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Introduction

In order to evaluate the effects of ultraviolet radiation (UV; 280 - 400 nm) on aquatic
ecosystems, and to predict the potential influence of enhanced ultraviolet-B radiation (UV-B; 280 -
320 nm)† from ozone depletion, it is necessary to observe the effects of natural and experimentally-
altered UV on different biological and chemical systems, and to quantify measured responses as
functions of irradiance and time. Because biological and chemical effects of UV are strongly
dependent on wavelength, spectral weighting functions must be applied to relate experimental
responses quantitatively to UV exposure, if the results are to have any use for predicting effects in
nature.1-4 This is reality, not opinion. The fact is that if any biological or chemical effect is
expressed as a function of radiant exposure for regimes with different spectral irradiance (i.e.,
different depths in the water column, times of day or year, or different artificial sources of UV), a
weighting function is used, either explicitly or implicitly. An appropriate weighting function must be
applied, therefore, or at least the uncertainties associated with the chosen weighting function should

                                                
† The Commission Internationale de l´Éclairage (CIE) defines UV-B as 280 - 315 nm and ultraviolet-A (UV-A) as
315 - 400 nm. Here, we will follow the preference of many aquatic scientists and accept 320 nm as the boundary
between UV-B and UV-A. With respect to biological processes, there are no consistent discontinuities in response at
either 315 nm or 320 nm.
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be appreciated. Instead of reviewing the development of operating principles (reviewed in refs. 1-7),
we will illustrate them with real data and results of model calculations.

We discuss spectral weighting functions (SWFs) in general and biological weighting functions
(BWFs) in particular. In the past, BWFs were called action spectra.1-3 Subsequently, the terms have
been used interchangeably. There are, however, important differences between action spectra and
BWFs that can and should be identified. We propose that “action spectrum” should be applied to
SWFs that are determined through experimental exposures of samples to monochromatic radiation
at different wavelengths (because interactions between wavelengths are unimportant);3 the term
“biological weighting function” should be reserved for SWFs that are determined through
polychromatic exposures,1,2 in explicit recognition of the interactions between wavelengths that
characterize complex biological responses to UV. We will focus on biological responses to UV
(particularly the inhibition of photosynthesis) because the interactions between wavelengths and the
potential for time-dependence make them much more complicated (but not necessarily more
ecologically important) than many photochemical processes that can be characterized by action
spectra.

Quantifying Radiant Exposure

When algal photosynthesis (P) is described as a function of irradiance, exposure is often
measured and expressed as photosynthetically available radiation (PAR; 400 - 700 nm, W m-2 or
µmol quanta m-2 s-1). A crude spectral weighting function is used to quantify effective irradiance:
wavelengths < 400 nm and > 700 nm are excluded because utilization of those wavelengths for
photosynthesis is considered to be negligible. Consequently, P vs. PAR relationships are justifiably
insensitive to variability in near-infrared relative to PAR. It is well recognized, however, that PAR is
not the best measure of the irradiance available for aquatic photosynthesis: for most algal
assemblages, blue and red wavelengths are utilized much more efficiently than green wavelengths,
but the ratios of those wavebands vary with solar angle and atmospheric conditions, and they
change with depth in the water column.8 It is thus useful to weight spectral irradiance with a
function describing the spectral response of algal photosynthesis, thereby quantifying
photosynthetically utilizable radiation (PUR).9 Nonetheless, it is common to see aquatic
photosynthesis described as a function of PAR. If both P and PAR are measured in situ, the
relationships between P and PAR are accurate, but not directly applicable to other environments
where ratios of PUR:PAR might be different. If P vs PAR is measured in incubators that attenuate
light with neutral density screens (i.e., the ratio of PUR:PAR is relatively constant in the incubator),
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application to natural water columns can be biased1 0 to the extent that PUR:PAR is different in
nature and variable with depth.1 1

The important points are: 1) A relatively crude weighting function (PAR) can be used to
quantify irradiance available for photosynthesis — it excludes wavelengths that we know are
generally unimportant in nature; and 2) The PAR weighting function is insensitive to spectral
variability within the 400 - 700 nm waveband, and thus PAR alone cannot be used to predict
important modes of variation in photosynthetic efficiency with location and depth.

A comparable situation exists with respect to biological responses to UV. Numerous effects
have been quantified as functions of broad-band measures of UV (i.e., UV-B and/or UV-A), and a
few have been characterized with spectral weighting functions. However, there is little appreciation
of how much predictability a researcher sacrifices by quantifying a biological response as a
function of some broad-band measure of UV, rather than as a function of appropriately weighted
radiant exposure. We will explore some of the consequences here.

Biological Weighting Functions

To quantify biologically effective
irradiance (E*, dimensionless), photon fluence
at each wavelength (E(l); W m-2 nm-1) must be
weighted according to its biological
effectiveness (e(l); (W!m-2)-1):2,3,14,16,17

E* = e(l) ⋅ E
l=280nm

700 nm

Â (l) ⋅ Dl (1).

The coefficients, e(l), constitute a BWF. An
alternative approach is to define weighted
irradiance, EBeff, with units (W!m-2)Beff, in which
case the coefficients, e(l), are dimensionless.

The critical requirement, and the raison d'être
for a BWF, is that it quantifies the relevant
radiant exposure so that the effect of the
exposure is a function of E* (or EBeff),
regardless of the shape of the irradiance
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Figure 1. Biological weighting functions. For
this comparison, relative response has been
normalized to 1.0 at 300 nm: (—) inhibition of
partial photosynthetic reactions in chloroplasts;12

(…) inhibition of photosynthesis during 60-min
incubations of natural Antarctic phytoplankton
grown in outdoor culture (ref.13, in which
incubation time was mistakenly reported as 30
min); (– – –) inhibition of photosynthesis
during 45-min incubations of the diatom
Phaeodactylum in culture;14 and (— - —) the
action spectrum for pyrimidine dimer induction
in alfalfa seedlings.15
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spectrum.1 8 We choose to determine dimensionless E* because it directly quantifies the effect if the
form of the response function is known (i.e., if UV irradiance reduces photosynthesis proportional
to 1/(1 + E*),1 4 then E* = 1 corresponds to 50% inhibition). Functions that are normalized (e.g., to
1.0 at 300 nm; Fig. 1) can predict relative changes in the biological effect as a function of changes
in spectral irradiance, but the absolute magnitude of the biological effect can be calculated only if it
is quantified for at least one biologically weighted radiant exposure.

