A representative, clear-sky, and moderate ozone thickness

(314 DU; http://es-ee.tor.ec.gc.ca/e/ozone/document.htm),
diurnal radiation spectrum (295–700 nm) was measured at a
central basin station with an Oriel Instaspec radiometer
(Smith et al. 1999) at 20-min intervals and 0.4-nm band-
width resolution on 31 July 1997 and was used to drive the
primary production calculations. While summer days can be
as long as 16 h, the 10-h photoperiod modeled in this study
was centered on the maximum UVR photoperiod. Radiation
before 0940 h and after 1920 h is unlikely to result in pho-
toinhibition, but photosynthesis will continue. For this rea-
son and because our incident spectrum represents the season
and conditions of highest incident irradiance, our calcula-
tions should approximate the maximum expected degree of
photoinhibition. Average PAR attenuation coefficients mea-
sured in 1997 (Hiriart et al. 2002) were 0.26, 0.32, and 0.64
m21 for the Eastern, Central, and West basins, respectively,
and were used to calculate PAR at depth for average con-
ditions in each basin. To calculate UVR at depth from the
incident spectrum, wavelength-specific attenuation coeffi-
cients (Kdl) were used because attenuations of, and biolog-
ical responses to, UVR are strongly wavelength-dependent.
Direct measurements of Kdl are relatively few, so values
characteristic of each basin were calculated from an empir-
ical model specific to Lake Erie (Smith et al. 1999). The
model predicts Kd320 from PAR attenuation coefficients and
total suspended solids (TSS), for which relatively numerous
measurements exist:

Kd320 5 1.378 1 0.218TSS 1 0.804KdPAR (3a)

where TSS is measured in mg L21, and KdPAR (m21) is the
diffuse PAR attenuation coefficient. Kdl for other wave-
lengths can then be predicted for Lake Erie from the rela-
tionship (from Smith et al. 1999 but with corrected regres-
sion coefficients):

ln(Kdl/Kd320) 5 3.52 2 0.011l (3b)

The input parameters for the photoinhibition modeling are
summarized in Table 2.

Integrated primary production was calculated assuming:
(1) a 10-m epilimnion; (2) an unstratified water column us-
ing basin-specific median depths; (3) a stratified water col-
umn using basin-specific typical epilimnion depths; and (4)
a shallow (2 m) ‘‘temporary’’ epilimnion for the West basin
only.
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Fig. 2. UVB irradiance spectra under ‘‘normal’’ (314 DU) and
‘‘depleted’’ (250 DU) stratospheric ozone concentration.

An organized water motion (Langmuir circulation) was
assumed to be the dominant mixing process, and vertical
mixing rates were varied between no motion (i.e., static wa-
ter column) and cycle rates of 0.5 and 5 h. The shape of the
circulation cell was a flattened circular spiral determined us-
ing a sinusoidal function with a third harmonic approximat-
ing the rectangular shape of a typical Langmuir circulation
cell (Denman and Gargett 1983). The distribution of algal
organisms within this circulation cell resulted in a distribu-
tion of biomass that was not uniform with respect to depth;
however, the depth sampling frequency was uniform across
mixing scenarios. The time step for calculations was 12 min,
and integrated inhibition estimates were modeled for a 10-h
photoperiod between 0940 and 1920 h. Four spectral con-
ditions were simulated: (1) PAR 1 UVA 1 UVB; (2) PAR
1 UVA; (3) PAR only; and (4) the optimum predicted from
the photosynthetic parameters P and ab, i.e., no photoinhi-b

m

bition at all. The first three conditions permitted photoinhi-
bition from each waveband to be calculated and compared
to the theoretical optimum (condition 4) to determine their
individual contributions to the percent inhibition of inte-
grated primary production (PIint). The calculations used 51
theoretical algal organisms that either remained at one point
within the water column for the entire photoperiod or moved
vertically at different rates and from different starting depths
within a Langmuir circulation cell. BWFs and recovery rate
constants were assumed to be constant throughout the day.

