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Subsurface chlorophyll maximum (SCM) layers
are prevalent throughout the Arctic Ocean under
stratified conditions and are observed both in the
wake of retreating sea ice and in thermally stratified
waters. The importance of these layers on the overall
productivity of Arctic pelagic ecosystems has been
a source of debate. In this study, we consider the
three principal factors that govern productivity
within SCMs: the shape of the chlorophyll profile, the
photophysiological characteristics of phytoplankton
and the availability of light in the layer. Using the
information on the biological and optical parameters
describing the vertical structure of chlorophyll,
phytoplankton absorption and photosynthesis–
irradiance response curves, a spectrally resolved
model of primary production is used to identify the
set of conditions under which SCMs are important
contributors to water-column productivity. Sensitivity
analysis revealed systematic errors in the estimation
of primary production when the vertical distribution
of chlorophyll was not taken into account, with
estimates of water-column production using a
non-uniform profile being up to 97% higher than
those computed using a uniform one. The relative
errors were shown to be functions of the parameters
describing the shape of the biomass profile and the
light available at the SCM to support photosynthesis.
Given that SCM productivity is believed to be largely
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supported by new nutrients, it is likely that the relative contribution of SCMs to new
production would be significantly higher than that to gross primary production. We discuss
the biogeochemical and ecological implications of these findings and the potential role of new
ocean sensors and autonomous underwater vehicles in furthering the study of SCMs in such
highly heterogeneous and remote marine ecosystems.

This article is part of the theme issue ‘The changing Arctic Ocean: consequences for
biological communities, biogeochemical processes and ecosystem functioning’.

1. Introduction
The influence of melting sea ice on the density structure in the upper ocean strongly impacts the
availability of the two major factors influencing phytoplankton growth: the access to light and
the supply of nutrients. The formation of a fresh and relatively thin surface mixed layer caused
by ice melt leads to the formation of shallow (less than 20 m) and at times intense (greater than
1 mg chlorophyll m−3) subsurface chlorophyll maximum (SCM) layers. Here and elsewhere in
the paper ‘chlorophyll’ refers to chlorophyll-a (and the sum of chlorophyll-a and its derivatives
when such information is available from HPLC measurements). The overall importance of these
chlorophyll layers to annual water-column production in Arctic waters has been debated in the
literature [1–4]. It has been argued that when compared with highly productive Arctic Ocean
spring blooms, the productivity within SCMs during the post-bloom period is relatively low [4]
and that errors introduced by ignoring the presence of SCMs are small when primary production
is integrated over large spatial and temporal scales [2,5].

Our ability to assess the biogeochemical and ecological importance of these layers in Arctic
seas is frustrated by a number of factors. First, the complex vertical structure of SCMs in Arctic
seas is difficult to predict using surface ocean observables such as chlorophyll concentration,
although regional [6] and pan-Arctic [4] algorithms have been proposed based on in situ datasets.
Second, the persistence of these layers within Arctic marine ecosystems is poorly known. This is
largely a consequence of the inaccessibility of Arctic waters to routine oceanographic sampling by
ship and our inability to observe these layers from space. Consequently, our current knowledge
of the seasonal and geographical distribution of SCMs is largely based on in situ measurements
spanning decades [7], and these datasets lack consistency in sampling approach and have uneven
spatial (both in the vertical and in the horizontal) and temporal (seasonal) coverage. Lastly,
as a direct result of the sparsity of chlorophyll data in the Arctic Ocean, our estimates of the
contribution of SCMs to water-column primary production often involve using compilations of
in situ chlorophyll measurements and partitioning them according to ecological provinces [5];
or the surface chlorophyll concentration and bloom phase [4]; or region and degree of ice cover
[3]; or geographical sector [2]. By using averaged depth-binned profiles to represent regional and
seasonal variability in the vertical structure of chlorophyll, information on the diversity of SCM
shape is eroded and the resulting averaged profiles are smoothed and flattened. Yet sensitivity
analysis has demonstrated that the impact of chlorophyll layers on estimates of water-column
primary production depends on both the sharpness and the location of the chlorophyll peak in
relation to the photic depth [8].

