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Abstract Eleven lakes in the South Island of New Zealand
were sampled in summer 1996. Water column profiles of
ultraviolet radiation (UVR) at four wavelengths and photo-
synthetically available radiation (PAR) were obtained,
along with analyses of dissolved organic carbon (DOC)
concentration, total suspended solids (TSS), and catchment
vegetation, including forest and natural grassland. Down-
ward attenuation coefficients (Kd) and lake water transpar-
ency (1/Kd) for UVR were examined in relation to these
variables. Consistent with other regions of the world, DOC
concentration and variables related to DOC were the best
predictors of UVR penetration. With our data set, we calcu-
lated ratios of water column integrals (RI) of UVR/PAR
irradiance, using equations from the literature. At DOC
concentrations below 4g m�3, a progressive increase in RI
shows that lakes become increasingly transparent to UVR.
We also normalized chromophoric dissolved organic matter
(CDOM) absorption of UVR at 380nm (a380) to DOC con-
centration and found that the UVR-absorbing capacity per
unit DOC increases with increasing percentage of forest in
the catchment area. This indicates that not only DOC con-
centration but also DOC type or composition is important
in determining the transparency of lake water to UVR, and
that qualitative differences in DOC are dictated by the type
and amount of vegetation present in the lake’s catchment
area.
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Introduction

The impact of increasing ultraviolet radiation (UVR) in the
south polar region has been of particular concern due to the
annual spring and summer depletion of stratospheric ozone
(e.g., Bodeker 1997). Although the ozone hole itself is gen-
erally confined to latitudes higher than 60 degrees South,
significant eddies of ozone-depleted atmosphere swirl into
lower latitudes when the ozone hole breaks up, and have
been shown to pass over New Zealand (Toon and Turco
1991). New Zealand is already exposed to high UVR levels,
50% greater than countries of similar latitudes in the North-
ern Hemisphere (McKenzie et al. 1996; Bodeker 1997), and
significant increases in UVR over New Zealand have been
observed in association with the ozone hole (National Sci-
ence Strategy Committee 1998). This combination of fac-
tors means that ecosystems in New Zealand may receive
significantly higher doses of UVR than would be expected
on the basis of latitude alone.

The impact of UVR on aquatic, particularly planktonic,
communities has been well studied in the marine environ-
ment (de Mora et al. 2000), and in the last few years reports
on the role of UVR in North and South American freshwa-
ters have been made (e.g., Morris et al. 1995; Williamson et
al. 1996; Laurion et al. 1997; Vinebrooke and Leavitt 1999).
Vincent and Roy (1993) and Vincent and Neale (2000) have
reviewed the photobiological influences of UVR on aquatic
organisms and communities, demonstrating that the eco-
logical impacts of UVR cover a wide spectrum of life forms
and processes.

The damaging effects of UVR increase steeply with de-
creasing wavelength, particularly in the lower UVBR wave-
lengths (280–320 nm). Higher wavelength UVR, termed
UVAR (320–400nm), has been shown to be implicated in
both damage and repair of DNA, whereas wavelengths in
the photosynthetically active part of the spectrum (PAR)
are known to assist in repair of UVR damage (Karentz et al.
1991). Smith et al. (1992) have shown that the net toxicity of
UVR reflects the balance between photochemical damage
and biosynthetic repair. UVR is markedly attenuated as it
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passes through natural waters (Kirk 1994b; Scully and Lean
1994; Morris et al. 1995; Williamson et al. 1996; Laurion et
al. 1997), and the differential attenuation of UVR and PAR
wavelengths across the solar spectrum results in a changing
potential for UVR damage with depth.

The attenuation of UVR in natural waters is affected
mostly by colored or chromophoric dissolved organic mat-
ter (CDOM), often measured as dissolved organic carbon
(DOC), concentrations of which are highly variable in
freshwaters. For instance, Morris et al. (1995) showed that
approximately 90% of the between-lake variation in the
attenuation of UVR over a wide range of lakes could be
explained by differences in DOC concentration. Lakes in
areas with sparse catchment vegetation have low DOC con-
centrations and have been shown to be relatively transpar-
ent to UVR wavelengths (Vincent et al. 1998). However,
underwater UVR can also be influenced by high turbidity
(Smith et al. 1999) or by high concentrations of chlorophyll
a (Hodoki and Watanabe 1998). It has been demonstrated
for some high-altitude lakes with low DOC concentrations
that phytoplankton within the water column can attenuate
UVR, probably because of high concentrations of UVR-
absorbing compounds (Laurion et al. 2000).

New Zealand has a highly varied topography and a wide
range of lake types and optical properties (Howard-
Williams and Vincent 1985; Davies-Colley et al. 1993). The
elevated solar UVR levels experienced in New Zealand
provide an interesting basis for studies of UVR in lakes.
This paper provides the first data set on UVR penetration
in New Zealand freshwaters. Eleven lakes in the South
Island, covering a wide range of water clarities, were chosen
to examine the major determinants of UVR penetration,
including potential catchment vegetation effects.