Additional modeling was performed for the West basin
because it was found to be the most UVR sensitive basin
(see Results) and likely to show the strongest response to
different scenarios. First, to assess the effects of variations
of the biological coefficients, we performed a sensitivity
analysis under complete mixing conditions (mixing depth of
7.6 m) for four different combinations of low (0.14 3 1024

s21) and high (6.54 3 1024 s21) recovery rate constants and
low (1.08 3 1024 [W m22]21) and high (16.1 3 1024 [W
m22]21) UVR sensitivities (i.e., lR(300)). These values are rep-
resentative of the typical range encountered in 1997 and
1998 (Hiriart-Baer and Smith 2004). Second, the impacts
that variations in the incident radiation spectra would have
on the organisms were predicted for a 20% reduction in
ozone thickness (250 DU; typical minima for the region;
http://es-ee.tor.ec.gc.ca/e/ozone/document.htm). The radia-
tion spectrum for 250 DU at 428 latitude and 818 longitude
was determined using a radiative transfer model, the Tro-
pospheric Ultraviolet and Visible Radiation Model (Madron-
ich 1993). The unweighted UVB irradiance spectra for 314
and 250 DU are illustrated in Fig. 2. Third, the underwater
UV radiation spectra were calculated for a 20% and 50%
decrease in dissolved organic carbon (DOC), assuming a 2.6
mg L21 DOC ‘‘normal’’ concentration (median measured in
Lake Erie in 1997) (Smith et al. 1999). In these cases, the
Kd320 was estimated from the relationship (Smith et al. 1999):

ln Kdl 5 20.0113l 1 4.28DOC0.062 (4)

where DOC is measured in mg L21. The predicted Kd320 value
was then used in Eq. 3b to estimate Kdl and calculate the
underwater spectra. This additional step was performed to
minimize the differences in the spectral shape of the pre-
dicted attenuation spectrum. Finally, integrated photoinhi-

bition was calculated for observed minima in TSS, and KdPAR

measured in 1997 in the West basin of Lake Erie using Eq.
3b to calculate the underwater UVR spectra.

Statistical analysis—Analysis of variance (ANOVA) was
used to investigate the dependence of relative cumulative
photosynthesis and the measured recovery rates as a function
of preexposure treatments. While the k2 and P satisfied9final

the ANOVA assumptions, the P values were not normally9(0)

distributed; therefore, these values were logarithm trans-
formed before the ANOVA was performed.

Results

Limnological conditions—Ten recovery experiments were
conducted, eight in 1997 and two in 1998. The limnological
conditions found at each station sampled on the various dates
are listed in Table 1. The conditions observed at all the sta-
tions sampled were typical of what has been observed in
more extensive samplings relative to temperature, thermal
stratification regime, and chlorophyll concentrations.

UVR-dependent inhibition and recovery of photosynthe-
sis—In all experiments, 2 h of exposure resulted in a notable
reduction of relative cumulative photosynthesis (P ; see9(t)
Materials and methods), and meaningful recovery occurred
when the samples were transferred to benign low-light re-
covery boxes (Fig. 3). The harshest treatment (100% PAR
1 UVA 1 UVB) suppressed photosynthesis by ca. 80% in
2 h relative to a light-saturated optimum photosynthetic rate.
The mildest treatment (50% PAR only) resulted in lower
inhibition, ca. 24% (e.g., Fig. 3b). While UVB additionally
suppressed photosynthesis, the bulk of the photoinhibition
was due to UVA (Fig. 3). ANOVA showed that P(0) values
were significantly (,0.00001) lower in the UVR-exposed
(UVA and/or UVB) treatments than in the UVR-shielded
treatments within the highest PAR level only (Table 3).

Recovery of relative photosynthetic rates was observed in
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Fig. 3. Temporal changes in relative cumulative photosynthesis
for the various 2-h preexposure spectral quality treatments on (left)
31 July 1997 and (right) 11 August 1998. Vertical dashed lines
represent the time that samples were transferred to benign recovery
deck boxes.

Table 4. Experimentally determined recovery rate constants for
the different spectral treatments averaged over all dates 6SE. The
values in parentheses are the ranges observed, and the subscripts
denote sample size.

Spectral treatment
Recovery rate
(31024 s21)

100% PAR 1 UVA 1 UVB

100% PAR 1 UVA

100% PAR*

1.4260.1110

(0.25–3.56)
1.7860.396

(0.28–6.39)
2.171

50% PAR 1 UVA 1 UVB

50% PAR 1 UVA

50% PAR*

2.0360.259

(0.11–6.92)
3.6761.036

(20.64–15.94)
1.28461

* Only the two 1998 experiments (16 Jul and 11 Aug 98) permitted PAR-
only exposure; however, no recovery estimate could be fitted to the data
of 16 Jul 98.