In the Arctic Ocean, the impact of surface-water freshening from ice melt results in intense
vertical stratification and a shallow pycnocline, setting up strong opposing gradients of light
and nutrient availability. The SCM under these conditions is often in close proximity to the
nitracline [9] and can be situated well above the photic depth (zp) [1], whereas the deep
chlorophyll maximum, which is a ubiquitous feature in lower-latitude open-ocean waters and is
sometimes referred to as the ‘typical tropical’ structure, tends to coincide with zp [10,11]. A direct
consequence of an illuminated SCM is that its fractional contribution to integrated water-column
production can be significant depending on the photosynthetic characteristics of the resident
microalgae [1,8].
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For the polar biome of the North Atlantic, Sathyendranath and co-workers [5] reported that
the effect of the SCM was less than 10% in the Arctic, and less than 4% in the SubArctic
and Boreal Polar provinces, at the annual scale. However, they argued that this contribution,
though modest, would always introduce a negative bias in computed primary production if
ignored (inclusion of a subsurface peak in the calculation typically increases the magnitude of the
computed water-column production), thereby affecting the accuracy, rather than the precision
of the computed value. Furthermore, they pointed out that production in the subsurface peak
is likely associated with the supply of new nutrients from below the mixed layer, and hence
important when assessing new production, which is more relevant in climate studies. Twenty-
five years on, the information on the vertical structure in chlorophyll concentration has certainly
increased substantially, and it is worth reassessing the contribution of the subsurface chlorophyll
peaks in the Arctic to the water-column primary production.

To examine the overall contribution of SCM layers to integrated water-column primary
production requires not only accounting for the vertical variation in chlorophyll concentration,
but also the photophysiological properties of the cells and the availability of light [8]. In
other words, whether the rate of carbon fixation is close to the optimal rate (governed by
the plateau of the PE response curve PB

m) or in the linear response (governed by the initial
slope αB) is dictated by the light intensity at a particular depth and time. The parameters
used to mathematically describe the photosynthesis–irradiance (PE) response curves [12] not
only provide critical information for light-driven primary production models but also serve as
important ecophysiological indicators of the ocean’s microflora [13]. High-latitude polar seas are
typically characterized by lower chlorophyll-specific rates of carbon fixation at saturating light
intensities represented by the assimilation number PB

m [14,15]. These low rates of chlorophyll-
normalized maximum photosynthesis have been attributed in part to the metabolic costs of living
in persistently cold ecosystems [16].

Satellite-based calculations of pan-Arctic marine primary production use either a single value
of PB

m or αB or allow them to vary seasonally within oceanic provinces [5,17] or assign them
dynamically using other satellite observables [18]. Although changes in the photophysiological
properties of Arctic phytoplankton have been widely documented in historical datasets
[19–21], the lack of ancillary data has restricted the development of a mechanistic approach to
parameter assignment. Even though new datasets are being collected to help relate the variability
of PE parameters to phytoplankton community structure, light history and nutrient availability
[15,22,23], our understanding of the taxonomically and environmentally driven variation in the
photosynthetic utilization of light by phytoplankton is still limited to individual oceanographic
campaigns. Thus, in order to ascertain the role of SCM in the Arctic Ocean carbon cycle, we need
to also examine how sensitive primary production models are to the assignment of parameters
used to describe the photosynthetic performance of marine phytoplankton.

In this study, we use datasets from cruises in the Atlantic sector of the Arctic Ocean to
examine the natural variability in the key parameters used to describe the chlorophyll profile and
phytoplankton photophysiology. Using these data alongside information on the optical properties
of Arctic marine phytoplankton, a vertically and spectrally resolved model of water-column
primary production is used to determine how relevant SCMs are to our estimates of integrated
primary production and under what circumstances are they important. We conclude by making
the case for further studies of biogeochemistry and ecology of SCMs in a changing Arctic Ocean
and the role new autonomous sensors may play in facilitating this undertaking.

2. Material and Methods
In general, there are three things that must be known to calculate the amount of carbon fixed by
marine photoautotrophs. First, how much photosynthetically available light is present; second,
how much plant pigment is present to intercept this light; and third, the efficiency with which
light absorbed by these pigments is converted into the photosynthetic substrate (carbon). Since
phytoplankton pigments and non-algal dissolved and particulate absorptive components are
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strong attenuators of light, estimation of the underwater light field requires knowledge of both
the magnitude and spectral dependence of absorption by these materials. In this study, we used
measurements of phytoplankton pigment concentrations, light absorption coefficients and PE
parameters collected from a series of cruises in the Atlantic sector of the Arctic Ocean (Canadian
Archipelago, Labrador, Greenland/Norwegian and Barents Seas).

(a) Chlorophyll profile parameters
Information on both the shape and magnitude of the SCM is critical to predict both the
underwater light field and water-column primary production. Since the information on
chlorophyll concentration obtained by satellite is heavily weighted toward the sea surface [3],
we must rely on in situ profiles of pigment concentration to parameterize the vertical structure of
SCMs. The shape of the phytoplankton biomass profiles can be expressed as a standard function
of depth using the following equation [8]:

B(z) = B0 + h

σ
√

2π
exp

[
− (z − zm)2

2σ 2

]
, (2.1)

where B(z) is chlorophyll biomass as a function of depth z; zm is the centre of the Gaussian peak
(corresponding to the depth of the maximum chlorophyll concentration); and σ and h are related
to the width and area of the peak, respectively. The four-parameter Gaussian function [8] was
fitted to chlorophyll measurements taken from both discrete bottle data or in vivo fluorescence
profiles calibrated against in vitro chlorophyll extracts. In the case of the bottle data, only
chlorophyll measurements from stations where greater than six discrete depths which captured
the vertical shape of the profile were used. In the case of the calibrated fluorescence profiles, we
recognize that photochemical quenching may have been present at the sea surface. We derived a
correction factor that accounts for this potential underestimation in chlorophyll concentration that
was observed within the top 20 m in some of the fluorescence profiles by fitting a linear equation
to the log-transformed chlorophyll and in vivo fluorescence data. The linear equation fit provides
the correction parameter (�B), which we used to adjust the estimates of chlorophyll concentration
based on the fluorescence trace close to the sea surface.

ΔB = xB(z)y − B(z). (2.2)

Since the degree of quenching is strongly related to the irradiance field, we multiplied �B by
an exponential decay function with a coefficient of 0.05:

B(z) = B(z) + ΔB exp(−0.05z). (2.3)

(b) Light absorption spectra
The in vivo absorption spectrum of marine phytoplankton was determined using the filter-pad
technique [24]. Seawater samples were filtered through 25 mm GF/F (Whatman) filters using a
vacuum filtration pump under low pressure. The optical density of total particulates retained on
the filter pad Ot(λ) was measured using a dual-beam spectrophotometer (Shimadzu Corp., UV-
2101, Kyoto) equipped with an integrating sphere. Pigments were then extracted by passing 20 ml
of hot methanol through the filters [24]. The filters were then rinsed with filtered seawater and
re-scanned to obtain the optical density of the detrital component (Od(λ)). Optical densities were
then converted to absorption coefficients [25] and the absorption by phytoplankton pigments
ap(λ) was determined by subtracting the absorption by detrital material from the total absorption
by particulates.

In addition to the light absorption by algal and non-algal particulates, coloured dissolved
organic matter (CDOM) can also have a strong impact on the spectral quality and intensity
of the underwater light field. The shape of the absorption by CDOM (also called yellow
substances, denoted by the subscript y) is characterized in most bio-optical models as a decreasing
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exponential function as follows:

ay(λ) = ay(440) exp(−x(λ − 440)), (2.4)

where x is the coefficient that describes how rapid the exponential decreases with wavelength and
ay(440) is the absorption coefficient of yellow substances at 440 nm. For our standard model runs,
we applied a spectral slope value of 0.014 nm−1 [26] and the magnitude of CDOM absorption was
scaled by a coefficient of proportionality between absorption by CDOM at 440 nm (ay(440)) and
the sum of the coefficients of phytoplankton and pure water at 440 nm (aph(440) + aw(440)). For
the standard model run, ay(440)/(aph(440) + aw(440)) was assigned a value of 0.30.

(c) PE response parameters
Along with an accurate description of the underwater light field, parameters describing the
photosynthetic response of marine phytoplankton to available light must be known before the
rate of primary production can be estimated. The PE response curve can be described using
two parameters: PB

m, the assimilation number and αB, the initial slope, where the superscript B
indicates normalization to phytoplankton biomass [12]. To obtain PE response curves, 14–30 light
bottles containing 60–100 ml of seawater were spiked with between 10 and 20 μCi of sodium 14C-
bicarbonate. To maintain the samples at in situ temperatures, a temperature-controlled circulating
water bath was used. Bottles were then placed in a light gradient ranging from approximately 8–
2700 µmol quanta m−2 s−1 and incubated over 2–3 h. At the end of the incubations, samples were
filtered onto GF/F filters. The filters were thoroughly rinsed with filtered seawater and fumed
over a bath of concentrated HCl to remove any inorganic 14C remaining on the filter. Samples
were then counted in a liquid scintillation counter. Primary production per hour, normalized
to fluorometrically determined chlorophyll concentrations, was estimated from the scintillation
counts. These data were then fitted to an equation, which accounts for photoinhibition to obtain
the initial slope (αB) and the photosynthetic rate at saturating irradiance (PB

m) [27]. Values of αB

were corrected for the emission spectrum of the incubator lamp as described in [28]. The PE
parameters dataset (shown in the electronic supplementary material) is a subset of two datasets:
a global dataset [14], which is publically available (https://doi.org/10.1594/PANGAEA.874087)
and one of the Labrador Sea [29], which is publically available at https://doi.org/10.1594/
PANGAEA.871872. Note that only data collected at latitudes greater than 60°N were used in this
study.