Materials and methods

Study sites and optical measurements

Eleven lakes, ranging from very clear to turbid and span-
ning colors from blue or blue-green to brown, were sampled
in February 1996 (Fig. 1). At an offshore site in each lake,
the Secchi disk depth was measured and depth profiles of
cosine-corrected downwelling irradiance were obtained
using a Biospherical Instruments PUV-500 radiometer. In
addition to photosynthetically available radiation (PAR;
400–700 nm), this instrument provided a measure of irradi-
ance at 305, 320, 340, and 380nm (half maximum bandwidth
of 8–10nm). Measurements were made from just below the
water surface to a depth of 1% of surface PAR and were
logged at 1-s intervals, corresponding to 10–15 measure-
ments per metre. Incident irradiance for the duration of the
profile was measured using a Li-Cor Li190SA quantum sen-
sor attached to an Li-1000 logger. The downward attenua-
tion coefficient for PAR (Kd(PAR)) and for the UVR
wavelengths (Kd(UVR)) was calculated by log-linear regres-
sion of the irradiance values, corrected for changes in inci-
dent irradiance, against depth.

Lake water was collected at each site, and two replicate
2-l samples were filtered through pre-ashed, preweighed
GF/F filters for analysis of total suspended solids (TSS)
concentration. Plankton chlorophyll a (Chl a) concentra-
tion was determined by extracting filtered and ground mate-
rial in 90% acetone prior to measuring fluorescence by the
technique of Strickland and Parsons (1968). Calibration was
done using a Chl a standard (Sigma Biochemical C-6144),
and correction of the samples for phaeophytin was made
using 1N HCl.

Dissolved organic matter was determined at each site by
measurements of DOC concentration using a Dohrman
Model DC180 Low Level TOC analyzer (ESR Laborato-
ries, Christchurch, New Zealand). DOC was also measured
by fluorometry to obtain Raman DOC (DOCRn). Fluores-
cence emission scans were measured on a Perkin Elmer
Luminescence LS-50B spectrometer, between 360 and
650nm, with the excitation beam set to 348nm and a slit
width of 5 nm. The fluorescence signal at 450nm (peak
height) was normalized to the Raman peak height as de-
scribed in Determann et al. (1994).

Spectrophotometric CDOM absorption between 300
and 700nm was measured on 0.22-µm Millipore filtered
water samples. Absorbance of samples in 100-mm quartz
cuvettes was scanned and recorded against a 0.22-µm
filtered distilled water blank, using a double beam JASCO
spectrophotometer. The absorption coefficient, αλ at wave-
lengths 305, 320, 340, 380, and 440nm was calculated as:

Fig. 1. Locations of the 11 lakes sampled on the South Island of New
Zealand
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aλ � 2.303 Aλ/r (1)

where Aλ is spectrophotometric absorbance at λnm and r is
the cuvette path length (m) (Davies-Colley et al. 1993).

Catchment characteristics

Vegetation as a percentage of total catchment area was
obtained for each lake catchment from the New Zealand
Land Resource Inventory (1997) and was separated into
grassland (primarily native tussock grasses), forest (com-
prising both tall and short dense forest cover), cropland,
and areas with alpine herbs.

Literature data set

To determine how our data for New Zealand lakes com-
pare with and relate to DOC, TSS, UVR, and PAR rela-
tionships in other parts of the world, we extracted data
from several published papers. Data were obtained from
Scully and Lean (1994; Alberta, Ontario, Central Quebec),
Morris et al. (1995; Argentina, Alaska, northeast USA,
Colorado), Laurion et al. (1997; subarctic Quebec, Cana-
dian high Arctic), and Vincent et al. (1998; Antarctica).
Literature values were taken only from studies that had
measured discrete downwelling UVR wavelengths
(specifically at 320nm) and downwelling PAR across the
400–700nm range, consistent with the measurements we
made in New Zealand. Published data were obtained for
110 freshwaters.

Statistical analyses

All statistical analyses were performed using STATISTICA
for Windows (Statsoft).

Modeling of UVR penetration into natural waters using
waveband ratios

Waveband ratios between PAR and UVR are particularly
relevant to phototrophs (Vincent and Roy 1993; Quesada et
al. 1995) and imply that the impacts of UVR may be offset
by photosynthetic wavelengths. Laurion et al. (1997) have
modeled UVR attenuation at wavelengths across the UVR
spectrum from 300 to 440nm based on the equation

Kd(λ) � Kd(440) exp[�S(λ � 440)] (2)

where S is a constant that describes the slope of the expo-
nential curve of the absorption coefficient as a function of
wavelength, λ. The equation was shown to provide an accu-
rate description of the attenuation of underwater UVR.
The slope, S, of 0.0151nm�1 varied little between lakes and
was similar to literature values of absorbance curves
for filtered natural waters (Laurion et al. 1997). For in-
stance, Howard-Williams and Vincent (1985) found S for
several New Zealand lakes to fit within the range 0.013–
0.016nm�1. It should be noted, however, that more recent

analyses using a background attenuation parameter in
Eq. 2 indicate a much larger variability in S (Markager and
Vincent 2000).