The key role of BWFs has been well described in several papers that should be required
reading for anyone interested in quantifying the biological effects of UV.1-3,18 Spectral weighting
functions have been determined for many processes,1 9 such as damage to DNA,15,16 inhibition of
motility in an alga,2 0 inhibition of photosynthesis in higher plants,1,2 and in marine
phytoplankton.13,14,21-24 The spectra have different shapes (Fig. 1), and many extend well into the
UV-A (320 - 400 nm). Clearly, neither a measurement of UV-B nor irradiance weighted by any one
SWF can quantify accurately the influence of environmental radiation on different biological
processes.

The Importance of a Good Weighting Function

Weighted irradiance spectra show which wavelengths are most biologically effective, and
comparisons between spectra emphasize the key wavebands (Fig. 2). If the wrong weighting
function is used to quantify irradiance, then comparisons between radiant exposures are
compromised.1 8 For example, if one considers damage to DNA in alfalfa,1 5 a 50% depletion of
ozone corresponds to a 57% increase in biological damage (example in Fig. 2B). If biologically
effective irradiance for inhibiting photosynthesis in a diatom is considered,1 4 the relative increase is
estimated to be 24% (Fig. 2C), whereas a broad-band UV-B meter (Fig. 3) might report an increase
of 146% associated with the same ozone depletion (Fig. 2D). These comparisons demonstrate that
if the weighting function for a biological process is not known, the biological effect associated with
a change in spectral irradiance is uncertain at best. This uncertainty might be a big problem, because
appropriate weighting functions are not known for many biological responses, and also because
many researchers are able to quantify irradiance only with an inexpensive, broad-band meter that in
practice applies a weighting function determined solely by its spectral sensitivity (Fig. 3).
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Figure 2. The calculated effects of ca. 50% ozone depletion associated with the Antarctic Ozone Hole. A)
Measurements of solar irradiance25 were made at McMurdo Station, Antarctica (78°S) on 28 October 1990
(Ozone Hole, 175 Dobson Units [DU]) and 10 November 1990 (Normal, 350 DU). To correct for cloud
cover, the spectrum from 28 October was multiplied by a factor of 1.53 to match that of 10 November for
integrated irradiance, 350 - 400 nm; B) the same measurements, weighted by the spectrum for DNA damage
in alfalfa seedlings15 normalized to 1.0 at 300 nm; C) weighted by the BWF for inhibition of
photosynthesis in Phaeodactylum;14 and D) weighted by the response of a hypothetical broad-band UV-B
meter (see Fig. 3). Relative increases in weighted irradiance (unweighted UV, W m-2, in A) associated with
ozone depletion are reported as ratios for each measure. Note that the weighted irradiance spectra show what
the biological or radiometric system “sees” and integrates (see ref. 1).

How important is the spectral weighting? In some cases, inappropriate representation of
biologically effective irradiance can lead to big errors in the prediction of UV effects in nature. To
explore the influence of spectral weighting on the quantification of biologically effective UV, we
have prepared a rather intricate and perhaps intimidating comparison (Table 1). We will discuss
subsets of the data to illustrate important principles of environmental radiometry.
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Ultraviolet-B as a measure of biologically damaging irradiance. When a relevant BWF is
unavailable, it would seem appropriate to express a measured biological effect as a function of
unweighted UV,2 9 or UV-B and UV-A considered separately.3 0 Exposure to UV-B can be
measured accurately with a scanning spectroradiometer,25,30 or calculated from a solar radiation
model.26,31-33 By relating a biological effect quantitatively to UV-B (W m-2), a biological weighting
function is applied, with a relative weight of 1.0 for 280 - 320 nm, and a weight of zero for other
wavelengths. Is this an acceptable simplification?

In the lower panel of Table 1, different measures of damaging irradiance are normalized to the
value for clear-sky midday solar irradiance at 45° latitude at the equinox (“mid-latitude standard”;
Table 1, column 1). If unweighted UV-B (W m-2) is a good measure of biologically effective
irradiance for a particular process, then UV-B, relative to the mid-latitude standard, would be nearly
the same as appropriately weighted irradiance, relative to the same standard exposure. For the
comparisons presented here, unweighted UV-B (row H) is indeed a good measure of DNA-
damaging solar irradiance (row K), if one accepts a recently published action spectrum for dimer
induction in the DNA of alfalfa seedlings.1 5 However, the close correspondence between UV-B (W
m-2) and DNA-damaging irradiance (W m-2

Beff) does not extend to comparisons between artificial
sources and solar irradiance: an unfiltered sunlamp providing UV-B fluence essentially equal to 45°
latitude at noon (H9) would damage DNA 2.86 times as effectively than the mid-latitude standard
exposure (K9). A similar lamp, filtered with cellulose acetate to exclude shorter wavelengths, would
emit 19% the UV-B of the mid-latitude standard (H10), but it would be 34% as damaging to alfalfa
DNA (K10). An experimenter who uses UV-B fluence to relate sunlamp exposures to natural solar
irradiance would thus overestimate DNA damage in nature when extrapolating laboratory results.
Consequently, commonly used laboratory exposures, quantified as unweighted UV-B, cannot be
related accurately to solar irradiance in nature.