Table 3. Relative cumulative photosynthesis for each spectral treatment following 2 h of exposure just before being transferred to the
benign recovery deck boxes (initial) and following 6 h of recovery (final). Averages (over all experimental dates) 61 SE; subscript denotes
sample size; values in parentheses represent the range of observed values.

Relative
photosynthesis

100%
PAR 1 UVA 1

UVB
100%

PAR 1 UVA
100%
PAR

50%
PAR 1 UVA 1

UVB
50%

PAR 1 UVA
50%
PAR

P9
(0)

P9
(final)

0.2460.0211

(0.13–0.34)
1.0660.4311

(0.36–5.24)

0.3160.037

(0.16–0.44)
1.2160.507

(0.51–4.21)

0.5860.072

(0.50–0.65)
0.9060.112

(0.79–1.01)

0.6360.0511

(0.28–0.96)
0.9560.1511

(0.65–2.42)

0.7060.077

(0.34–0.94)
1.2260.297

(0.70–2.90)

0.7660.192

(0.57–0.95)
1.0560.092

(0.96–1.13)

all spectral exposure treatments (Table 3). After 6 h under
benign low-light conditions, the harshest treatment (100%
PAR 1 UVA 1 UVB) had recovered to ca. 64% of the low-
light control, and the mildest treatments (100% and 50%
PAR only) had recovered to 100% or more. Significant dif-
ferences in P values were only observed between the9(final)

harshest (100S and 100S-) and the mildest (50S- and 50U)
treatments (ANOVA; ,0.05).

Recovery rate constants and associated recovery times—
Recovery rate constants did not differ significantly (.0.8)
between exposure treatments (Table 4). In the absence of
demonstrable preexposure treatment effects on recovery rate
estimates, all treatments were pooled, and an average recov-
ery rate constant was calculated by fitting Eq. 2b for each
sample date (Table 5). These recovery rates ranged from
0.46 (4 June 1997) to 8.16 3 1024 s21 (16 July 1998) and
had a median of 1.70 3 1024 s21 (Table 5). Using an average
BWF derived for Lake Erie phytoplankton in 1998 (Hiriart-
Baer and Smith 2004), the R-model (Eq. 1) was fit to the
corresponding 1997 time-series photosynthesis data (8 h in
damage boxes; no corresponding data were available in
1998), and recovery rate constants (k2) were estimated (Table

5). The range of these values was from 0.30 (e.g., 4 June
1997) to 7.96 3 1024 s21 (29 July 1997), and the median
was 2.10 3 1024 s21. ANOVA indicated that the recovery
model (Eq. 2b) and R-model (Eq. 1) estimates of k2 (loga-
rithm transformed) were not significantly different (.0.50).
It should be noted that the estimated k2 rates were likely
higher due to the inherent bias of using an average BWF
because higher damage rates tend to be associated with high-
er recovery rates. If actual sensitivity of the algal population
sampled in 1997 was lower than that assumed from the av-
erage BWF, recovery rates may have been overestimated by
the R-model, which may account for the slight discrepancy
between measured and estimated rates.

Using the median values for recovery rate constants es-
timated by each method, the time required to achieve 90%
recovery of photosynthetic potential was calculated for dif-
ferent degrees of inhibition, assuming that inhibition ceased
completely. For severely (80%) inhibited phytoplankton, the
recovery times were 5.4 and 3.8 h for the measured and
model-estimated recovery rate constants, respectively. For
mildly (20%) inhibited phytoplankton, the corresponding
times were 1.1 and 0.8 h.

Modeling photoinhibition—Influence of physical process-
es: Some patterns of spectral composition, transparency, and
mixing effects were consistent across all modeling scenarios.
(1) PAR-dependent inhibition of integrated primary produc-
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Table 5. Recovery model (Eq. 2b) and R-model (Eq. 1) esti-
mates of recovery rate constants for each experimental date. Esti-
mates 6 asymptotic standard error of the estimate (or standard er-
ror). The r2 represents the amount of variability explained by the
equations used to estimate each recovery rate constant.