Laurion et al. (1997) showed that at any depth, the ratio
of UVR to PAR is given by

EUVR/EPAR � Ratm exp(�∆K z) (3)

where Ratm is the incident irradiance ratio just below the
water surface and is dependent on weather condition, solar
angle, altitude, and atmospheric ozone concentration. ∆K is
the difference between UVR and PAR diffuse attenuation
coefficients. The ratio of irradiance at 320nm UVR and
across the PAR waveband at a specific depth (EUVR/EPAR) is
applicable in the description of net UVR effects on organ-
isms that occur at fixed depths in lakes.

In the upper mixed layer of open waters, planktonic
organisms circulate in the water column, and a UVR/PAR
ratio based on EUVR/EPAR is less appropriate. In this case, an
alternative computation of the spectral balance is the ratio
of mixed water column integrals (RI) for the two
wavebands. Laurion et al. (1997) have shown that the ratio
of integrals

RI � ÚEUVRdz/ÚEPARdz

can be reduced to the following expression:

RI � Ratm (Kd(PAR)/Kd(UVR)) (4)

Results

Lake characterization

The 11 New Zealand lakes span a range of sizes (3.4 to
352km2) and maximum depths (9.6 to 444m) and can all be
considered oligotrophic, with Chl a concentrations ranging
from 0.39 to 4.38µg l�1 (Table 1). TSS ranged over more
than an order of magnitude (�1 to 20.8g m�3) and DOC
from �1gm�3 in lakes with predominantly grassland
catchments, to highly colored lakes in forested catchments
with �8gm�3 (Table 1). DOCRn showed a high correlation
with DOC measured on the TOC analyzer (r � 0.99, P �
0.001). Water clarity among the lakes varied by an order of
magnitude, with Secchi depth values measured at �1 to
13.5m and the downward attenuation coefficients for PAR
(Kd(PAR)) varying from 0.13 to 1.92m�1 (Table 2).

A high degree of variability in attenuation of the UVR
wavelengths can be expected from this lake series. CDOM
absorption coefficients for the wavelengths 305, 320, 340,
380, and 440nm and the downward attenuation coefficients
for the UVR wavelengths and PAR confirm this (Table 2).
The downward attenuation coefficient at 320nm, Kd(320),
varied by two orders of magnitude among the 11 lakes (0.36
to �60m�1), corresponding to depths of penetration for 1%
of 320nm UVR between 12.94m in Lake Coleridge and
0.08m in Lake Hochstetter.

Lake Tekapo has a relatively high transparency to
UVR, yet one of the greatest attenuation coefficients
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for PAR (Table 2). In the following lake series: Kaniere –
Brunner – Tekapo, with Kd(PAR) values of 0.62, 0.74, and
1.15, respectively, the lake order based on Kd(320) is Tekapo
– Kaniere – Brunner. Lake Tekapo has a high TSS concen-
tration composed of glacial flour, which attenuates PAR
but has relatively little influence on UVR transparency.
Because of this unusually low PAR but high UVR transpar-
ency, analyses of DOC and TSS effects on UVR penetra-
tion were carried out both with and without the inclusion of
Lake Tekapo.

Influence of DOC concentration on UVR penetration

Attenuation of UVR wavelengths was highly correlated
with DOC and with parameters that estimate DOC in the
New Zealand lake series (Table 3). All three estimators of
DOC were good predictors of Kd(320), particularly when the
highly reflective Lake Tekapo was excluded from the analy-
sis. For example, with the complete series of 11 lakes, the
prediction obtained from DOC measured on the TOC ana-
lyzer had an r2 of 0.78 (P � 0.001), but when Lake Tekapo
was excluded, the DOC prediction increased to 93% of the
Kd(320) variability. This also altered the slope of the line
when it was plotted as transparency (1/Kd(320)) versus DOC
(Fig. 2).

All lakes from the literature data set also show a general
linear relationship on a log-log plot of transparency and
DOC (Fig. 2). The most transparent waters are from Argen-
tina, Antarctica, and New Zealand, with the highest vari-
ability in the relationship of UVR attenuation and DOC in
these lakes with low DOC concentration. In the New
Zealand lakes, UVR attenuation at 320nm as a function of
DOC is slightly higher than for lakes in other regions of the
world. This is illustrated in Fig. 2, where the New Zealand
data for transparency (1/Kd(320)) are at the lower side of the
scatter plot (see also linear regression equations in the
figure legend).