Table 1 indicates that for natural exposures in surface waters near midday, unweighted UV-B,
relative to a mid-latitude standard, would be a reasonably good measure of damaging irradiance with
respect to effects on DNA in a higher plant,1 5 but UV-B does not serve as well for representing
biological effectiveness according to other weighting functions. Thus, if the weighting function for a
biological process is unknown, one cannot expect the biological effect to be a consistent function of
UV-B. Indeed, irregularities in the relationship between biological effect and weighted irradiance
can be used as a diagnostic of an inappropriate BWF.1 8

Broad-band measures of UV-B. Ultraviolet-B irradiance is commonly measured with a broad-
band radiometer that applies its own weighting function according to its spectral response (Fig. 3).
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Such an instrument can be calibrated to report UV-B (W m-2) accurately for a particular source of
irradiance (Table 1, cell 1B), but because instrument response is not directly proportional to energy
for wavelengths between 280 and 320 nm, the proportionality between the meter reading and UV-B
irradiance will change with spectral shape of the source. For example, our hypothetical UV-B meter
would overestimate the increase of UV-B with ozone depletion (B4 vs B3, B8 vs B7) because it
weights the shorter wavelengths heavily (Fig. 2D). The discrepancy between UV-B and that
measured by the meter is much greater for comparisons of laboratory exposures with the solar
irradiance at mid-latitude (H9 vs I9, H10 vs I10). Thus, when a laboratory experiment is compared
to a natural exposure on the basis of broad-band UV-B measurements, the comparison should be
considered approximate at best, unless it can be shown that the spectral sensitivity of the biological
process closely matches the spectral response of the UV-B sensor. We have not explored in detail
the use of broad-band sensors to measure the penetration of UV-B in natural waters (column 6).
Kirk et al.3 2 show clearly that such sensors are unsatisfactory for underwater use because they
cannot distinguish between light fields that may have the same measured UV-B, but different
spectral distributions, hence different biological effects. Some sensors match the response for
erythema3 4 so their general use is appropriate if one wishes to quantify the potential for sunburn, or
a process with a closely similar SWF.

The conditions represented in Table 1 are arbitrarily chosen, so it is not possible to generalize
broadly about how well a broad-band sensor might represent biologically effective irradiance for
processes such as damage to DNA and inhibition of photosynthesis. Clearly, errors are introduced,
and they are worse for SWFs that differ greatly from the response function of the meter.

Fig. 3. The response (dimensionless weightings,
yielding a broad-band measurement in W m-2) of a
hypothetical UV-B meter. The response of this meter at
environmentally relevant wavelengths (>295 nm)
approximates the SWF for sunburn, but some might
consider the readings to represent UV-B. The relatively
inexpensive meter would report total UV-B irradiance
(i.e., W m-2, 290 - 320 nm) accurately for midday clear-
sky solar irradiance at 45° latitude at the equinox. The
1:1 relationship between this measure and unweighted
UV-B irradiance would vary for other locations, times,
depths, and sources of irradiance (see Table 1).0.0
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Different weighting functions to describe similar processes. Weighting functions are available
to quantify biologically effective irradiance for several processes,1 9 but their generality is not
guaranteed. For example, Setlow’s1 6 generalized DNA damage function is consistent with the
action spectrum for DNA damage in phages, but for alfalfa seedlings it overestimates the effect of
wavelengths <310 nm, presumably because of absorption in the seedlings by cellular material other
than DNA.1 5 Organisms with other geometries and with UV-absorbing compounds3 5 would be
expected to have different action spectra for damage to DNA. Likewise, BWFs for inhibition of
photosynthesis vary in shape (i.e., the slope of e(l) vs wavelength) and in absolute sensitivity.1 3

Note that relative BWFs normalized to 1.0 at a particular wavelength (Fig. 1, refs. 21,23,24) can
describe differences in shape between spectra, but not differences in biological effect for a given
wavelength.

An important implication of differences between SWFs has been well described in the literature:
lower weightings for UV-B (which is influenced by ozone depletion) as compared to UV-A (which
is not) reduce predicted impacts of ozone depletion.15,19 This pattern is reflected in Table 1, where
the steep Setlow action spectrum for DNA predicts the greatest increases of effect with ozone
depletion (Table 1; C4 vs C3 and C8 vs C7). Comparisons between two similarly-determined
BWFs for inhibition of photosynthesis (Phaeodactylum grown in the laboratory, and Antarctic
phytoplankton in outdoor culture; see Fig. 1) show that the predicted effects of ozone depletion
would be somewhat higher using the laboratory result (relative increases for ozone hole vs normal
ozone; rows M vs N). As for other SWFs, the biggest differences between the two photoinhibition
BWFs are associated with the comparisons between natural irradiance and laboratory exposures to
sunlamps.

How should radiant exposure during experiments be described if the BWF is unknown?
Presentation of the experimental irradiance spectrum in absolute units is always useful. Further, we
recommend that irradiance be weighted by several published SWFs and that each weighted
exposure should be reported. Later, it may be known which spectrum is best for the process being
studied.

Temporal Dependence and Reciprocity of UV Effects

We have shown that it is critical to use the correct BWF for describing biologically effective
irradiance, but we have not yet discussed how BWFs are determined. It is necessary to consider
another issue first: how the time-dependence of UV effects may influence the relationship between
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radiant exposure and the measured response, i.e., the exposure response curve (ERC3 6). This
subject has been addressed directly,6,7,18,28,36-39 and will be treated only briefly here.

For a process that is essentially irreversible over the time-scale considered, the measured effect
should be a function solely of cumulative exposure (weighted with the appropriate SWF): that is,
reciprocity should hold. Reciprocity is satisfied when the effect of a total radiation exposure is
independent of the time over which the exposure occurs, i.e., cumulative effect is the same,
regardless of exposure rate.18,28 Reciprocity is assumed when measurements made over different
periods of time are plotted together and described analytically as a function of cumulative exposure
(biologically effective J m-2 or equivalent). When reciprocity fails, plots of effect vs cumulative
exposure lose meaning,2 8 and attempts to determine wavelength-dependence are compromised. The
assumption of reciprocity, either explicit or implicit, is common to many studies of UV
effects,18,21,30,40,41 but dependence on irradiance has also been explicitly assumed (refs. 42,43, based
on refs. 14 and 22 respectively). The assumption can be tested rigorously with controlled exposures
at widely different fluence rates over a range of time periods,28,44 but it has been evaluated only
partially in the field,21,29 where experimental exposures to modified solar irradiance are difficult to
control and quantify (see discussion in ref. 6).

