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Abstract: Knowledge of the relationship between net primary production (NPP) and export produc-
tion (EP) in the ocean is required to estimate how the ocean’s biological pump is likely to respond
to climate change effects. Here, we show with a theoretical food web model that the relationship
between NPP and EP is obscured by the following phenomena: (1) food web dynamics, which cause
EP to be a weighted average of new production (NP) over a previous temperature-dependent time
interval that can vary between several weeks at 25 °C to several months at 0 °C and, hence, to be
much less temporally variable than NP and (2) the temperature dependence of the resiliency of the
food web to perturbations, which causes the return to equilibrium to vary from roughly 50 days
at 0 °C to 5-10 days at 25 °C. The implication is that the relationship between NPP and EP can
be discerned at tropical and subtropical latitudes if measurements of NPP and EP are averages or
climatologies over a timeframe of roughly one month. At high latitudes, however, measurements may
need to be averaged over a timeframe of roughly one year because the food webs at high latitudes
are very likely far from equilibrium with respect to NPP and EP much of the time, and the model can
describe only the average behavior of such physically dynamic systems.
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1. Introduction

The efficiency with which organic matter fixed in the euphotic zone is exported to the
ocean interior is a critical determinant of the ability of the ocean to sequester carbon [1].
Quantifying that efficiency has proven to be problematic for several reasons. Station
ALOHA, for example, is a site (22°45’ N, 158°00’ W) in the North Pacific Ocean of long-
term studies that were initiated in 1988 to monitor and understand trends in physical and
biochemical properties of the ocean at this distinctly oligotrophic location. The site is located
~100 km north of the Island of Oahu, where the water depth is 4750 m. Primary production
rates in the euphotic zone estimated with *C tracer methodology and concentrations
of chl a at the surface have averaged 540 mg C m~2 d~! and 0.28 mg m 2 since 1988
(https:/ /hahana.soest.hawaii.edu/hot/hot-dogs/interface.html). Even in oligotrophic
waters like Station ALOHA, where seasonal effects are small compared to most other parts
of the ocean, the coefficient of variation of daily photosynthetic rates is 70% [2]. Hence, there
is considerable temporal variability of net primary production (NPP) that can confound
the interpretation of export efficiencies if rates of NPP and export production (EP) are not
averaged over appropriate time scales [3-5]. Furthermore, the mechanisms responsible for
export, collectively referred to as the biological pump, include sinking of particles, grazing
by vertical migrators, and subduction of dissolved organic matter [6-8].The sinking of
particles is a more-or-less continuous process but may also be episodic, e.g., agglomeration
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and sinking of phytoplankton cells following a bloom [9,10]; grazing by vertical migrators
occurs on a diel time scale, and subduction of dissolved organic matter is both episodic
and seasonal [11,12]. Because organic matter cannot be exported until it is first produced,
and because the mechanisms responsible for exporting organic matter are not intrinsically
coupled to photosynthesis, there is understandably a time lag between photosynthetic
production of organic matter and its export from the euphotic zone. Photosynthesis occurs
only during daylight hours, for example, whereas export production occurs during both
the day and night. Any organic carbon exported from the euphotic zone at night was
obviously fixed during a previous photoperiod.

The cause of the temporal delay between the production and export of organic matter
is closely related to the fact that most primary production in the ocean is regenerated
production, sensu Dugdale and Goering [13]. Pulses of allochthonous nutrients initially
taken up by phytoplankton are therefore recycled many times before being exported. The
food web responds to variations of new production in a manner analogous to the response
of a low-pass electrical resistor-capacitor (RC) circuit to changes of the input voltage. In
the case of an RC circuit, the lag time associated with the response of the output voltage is
RC. In the case of a food web, the lag time is a function of the dynamics of the food web,
which is temperature-dependent. Lag times between the production and export of organic
matter may therefore tend to be long (e.g., more than one month) at high latitudes and
short (e.g., less than one week) at low latitudes [5,14,15]. These time lags confound efforts
to relate export production to primary production unless measurements are averaged over
appropriate spatiotemporal scales [16].