Influence of TSS on UVR penetration

We examined TSS as an additional predictor of UVR pen-
etration in both New Zealand lakes and the literature data
set. With the 11 New Zealand lakes, TSS was a significant
addition to the multiple regression only when Lake Tekapo
was included in the analysis (Table 3), and in this case it
explained an additional 8% of the variability in Kd(320). TSS
and DOC were not correlated (r � �0.16, P � 0.05). When
Lake Tekapo was excluded, TSS was no longer significant
and DOC alone best described Kd(320). In the combined lit-
erature and New Zealand data sets, TSS was not a

Table 1. Physical dimensions, chlorophyll a (Chl a), total suspended solids (TSS), dissolved organic carbon (DOC), and Raman DOC (DOCRn)
estimators of 11 New Zealand lakes

Lake Surface area Maximum depth Chl a TSS DOC DOCRn

(km2) (m) (mg m�3) (gm�3) (gm�3) (Raman units)

Brunner 36.0 109.0 2.23 1.40 2.1 1.51
Coleridge 33.0 200.0 0.39 1.40 0.4 0.02
Hochstetter 6.6 17.0 4.38 3.06 8.6 7.29
Kaniere 13.0 198.0 0.69 0.65 1.8 1.24
Mahinapua 3.4 9.6 1.80 1.39 10.0 7.68
Manapouri 153.0 444.0 1.12 0.47 1.2 0.60
Monowai 32.0 161.0 1.80 1.93 2.2 0.86
Te Anau 352.0 414.0 1.35 0.54 1.4 0.62
Tekapo 87.0 120.0 0.74 20.86 0.3 0.01
Wakatipu 293.0 380.0 1.20 1.00 0.6 0.03
Wanaka 193.0 311.0 0.87 1.02 0.5 0.02

Table 2. Downward attenuation coefficients (Kd) for PAR and four UVR wave bands and chromophoric dissolved organic matter (CDOM)
absorption coefficients (aλ) for four UVR wavebands and 440nma

Lake Kd(305) a305 Kd(320) a320 Kd(340) a340 Kd(380) a380 Kd(PAR) a440

Brunner 12.35 11.23 10.15 8.92 9.40 6.62 5.59 3.53 0.74 1.30
Coleridge 0.57 – 0.36 – 0.29 – 0.20 – 0.13 0.06
Hochstetter – 63.33 60.54 51.93 53.95 39.27 33.91 20.27 1.92 7.70
Kaniere 12.57 9.36 9.14 7.48 6.96 5.54 4.20 2.81 0.62 0.94
Mahinapua – 64.05 33.36 45.34 41.85 31.67 25.07 20.15 1.64 6.48
Manapouri 5.78 4.82 3.79 3.71 3.11 2.67 1.77 1.33 0.34 0.59
Monowai – 5.40 4.52 4.10 3.66 2.88 2.25 1.33 0.37 0.43
Te Anau 8.64 4.68 3.46 3.49 3.26 2.48 1.82 1.22 0.33 0.43
Tekapo 4.33 – 3.22 – 3.49 – 2.62 – 1.15 0.01
Wakatipu 1.03 – 0.81 – 0.62 – 0.42 0.22 0.23 0.16
Wanaka 1.42 – 0.91 – 0.77 – 0.53 0.29 0.26 0.17

a Units for all coefficients are m�1. – indicates data outside the detection limits of our instruments
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declines rapidly, whereas in clear lakes with low DOC,
such as Lake Coleridge, the ratio decreases more slowly
(Fig. 3).

Waveband ratios: planktonic systems

The ratio RI for the New Zealand lakes data shows a strong
nonlinear relationship with DOC (Fig. 4). At DOC concen-
trations below 4gm�3, the progressive increase in RI shows
that lakes become increasingly transparent to UVR. The RI
values for those New Zealand lakes with less than 4gm�3

DOC do not, however, fit the curve obtained by Laurion et
al. (1997), but rather are better explained using a power
function. New Zealand’s lakes cover a range of RI values,
some being similar to those of permanently ice-capped lakes
of Antarctica (Fig. 4, inset). One Argentinean lake obtained

Fig. 2. A log-log plot of trans-
parency (1/Kd(320)) as a function
of dissolved organic carbon
(DOC) concentration for data in
the literature (n � 110) and for
lakes in this study (n � 11). The
solid line shows the linear rela-
tionship for the whole data set
[log(1/Kd(320)) � �1.23 logDOC
� 0.15, r2 � 0.78, P � 0.001] and
the dashed line for New Zealand
lakes alone [log(1/Kd(320)) �
�1.20 log DOC � 0.46, r2 � 0.80,
P � 0.001]. When Lake Tekapo
was excluded from the New
Zealand data set, the relation-
ship denoted by the dotted line
was obtained [log(1/Kd(320)) �
�1.45 log DOC � 0.33, r2 � 0.94,
P � 0.001]

Table 3. Regression equations and variance explained (r2) for predicting Kd(320) from DOC concentration measured on a TOC analyzer (DOC,
g m�3), Raman DOC (DOCRn, Raman units), CDOM absorption at 440 nm (a440, m