In the spectral model of marine primary production, the shape of the absorption spectrum was
used as a proxy for the action spectrum αB(λ) [30]. Pigments that are not photosynthetically active
may be present and could lead to a mismatch between the shape of the absorption and action
spectra. However, in the Arctic Ocean such pigments are found within surface assemblages, and
thus their impact on primary productivity in the light-limited portion of the water column would
be negligible [31].

Since both irradiance and the light-limited photosynthetic rate demonstrate strong wavelength
dependence, we have represented the spectral characteristics of both of these quantities into our
computation of primary production. In PE equations, αB and E(z) occur together as a product
(ΠB(z)):

ΠB(z) = αBE(z). (2.5)

Given αB and E(z) are both spectrally dependent, they are expressed as functions of
wavelength [32]:

ΠB
λ =

∫ 700

400
αB(λ)E(z, λ)dλ. (2.6)

The chlorophyll-normalized photosynthetic rate can, therefore, be defined as follows [33]:

PB(z) = ΠB
λ√

1 + (ΠB
λ/PB

m)2
. (2.7)
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The model also incorporates the angular dependence of the underwater light field as described
in [32]. A clear-sky model [34] was used to estimate spectral irradiance incident at the sea surface
under cloud-free conditions. To examine the impact of cloud cover on productivity we reduced
the magnitude of irradiance based on the percentage daily cloud cover [35], which we varied
from 0 (clear-sky) to 100%, and adjusted the diffuse part of irradiance with respect to the direct
component accordingly. Rates of primary production were integrated down to the photic depth
zp, which we defined as that depth at which modelled light integrated over the visible domain
was reduced to 1% of the integrated surface irradiance.

To examine the impact of the vertical distribution of chlorophyll on estimates of water-
column primary production we adopt an approach used in previous studies [3,5,8], where
in situ chlorophyll profile data are used to capture the natural variability in shape and magnitude
of B(z) and then compute primary production by both using the in situ profile shapes and
also holding the surface chlorophyll concentration constant over depth. Whereas Hill and co-
workers [3] used an average PE response curve based on information on long-term (12–24 h) in
situ incubations and in situ light levels expressed as a percentage of the surface irradiance, our
computations use short-term (2–3 h) PE parameters generated under experimentally controlled
light conditions and a radiative transfer model that incorporates the angular and spectral
distribution of the underwater light field. Another important distinction between this study
and that of Hill and co-workers [3] is that individual profiles are used rather than averaged
depth-binned profiles.

3. Results and discussion
The shapes of the chlorophyll profiles varied in terms of the depth and width of the peak as well
as the magnitude of the maximum chlorophyll concentration (figure 1). The average depth of
the SCM (zm) was 24.7 m and ranged from −7.88 to 75.33 m (figure 2b), which is consistent with
other pan-Arctic datasets [3–5] and reflects the large fraction of observations made during the
post-bloom stratified period. Note that in a few rare cases, in order to achieve the best empirical
fit to the chlorophyll measurements zm was situated slightly above the sea surface resulting in
a small negative value. The background chlorophyll concentration B0 averaged 0.19 mg chl m−3

(figure 2a) and ranged from 0.01 to 1.94 mg chl m−3. The integral of the chlorophyll concentration
under the Gaussian curve divided by the width of the chlorophyll peak (h/σ ) also varied, with
values ranging from 0.03 to 35.4 mg chl m−3 (figure 2d). There was a weak negative relationship
between the surface chlorophyll concentration (Bsurf) and zm (figure 3) (R2 = 0.14, p < 0.001),
which underscores the difficulty of using surface biomass as a predictor of the vertical structure
of chlorophyll concentration in Arctic marine ecosystems [3,4].

The PE parameters also showed significant variability in this sector of the Arctic Ocean
(figure 4). The average value of the light-saturated photosynthetic rate PB

m was 1.73 mg C
(mg chl)−1 h−1 and ranged from 0.24 to 9.6 mg C (mg chl)−1 h−1. The mean value for PB

m is
slightly higher than those reported in datasets from the Chukchi [0.95 mg C (mg chl)−1 h−1

for surface assemblages and 1.04 mg C (mg chl)−1 h−1 for SCM] and Beaufort [0.5 mg C
(mg chl)−1 h−1 for all sampling depths] Seas [15,36] but this is likely due in part to
the large spatial and temporal extent of this dataset. The initial slope αB had a mean
value of 0.034 mg C (mg chl)−1 h−1 (μmol quanta m−2s−1)−1 and ranged from 0.002 to 0.182
(mg chl)−1 h−1 (μmol quanta −2s−1)−1. The average αB value was higher than those reported for
the Chukchi [0.017 mg C (mg chl)−1 h−1 for surface assemblages and 0.025 mg C (mg chl)−1 h−1 for
SCM] and Beaufort [0.017 mg C (mg chl)−1 h−1] Seas [15,36]. The light adaptation parameter (Ek =
PB