In a steady state, net community production (NCP) and EP should be identical, but
Estapa et al. [17] found that estimates of NCP and EP were closely correlated (r = 0.72,
p = 0.04) only when data collected at 1-km intervals along eight 30—40 km-long transects
across strong physical gradients in the Sargasso Sea were averaged for each transect. There
was virtually no correlation in the absence of such averaging. The explanation is presum-
ably that some degree of spatiotemporal averaging is required to discern relationships
between primary production and export production. A clear correlation (r = 0.88, p =
0.00015) also emerges between NPP and EP at Station ALOHA when the NPP and EP are
calculated from monthly climatologies rather than daily incubations for NPP and one-week
deployments of sediment traps for EP [4,16]. In the case of Station ALOHA, the time lag
between the production and export of organic matter is longer than one day but much less
than one month. Bisson et al. [4] have analyzed estimates of NPP and EP averaged within
591 latitude-longitude bins (1° x 1°) at latitudes below 65° throughout the ocean. They
concluded that calibrating global models of EP with field data will require “a global array
of long-term flux measurement sites” and that observations be carried out “for three to
seven days per month throughout the year” [4] p. 1326. Henson et al. [5] have used a food
web model to carry out a theoretical analysis of this problem and concluded that the time
lags between NPP and EP vary from 0-10 days “in upwelling regions and surrounding
low-latitude areas (Benguela upwelling, equatorial Pacific, and Arabian Sea)” to 30—40 days
at the “oligotrophic gyre edges and the Arctic” [5] p. 38.

Here, we have tested the hypothesis that a steady state food web model with adjustable
parameters chosen to produce steady states with maximum resiliency to perturbations
can explain observed relationships between NPP and EP when rates are averaged over
appropriate spatiotemporal scales. We argue, based on comparisons between the behavior
of the food web model and field data, that the time lag between the production and export of
organic matter, as well as the spatiotemporal scale of field measurements required to obtain
meaningful estimates of the relationship between NPP and EP, are closely related to the
response of the food web model to perturbations, quantified in terms of the least negative
eigenvalue of the community matrix of the model [18]. We argue that results obtained
with this approach are consistent with many extant field data and that the approach can be
applied to some but not all parts of the ocean where field data are sparse or lacking.
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2. Food Web Model

The model is conceptually identical to the food web model described by Laws et al. [19]
and is shown diagrammatically in Figure 1. Primary production is assumed to be limited
by the supply of inorganic nitrogen. There are two parallel food chains: one with small
phytoplankton as the first trophic level and the other with large phytoplankton as the
first trophic level. The small phytoplankton are grazed by flagellates, which, in turn, are
grazed by ciliates, and the dissolved organic nitrogen excreted by the small phytoplankton,
flagellates, and ciliates is taken up by heterotrophic bacteria, which are preyed upon by
the flagellates. The large phytoplankton and ciliates are grazed by filter feeders, which, in
turn, are grazed by carnivores. The detrital organic nitrogen released by the filter feeders
and carnivores is assumed to consist of particles that, along with a portion of the large
phytoplankton production and dead carnivores, sinks out of the system and constitutes
the export production. The mortality rate of the carnivores is assumed to be M per unit
biomass per day. The flagellates are assumed to graze the small phytoplankton and bacteria
in proportion to the relative biomasses of these two prey groups, and the filter feeders are
likewise assumed to graze the large phytoplankton and ciliates in proportion to the relative
biomasses of those two prey groups. The rate of consumption of prey by a predator is
assumed to follow a relationship postulated by Steele [20]:

Fm = AmXmXm—1 — Pm)/Xm-1 = AmXmfm 1)

where A, is the prey-saturated grazing rate by the predator Xi,; Pry, is the concentration of
prey, Xm—1, at which grazing by X, ceases, and fy, is the growth rate of X, expressed as a
fraction of its prey-saturated growth rate. An equation analogous to Equation (1) applies
to the uptake of inorganic nitrogen by phytoplankton. Of the prey nitrogen consumed by a
predator, a fraction r is respired, a fraction s is excreted, and a fraction q is incorporated
into biomass. Therefore r + s + q = 1. For phytoplankton, a fraction s of the inorganic
nitrogen taken up is excreted as organic nitrogen, and a fraction q is incorporated into
phytoplankton biomass. Photosynthetic rates are therefore understood to be net rather than
gross photosynthetic rates, and for phytoplankton, q + s = 1. The following 10 equations
then describe the dynamics of the food web:

Xm /dt=L — (1 — rzL)FzL — (1 — I'ZS)FQS + r3F3 + 14F4 + r5F5 + r¢Fg + rpFp (2)

dXas/dt = qasFas — F3Xas/(Xas + Xp) ®3)

dXoL/dt = qaLFaL — F5XoL/(XoL + Xy) 4

dXsz/dt = qsF3 — F4 5)

dXy/dt = q4Fy — FsXq/(Xor + Xy) (6)

dXs/dt = qsFs — Fe 7)

dXe/dt = qeFs — MXg ®)

dDOM /dt = SysFas + S3F3 + S4Fy — Fy )
dPOM/dt = Sy; Foy + SsFs + SgFg — Fig + MXg — D-POM (10)
dXp/dt = qgFp — F3Xp/(Xas + Xp) (11)

The assumption that the ciliates graze Xg and Xy in proportion to Xg/(Xas + Xg) and
Xps/(Xas + Xp), respectively (Equations (3) and (11)), requires that the growth rates of
the Xg and Xjg be identical in the steady state. This conclusion follows from the fact that
the right-hand sides of Equations (3) and (11) can be written as [po5 — F3/(Xp + X25)]X2s
and [up — F3/(Xp + X25)]Xp, respectively, where 1,5 and pp are the growth rates of Xpg
and X, respectively. This condition then requires that fgqpAp = fosqosAgs. Likewise,
Equations (4) and (6), combined with the assumption of steady state, require that the
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growth rates of the large phytoplankton and ciliates be identical, i.e., f4q4A4 = for qo1. AsL.
The steady state assumption further implies that M = qgAgfs and that L = D-POM.

External
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Figure 1. Schematic of the food web model. Solid lines indicate grazing; dashed lines indicate
excretion of either dissolved organic matter (DOM) or particulate organic matter (POM).

Table 1 lists the parameters in the model that were either assumed to be constant or
were explicit functions of temperature. The temperature dependence of the parameters
is especially important to the behavior of the model. The temperature dependence of the
nutrient-saturated phytoplankton growth rates was taken from Eppley [21]. The model
assumes that under nutrient-saturated conditions, both the small and large phytoplankton
are capable of growing at an average rate of 1.2 d~! within the euphotic zone at a tempera-
ture of 25 °C. This assumption is consistent with growth rates reported from field work in
the subtropical gyres and equatorial Pacific [22-25]. The substrate-saturated heterotrophic
bacterial growth rates were assumed to follow the same pattern as the nutrient-saturated
phytoplankton growth rates. This assumption was based in part on heterotrophic bacterial
growth rates reported from field studies, which differ little from phytoplankton growth
rates reported under similar conditions [26]. Reported Q1¢ values for heterotrophic bacterial
growth rates lie in the range of ~2—4 [26,27] and are positively correlated with chlorophyll
a (chl a) concentrations [26]. The assumed Q¢ for heterotrophic bacterial growth rates
is 1.9 and gives growth rates of 0.25 d~! at 0 °C, comparable to values reported from
estuarine and coastal habitats at that temperature [26]. The maximum growth rates of the
flagellates and ciliates was assumed to be identical to that of copepods [28]. The maximum
ingestion rates of the filter feeders and carnivores were assumed to be 0.5 d ! at 25 °C.
This assumption gives maximum growth rates for the filter feeders and carnivores of 0.15
and 0.174 d~!, within the range of values summarized from physiological rates measure-
ments on copepods (0.14-0.39 d 1) by Huntley and Lopez [28] at 25 °C. The temperature
dependence of these rates was taken from Huntley and Lopez [28].
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Table 1. Values Assigned to Constant and Temperature-Dependent Parameters in the Model.