�1), and both DOC and total suspended solids (TSS, gm�3)
togethera

Variable(s) Lake series Regression equation r2

DOC All lakes logKd(320) � 1.20 logDOC � 0.46 0.78***
Excluding Tekapo logKd(320) � 1.45 logDOC � 0.33 0.93***

DOCRn All lakes logKd(320) � 0.62 logDOCRn � 0.91 0.81***
Excluding Tekapo logKd(320) � 0.74 logDOCRn � 0.88 0.95***

a440 All lakes logKd(320) � 0.64 loga440 � 0.86 0.59**
Excluding Tekapo logKd(320) � 1.03 loga440 � 0.85 0.97***

DOC and TSS All lakes logKd(320) � 1.26 logDOC � 0.43 logTSS � 0.38 0.85***
DOC***
TSS*

Excluding Tekapo logKd(320) � 1.51 logDOC �0.28 logTSS � 0.33 0.93**
DOC***
TSS n.s.

a Equations are given for the full New Zealand data set and with Lake Tekapo excluded. ***P � 0.001; ** P � 0.01; * P � 0.05; n.s., not significant

significant predictor of Kd(320), which was best described by
the relationship log Kd(320) � 1.0 logDOC � 0.31 (r2 � 0.99,
P � 0.001).

Waveband ratios: benthic systems

The Ed(320)/Ed(PAR) ratio, obtained from Eq. 3, is highly vari-
able among the New Zealand lakes. Scaling problems in the
presentation of this relationship, which arise from the two
orders of magnitude difference between the depth of UVR
penetration, have been resolved in Fig. 3 by plotting the
ratio of Ed(320)/Ed(PAR) against percent surface PAR as a mea-
sure of depth. The Ed(320)/Ed(PAR) ratio decreases with de-
creasing percent surface PAR due to the selective
absorption of the UVR wavelengths relative to PAR. In
lakes with moderate DOC, such as Lake Brunner, the ratio
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Fig. 4. Ratio of integrals (RI, see
Eq. 4) as a function of DOC con-
centration in New Zealand lakes
(Br: Brunner, Co: Coleridge, Ho:
Hochstetter, Ka: Kaniere, Mh:
Mahinapua, Ma: Manapouri,
Mo: Monowai, Te: Te Anau, Tk:
Tekapo, Wk: Wakatipu, Wa:
Wanaka). The inset shows the
same relationship for the lakes
from the literature in addition to
New Zealand (n � 86). In both
figures the solid line represents
the equation of Laurion et al.
(1997), while the dashed line is a
power function. Main figure:
RI � 0.00076[DOC]�0.82, r2 � 0.93;
inset: RI � 0.001[DOC]�0.53,
r2 � 0.50

Fig. 3. Dependence of UVR/PAR ratio on depth for two lakes of
contrasting DOC concentration, Lakes Coleridge and Brunner. Depth
is shown as percent surface photosynlhetically available radiation
(PAR) to overcome scaling problems

from a literature data set is at an extreme, with an RI of
�0.005. Again, with the pooled literature data set, a power
function provides the best fit to the data below 4gm�3.

Catchment vegetation and DOC absorption characteristics

The New Zealand lake series was representative of a wide
range of catchment types (Table 4), and the effects of catch-
ment vegetation on lake water DOC concentration were
marked. The greater the proportion of forest in the catch-
ment, the higher the DOC concentration (Fig. 5a) and the
lower the RI value (figure not shown). Thus, lakes with
heavily forested catchments were less transparent to UVR.

Given that grassland and forest together composed the
majority of catchment vegetation, an inverse relationship to
that of percent of forest was found with the proportion of
natural grassland in the catchment. Lakes with more than
55% grassland cover in the catchment were particularly
transparent to UVR (Lakes Coleridge, Tekapo, Wanaka,
and Wakatipu).

In addition to DOC concentration, the UVR-absorbing
capacity per unit DOC was related to the catchment vegeta-
tion of New Zealand lakes. We normalized CDOM absorp-
tion at 380nm (a380) to DOC concentration and found that
a380/DOC increased with increasing forest in the catchment
(Fig. 5b), and the reverse was seen with increasing grass-
land. For example, lakes with catchments containing 55%–
65% natural grassland and �30% forest have low DOC
concentration (�1gm�3) and low relative absorption (a380/
DOC �0.6). Lakes in moderately forested (50%–60%)
catchments have DOC concentrations of 1–2.5gm�3 and
a380/DOC of 0.6–1.7, whereas those in densely forested
(�70%) catchments have DOC concentrations of �8gm�3

and relative absorption �2.

Discussion

Predicting UVR penetration

The strong relationship between lake water DOC concen-
tration and transparency to UVR that has been demon-
strated in many regions of the globe (Scully and Lean 1994;
Morris et al. 1995; Laurion et al. 1997) holds true for lakes
in New Zealand. Moreover, when data are pooled from
several studies representing a diverse set of lakes in North
and South America, Antarctica, and the current New
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Zealand information, DOC explains approximately 80% of
the variability in UVR transparency.