m/αB) is a useful measure of the photoacclimatory status of the phytoplankton community. Ek
averaged 68 μmol quanta m−2 s−1 and ranged from 4 to 430 μmol quanta m−2 s−1. The average
and range of values are consistent with those reported by Palmer and co-workers in the Chukchi
and Beaufort Seas [36] and the mean value is nearly twice as high as that reported by Huot and
co-workers for the Beaufort Sea [15], which may in part reflect the differences in the number of
experiments conducted on surface and deep assemblages across the various datasets.
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Figure 1. Shapes of chlorophyll profiles from the Labrador, Norwegian and Greenland Seas. Profiles were derived by fitting a
four-parameter shifted Gaussian function to field observations [8].
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Figure 2. Histograms of chlorophyll profile parameters for the combined profile dataset. (a) B0 represents the background
chlorophyll concentration, (b) zm is the depth of the peak chlorophyll concentration, (c) σ is the width of the Gaussian and
(d) h/σ indicates the steepness of the slope of the peak. Vertical dashed lines indicate mean parameter values (B0 = 0.19,
zm = 24.7,σ = 12.42, h/σ = 4.91). (Online version in colour.)

The average shape of the in vivo absorption spectrum of phytoplankton was remarkably similar
across the three datasets (Greenland/Norwegian, Barents and Labrador Seas) (figure 5). The
Greenland/Norwegian Sea dataset had a small shoulder in the blue-green region which was
likely caused by differences in the taxonomic composition in the regional assemblages. Given the
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Figure 3. Relationship between surface chlorophyll concentration (Bsurf ) and the depth of the subsurface chlorophyllmaximum
(zm) (R2 = 0.14, p< 0.001).

similarity of the spectral shape of ap(λ) over the study region, we used a single mean spectrum
to represent the spectral dependence of both the absorption of light by phytoplankton and the
light-limited photosynthesis [αB(λ)] in the primary production model.

The factors governing the formation of SCM layers within the global ocean have been explored
in a recent review by Cullen [11]. In the Arctic Ocean, their prevalence during the post-bloom
stratified period is driven by a combination of a freshening of surface waters caused by sea-
ice melt and seasonal thermal stratification. This sets up ideal conditions for examining the
impact of the vertical structure of chlorophyll on marine primary production over a broad
range of stratification scenarios [37] with some water columns being characterized by shallow
and in some cases intense and productive surface and subsurface chlorophyll layers, while
others are more well-mixed resulting in phytoplankton biomass and productivity being more
uniformly distributed. We used in situ bio-optical data and a vertically and spectrally resolved
production model to identify the key parameters that are critical for accurate assessments of
SCM productivity. For our initial model set-up, average PE parameters were assigned based
on measurements made on natural Atlantic Arctic assemblages: PB

m and αB were assigned
values of 1.74 [mg C (mg chl)−1 h−1] and 0.034 [mg C (mg chl)−1 h−1 (µmol quanta m−2 s−1)−1],
respectively. We first examined the difference between computed rates of daily primary
production (DPP) when we held the surface concentration of chlorophyll constant with depth
(uniform profile) and when we allowed chlorophyll to vary with depth using profile parameters
obtained from fitting the nonlinear Gaussian function to Arctic field data (non-uniform profile)
(figures 1 and 2).

Figure 6 shows the estimated DPP profiles for both the uniform and non-uniform profile
treatments. Note that the estimates of DPP at the sea surface are identical for both model runs
but diverge with depth: water columns characterized by strong SCMs showed pronounced
subsurface primary production peaks whereas the DPP profiles generated by holding the surface
chlorophyll constant tend to decrease rapidly and exhibit the characteristic ‘half-wineglass’ shape.
Generally, production profiles characterized by a strong subsurface peak were associated with
very thin chlorophyll layers located below 10 m.
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Figure 6. Profiles of estimates of daily primary production using (a) chlorophyll profiles shown in figure 1 and (b) uniform
chlorophyll profile where the surface concentration is used for the entire water column. (Online version in colour.)

To examine how uncertainty in our assignment of the PE parameters may impact estimates of
primary production for regions characterized by a diverse range of profile shapes we adjusted the
PE parameters by ±1 s.d., which accounts for a large fraction of the seasonal and geographical
variability in our Atlantic Arctic dataset, and also encompassed the average values obtained from
other geographical sectors of the Arctic Ocean (figure 4). Errors in the estimation of water-column
primary production were strongly related to the ratio of zm to zp (figure 7), which is an index of the
vertical position of the chlorophyll peak relative to the photic depth. An overestimation (PB

m + 1
s.d.) of the light-saturation parameter PB

m caused a 23–50% overestimation of integrated primary
production and there was a strong negative relationship between the per cent error and zm/zp.
When most of the pigment biomass (B) is situated in the upper part of the photic zone (i.e. low
zm/zp), the resulting biomass-normalized production rate (PB) as defined by the curvilinear PE
response curve (equation (2.5)) approaches the plateau PB