Date

Recovery model

k2

(31024 s21) r2

R-model

k2

(31024 s21) r2

5 May 97
3 Jun 97
4 Jun 97
5 Jun 97

29 Jul 97

0.6660.13
2.1160.28
0.4660.09
3.3060.69
0.5860.06

0.946
0.977
0.925
0.969
0.976

2.0461.39
4.0163.07*
0.3060.35*
2.1561.12
7.9666.26*

0.502
0.562
0.583
0.457
0.441

30 Jul 97
31 Jul 97
27 Aug 97
16 Jul 98
11 Aug 98

1.7060.18
1.8660.27

21.2160.08
8.1661.41
1.2660.11

0.976
0.973
0.876
0.961
0.959

1.7960.76
3.0961.50
1.3860.67

—
—

0.608
0.498
0.490

—
—

Median 1.7060.80 — 2.1060.83 —

* Recovery rate constant estimate was not significantly different from zero.

Fig. 4. Inhibition of integrated primary production predictions
for typical summer phytoplankton populations mixing down to 10
m in the (a) East and (b) West basins for different water column
mixing scenarios.

Fig. 5. Basin-specific inhibition of integrated primary production predictions for (a) a 10-m
mixed layer, (b) complete mixing, and (c) typical summer epilimnion depths for a water column
with a cycle rate of 0.5 h cycle21. Photosynthesis was integrated to 27, 17.8, and 7.6 m for the E,
C, and W basins, respectively, for the complete mixing simulation and to 16, 13, and 5 m for the
E, C, and W basins, respectively, for the typical summer epilimnion depth simulations. Although
the West basin is commonly uniformly mixed, it does stratify on occasion, and of the stations we
sampled, the median epilimnion depth was 5 m.

tion (PIint) was negligible (,0.1%) in all mixing and trans-
parency scenarios and is therefore not indicated in the tables
and figures. (2) PIint predictions for static water column sce-
narios were always lower than those for mixing (slow or
fast) conditions. (3) Vertical mixing rate variations had little
effect on PIint (e.g., Fig. 4). (4) UVA-dependent inhibition
was always notably higher than UVB-dependent inhibition,
even under simulated ozone depletion modeling scenarios
(e.g., Fig. 5; Tables 6, 7). (5) A consistent East (lower PIint)
to West (higher PIint) gradient in photoinhibition impact was
always present (e.g., Fig. 5).

To isolate the effects of water column optical properties
on daily PIint estimates, modeling was performed for a hy-
pothetical 10-m water column with optical properties appro-

priate for each basin (Fig. 4). Under this normalized scenar-
io, estimates of photoinhibition ranged from 4.5% (UVB:
0.6%; UVA: 3.8%, static East basin) to 13.4% (UVB: 1.9%;
UVA: 11.5%, mixed West basin). A more realistic assess-
ment of PIint was carried out on a basin-specific basis, sim-
ulating different seasonally representative water column
dynamics (Fig. 5). Under typical early spring and late fall
mixing conditions (i.e., complete mixing conditions; Fig.
5b), estimates of PIint were higher than for typical summer
stratified conditions (Fig. 5c), although these differences
were small. Total UVR-dependent inhibition ranged from
11.2% to 13.7% and from 10.7% to 12.8% under complete
mixing and stratified conditions, respectively, in nonstatic
simulations. The differences between the predictions from
these mixing scenarios were partially related to the depth of
mixing (Zmix) relative to the euphotic depth (Zeu) for each
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Table 6. Percent photoinhibition predictions for ‘‘temporary’’
thermocline scenarios in the West basin over one photoperiod. A
static water column scenario was used for the ‘‘temporary’’ ther-
mocline estimates, and these are compared to a complete mixing
scenario. See Table 2 for model parameters used.

Inhibition

UVB UVA Total

Top 2 m
Bottom 5.6 m
Integrated water column
Complete mixing (7.6 m)

1.3
0.0
0.8
2.0

8.8
0.3
5.4

11.6

10.1
0.3
6.2

13.6

Fig. 6. Relationship between UVR-dependent inhibition and
Zmix : Zeu for all Lake Erie basins across all mixing scenarios. The
estimates for each Lake Erie basin under a 10-m mixed layer, com-
plete mixing, and typical epilimnion depth as well as the estimates
under minimum TSS and KdPAR for all three basins and the shallow
temporary thermocline simulations for the West basin are included.
The solid lines are Systat linear smoothers.