Ten of the 11 New Zealand lakes have UVR transpar-
ency values below the best-fit regression line for the pooled
data. This suggests that the New Zealand lakes may have
particular characteristics that explain the consistently nega-
tive residuals in the pooled data set, whereby transparency
is lower at any particular DOC concentration than for many
lakes in other regions of the world. For the whole data set,
greater variability around the regression line is evident at
low DOC concentration, which could be due to a higher
contribution to light attenuation by other components of
natural waters at low DOC levels. We examined the TSS
load in each of the lakes and added it into a multiple regres-
sion model to determine if it could explain additional varia-
tion in UVR transparency.

Total suspended solids concentration was a significant
but minimal contributor to UVR penetration in New

Zealand lakes and became nonsignificant when Lake
Tekapo, with a particularly high TSS and high UVR/
PAR transparency, was removed from the analysis. In ex-
amining the intralake variability of UVR penetration in
Lake Erie, Smith et al. (1999) measured a small range of
DOC concentrations and a high range of TSS values and
found that TSS better explained UVR attenuation than
did DOC. Only with Lake Tekapo included in our data
set do we have a significant TSS variable for UVR predic-
tion. The lack of contribution by TSS toward explaining
any additional variation in UVR transparency of the re-
maining 10 New Zealand lakes examined is consistent with
the results of Morris et al. (1995), who found that DOC
alone was the best predictor of UVR attenuation. There-
fore, the scatter about the regression line at low DOC and
the propensity of New Zealand lakes to fall on the lower
side of the relationship may be explained by the DOC
pool itself having differences in UVR attenuation pro-

Table 4. Catchment area and proportion of the total catchment covered by four classes of
vegetation in the New Zealand lake series

Lake Catchment % of catchment area
area (km2)

Grassland Cropland Forest Alpine herb

Brunner 379 22.1 10.5 61.2 6.3
Coleridge 200 64.4 5.5 15.7 14.3
Hochstetter 18 18.6 0.3 72.8 8.3
Kaniere 55 29.3 2.1 60.0 8.6
Mahinapua 31 8.2 4.0 79.4 8.3
Manapouri 1428 35.8 10.6 52.3 1.3
Monowai 231 26.6 14.5 58.9 0.0
Te Anau 2998 35.5 11.7 51.5 1.3
Tekapo 1391 57.7 7.1 0.2 35.0
Wakatipu 2674 60.9 9.7 21.1 8.3
Wanaka 2590 56.2 11.0 27.0 5.8

Fig. 5. a Relationship between DOC concentration and percent forest
in the lake catchment, represented on a log-linear plot. b CDOM
absorption at 380nm relative to DOC concentration (a380/DOC) in
terms of percent forest present in the lake catchment. Lakes Tekapo
and Coleridge had a380 values below the detection limits of our instru-
ments. Therefore they were not included in the regression analysis

shown in the figure and appear as white symbols on the abscissa only to
indicate the proportion of forest in their catchments. In both panels,
the lakes are identified as Br: Brunner, Co: Coleridge, Ho: Hochstetter,
Ka: Kaniere, Mh: Mahinapua, Ma: Manapouri, Mo: Monowai, Te: Te
Anau, Tk: Tekapo, Wk: Wakatipu, Wa: Wanaka
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perties (see Effects of catchment vegetation on DOC,
below).

Lake Tekapo was unusual in the New Zealand data set
because of high attenuation of PAR, yet relatively low at-
tenuation of UVR. Together with several other large glacial
lakes on the eastern side of the Southern Alps, Lake
Tekapo receives a significant input of fine glacial
flour, which markedly affects its optical properties. Glacial
flour provides a highly scattering medium for light in
water, and these lakes characteristically have a high
reflectance coefficient, some with the major scattering wave
band at the blue end of the spectrum (Howard-Williams
and Vincent 1985; Davies-Colley et al. 1993). Nonetheless,
Lake Tekapo should have UVR penetration to depths simi-
lar to those of Lake Coleridge, based on its DOC concentra-
tion, which is the lowest in the New Zealand lake series at
0.3 gm�3. However, its UVR attenuation coefficients are
more similar to those of Lakes Manapouri, Monowai, and
Te Anau. In Lake Tekapo, the TSS load, dominated
by glacial flour, is 20 times that in most of the other New
Zealand lakes and evidently affects low wavelength
attenuation through extensive scattering, but not absorp-
tion, as absorption coefficients for UVR are below detec-
tion limits.