Reciprocity for the inhibition of photosynthesis by UV-B radiation has been tested in the
laboratory.2 8 Cultures of a marine diatom growing at 20°C were exposed to different irradiances of
supplementary UV-B for periods of 4 h. The rate of photosynthesis declined in response to UV-B,
and within about 30 min reached a rate that was maintained for the remainder of the experiment.
The inhibited rate could be described as a hyperbolic function of UV-B irradiance, consistent with a
dynamic balance between damage and repair.3 7 The shape of the hyperbolic function (i.e., P, relative
to the uninhibited control = 1/[1 + E*]) was insensitive to biological weighting, because
supplemental UV-B was varied with neutral density screens so that any weighted irradiance would
be equivalent when normalized to full exposure. Because the inhibited rate of photosynthesis
depended on exposure rate, it could not be described solely as a function of cumulative exposure.
This failure of reciprocity supported the assumption that the inhibition of photosynthesis by UV
could be described as a function of biologically weighted irradiance (i.e., the BWF-PI model, with
weightings, e(l), having units of reciprocal W m-2).1 4

Subsequently, we observed a contrasting response: for phytoplankton from open waters of the
Antarctic at 0°C, reciprocity was well satisfied for the inhibition of photosynthesis by UV.27,45 Rates
of damage were similar to what was studied in the laboratory, so the difference in kinetic response
might be due to sluggish repair associated with lower temperature, and perhaps low growth rates of



11

the deeply-mixed Antarctic phytoplankton. Regardless of the mechanistic basis, this fundamentally
different response demanded a fundamentally different model for describing the relationship
between UV exposure and effect. Consequently, the BWFH-PI model was developed (H is the
symbol for cumulative exposure in J m-2), in which the cumulative effect of inhibition is described
as the integral of a semi-logarithmic survival curve.4 6 In this model, biological weightings, eH(l),
have units of reciprocal J m-2 and are applied to measurements of cumulative exposure.2 7

Because reciprocity can hold under some conditions, and not under others, the assumption of
reciprocity must be considered explicitly when relating biological effect to radiant exposure. That is,
results must be expressed as functions of irradiance or cumulative exposure, and the choice should
be justified — preferably by explicit rejection of the alternate model. If all experimental exposures
are to unvarying irradiance treatments for the same duration, however, the question can be deferred:
in a relative sense, irradiance is exactly equivalent to cumulative exposure, and wavelength-
dependent biological effectiveness can be determined, if only for that time-scale. To extrapolate to
other time scales, one must understand, specify and parameterize the time-dependence.

Linearity of the Exposure vs Response Curve

If the reciprocity issue is resolved, and biologically effective irradiance (or cumulative exposure)
is weighted with an appropriate BWF, then a biological effect can be related to radiant exposure in a
quantitative, generalizable function. Indeed, one way of testing a BWF is to see how well it reduces
scatter in the relationship between effect and weighted exposure.1 8 In turn, a BWF can be
determined statistically by finding the weightings that minimize unexplained variability in the
exposure response curve (ERC).1,14

The fundamental model that relates effect to weighted exposure is no less important than a
BWF for quantifying and generalizing the influence of UV on biological processes. That is, to
quantify how well a BWF minimizes scatter in the relationship between response and exposure, one
must specify the shape (i.e., functional form) of the ERC.3 6 Consider the induction of dimer
formation in DNA by UV-B: death ensues when only a small fraction of the DNA has been
damaged,4 7 long before the rate of damage would decline due to a significant reduction in
susceptible base pairs. Consequently, cumulative damage can be accurately described as a linear
function of cumulative exposure.1 5 Processes that repair DNA3 5 will influence the relationship
between net damage and cumulative exposure.

Inhibition of photosynthesis is a different story. Commonly, rates of photosynthesis much less
than 50% of a PAR-only control are measured for samples incubated several hours at surface
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irradiance (e.g., refs. 29,41,48). Linearity of cumulative effect (inhibition of photosynthesis relative
to PAR-only control) vs cumulative exposure (weighted by a BWF or reported as some measure
proportional to biologically weighted exposure) is neither expected nor generally observed. Why?
1) if the response is consistent with laboratory results (Fig. 4A),28,37 reciprocity would fail and
inhibition will be a hyperbolic function of weighted irradiance (dimensionless E* or W m-2

Beff
); and

2) if the process is essentially irreversible over the time-scale of damage and inhibition is a function
of effective irradiance times the absorption cross section of undamaged photosynthetic systems,
photosynthetic rate will decrease as a nearly linear function of cumulative exposure (dimensionless
H* or J m-2

Beff
), only as long as the number of susceptible targets in the photosynthetic apparatus

has not significantly decreased. As the latter condition occurs (it would certainly be the case when
cumulative photosynthesis is less than 50% relative to a control), the decrease in photosynthesis
would become noticeably nonlinear (Fig. 4B), consistent with a semi-logarithmic survival curve (see
ref. 46). It would be instructive to consider these two types of underlying models when relating
complex biological processes to radiant exposure, remembering that the shape of the ERC can be
distorted if an inappropriate BWF is applied.

Nonlinearity in the relationship between exposure and response should be considered explicitly
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Fig. 4: Kinetics of photosynthesis during photoinhibition according to different models, adjusted to describe
similar degrees of inhibition for cumulative photosynthesis over about 8 h: each plot shows instantaneous
photosynthesis, relative to an uninhibited control (P/Pcontrol; solid line), and cumulative photoinhibition,
expressed as 1 - cumulative photosynthesis relative to the control (dotted line). A) P/Pcontrol declines to a
dynamic balance between damage and repair;37 and B) P/Pcontrol is reduced consistent with a survival curve
(see text). Constant irradiance is assumed: thus, time is directly proportional to cumulative exposure.
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when estimating the potential influences of ozone depletion. Given an appropriate spectral weighing
function and calculations of solar spectral irradiance as a function of column ozone, it is possible to
estimate a radiation amplification factor (RAF), a coefficient that quantifies the nonlinear change in
effective irradiance as a function of the change in column ozone:7,19,49

E1
*

E2
* = (w1

w2
)- RAF (2)

where E1
*  and E2

*  represent biologically effective irradiance at column ozone amounts w1  and w2 ,
respectively. If the biological effect is a nonlinear function of E*, then the ratios of effective
irradiance predicted by an RAF will not directly reflect the influence of ozone depletion. In such
cases, the relationship between biological effect and column ozone should be described with a total
amplification factor that incorporates the nonlinear relationship between E* and biological effect.7

To reiterate: whether one is estimating a BWF given observations of UV-dependent responses,
or predicting the influences of altered UV by using a spectral weighting function, it is crucial that
biological effect is appropriately related to radiant exposure with an ERC. That is, the time-
dependence and linearity of the exposure-response relationship must be known or assumed.