Parameter Value

qr2s 0.70

q2L 0.70

q3 0.20

qa 0.20

ds 0.30

g6 0.35

qB 0.15

Fas 0.00

o1, 0.85

r3 0.3

T4 0.3

rs 0.3

Ye 0.5
Asg (1-2/’]28)@0'0633(T — 25)
Ao (1_2/q2L)eO.0633(T — 25)
As (24/43)e" 1T =29
Ay (2.4/q4)e041(T —25)
As 0.5e0-1T =29

A6 0.560'1(T — 25)

AB (1-2/QB)90'0633(T — 25)
st 7.5 nM

PZL 75 nM

Py 7.5nM

Dimensions of Ar, are d~!. T is temperature in degrees Celsius.

The values of Pys and Py, were set to 7.5 and 75 nM, respectively, based on the
studies of Caperon and Meyer [29] and Sunda and Hardison [30]. Pg was assumed to be
numerically identical to Pys.

In the steady state, new production and export production are identical, and we have
referred to the ratio of new production to NPP (f ratio: [31]) or export production to NPP (e
ratio: [32,33]) as the ef ratio, in accord with [19]. With some algebra, it is straightforward to
show that the ef ratio is a maximum (efmax) when all primary production is routed through
the large phytoplankton, and the ef ratio is a minimum (efyi,) when all primary production
is routed through the small phytoplankton. These maximum and minimum ef ratios are
soL + qQoL[85 + q5°(S6 + q6)] and (qos + qB-S25)-qa-q3-[s5 + q5-(ss + q6)1/[1 — gB-(s3 + s4-q3)],
respectively. Given the values of the parameters in Table 1, efmax and efyin are 0.685 and
0.128, respectively.

We assumed that the system adjusted to the external loading rate L (i.e., new pro-
duction) in a manner that produced a stable steady state, as defined by May [18]. May’s
definition of stability implies that the system is stable to small perturbations of the X
from their equilibrium values. This is a reasonable requirement, because there is little point
in discussing the characteristics of a steady state if the steady state is not stable to small
perturbations, and in the case of this study, the food webs of interest are indeed subject
to perturbations. To obtain a unique solution to the equations, we further required that
the steady state solution be more stable to small perturbations than any other steady state
solution. This assumption is arbitrary, and there is no a priori reason to believe that pelagic
ecosystems evolve toward a condition of maximum stability. Mathematically, a steady
state is stable to small perturbations if the real parts of all the eigenvalues of its community
matrix are negative [18]. The community matrix for Equations (2)—(11) is a 10 x 10 matrix
consisting of the partial derivatives of the right-hand sides of Equations (2)—(11) with
respect to the Xy, evaluated at the equilibrium point. For example, the element in the 1st
row and 2nd column of the community matrix is the partial derivative of Equation (2) with
respect to the second state variable, X,5. Requiring that the system has maximum stability
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implies that the least negative eigenvalue associated with a given steady state be more
negative than the least negative eigenvalue of any other steady state.

The steady state food web with maximum resiliency was determined at a specified
temperature and rate of net NPP (mg N m~2 d~!) within the euphotic zone. The combina-
tion of the values of the ef ratio and the dimensionless parameters fy1, 3, f5, and fs were
then selected to produce a steady state with maximum stability. The parameters fy1, f3,
fs, and fg must lie in the interval 0-1, and of course, the ef ratio must lie between ef i,
and efpax.

