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Parameters for the depth of
the ocean’s productive layer
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Here we compare various parameters that are used to define the depth of the

ocean’s productive layer, the euphotic zone, during the initiation of the spring

phytoplankton bloom in the North Atlantic (47°N/20°W). These are (1) the

compensation depth (Zc, where gross photosynthesis balances autotrophic

respiration), (2) the depth horizon of 1% of surface photosynthetic active

irradiance (Ed(0-,PAR), (3) depth horizon of 1% of surface Ed(488), and (4) the

depth of the bottom of the fluorescence maximum. We also use two related

parameters, the depth of the mixed layer and the ratio of integral gross

production to integral respiration as a scaling factor for a proxy for the critical

depth. Over the course of the observational period (25 April - 7 May, 1989), the

mixed layer decreased from 162 to 20m, and Zc decreased from 64 to 35 m. The

depth of 1%Ed(0-,PAR) followed the trajectory of Zc, while Ed(488) and the depth

of the bottom of the fluorescence maximum were about 10 m deeper, on

average. These data support the criterion of the depth of “1%PAR” to describe the

productive layer for more productive areas of the ocean. However, 1% of Ed(488)

or the bottom of the fluorescence maximum could be used over a broader range

of trophic conditions.
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Introduction

For decades, oceanographers have defined the depth limit of ocean productivity

operationally, that is, by mutual agreement. Following Ryther (1956), the productive

layer, or euphotic zone, extends to the depth at which irradiance declines to 1% of its

surface value. Below that depth, according to Ryther (1956), “no appreciable

photosynthesis” occurs. It is a definition that has endured. However, the actual depth of

the ocean’s productive layer is complicated by the ability of phytoplankton to adapt to low

levels of irradiance, including a lowered respiratory demand at depth. Further, the

productive layer may be defined by species differences. Observations of significant

chlorophyll-a concentrations below the 1% light level have been widely reported (e.g.,
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Laws et al., 2014), and many species (e.g., Planktoniella sp. and

Navicula sp. in Goldman, 1993) appear able to thrive at very low

irradiance levels. Thus, the so-called “euphotic zone” may be

considered an optical parameter with limited biological relevance,

as noted by Ryther (1956), and recently by Wu et al. (2021). As

Banse (2004) pointed out, “The 1% depth for moonlight is about as

deep as that for sunlight.”

Oceanographers often approximate the irradiance decline with

depth using an attenuation coefficient averaged over depth. The

corresponding compensation irradiance—a light intensity where

gross photosynthesis is balanced by respiration—may be applied at

physiological time scales (e.g., Falkowski et al., 1985; Geider et al.,

1986), over the growth of a population (Langdon, 1987), or even at

the community level (Regaudie-de-Gioux and Duarte, 2010).

Knowledge of the compensation irradiance permits calculation of

an analogous compensation depth, the distance below the sea surface

at which the compensation irradiance is reached. Thus, if we know

the compensation irradiance, we can also know the compensation

depth and the depth of the ocean’s productive layer. As Patten (1961)

puts it, “All the complexity of trophodynamic action devolves to this

single variable….”

Gran and Braarud (1935) and later, Riley (1942), introduced

mixing into the dynamics of the productive layer, noting that if

respiration was a small fraction of production, that phytoplankton

could be mixed below the compensation depth and still have

positive primary production. Sverdrup (1953) extended these

ideas such that they could be applied more broadly (Behrenfeld

and Boss, 2017). His “critical depth” theory also addressed the

balance between respiration and photosynthesis integrated over

depth, and including surface irradiance and light attenuation. When

the mixing depth (from the surface) of the phytoplankton is less

than the depth where integral photosynthesis equals integral

respiration, then the phytoplankton can accumulate. In Sverdrup

(1953) model, shoaling of the mixed layer shallower than the critical

depth initiates the spring bloom in the North Atlantic.