Methods for Determining Biological Weighting Functions

The features necessary for determining environmentally relevant BWFs have been reviewed.5 It
is strongly emphasized that the irradiance treatments should consist of progressively greater
amounts of first UV-A, then UV-B, added to a constant background of visible (PAR) irradiance.2

This polychromatic approach for BWFs contrasts with the monochromatic approach appropriate
for action spectra, which involves measuring the effects of illumination with only a narrow band of
radiation, thereby reducing or eliminating counteracting processes that may be stimulated by other
wavelengths.47,50,51 The monochromatic approach can be useful for determining the nature of
damage, but it is not satisfactory for representing the net effect in nature.

Rundel1 tackled the challenge of estimating BWFs from data on photosynthetic responses to
polychromatic exposures. In general, the data show an increasingly greater effect (e.g. more severe
inhibition of photosynthesis) associated with successively higher ratios of UV:PAR as shorter
wavebands of UV were transmitted to the treatment. A simple analysis is to order the results by
irradiance of UV exposure (W m-2) and to compute the difference in inhibition between successive
treatments. Then the biological weight for each waveband is estimated as the differential effect
divided by the difference in energy between the treatments that include and exclude that waveband.
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However, as Rundel pointed out, the estimated weight may be inaccurate if the actual response
changes rapidly over the wavelengths for which the treatments differ (the differential bandwidth is
usually on the order of 15-20 nm). Moreover, there is no objective method to determine the central
wavelength for a weighting. Initial estimates of the biological weighting function for inhibition of
photosynthesis by Antarctic phytoplankton were based on this approach,24,52 and results were used
to calculate the relative increase of biologically damaging irradiance associated with Antarctic ozone
depletion.

As an alternative to the simple differential method, Rundel advocated assuming a priori that the
BWF is a general function, e.g., that the natural log of the BWF is a polynomial:

e(l ) = e- (a0 +a1l + a2l2 +...)  (3)

Many BWFs can be approximated by such a general exponential function (Fig. 1; see also refs. 21
and 22). In practice, the parameters for the BWF polynomial (ai) are estimated by non-linear
regression (see ref. 53 and Appendix 1). The general function can be modified to introduce various
complexities (e.g. thresholds), but the increased complexity should be justified statistically. For
example, the fit should initially be performed for a first order exponential function (a0 and a1);
higher order functions can be tested, but they should be accepted only if they significantly increase
the amount of experimental variance explained. The standard errors of the parameter estimates from
the non-linear regression are used to calculate the uncertainty in estimates of e(l).5 4

Many published SWFs decrease monotonically to zero with increasing wavelength. However,
most of these spectra have been determined for “simple” processes (e.g. DNA dimerization) using
monochromatic treatments. On the other hand, processes in living organisms are usually the net
result of competing photo-dependent mechanisms that are all active during polychromatic
treatment.30,48,55 In particular, this means that weights may at times be negative (beneficial effects
outweigh damage, e.g. ref. 13; see also refs. 22,48) and may not decrease monotonically to zero
with increasing wavelength, as equation 3 specifies. Choosing a model and justifying it statistically
can be difficult under such circumstances, unless one has a large number of treatments or very
precise results.

We have developed an alternative method of fitting high resolution BWFs which does not
require a priori choice of the shape of the weighting function. In this technique (refs. 13,14 and
Appendix 1), UV spectral irradiance in each treatment is analyzed by Principal Component Analysis
(PCA) to generate up to four principal components (essentially, statistically independent shapes
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defined by weights for each wavelength) which account for nearly 100% of the variance of the
treatment spectra relative to the mean spectrum. Component scores (the relative contribution, ci, of
each principal component, i, to a given UV spectrum, normalized to PAR) are derived for each of the
treatment spectra. The estimation of the BWF then proceeds by non-linear regression as for the
Rundel method, except that the parameters estimate the importance of each spectral component to

the measured response, i.e. we estimate coefficients mi such that E* = EPAR (m0 + mici
i =1

4

Â ) , where

EPAR is PAR in W m-2, m0 is the coefficient for the contribution to photoinhibition of PAR plus the
mean spectrum, and mi are the contributions of the spectral components. Again, only as many
components are incorporated into the final estimate as can be justified based on variance explained.
Finally, once the mi are estimated by regression, the e(l) estimates and their respective statistical
uncertainty can be calculated via the original spectral components. Details of the method are given
in refs. 13,14, and Appendix 1. Pertinent observations are that the calculated BWFs generally
explain > 90% of the variance in photosynthesis of 72 samples, and that the weighting functions can
and do show features more complex than simple exponential slopes.

Accepting that the polychromatic approach is required to determine BWFs for many biological
processes, and judging by publications to date, it seems that the Rundel method and the PCA
method are the procedures of choice for the statistical estimation of BWFs in aquatic systems. How
do they compare? As a guide to the application of the Rundel and PCA methods, we offer a couple
of concrete examples. Data for calculation of several BWFs for UV inhibition of photosynthesis in
Antarctic phytoplankton were acquired during a cruise to the Weddell-Scotia Confluence (WSC),
during the Austral Spring of 1993. Details of sample collection, experimental procedures and
primary photosynthetic data are described in ref. 27. Here we focus on the results from two stations
where BWFs were estimated from duplicated sets of 72 measurements of photosynthesis under
different spectral irradiance treatments for incubations of 1 h. The BWFs were estimated for the
BWFH/P-I model (consistent with the kinetics of Fig. 4B) using both the Rundel and PCA method.
No significant increase in variance explained (R2) was obtained by using a polynomial with more
than linear terms in the exponent for the Rundel method (eq. 3), or by including more than 2
principal components in the PCA method. We did not attempt to introduce thresholds. The PCA-fit
BWFs are consistent with the overall slope of the Rundel estimated BWFs, with the PCA BWFs
within the estimated 95% confidence interval for the Rundel BWFs over the 290-400 nm region
most relevant to solar exposure (Fig. 5). Both fits are consistent with a 3-4 times greater eH (higher
sensitivity to UV inhibition) for phytoplankton from a station with a deeply mixed surface layer
(Station P') as compared to a station with a more shallow mixed layer (Station P).2 7 Overall, both
methods resulted in a similar total variance explained (R2 = 0.90-0.94). Thus, either method is
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appropriate to fitting BWFs based on the measurements in polychromatic incubations using a large
number of spectral treatments. However, the PCA method can capture possible peaks or valleys in
the BWF which are not resolved by the general polynomial function. Preliminary results with
estuarine dinoflagellates suggest that such features can occur when cells contain high amounts of
UV-absorbing compounds (Neale et al.; unpubl.). The PCA method is more versatile in that it
should automatically adjust to any changes in the true shape of spectral response function. For
example, the BWF at another WSC station had eH < 0 for the near UV-A range (l > 360 nm). This
could be estimated using the Rundel method by adding an arithmetic offset to equation 3.