Table 7. Percent photoinhibition predictions for the West basin
under a complete mixing scenario for different UVR climate data
over one photoperiod (0940 to 1920 h). Values are averaged over
both slow and fast mixing rate scenarios. See Table 2 for model
parameters used.

Inhibition

UVB UVA Total

‘‘Normal’’ conditions
250-DU ozone thickness
20% DOC depletion
50% DOC depletion
Minimum TSS and KdPAR

2.0
2.4
2.1
2.2
1.6

11.6
11.6
12.3
12.7

9.4

13.6
14.0
14.4
14.9
11.0

Fig. 7. Sensitivity analysis of integrated photoinhibition predic-
tions using two levels of recovery rate constants and overall UVR
sensitivity under different mixing scenarios. Low and high k2 val-
ues: 0.14 and 6.54 3 1024 s21. Low and high sensitivity: lR(300):
1.08 and 16.1 3 1024 ([J m22]21).

simulation. As the Zmix : Zeu ratio increased, so did the water
column integrated UVR-dependent photoinhibition (Fig. 6).

The potentially damaging effects of shallow ‘‘temporary’’
thermoclines were also assessed for the West basin, which
has a propensity for developing these ephemeral water col-
umn structures under calm conditions (Hiriart et al. 2002).
While relative inhibition within the shallow thermoclines can
be high (up to 10.1% in our static simulations), when the
effects are integrated for the entire water column, PIint esti-
mates are significantly reduced (6.2%) compared to complete
mixing (13.6%) conditions (Table 6).

Influence of physiological processes: Given the apparent
vulnerability of the West basin to UVR inhibition, a sensi-
tivity analysis was carried out to estimate the range of pos-
sible PIint (Fig. 7). These estimates ranged from 0.8% (high
recovery and low sensitivity; static) to ca. 44% (low recov-
ery and high sensitivity; mixing) across all water column
mixing conditions. At the high end of the range, UVA could
inhibit integrated primary production by as much as ca. 40%,
while UVB inhibition estimates were ca. 4%. Similar to pre-
vious simulations, under these modeled conditions, water
column mixing rates had little effect on integrated photo-
inhibition, and mixing alone increased estimates of PIint un-
der all conditions.

Influence of changing the underwater UVR climate: Con-
tinuing to use the West basin as our model basin, we sim-
ulated the impacts of a 250-DU ozone, a 20% and 50%
decrease in DOC concentration, and a maximum water clar-
ity scenario (Table 7). The reduced ozone scenario increased

PIint estimates by ,1% (13.6–14.0%); similarly, the simu-
lated reductions in DOC concentrations caused small (,2%;
13.6–14.9%) increases of PIint. On the other hand, estimates
of integrated photoinhibition under a maximum water clarity
scenario, i.e., minimum TSS and KdPAR, were lower (13.6–
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Fig. 8. Vertical profiles of primary production in Lake Erie phy-
toplankton under different incident radiation spectra and underwater
transparency scenarios. Note the difference in depth between panels
a and b. PoptMIN defines the optimum vertical profile of primary
production under minimum TSS and KdPAR conditions.

11%). The lower relative photoinhibition of integrated pri-
mary production under this latter scenario is related to the
increase in uninhibited primary production at depth as a
function of increased water clarity (Fig. 8).

Discussion

The susceptibility of photosynthesis to damage by UVR
is composed of at least two important and distinct compo-
nents: (1) a component that involves a sensitivity to damage
and is partly influenced by the presence of photoprotective
pigments (e.g., Schofield et al. 1995) and (2) a component
that involves the ability to recover and is mediated by repair
processes (e.g., Karentz 1999). The first component of UVR
susceptibility has been studied by numerous researchers who
were mostly investigating the presence and/or induction of
mycosporine-like amino acids, a category of pigments typ-
ically associated with UVR photoprotection in microalgae
(e.g., Roy 2000). The second component of UVR suscepti-
bility, the ability to photorecover, has received comparatively
little attention despite its obvious importance in the inte-
grated response of primary producers to damaging UVR.