Outside of laboratory studies, the compensation irradiance for

phytoplankton is poorly known (e.g., Geider et al., 1992; Langdon,

1998). Marra (2004) calculated a compensation irradiance that

corresponded with the 1% light depth for PAR using the time

courses of chlorophyll-a at different depths over the course of the

boreal North Atlantic spring bloom, assuming a critical depth criterion,

and arguing for an autotrophic compensation irradiance. Even so, the

1% irradiance horizon for the euphotic zone depth has been widely

criticized. In middle and high latitudes, the compensation irradiance

changes seasonally (Lorenzen, 1976; Banse, 2004; Kirk, 2011). Using

satellite-derived ocean color tomark the initiation of the North Atlantic

spring bloom, Siegel et al. (2002) found compensation irradiances

higher than those observed in laboratory culture. But since ocean color

measures only biomass changes, it includes losses from grazing as well

as autotrophic respiration.

Determining the compensation irradiance, the compensation

depth, or the critical depth, in natural populations remains

challenging largely because autotrophic respiration is not directly

measurable by the methods used to measure primary production.

Fluxes of oxygen will estimate respiration, but the autotrophic

component to community respiration cannot be discriminated.
Frontiers in Marine Science 02
Dissolved oxygen fluxes will estimate community respiration in

incubations kept in the dark. Autotrophic respiration may only be

estimated assuming the dark consumption of oxygen is the same as

that occurring in the light. Marra and Barber (2004) showed how

autotrophic respiration could be estimated from dawn-to-dusk and

24-hr incubations with 14C. Based on a larger data set, Marra (2009)

confirmed Marra and Barber (2004) and showed agreement

between gross production estimated from both 14C and from
18O incubations.

Marra et al. (2014) estimated the depth of the productive layer in

the NWAtlantic using measured rates of net primary production and

calculations of respiration and gross primary production. Although

the data are limited, the depth of the productive layer exceeded the

1% light depth and corresponded most closely with the 1% depth for

blue light, i.e., 490 nm, the most penetrating wavelength. Laws et al.

(2014) reported similar findings at station ALOHA with a

compensation irradiance equal to 0.1% of surface light (400–700

nm) and 1% of blue light at 475 nm. Using optical and biological

measurements to estimate the euphotic zone depth at the Hawaii

Ocean Time-series and Bermuda Atlantic Time-series, Wu et al.

(2021) found compensation irradiances generally aligned with the

0.5% depth of surface intensity or 1.5% depth for blue light (490 nm).

Compensation irradiance from various studies (compiled in

Table 1) vary by an order of magnitude and seem not to depend on

whether the community or autotrophic compensation depth is

estimated. Thus, considerable disagreement remains over the

appropriate definition of compensation depth based on surface

light intensity. Here, we re-analyze data from the first (pilot)

experiment of the Joint Global Ocean Flux Study (JGOFS), the

North Atlantic Bloom Experiment (NABE) in April-May 1989.

Data from the first process leg of that experiment (24 April–8 May)

still retain features that speak to current ideas surrounding the

specification of the ocean’s productive layer.
Methods

The North Atlantic Bloom Experiment (NABE) was the initial

process study of the Joint Global Ocean Flux Study (JGOFS), an

international program. NABE included ships from the United

Kingdom, Germany, Netherlands, and Canada. The U. S.

component of NABE consisted of three cruises aboard the RV

Atlantis II in April and May of 1989. The first cruise deployed

sediment traps, and the succeeding two cruises observed the initiation

and progression of the North Atlantic spring bloom from 34°N to 60°

N along the longitude of 20°W. The data reported here came from the

second of the three cruises, Atlantis II cruise 119-4.

The relevant core data are listed on the JGOFS website (http://

usjgofs.whoi.edu/jg/dir/jgofs/nabe/atlantisII/), although not all the

data collected was submitted to the website. For example, only 24-hr

incubations for primary production measurements were an

identified JGOFS data contribution. We also did 14-hr (dawn-to-

dusk) incubations for 14C assimilation (e.g., Knudson et al., 1989),

and together with the 24-hr incubation data, were used to calculate

gross primary production, autotrophic respiration and the

compensation depth, as described below. The JGOFS website
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includes a summary of the methods for each of the parameters

reported here. Details of the methods for in situ primary

productivity can also be found in Knudson et al. (1989);

Chipman et al. (1993), and Marra and Ho (1993), and Kiddon

et al. (1995). Importantly, depths for the productivity

measurements were collected at 5-10 m intervals over 3-50 m,

and not in accordance with light depths. A typical set of sampling

depths would be 3, 10, 20, 30, 40, and 50 m. The complete set of

values is reported on the JGOFS website noted above.