Summary and Conclusions

Relying on examples, real and idealized, rather than on a comprehensive review of the literature,
we have illustrated some key considerations for describing the influence of ultraviolet radiation on
aquatic systems. Several points bear repeating.

1) If an effect of UV is expressed as a function of radiant exposure for regimes with
different spectral irradiance (i.e., different depths in the water column, times of day or year,
or different artificial sources of UV), a weighting function is used, either explicitly or
implicitly.
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Figure 5. Biological weighting functions for inhibition of photosynthesis, dependent on cumulative
exposure (eH, [J m-2]-1; for exposures of 1 h, consistent with the kinetic model in Fig. 4B), based on
photoinhibitron measurements14 in the Weddell-Scotia Confluence (WSC, Southern Ocean) during austral
spring 1993. Statistical fits were made using the Rundel method (dotted lines, ± 95% confidence intervals)
and the PCA method (solid lines) for phytoplankton samples near the surface at two stations in the WSC:
A) Station P, with a relatively UV-tolerant assemblage; and B) Station P', where a relatively UV-sensitive
assemblage was sampled. Full experimental details are given in ref. 27. Calculations are outlined in the
Appendix.
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2) The quantitative comparison of different radiant exposures can be very sensitive to the
weighting function that is chosen: if the wrong weighting function is used and spectral
shape differs strongly between treatments, comparisons can be grossly inaccurate.

3) Broad-band meters are in many cases unsatisfactory for comparing biologically effective
exposures, and they are inappropriate for describing the penetration of biologically effective
irradiance in surface waters.

4) To characterize the influence of UV on a biological process, one should determine the
degree to which effect is a function of cumulative exposure, independent of exposure rate
(or vice-versa), and analyze experimental results accordingly.

5) For some biological processes, such as the inhibition of photosynthesis, the relationship
between effect and radiant exposure is unlikely to be linear. If nonlinearity is a feature of
biological response, it should be incorporated into descriptive as well as predictive models,
and radiation amplification factors should be adjusted to calculate total amplification factors.

6) Polychromatic exposures (PAR, with increments of increasingly shorter wavelengths of
UV) should be used to determine environmentally relevant biological weighting functions.
Results can be obtained with an exponential curve-fitting method1 or through the use of
multivariate analysis and curve fitting.14,27 Both methods can reveal the principal features of
BWFs, but the multivariate method can discern more detail.

This discussion is no substitute for the dozens of publications in which the underlying
principles have been developed — new experiments and better radiometers will help us to describe
better the effects of UV on aquatic systems, but the library remains one of our most valuable
research tools.
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Appendix 1: Procedures for Calculating Biological Weighting Functions

Here we describe how to calculate BWFs, using both the exponential weighting method1 and
the PCA method.2,3 The inhibition of photosynthesis is used as an example, but the principles are
essentially the same for calculating any BWF. The procedure is to quantify photosynthesis under
different well-measured spectral treatments, using long-pass optical filters to include progressively
shorter wavelengths of UV along with PAR; the reduction of photosynthesis associated with
inclusion of shorter wavelengths is described quantitatively with spectral weighting coefficients,
e(l). It is common to use one PAR-only treatment as a control, and about 4 - 6 treatments with
different cut-off wavelengths for UV. Here, we describe a more general analysis: photosynthesis is
measured as the uptake of 14C-bicarbonate during controlled exposures to temporally constant
irradiance in each of 72 spectral treatments: the ratios of UV:PAR are varied with long-pass filters
(8 spectral treatments), and within each spectral treatment, neutral density screens are used to
generate nine treatments with similar UV:PAR, but with a broad range of PAR irradiance.2 Whether
one or many PAR irradiance exposures are used, the objective is to describe the UV-dependent
reduction of photosynthetic rate.

1: Start with an underlying model. A functional relationship between exposure and response
(i.e., an algebraic representation of the exposure response curve) must first be chosen and justified.
In its most general form, the inhibition of photosynthesis as a function of biologically effective
irradiance (E*, dimensionless) and time (t) is:

( P
Ppot

)t = f (E*,t)
(A1)

where Pp o t  (“pot” for potential) is the uninhibited rate of photosynthesis, dependent on PAR, and
P is the instantaneous rate of photosynthesis (mg C m-3 h-1) measured under a combination of PAR
and UV. For the following examples, we use a model appropriate for the inhibition of
photosynthesis in natural phytoplankton from open waters of the Antarctic, where reciprocity was
verified for time scales from about 0.5 to 2 h (see ref. 5). The model (Fig. 4B) is

( P
Ppot

)t = e-H t
*

(A2)

where H* at any time t is biologically weighted irradiance (Eq. 1) integrated through time:

Ht
* = ( e H(l ) ⋅ E(l ) ⋅Dl)dt

l = 280nm

400nm

Â0

t

Ú (A3)
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The weightings [eH(l), reciprocal J m-2] define the BWF for inhibition of photosynthesis. The
subscript (H, for radiant exposure, J m-2) distinguishes this dose-dependent weighting from the
irradiance-dependent weighting in equation 1.

Because this model is time-dependent, we must account for cumulative photosynthesis over the
duration of the experiment (time = 0 to T) by integrating equation A2,

Pt

Ppot
dt

0

T

Ú =
(1- e- Ht

*

)
Ht

* ⋅ T (A4).

Cumulative photosynthesis is then expressed as an average rate over the incubation period, T:

Pavg

Ppot
=

(1- e- H *

)
H *

(A5).

This is the exposure response curve (ERC). For our experiments, Pp o t  is independent of time
because irradiance is constant within treatments.