It can be argued that inhibition by UVR can either be
reduced or increased within a mixed water column compared
to a static one. On an individual basis, production of one
algal organism may likely be favored when the water column
is in motion, since mixing will inevitably provide shelter
from damaging UVR. On the other hand, from an integrative
point of view, considering the entire water column, mixing
has the disadvantage of exposing more of the algal biomass
to high-light, photoinhibiting, surface waters (Neale et al.
1998b). In this study, Lake Erie phytoplankton demonstrated
meaningful recovery of photosynthesis after 2 h of exposure
to damaging radiation. Our estimates of recovery rates
would allow, under mild inhibiting conditions (20%), near-
full recovery of photosynthesis (time to 90% recovery; 0.8–
1.1 h) within a summer photoperiod (on average, from 0600

to 2000 h for the 428 latitude between 21 June and 21 Sep-
tember). In the absence of carry over from one day to the
next, we can focus our efforts on modeling inhibition for
one photoperiod and evaluate the effects of physiological,
physical, and optical parameters on the photoinhibition of
integrated primary production.

From a physiological perspective, the sensitivity and re-
covery potential of algal photosynthesis significantly affect-
ed our PIint estimates. The range in UVR sensitivity found
in Lake Erie was large enough to elicit up to a 10-fold dif-
ference in predicted integrated inhibition impacts in a mixed
water column. Although the mitigating effects of recovery
rates appeared to be less important than the inhibiting effects
of sensitivity (2- vs. 10-fold differences; Fig. 7), recovery
processes are nevertheless essential for photosynthetic re-
covery within the day, because they prevent an accumulation
of inhibition over successive days. During our typical pa-
rameter simulations (Table 2), inhibition of relative photo-
synthesis in the West basin could reach ca. 32% during the
day, yet active recovery resulted in near-maximum rates of
photosynthesis (0.96 relative photosynthesis) being reached
at the end of our simulations.

From a physical perspective, we found that mixing alone
increased our estimates of inhibition. This follows a number
of studies that have assessed the effects of mixing on UVR-
dependent inhibition (e.g., Helbling et al. 1992). This effect
is related to the nonlinear response of photoinhibition over
time, specifically the rapid onset of UVR-dependent photo-
inhibition (e.g., Hiriart et al. 2002; Neale et al. 2003). Under
static conditions, decreases in relative photosynthesis are
small after the first few hours of exposure as a steady state
is reached, while under mixing conditions large decreases in
production are continuously being observed as new uninhib-
ited phytoplankton are exposed to high surface UVR irra-
diances (Neale et al. 2003). The rate of vertical mixing and
the depth of mixing may also influence the extent of UVR-
dependent inhibition, although the relationship is not
straightforward (Neale et al. 1998b). Antarctic phytoplank-
ton mixing to depths well below the euphotic zone have
shown reduced integrated water column inhibition compared
to communities that mix within the euphotic zone (Neale et
al. 1998b). Furthermore, in shallow (#42 m) mixed layers,
slow mixing (e.g., 1-h cycle time) lessened inhibition pre-
dictions for this polar algal community compared to fast
mixing (20-min cycle time). We observed only small differ-
ences (,0.1%) between mixing rates, with higher estimates
of PIint under fast mixing (0.5-h cycle) conditions compared
to slow (5-h cycle) mixing rates. These patterns of results
are similar to those observed by Huot et al. (2000) in marine
bacterioplankton, DNA dimer accumulation. The authors ob-
served no differences in integrated inhibition estimates under
various mixing rates (measured as wind speed), but the dis-
tribution of that inhibition was related to mixing rates. Per-
haps the range of depth, water clarity, and algal physiolog-
ical parameters limited our scope for detecting differences
in photoinhibition under various mixing depth and mixing
rate simulations. Furthermore, the Antarctic study applied a
different kinetic model, one that assumed no repair capabil-
ities and predicted photosynthesis as a function of cumula-
tive exposure to inhibiting radiation (Neale et al. 1998a; Hir-
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iart-Baer and Smith 2004). Inhibited rates of photosynthesis
predicted by this model would be maintained throughout the
mixing simulation, while the R-kinetic model used in this
study would permit some recovery at depth, which would
help minimize the effects of mixing rate. In fact, when we
assumed no active recovery for a completely mixed West
basin (7.6 m Zmix), slower mixing rates enhanced PIint by ca.
5% compared to ca. 0.3% under typical recovery rate con-
ditions.