Surface daily PAR data are provided on the JGOFS website by W.

Broenkow (Moss LandingMarine Laboratories). PAR as a function of

depth was measured with a Biospherical 4-pi PAR sensor lowered

through the water column at local noon each day (Knudson et al.,

1989). These data are also reported by Kiddon et al. (1995).

Attenuation coefficients were calculated from linear regressions of

the natural logarithm of PAR as a function of depth. We also

calculated attenuation coefficients from (less frequent) casts using a

Biospherical Marine Environmental Recorder (MER-2040) for PAR

(quanta cm-2 s-1), Ed(488) (mW cm-2 nm-1), and chlorophyll-a

fluorescence. These data are also available through the JGOFS data

website with the methods specified.

Mixed layer depths were determined from the early-morning

CTD casts near the time of the collection of water for the biological

measurements (see Marra and Ho, 1993; Marra, 1995).
Calculations for the parameters

We calculate five separate parameters. First is the depth where

1% of surface irradiance (PAR) remains, the traditional and

consensus definition for the depth of the euphotic zone. Thus,

E1% = � 4:506=Kd(PAR) (1)

where PAR refers to photosynthetically active radiation, 4.506 is the

natural log of 1%, i.e., ln(0.01). Kd(PAR) was determined from the

slope of the linear regression of ln(Ed(PAR,z), where z is depth.

Kd(PAR) = ln½Ed(PAR, 0�)=Ed(PAR,Z)� (2)

Similarly, for downwelling blue light,

Kd(Ed488) = ln½Ed(488, 0��=Ed(488,Z) (3)
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Inspection of the profiles reveals that ln(PAR) and ln(Ed488) as

a function of depth are very close to linear, resulting in a depth-

independent value for each day of the cruise.

The second parameter is the depth of the mixed layer, which

regulates much of surface ocean dynamics. Here we define the depth

of the mixed layer as the depth at which the difference from the

surface temperature is 0.2°C.

The remaining three parameters result from biological processes.

These are the compensation depth, the depth of the base of the

fluorescence maximum, and a proxy for the critical depth.

The compensation depth occurs where gross primary

productivity equals autotrophic respiration. Autotrophic

respiration, Rp (mmols C m-3 d-1) was calculated as in Marra and

Barber (2004) and Marra et al. (2014). Thus,

Rp = (AL �AL+D)=f (4)

where AL is the assimilation after a dawn-dusk incubation, and AL

+D is the carbon assimilation after 24 h, dawn to dawn. Using this

method, Rp can only be calculated at the daily time scale. The factor

f is the fraction of darkness each day, which for the late April–early

May timeframe at 47°N is 10/24 = 0.42. Daily gross production, G

(mmols C m-3 d-1), can be calculated similarly as,

G = AL+D + (AL �AL+D)=f (5)

and we define net production, P (mmols C m-3 d-1), as

P = AL+D (6)

The compensation depth, Zc, is the depth where

G = Rp (7)

To estimate Zc, we determined the intersection of the regression

lines from values at the bottom three depths for both G and Rp.

There have been questions about the importance of “dark uptake”

of 14C during the incubations, which has potential importance deeper

in the euphotic zone. It can be shown, however, that if dark uptake

during the day is the same as at night, then in relating daytime and

nighttime assimilation, dark uptake cancels out in both estimates.

The fourth parameter is the depth of the base of the fluorescence

maximum. Estimating this depth objectively is a difficult problem.

As for estimating Zc, we used the intersection of two regression
TABLE 1 Literature values of the compensation depth estimated in nature.

Study Ec, mol photons/m2/d Type

Jenkin (1937), incubation of diatom cultures at various depths in the water column 0.5 Autotrophic

Najjar & Keeling (1997), estimated from a depth shift in the oxygen anomaly 0.3 Community

Siegel et al. (2002) from initial increases in satellite ocean color in the North Atlantic 1.0–1.8 Community

Wiggert et al. (2002), based on a model of production v. consumption 0.2 Community

Marra (2004) from chlorophyll-a changes during the spring bloom in the North Atlantic 0.1–0.3 Autotrophic

Laws et al. (2014) estimated by linear regressions of difference between light and dark-bottle 14C uptake 0.054 Autotrophic ()?