Biological significance of UVR penetration for New
Zealand lakes

The wide range of DOC concentrations in New Zealand
lakes means that organisms living in these environments
will be exposed to a variety of UVR climates, from very
little UVR in lakes such as Brunner, to a considerable dose
even at several metres depth in lakes such as Coleridge.
Organisms with limited motility, such as benthic algae and
rooted macrophytes, will be exposed to UVR doses at levels
that have been shown to be inhibitory elsewhere (Bothwell
et al. 1993; Vinebrooke and Leavitt 1999). Although per-
iphyton have been examined for UVR effects in a number
of stream and lake environments, we have little information
worldwide on freshwater macrophyte responses to UVR.
Early results from Lakes Coleridge, Wanaka, and Te Anau
show that several macrophyte species in these lakes de-
crease their photosynthetic yield in response to both artifi-
cial and natural UVR exposure, although others appear to
be well adjusted to their UVR environment (Hawes et al.,
in prep.).

In addition to potential increases in ground-level UVR
due to ozone thinning, the underwater UVR environment
in New Zealand lakes is altered through other mechanisms,
such as human-induced and natural water level fluctuations.
Several lakes experience variations of 2–3m or greater dur-
ing an average year (NIWA unpublished data). The impli-
cations for littoral zone plants are considerable, particularly
for the extensive deep-water Characean meadows that ap-
pear to be physiologically adapted to low light conditions
(Howard-Williams et al. 1995) and may therefore be quite
sensitive to an increase of underwater UVR or change in
the UVR/PAR ratio. The littoral zones of New Zealand

lakes are also extensive and important habitats for a variety
of invertebrate and fish species (James et al. 2000).

The ratios of UVR to PAR and of UVBR to UVAR
have been shown to be important in biological systems for
controlling the balance between UVR-induced damage and
its biochemical repair in the presence of longer wavelengths
(Smith et al. 1992; Vincent and Roy 1993; Quesada et al.
1995). Variations in the UVR/PAR ratio in lakes are depen-
dent firstly on factors controlling incident UVR/PAR ratios,
such as ozone thickness, cloud cover, and zenith angle of the
sun (Madronich 1993), and secondly on characteristics of
lake water that differentially attenuate and scatter UVR
and PAR (Kirk 1994a). The biological significance of these
ratios varies with lake habitat within the bounds of changes
in UVR/PAR ratios.

Benthic plants receive a fixed ratio of UVR to PAR,
depending on their depth, but planktonic organisms present
a different case for UVR exposure due to their subjection to
vertical mixing processes that carry them from shallow high-
UVR depths to deeper low-UVR strata (Neale et al. 1998).
The calculation of RI as a representation of UVR sensitivity
for organisms mixed within the water column provides a
way of examining the relative impact of DOC concentration
over a series of lakes. Also, the potential sensitivity to
changes of the underwater light environment in response to
an alteration of DOC concentration can be assessed. The
nonlinear upswing in RI at low DOC has been described for
subarctic lakes (Laurion et al. 1997) with an equation that
does not accurately fit the New Zealand or whole lake data
set at very low DOC concentrations (�2.5 gm�3). In these
cases, the data are best described by a power function.
Regardless of the best-fit equation, it is evident that the
ratio of water column UVR/PAR increases greatly at low
DOC concentration, and any shift in DOC to lower levels
could produce a significant increase in exposure for plank-
tonic organisms.

The nonlinearity of the relationship between DOC and
RI may be interpreted as a change in the proportion of the
UVR-absorbing, or chromophoric, fraction of the DOC
pool in those lakes with low DOC concentrations (Scully
and Lean 1994; McKnight et al. 1994). UVR transparency in
lakes is not only a function of the concentration of DOC,
but also depends on the optical properties of the DOC pool
itself (Waiser and Robarts 2000). Absorption coefficients
for various types of DOC compounds, such as tannins,
fulvic acids, and lignins, vary by an order of magnitude
across the solar UVR spectrum (McKnight et al. 1994;
Morris et al. 1995). Highly aromatic DOC compounds with
large molecular weights, such as fulvic acids, tend to have a
high specific absorbance for UVR wavelengths. Photo-
chemical degradation of these compounds to low-molecu-
lar-weight (LMW) DOC has been shown to change the
optical properties (Backlund 1992), reducing the DOC-
specific absorbance of UVR. In addition, photochemically
produced LMW DOC compounds are biologically labile
and subject to microbial mineralization (Lindell et al. 1995),
thereby increasing the effect of photodegradation. That the
New Zealand data and many of the literature data are
poorly represented by the Laurion et al. (1997) equation,
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yet the data for which the equation was developed are very
well described, indicates that the properties of the DOC
pool can be highly variable.