The extent of recovery at depth will depend on the time
spent below the euphotic depth, where adequate light for
uninhibited primary production and photoenzymatic repair
is unavailable. This dependence was reflected in the rela-
tionship between predicted UVR-dependent inhibition and
the Zmix : Zeu ratio. Integrated photoinhibition of primary pro-
duction for algal organisms mixed below the euphotic zone
was higher than for those remaining above the euphotic
depth. Our results differ from those presented by Barbieri et
al. (2002); however, we did not consider the seasonal vari-
ability of algal physiological parameters that would accom-
pany the seasonal changes of Zmix : Zeu, so a direct comparison
with these results is difficult. Further and more specific mod-
eling that incorporates seasonally variable k2, P , and abb

max

would be needed for a direct comparison to the Barbieri et
al. (2002) study.

From an optical perspective, it is evident how water col-
umn optical characteristics are critical determinants for UVR
exposure and, by extension, photoinhibition. Globally, light
attenuation will depend on light scattering and light absorp-
tion by water itself, dissolved organic matter, and particulate
organic matter (e.g., phytoplankton) as well as inorganic
matter (Kirk 1994). Specific to UVR, dissolved organic mat-
ter seems to be particularly influential (Scully and Lean
1994), although TSS can also be important (Smith et al.
1999). Lake Erie is spatially heterogeneous in its transmis-
sion properties, typically demonstrating high water clarity in
the East basin and lower water clarity in the West basin
(Smith et al. 1999). Relative daily PIint estimates were higher
in the more turbid West basin than in the clearer East and
Central basins. While counterintuitive, this is a direct con-
sequence of differences in available refuges from photo-
inhibiting radiation. Given basin specific typical euphotic
depths, the East, Central, and West basins have 24%, 28%,
and 39% of their euphotic zone occupied by their UVR-
photic zone, respectively. This allows more unabated pri-
mary production to occur in the East versus West basin pho-
tic zones, resulting in lower relative estimates of integrated
photoinhibition in the East compared to the West basin.

Constant across all simulations was the relatively minor
PAR and UVB-dependent inhibition and the significant
UVA-dependent inhibition. While UVA can be beneficial to
phytoplankton by inducing, for example, photoenzymatic re-
pair processes (Mitchell and Karentz 1993; Roy 2000), it
can also severely inhibit primary production (Bühlmann et
al. 1987; Helbling et al. 1992; Neale et al. 1994). UVA has
a much lower photoinhibition efficiency than UVB because
of its lower energetic content (Ghetti et al. 1998); however,
the flux of incident UVA is ca. 10-fold higher than that of
UVB, inevitably resulting in more UVA-dependent inhibi-
tion in the natural environment. The overall importance of

UVA in photoinhibition was also true for our most severe
case, i.e., complete mixing 250-DU ozone simulation, where
UVB-dependent inhibition was responsible for ca. 3% com-
pared to ca. 11% UVA-dependent inhibition.

Similar to the DNA dimer accumulation study by Huot et
al. (2000), this study found relatively large changes in DOC
had little effect on the estimates of integrated primary pro-
duction (Table 7). While increases in DOC may reduce UVR
exposure, this also reduces productivity at depth so that, in-
tegrated over the entire water column, changes in DOC con-
centrations counteract each other (Huot et al. 2000). Fur-
thermore, while DOC strongly absorbs in the UVA part of
the spectrum, the relationship between DOC and Kd320 at a
concentration of about 2.6 mg L21 is relatively flat and re-
sults in only a 20% change in Kd320. This small effect on
Kd320 was reflected in the relatively small change in photo-
inhibition predicted from the 50% change in DOC. Under
static water column scenarios (Fig. 8), it is clear that while
changes in the underwater UVR climate can lead to differ-
ences in the shallow waters (,2 m), the effects of increased
UVR penetration are quickly muted by rapid absorption of
these wavelengths, which leads to small increases in PIint

over the entire water column.
In conclusion, it appears that physiological parameters

(sensitivity and recovery potential) and the depth of mixing
relative to the euphotic (and UVR) depth are the most im-
portant factors influencing inhibition of integrated primary
production. While the transparency of aquatic systems to
UVR is an important determinant of photoinhibition, it must
be put into context with respect to overall UVR exposure,
which is inherently dependent on physical forces (mixing
depth) and physical boundaries (basin depth). Shallow aquat-
ic systems or basins within lakes (e.g., West basin of Lake
Erie) that already afford few UVR refuges are likely to be
the most at risk.
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