Wu et al. (2021) estimated from in situ data sets 0.17–0.36 Autotrophic ()?
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lines, one from the bottom of the profile and the other from the

depth of the fluorescence maximum itself to the depth where

fluorescence is at background. An example profile is presented in

the Appendix.

Finally, we use a related parameter, a proxy for the critical depth

(Sverdrup, 1953). Since we have daily measurements of the depth of

the mixed layer, it is useful to see if our approximation of the critical

depth can be interpreted with those changes. Our simplified proxy

derives from Gran and Braarud (1935) and Riley (1942), where the

ratio of photosynthesis to respiration in phytoplankton subject to

vertical mixing indicates how deep the productive layer can extend.

For example, if respiration is 20% of photosynthesis, phytoplankton

can be mixed to five times (1/0.2) the compensation depth and

maintain their population. We use the ratio of the integrated gross

production (G) to integrated autotrophic respiration (Rp) to thus

extend the compensation depth (with the integrals approximated

according to the trapezoidal rule), and use the 1% light depth as a

more direct estimate of the compensation depth, as shown below

(see Results). Accordingly,

Dc     (
Z z

0
G=

Z z

0
Rp) · E1% (8)

where here, Dc is the proxy critical depth, E1% refers to the 1% light

depth, as defined above, and z = 50 m. We chose this simplified

proxy for the critical depth to be more independent of the other

parameters. Following Gran and Braarud (1935), we recognize that

this parameter is approximate and, in relation to the mixed layer

depth, describes only a potential for increasing phytoplankton

biomass (provided no other loss processes apply).

Results

The results are summarized in Figure 1 and Table 2. Mixed layer

depths decrease throughout the observational period, with the

exception of 4 May (YD124). On that day, the Atlantis II
Frontiers in Marine Science 04
re-positioned for other projects and passed through a hydrographic

boundary (see McGillicuddy et al., 1995). Nevertheless, after 1 May,

the mixed layer depth remained shallower than 60 m and most often,

30 m or less (see also Marra, 1995). Plots of the vertical distributions

of 14C assimilation can be found in Kiddon et al. (1995) and the

depth-time changes to chlorophyll-a can be found in Marra and

Ho (1993).

The compensation depth (Zc), where G = Rp, also decreased

more or less steadily over the observational period, from about 60 m

to about 35 m. For the first three days of observation (25, 26, 27

April), our proxy for the critical depth (Dc in Figure 1)

approximates the mixed layer depth, but slightly deeper. After

that, Dc is always deeper than the mixed layer depth.
TABLE 2 Values (in meters) of the five parameters associated with euphotic zone depth (see Figure 1) plus areal chlorophyll-a (intChla; mg m-3).

YD day-month Dc MLD intChla Zc 1% Ed (0-,PAR) 1% Ed (0-,488) Base of Fluorescence maximum

115 25-Apr -170.4 -162.0 32.22 -63.76 -65.30 -65.88 ND

116 26-Apr -165.0 -134.0 47.14 -54.72 -59.29 -66.71 ND

117 27-Apr -117.5 -98.0 39.53 -51.18 -54.29 -72.52 ND

118 29-Apr -157.3 -104.0 45.39 -47.85 -51.79 -55.56 -54

119 30-Apr -246.6 -114.0 41.25 -50.69 -48.45 -57.42 -57

120 1-May -162.2 -34.0 34.53 -48.05 -41.34 ND ND

121 2-May -241.3 -32.0 48.38 -46.77 -42.51 -50.11 -56

122 3-May -110.5 -8.0 32.92 -40.00 -42.51 -46.31 -44

123 4-May -109.7 -62.0 49.16 -40.14 -40.59 -54.55 -63.5

124 5-May -119.1 -42.0 51.43 -40.67 -35.20 ND ND

125 6-May -109.5 -24.0 33.05 -37.64 -43.33 -51.27 -45

126 7-May -102.3 -20.0 59.15 -34.86 -42.91 -49.40 -45
ND, no data.
FIGURE 1

Time course of the various parameters over the observational
period. There are no appropriate 14C assimilation data for 28 April.
Also, there was no fluorescence maximum for the first three days of
observations. Dc is a proxy for the critical depth (Eq. 8). Dc for 29
April and 2 May exceed -200 m (see Table 2) and are not plotted.
MLD = mixed layer depth, Zc is the compensation depth. 1% Ed(488)
and 1%PAR(MER) are data from the Biospherical Marine
Environmental Recorder (MER-2040).
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The results for the optical properties conflict at times with

previous work. First, regardless of whether the measurements come

from the submersible radiometers (Knudson et al., 1989) or the

MER-2040, the depth of 1% of E(PAR,0-) closely approximates the

compensation depth, Zc. In addition, the depth of 1% of Ed(488)

was uniformly greater than Zc (see Figure 1 and Table 2).