Given the ERC, our task is to calculate biological weightings for H* (Eq. A3) comparable to
those for E* in equation 1 of the main text. The weightings [eH(l)] that determine H are
incorporated into a model of photosynthesis as a function PAR, as influenced by biologically
weighted UV:

  

Pavg = Ps (1- e
- EPAR

Ek ) ⋅
(1- e- H *

)
H *

Ppot

1 2 4 4 3 4 4 
Pavg

Ppot

1 2 4 3 4 

(A6).

Uninhibited photosynthesis (Pp o t ) is a saturation function of EPAR, defined by the maximal rate of
photosynthesis (Ps) and a saturation irradiance (Ek).6 Nonlinear curve-fitting is used to minimize
unexplained error in equation (A6), generating estimates of Ps, Ek, and the BWF coefficients, eH(l).
We generally normalize photosynthesis to initial chlorophyll concentration, thereby yielding
estimates of PB (mg C mg Chl-1 h-1) that are used commonly in models of productivity; the BWF is
unaffected by such normalization, and the superscript will be omitted here.
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Table A1. Symbols and abbreviations. Ranges refer to an experiment with 72 spectral treatments
and measurements of spectral irradiance at 121 wavelengths from 280 nm to 400 nm.

Symbol Meaning Units
a0 first coefficient for exponential weighting function dimensionless
a1, a2 coefficients for exponential weighting function nm-1

C proportionality coefficient (J m-2)-1

c principal component scores for each case dimensionless
E(l) spectral irradiance at wavelength l W m-2 nm-1

EN(l) normalized spectral irradiance at wavelength l dimensionless
EN(l ) mean normalized spectral irradiance for all treatments dimensionless
SD[EN (l)] standard deviation of EN(l) for all treatments dimensionless
Ek saturation parameter W m-2

EPAR PAR irradiance W m-2

E* biologically weighted irradiance dimensionless
H* biologically weighted radiant exposure dimensionless
i case number (1 - 72) dimensionless
Inh inhibition term dimensionless
j wavelength index (1 - 121) dimensionless
k principal component number (1 - z) dimensionless
m0 coefficient for influence of mean spectrum + PAR (J m -2)-1

m1, m 2, m 3 coefficients for influence of PCs (J m -2)-1

n number of treatments (cases) 72
P rate of photosynthesis mg C m-3 h-1

Pavg average P mg C m-3 h-1

PB P normalized to chlorophyll a mg C mg Chl-1 h-1

Ppot potential, uninhibited P at irradiance EPAR mg C m-3 h-1

Ps maximum potential P for saturating EPAR mg C m-3 h-1

Pt P at time t mg C m-3 h-1

q number of PCs that are included in curve-fit dimensionless
t, i time s
T duration of experiment s
w principal component weights for each wavelength dimensionless
z number of PCs that describe 99% of spectral variation dimensionless
e biological weighting coefficient (W m-2)-1

eH(l) biological weighting coefficient for radiant exposure (J m-2)-1

eH weighting coefficient for mean spectrum (J m-2)-1

eH(lR) weighting coefficient for reference wavelength (J m-2)-1

eH(PAR) weighting coefficient for PAR (J m-2)-1

l wavelength nm
lR reference wavelength nm



25

For laboratory cultures at 20°C, we found that inhibition was a function solely of E* for the time
scale considered (0.5 - 4 h).4 In contrast to equation A5, the average rate of photosynthesis was well
described by an alternate form of equation A6, where Pavg / Ppot = 1 / (1+ E*), and the BWF was
comprised of coefficients [e(l)] with units of reciprocal W m-2. 1 4

2. Experimental measurements. The analysis requires determinations of P (e.g., from the
uptake of 1 4C-bicarbonate) and spectral irradiance for each treatment. Spectral irradiance, E(l), must
be measured accurately for each of the experimental treatments, with good spectral resolution. For
our experiments, E(l) is measured from 280 to 400 nm at intervals of 1 nm for each of the 72
treatments, and PAR is measured with a broad-band sensor and compared with measures of spectral
irradiance from 400 - 700 nm. It may be impractical to set up such a large number of treatments, but
if only a small number of experimental spectra are compared, statistical confidence will suffer.1

3. Statistical analysis by the Rundel method. For each experiment, 72 values of P over time T
are fit to corresponding measurements of EPAR and spectral irradiance according to equation A6,
with biologically effective exposure (H*) quantified (eq. A3) with eH(l) as an exponential function
of wavelength (equation 3). Nonlinear curve-fitting (we use SAS procedure NLIN) is used to
determine the photosynthetic parameters Ps and Ek, as well as the coefficients in equation 3 that
determine the exponential dependence of biological effectiveness (eH) on wavelength.

a) We assemble a file with i = 1 to 72 cases, each with 123 variables: Pi, EPARi
 and spectra of E(l)i

for 121 wavelengths from 280 - 400 nm. The values are declared as an array, E(280:400). In
practice, we normalized E(l)i to EPARi

 for ease of use with other analyses, but the normalization is
not included here.

b) The equation for photosynthesis is:

Pi = Ps (1 - e
- EPARi

Ek ) ⋅
(1 - e- H i

*

)
Hi

* (A7).

where

Hi
* = T ⋅[(eH(PAR) ⋅ EPARi

) + ( E(l )i ⋅eH (lR ) ⋅e-(a1⋅( l - lR ))

l =280

400

Â Dl)] (A8).

Unlike Rundel, we assign dimensions to our weighting coefficients, so the weighting for any
inhibition due to excess PAR,eH(PAR) , and the weighting at a reference wavelength (we use 290
nm) have units of reciprocal J m-2. For the easier comparison with Rundel’s equation (Eq. 3), we
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substitute C ⋅ e-a0  for the reference weighting, eH(lR ); C is a proportionality constant with a value
of 1 (J m-2)-1:

Hi
* = T ⋅[(eH(PAR) ⋅ EPARi

) ⋅( E(l )i ⋅C ⋅ e-(a 0 + a1 ⋅(l - lR ))

l =280

400

Â )Dl] (A9).