Effects of catchment vegetation on DOC

The variability in the relationship of UVR with DOC im-
plies that DOC from different catchment sources attenuates
UVR in different ways. For instance, in polar desert lakes
most of the DOC is generated autochthonously by micro-
bial processes in the water, since there is no catchment
vegetation. McKnight et al. (1994) showed that this DOC
differs from that in temperate latitudes by having a reduced
ratio of aromatic to aliphatic residues. Low aromaticity is
associated with lower UVR-absorbing ability. Although we
do not have information on the molecular structure of the
DOC in the lakes we sampled, the differences among lakes
in absorption per unit DOC imply that transparency is not
only related to DOC concentration but must also be influ-
enced by DOC composition. In other words, the type of
DOC from predominantly grassland catchments is qualita-
tively different in terms of its UVR attenuation properties
than DOC from a mainly forested catchment. The study
lakes with a high proportion of natural grassland in their
catchment are all on the eastern side of the Southern Alps,
where native tussock grasses are the dominant plants in the
rain shadow catchments of the mountains. Where lakes oc-
cur in catchments with cultivated grasslands, such as devel-
oped sheep pasture on lands once covered by forest, the
relationship of DOC to percentage of grassland may be very
different.

The DOC pool itself has also been shown to vary season-
ally in lakes, due mostly to photobleaching effects on the
DOC at times of high incident UVR (Morris and
Hargreaves 1997; Lindell et al. 2000). For example, the
highest transparency to UVR in Pennsylvanian lakes was
found in late summer, associated with the time of maximum
incident UVR flux and corresponding with the time of mini-
mum DOC concentration in the lakes (Morris and
Hargreaves 1997). Our study took place at the height of
summer, when the incident UVR flux is greatest (McKenzie
et al. 1999). If seasonal variation occurs through photo-
bleaching, presumably we measured the lakes at their pe-
riod of highest transparency. However, we have no seasonal
UVR data or estimates of DOC bleaching in New Zealand
lakes.

Effect of climate change scenarios on DOC and UVR

Lakes on the Canadian Shield are becoming clearer as a
result of reduced concentrations of DOC, attributable to
changing water balances in catchments caused by global
warming (Schindler et al. 1990). Acidification and
photobleaching have also been implicated in contributing
to greater UVR transparency of lakes (Yan et al. 1996;
Schindler et al. 1996). Recently it has been shown that
climate change can influence UVBR penetration into natu-
ral waters through climatic controls on the production and

export of DOC from watersheds; for instance, increasing
rainfall results in greater DOC runoff (Schindler et al.
1997). It has been suggested that this type of change in
climate could have a greater influence on UVR penetration
in lakes than would an increase of ground-level UVR due to
ozone depletion (Schindler et al. 1996; Pienitz and Vincent
2000).

Whetton et al. (1996) described climate change scenarios
for Australia and New Zealand over the next century. Their
analysis was based on regional climate change scenarios
from a Global Climate Model (GCM), which uses a number
of global simulations from international laboratories. For
the area that covers the New Zealand lakes presented in
this paper (southern half of the South Island), the scenario
for 2030 AD is for warming of 0.5°–2.0°C on the eastern
side of the Southern Alps (Canterbury and Otago regions)
and 0.5°–1.5°C elsewhere. The predicted changes in precipi-
tation are for an increase of zero to �15% in South Canter-
bury and Otago and for a change of �10% to �10% in the
remainder of the island. Newer coupled GCMs suggest a
tendency for greater increases in rainfall on the already wet
western side of the Southern Alps and decreases on the dry
eastern plains (Watson et al. 1998). Lakes in native grass-
land catchments, mostly on the eastern side of the Alps
(Lakes Coleridge, Tekapo, Wanaka, and Wakatipu) are in
the drier areas and, hence, are subject to less cloud cover.
Photochemical bleaching of the DOC pool in the lake wa-
ters can be expected (Bertilsson and Tranvik 2000), and
warmer temperatures combined with less rainfall will result
in a decrease in DOC generated within the catchments. The
opposite may be expected for the forested lakes in the west
(Lakes Kaniere, Mahinapua, and Brunner). Thus, over the
next few decades, the clear lakes on the eastern side of the
Southern Alps may become clearer and more transparent to
UVR and the humic lakes in the west less transparent.

Conclusions

Like other ecosystems in New Zealand, lakes are subject to
relatively high dosage rates of UVR at some times of the
year. The penetration of UVR into the water column is
controlled by DOC, as is the case with lakes elsewhere in
the world. Some New Zealand lake ecosystems may be very
sensitive to the short, energetic wavelengths of the solar
spectrum because of deep penetration of these wavelengths
in waters with low concentrations of UVR-absorbing
DOC.

The type and amount of vegetation surrounding a lake
dictate the concentration of DOC in the lake water. Lakes
with greater than 50% grassland cover in the catchment are
particularly prone to UVR penetration (Lakes Coleridge,
Tekapo, Wanaka, and Wakatipu). Conversely, the greater
the proportion of forest, the higher the DOC concentration
and the less transparent the waters are to UVR. In addition
to concentration, the chemical composition of the DOC
pool is likely to be important for determining the UVR
exposure of a lake environment. Land use and climate



88

changes can therefore potentially influence DOC export
from catchments and hence affect penetration of UVR into
lakes. We are at an early stage in our understanding of the
role of UVR in the natural waters of New Zealand, but
further investigation is imperative, since many of our lakes
lie at one extreme of the DOC concentration scale and
therefore are among the most at risk from UVR.
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