No defined sub-surface fluorescence maximum was observed

for the first three days of observations (25, 26, 27 April).

Subsequently, a sub-surface fluorescence maximum developed on

28 April. However, we have no day-long experiments on that day.

The first defined sub-surface fluorescence maximum during

productivity measurements occurred on 29 April (YD118). On

this date, the depth of the bottom of the fluorescence maximum

is slightly deeper than Zc, and more so on 4 May when the ship re-

positioned. On balance, however, there is good agreement between

the depth of the base of the fluorescence maximum and Zc.
Discussion

Overall, we find good agreement among the four parameters

estimating the compensation depth, and therefore the depth of the

productive layer during the initiation of the spring bloom at the

NABE site. Based on our proxy for the critical depth, we conclude

that the phytoplankton community always had the physiological

capability to bloom, mostly as a result of the shoaling of the mixed

layer, with the possible exception of the initial three days

of observations.

As suggested by Marra et al. (2014), the best indicators of the

depth of the productive layer are the depth of penetration to 1% of

near-surface Ed(488) and the depth at the base of the fluorescence

maximum. The justification for these parameters is that 488 nm is

the wavelength of light with maximum penetration in the open

ocean (e.g., Liu et al., 2020). The base of the fluorescence maximum

would be the depth that encompasses the entire autotrophic

community. The samples analyzed in that work were locations in

the Sargasso Sea, Gulf Stream, and Slope Water, obtained in

summer, and generally oligotrophic. The exception was a

continental shelf station where the most penetrating wavelength

shifted from the blue to the green [Ed(532)].

For the North Atlantic Bloom Experiment (NABE) in the

northeast Atlantic, the closest agreement with optical properties

and the compensation depth is the 1% light depth for Ed(PAR)

(Figure 1). While Ed(488) remained the most penetrating

wavelength of light, the 1% light depth for Ed(488) was, on

average, 13 m deeper than the 1% light depth for Ed(PAR)

(Figure 2). Similarly, the bottom of the fluorescence maximum

was about 7 m deeper on average than the compensation depth.

These results are at odds with those of Marra et al. (2014) and

Wu et al. (2021). They do agree, however, with the assessment given

in Marra (2004), for 60°N/20°W in the North Atlantic at a similar

time of year. The reason may be the differing communities on either

side of the Atlantic, which span the phytoplankton species

inhabiting oligotrophic waters in the Sargasso Sea and Gulf

Stream, and the mesotrophic waters in the eastern North Atlantic

during the spring bloom period. In an analysis of pigments,
Frontiers in Marine Science 05
Vaillancourt et al. (2018) found that Prochlorococcus and

haptophytes dominated the phytoplankton communities in the

Sargasso Sea and Gulf Stream, where deeper compensation depths

were found. On the other hand, diatoms were abundant during the

NABE, until about 5 May (YD 124) when silicate became

undetectable, giving way to prasinophytes (Sieracki et al., 1993).

The differing communities of phytoplankton brings up the

question of whether irradiance percentages (as used here) or

absolute values should be reported for the compensation

irradiance and corresponding depth. Many have criticized the use

of percentages, such as the “1% light depth” (e.g., Lorenzen, 1976;

Banse, 2004) because over seasons and latitudes, the actual values

will change appreciably. However, if we accept that different

phytoplankton will have differing compensation points (Falkowski

and Owens, 1978; Hobson and Guest, 1983; Langdon, 1993), then a

compensation depth based on irradiance percentages would seem to

capture the variability that absolute values of irradiance would not.

Also, 1% of Ed(488) or the bottom of the fluorescence maximum are

also found to be good indicators of the depth of the productive

layer, and could be used over a broader range of trophic conditions.

In any case, these observations warrant further measurements of the

compensation depths for phytoplankton photosynthesis across

seasons and geographic areas.
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