m and errors will be maximal. However,
in cases when most of the chlorophyll biomass is situated close to the bottom of the photic zone
where the conditions are light-limiting, PB will be governed by the quasi-linear region of the
curve leading to estimates of PB that are much lower than PB

m and consequently the negative
error in primary production will be correspondingly lower. The degree to which the maximum
photosynthetic rate is underestimated (PB

m − 1 s.d.) is also strongly governed by zm/zp, and again
errors are highest in the upper portion of the water column where light is saturating and thus PB

m
is governing the rate of PB. The inverse is true for errors in the initial slope, αB: when the initial
slope is overestimated (αB + 1 s.d.) or underestimated (αB − 1 s.d.) we find the largest errors occur
when most of the biomass is contained within the light-limited region of the euphotic zone (high
zm/zp).

Clearly our choice of photosynthetic parameters directly impacts our estimates of marine
primary production. Yet in several remote sensing studies of the Arctic Ocean a single PB

m value of
2 mg C (mg chl)−1 h−1 is often used [38] and is close to the mean value of 1.73 mg C (mg chl)−1 h−1

obtained in this study. Part of the difficulty in trying to capture the seasonal variability in the
photophysiological properties of Arctic assemblages in primary production models is that there
is no consensus on how to assign the PE parameters in an operational manner. Temperature
[20,38], nutrient availability [36] and diatom dominance [15] have all been identified as potential
predictor variables of PB

m in regional studies, but it would appear that no single relationship
is robust across all geographical sectors. Moreover, from the point of view of implementing a
method of parameter assignment for remote sensing applications, of the variables listed above,
only sea-surface temperature can be retrieved directly from space. As the gaps in our knowledge
of the biotic and abiotic factors governing variation in the PE parameters are slowly being filled
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Figure 7. Results of a sensitivity analysis where the photosynthetic parameters PBm andαB were adjusted by±1 s.d.. Per cent
difference between model estimates of integrated production using mean and adjusted parameters are plotted against the
depth of the subsurface chlorophyll peak divided by the depth of the euphotic zone (zm/zp). (Online version in colour.)

by conventional 14C productivity experiments conducted at sea, there is also the potential of
acquiring information on the photosynthetic characteristics of marine phytoplankton in a non-
intrusive manner and over wider spatio-temporal scales using single turnover active chlorophyll
fluorometry [39], although the conversion of electron transport rates into primary productivity
estimates remains a challenge [23,40,41].

It has been argued that satellite algorithms that use surface chlorophyll concentrations may
significantly underestimate water-column primary production in the Arctic Ocean [38]. Through
examination of the equations governing primary production models, it is clear that the impact
of SCMs on our estimates of integrated primary production is ultimately determined by whether
the SCM is contained within the light-saturated or light-limited fraction of the photic zone. This
means that knowing the shape of the chlorophyll profile is crucial. To represent the large range
of profile shapes in our dataset, we decided to use the ratio of two of the profile parameters, the
depth of the chlorophyll peak and its corresponding width (zm/σ ), as our shape index. Note that
in order to achieve the best nonlinear fit, zm may be assigned a value above the sea surface and
as a result some zm/σ values were slightly negative. As an index of the relative contribution of
SCMs to integrated primary production, we computed the per cent difference between model
estimates when we include the profile parameters and when the chlorophyll was assumed to
be uniformly distributed with depth. When we plot the relative change in primary production
against zm/σ (figure 8), we see a very strong negative correlation for stations where zm/σ < 4.6
(R2 = 0.77, p < 0.01, figure 8) and a large scatter of points at higher values of zm/σ . To indicate
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Figure 8. The per cent difference between model estimates of integrated primary production using a non-uniform and a
uniform (surface chlorophyll concentration is held constant with depth) chlorophyll profile plotted against the depth of the
subsurface chlorophyll peak divided by the peak width (zm/σ ). Points are coloured according to their corresponding σ value.
(Online version in colour.)

which of the two profile parameters is responsible for the anomalously high values of zm/σ , we
also coloured each point according to its corresponding σ value.