Note that the experimental duration, T, is the same for all treatments. As long as the ERC (Eq. A5)
is valid, treatments over different time periods Ti could be included in one analysis.

c) In the program, the parameters Ps, Ek, a0, a1, and eH(PAR) are declared. The model is
Pi = Ppoti ⋅ Inhi , where Ppot i

= Ps ⋅ (1 - e-(EPARi Ek ) ) . The inhibition term, Inhi, is (1 - e-H i
*

) / Hi
* . It is

defined by evaluating equation A9 for each case using a do-loop for l = 280 to 400.

d) Estimates for Ps, Ek, a0, a1, and eH(PAR), along with asymptotic standard errors are obtained.
Convergence should be faster if derivatives of the parameters are defined and the Marquardt method
is used. The procedure can be repeated with the addition of an additional parameter, a2, for inclusion
in the exponent of equation A9 as [a2 . (l - lR)

2]. See equation 3. The higher-order term should be
included only if it significantly improves the fit, as evaluated with the F-statistic, with 1 and (n -
number of parameters) degrees of freedom.

4: Statistical analysis by the PCA method. Here, we use Principal Component Analysis (PCA)
to determine statistically-independent spectral shapes that are defined by weights for each
wavelength. When scored (i.e., weighted) appropriately for each treatment and combined with the
mean spectral shape for the experiment, a small number of principal components (PCs) can
reproduce the original spectral shape accurately. The advantage is that a few scores for PCs can
provide almost as much information as the original 121 values of E(l) for each spectrum.
Consequently, we can use nonlinear curve-fitting to determine the degree to which each PC
contributes to the biological effect:13,14 if PCs with large weights for shorter wavelengths contribute
strongly to the biological effect, the BWF will likewise have strong weighting at short wavelengths,
and vice-versa.

a) We start with the same data as for the Rundel method, above. However, because the analysis
focuses on spectral shapes, it is necessary to normalize all values of E(l): E(l)i is multiplied by
Dl, the wavelength interval for each spectral estimate (1 nm for this example) and divided by EPARi

,
generating dimensionless values of EN(l)i . Normalization to E(400) or irradiance at some other
wavelength unaffected by the spectral filters would also be suitable.
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b) Using the n = 72 normalized spectra, compute means and standard deviations for each of the 121
wavelengths: EN(l ) and SD[EN (l )]. Save the file for subsequent computations.

c) Conduct a PCA on the normalized spectra using a multivariate statistical analysis package (e.g.,
SAS), in which the j = 1 to 121 variables are EN(l)i and the i = 1 to 72 cases are the treatments. This
PCA is conducted on the correlation matrix. The analysis yields PCs (sometimes called factors),
each with 121 component weights (wj) corresponding to each wavelength, along with information
on how much of the aggregate variance in the input spectra is explained by each PC. For each PC,
the analysis also yields 72 component scores, ci, which quantify the contribution of that PC to each
treatment spectrum. In our experience, the first few PCs (z; usually 4) explain >99% of the variance,
and only the k = 1 to z component scores (ci,k) are retained for subsequent analysis. For this
example, we will set z to equal 4.

d) Create a data file with 72 cases and 6 variables: Pi, EPARi
 and ci,k for k = 1 to z.

e) As before, a nonlinear curve-fitting routine will be used minimize the least-squares error in
equation A7, except that here,

Hi
* = T ⋅ EPARi

⋅(m0 + mkci ,k
k =1

z

Â ) (A10).

Note that multiplication by    restores the magnitude of each treatment that was removed for the
PCA. The coefficient m0 quantifies the influence of the mean spectrum and a residual weight that
represents an irradiance-dependent effect that is not dependent on UV: here, that effect is interpreted
as PAR-dependent photoinhibition. The parameters of the model are Ps, Ek, m0, m1, m2, m3, and m4

and the model is Pi = Ppoti ⋅ Inhi , where Ppot i
 is defined as in equation A6, Inhi is (1 - e-H i

*

) / Hi
* ; and

Hi
*  is calculated for each case according to equation A10.

f) The iterative least-squares technique yields estimates for the parameters and their asymptotic
errors, along with the amount of variance explained by the model (R2). The model should be run
stepwise for k = 1 to z PCs, and each successive component (component q; q ≤z) should be retained
only if it significantly increases R2 (use an F-test with degrees of freedom = 1, n - total number of
parameters).

g) The contributions of the PCs, mi, is transformed back to a spectral weighting, eH(l). For each
wavelength:
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eH(l) =

mk
k =1

q

Â ⋅ wk(l)

SD[EN(l )]
(A11).

h) The standard error of eH(l) is calculated using propagation of the standard errors of the
parameters mi, from the curve-fit analysis. For example, if only two PCs can be statistically justified
(i.e., q = 2):

err[eH(l )] =
(err(m1 ) ⋅ w1 )2 + (err(m2 ) ⋅w2 )2 + 2(r1,2 ⋅err(m1) ⋅ w1 ⋅err (m2 ) ⋅ w2 )

SD[EN (l )]
(A12)

where r1,2 is the correlation between m1 and m2 from the output of the nonlinear regression
analysis. In general for more than two PCs, the standard error is the square root of the matrix
product VRV' divided by SD[EN(l)], where V is the vector with elements [err(m1

.w1, m2
.w2…) and

R is the correlation matrix of the m’s. That is, if there are 4 PCs in the fit, V has 4 elements and R
is a 4 x 4 matrix.

Given the standard error of eH(l), an approximate confidence interval is calculated based on the t
statistic with (n cases - total number of parameters) degrees of freedom. These are individual (as
opposed to joint) confidence intervals for each of the 121 coefficients, i.e., they are not conditioned
on the other values of eH(l). The accuracy of the confidence intervals is dependent on having used
the correct underlying model, i.e. equation A6.

i) Once the values for eH(l) have been calculated, the weighting for the mean treatment spectrum
(eH ) is evaluated as

eH = eH(l ) ⋅ EN(l)
l = 280

400

Â (A13)

where the mean normalized spectral irradiance, EN(l )  comes from the initial calculation for the
analysis (Dl is already included in EN(l ): see section 4a). Remember that m0 from the curve-fitting
is the contribution of the mean normalized spectrum plus that from PAR: hence the biological
weighting coefficient for PAR, eH(PAR) equals m0 - eH . Statistical significance of this residual can
be assessed by comparison with the standard error of m0. We have not evaluated the possible
consequences of PAR-inhibition being irradiance-dependent, in part because significant inhibition
by PAR has seldom been encountered under our experimental conditions.