Figure 8 clearly shows the impact the vertical structure of chlorophyll has on our estimates of
integrated primary production: when zm/σ is low, the peak is confined in the upper part of the
water column where light levels are sufficient to support high rates of productivity. In cases where
the centre of the Gaussian peak is slightly above or very close to the sea surface, the integrated
biomass will be overestimated if a uniform profile is applied, since the estimated productivity
profile using the non-uniform chlorophyll profile will attenuate more rapidly with depth. Note
also that, in most cases, the peaks were much broader than deeper profiles with higher zm/σ

values, as indicated by the high σ values. Although there tends to be a general pattern of SCM
peaks closer to the surface to be broader, which will more closely resemble a uniform biomass
profile in the upper portion of the water column where primary production rates will be highest,
there is still significant variability in profile shape, which is illustrated in figure 9a. Intermediate
zm/σ values (between 2 and 4.6) result from the peak being situated deeper in the water-column
(higher zm) (figure 9b), but as the peak width is narrower, a large fraction of the chlorophyll
biomass is still contained within the euphotic zone. The presence of deeper and more prominent
peaks leads to the SCM accounting for a significant fraction of the integrated primary production
as indicated by the large difference between the estimates using uniform and non-uniform profiles
and relative errors reaching a maximum of 98%.

Another interesting feature of figure 8 is that at very high zm/σ values the strong relationship
between our index of SCM contribution to integrated primary production and profile shape
breaks down. There are two scenarios that lead to this result. First is the situation where a thin
chlorophyll layer is present (figure 9c), which leads to anomalously high zm/σ values. Even
though these profiles exhibited some of the highest concentrations in subsurface chlorophyll and
highest rates of primary production per unit volume, when integrated over the water column,
their impact on integrated rates of primary production was not as high as subsurface peaks
that were broader but less intense. The other situation was profiles which had a very small
bump superimposed on a uniform background concentration (figure 9c). Although both of these
cases are relatively rare in our dataset, it should be noted that the presence of thin subsurface
chlorophyll layers can be a common occurrence in temperate shelf seas [42] and the stratification
conditions that lead to their formation may not be well represented in the hydrographic regions
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Figure 9. Chlorophyll profiles shown in figure 1 grouped according to their corresponding zm/σ value: (a)<2, (b) 2–4.6 and
(c)>4.6. Lines are coloured according to theσ value for each chlorophyll profile. (Online version in colour.)

represented in this study. Nevertheless, the relationship between profile shape and the SCM
contribution to water-column primary production serves as a useful means of classifying SCMs
in terms of their significance to Arctic Ocean productivity.

We also examined how changes in light availability caused by cloud cover and absorption by
CDOM impact estimates of daily water-column primary production when a non-uniform profile
is applied. In the case of errors caused by cloud cover, we found a maximum error of up to
16% when the clear-sky model is used under conditions of 100% cloud cover using our standard
model run. Similarly, when we adjusted the CDOM absorption to a constant background value of
0.07 m−1, which can be considered an extreme case when surface waters are heavily influenced
by terrigenous sources, estimates of integrated primary production decreased by as much as 83%
and this was a strong function of the depth of the chlorophyll peak (R2 = 0.58, p < 0.001, figure 10).
Thus, in order to assess the role SCM primary production plays in Arctic marine environments
relies on an accurate description of the underwater light field, which in some optically complex
sectors of the Arctic Ocean is difficult to model without detailed information of the absorption
by non-algal particulate and dissolved substances. When considering the estimation of primary
production using ocean-colour remote sensing, the presence of CDOM in the surface waters of
the Arctic not only impacts our estimate of light attenuation but also our retrieval of surface
chlorophyll concentration [2]. Although the overestimation of chlorophyll by satellite due to the
presence of CDOM may counterbalance the underestimation of integrated primary production
by ignoring the presence of SCMs [2], these two potential sources of error make the overall
interpretation of large-scale temporal trends in primary production challenging, especially as
both CDOM supply and SCM prevalence may change in a future Arctic Ocean. Yet, in the case
of computations of integrated primary production using satellite remote sensing reflectance over
annual and basin scales, adopting a simple approach to describe vertical changes in chlorophyll
biomass may lead to smaller errors than a more elaborate one, given our current limitations to
accurately predict either the vertical structure of pigment biomass or the relative contribution of
CDOM to the ocean-colour signal.

Given that SCMs are considered to be ubiquitous across the Arctic ecosystem over a large
fraction of the growth season, there is a need to apply realistic profile shapes in order to assess
their role in marine primary production. To address the uneven distribution and sparsity of
chlorophyll measurements in the Arctic Ocean, most assessments of the contribution of SCMs
to Arctic Ocean productivity take the approach of averaging profile data both spatially and
temporally. Our model results suggest that such spatial and temporal averaging will likely lead
to an underestimation of the importance of SCMs by altering the depth-dependent variability
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Figure 10. Per cent error in the estimation of integrated primary production when CDOM absorption coefficient at 440 nm is
increased to a uniform background value of 0.07 nm−1 (R2 = 0.58, p< 0.001).

through flattening and broadening the peaks. Fortunately, our ability to observe SCMs in remote
Arctic marine systems will dramatically improve in the coming years. Although SCMs are
invisible to ocean-colour sensors, there is the exciting prospect that new Lidar sensors will
be able to detect these features from space [43]. Meanwhile, the increased use of ice-tethered
profilers [44], Bio-ARGO floats [45], animal-borne instruments [46] and autonomous underwater
vehicles [47,48] will allow us to monitor the seasonal dynamics of SCM vertical structure at
an unprecedented spatial resolution. Despite the difficulty in obtaining a precise measure of
chlorophyll concentration from fluorescence sensors on such monitoring platforms [11], especially
in the Arctic where in situ validation is in many cases impossible, this study demonstrates that if
we are provided with qualitative information on the relative shape of chlorophyll profiles from
these rich data streams, we can begin to make significant progress in evaluating the role of SCMs
in the Arctic Ocean carbon cycle.

Determining rates of primary productivity within SCMs is not only critical to improve our
estimates of water-column productivity but also is essential for developing a better understanding
of the capacity of Arctic ecosystems to sustain secondary and higher trophic levels, which in
turn is ultimately determined by the rate of the supply of new nutrients from outside the photic
zone and the rate of organic matter being removed through sedimentation [49]. The widespread
prevalence of SCMs is the direct result of the supply of new nutrients into the base of the photic
zone [5] and this intimate link between new nutrients and SCM productivity is reflected by the
depth of the SCM coinciding with that of the nutricline. It has been argued that inferring rates
of export production from those of new production is problematic in the Arctic Ocean, since the
downward flux of organic material out of the euphotic zone is a function of both gravitational and
injection pumps that regulate the vertical transport of marine particles [50] and that the physically
mediated bottom-up processes regulating rates of new production may operate over different
temporal and spatial scales from the top-down processes that govern the transport of organic
matter out of the photic zone. Yet the evidence of elevated export rates in the vicinity of the SCM
under stratified conditions [51] and a community of grazers situated towards the base of the
photic zone [37] supports the view that SCMs are important in pelagic-benthic coupling during
the post-bloom vegetative season.

SCMs have also been shown to be important ecological niches that host diverse phytoplankton
assemblages. Within these layers, the growth of larger cells (e.g. diatoms) can be sustained by the
subsurface nutrient reservoir while at the same time these algae are able to harvest sufficient
light despite being prone to high pigment packaging [4,22]. Even within the smallest size fraction
of the phytoplankton community, changes in phylogenetic composition within SCMs can be
observed [52]. A study using high-throughput sequencing of microbial communities has shown
that strongly stratified water columns with a sharp SCM tend to have a high proportion of
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Micromonas (prasinophyceae) reads. As one of the smallest photosynthetic eukaryotic organisms
in the Arctic Ocean, it has been suggested that Micromonas may be used as a sentinel of a changing
Arctic Ocean [53,54]. Thus, understanding the diversity and productivity of SCMs will be essential
to understanding the ecological consequences of a rapidly changing Arctic Ocean that is evolving
towards a more stratified and nutrient-limited system.

4. Summary and conclusion
Here, we show that the importance of the relative contribution of SCMs to water-column
productivity is strongly controlled by the shape of the chlorophyll profile and that a failure to
account for the presence of SCMs can lead to a significant underestimate in water-column primary
production, with relative errors approaching 100%. This highlights the importance of capturing
detailed information on the vertical structure of SCMs and demonstrates that spatio-temporal
averaging of chlorophyll profiles could lead to an underestimation of the contribution of SCMs to
Arctic primary production. A variety of autonomous platforms that are able to record the vertical
distribution of chlorophyll fluorescence at a high depth resolution will provide an unprecedented
view of the geographical extent of SCMs and their structural diversity and provide invaluable
insight into the environmental factors that control their properties and distribution.

Previous modelling studies have shown that errors introduced by ignoring the presence of
SCMs when computing annual rates of primary production over ocean basins or provinces are
modest (<10%), and that the impact of the vertical structure of chlorophyll on estimates of
integrated rates can be considered of secondary importance [2,5] when compared with errors
in the retrieval of surface chlorophyll, which has been shown to be a problem in optically
complex sectors of the Arctic Ocean [2]. Yet future changes in the physical factors governing
nutrient supply and light availability may cause the relative importance of SCMs to increase [55].
Moreover, as SCMs are sustained by the vertical supply of nutrients, they are also important
contributors to new production [38] for a large portion of the growth season and for this reason
the estimation of primary production within SCMs may be more important than gross primary
production for the purposes of climate studies [5,38]. SCMs also coincide with the region of the
water column where the highest rates of particle flux are often observed [51]. Given our aim is
to develop insight into the response of the Arctic pelagic system to climate change, systematic
errors introduced by models that do not include SCMs could hinder our ability to accurately
detect long-term trends in Arctic Ocean productivity and assess its ecological and biogeochemical
consequences.
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