The sum of Fps and Fyy, equals NPP, and with a little algebra, it is straightforward to
show that

Fas = NPP(efmax — ef)/(efmax — €fmin) (12)

For = NPP(ef — efmin)/(efmax — €fmin) (13)
It is then straightforward to show that

F3 = Fas(qos + qBS2s)/[1 — qB(S3 + Saqs)] (14)
Fy = qzF3 (15)

Fs5 = qor.For, + quFs4 (16)

F¢ = q5F5 (17)

FB = stFzs + S3F3 + S4F4 (18)

If values are now assigned to the dimensionless parameters fy, {3, f5, and f4 in the
interval 0-1, it follows that

fy = quLA2LfL/(qaAg) (19)
fos =1 — (1 — f21.)Pos/Por, (20)
fp = qusAastzs/(qpAs) (21)

Then
X1 =pas/(1 — f25) (22)
DOM = Py/(1 — fg) (23)
Xas = Fas/(Aasfas) (24)
XL = Faor/(AgLfaL) (25)
X3 =F3/(Asf3) (26)
Xy =Fy/(Asfs) (27)
X5 = F5/(Asfs) (28)
Xe = Fo/(Asfe) (29)
Xp = Fp/(Apfp) (30)

and

Pn=01—fn)Xm 1, form=3—-6 (31)

After determining the steady state values of the variables in the model, the partial
derivatives of the right-hand sides of Equations (2)—(11) with respect to X1, Xas, Xor,, X3,
X4, X5, X6, X, DOM, and POM were calculated to set up the community matrix [18]. The
accuracy of the partial derivatives was checked by finite differencing. The combination of
the ef ratio and f;1, 3, f5, and f4 that produced a steady state with maximum resilience was
then determined for different combinations of temperature and NPP. Temperatures were
varied between —1.8 and 30 °C; NPP was varied in a geometric series between 0.5 and 1024
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mg C m~3 d~!. NPP in terms of carbon was converted to a nitrogen basis by assuming a
C:N ratio of 5.68 g C g~ N [34].

3. Results
3.1. Steady State Behavior

The steady state ef ratios that were associated with maximum resiliency to perturba-
tions are shown in Figure 2 as a function of temperature and NPP. The ef ratios transitioned
from low values (0.15-0.20) to high values (0.30-0.45) along a curve from low temperatures
and low NPP (0 °C and <4 mg Cm 3 d !, respectively) to high temperatures and high
NPP (30 °C and >256 mg Cm~3 d !, respectively). The low ef ratios were associated with
most NPP being accounted for by small phytoplankton to roughly equal percentages of
NPP being accounted for by small and large phytoplankton.

export ratio

102

256

export ratio
o
N
(43}
|

0.2

15
temp (°C)

20

25

30
-3 -1
NPP(mgCm™~d))

Figure 2. Map of ef ratios that produce a food web with maximum resiliency as a function of
temperature and NPP.

To compare the predictions of the model with field observations, we chose the dataset
analyzed by Dunne et al. [35], which includes 122 estimates of NPP and EP at latitudes
ranging from 1° to 82° and NPP rates from 3.75 to 641 mg C m~2 d~!. Estimates of EP
came from sediment trap studies [36] or 24ThH methodology [37]. We binned the data into
ef intervals of 0.05 and plotted the ef ratios estimated with the model to the ratios reported
by Dunne et al. [35] (Figure 3). The model appears to do a good job of predicting the ef
ratios over the range of ratios from 0.15 to 0.45.
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0.5

0.45 .

0.4

0.35

0.3

0.25

ef ratio from Dunne et al. (2005)

0.2 .

015 .

0.1 1 1 1 1
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

model ef ratio

Figure 3. Comparison of ef ratios predicted by the food web model at a given temperature and NPP
versus the ratios summarized by Dunne et al. [35]. The ratios have been binned into intervals of
0.05 from 0.10 to 0.45. Symbols show mean values in each interval, and error bars are the standard
deviations of the data in each interval. The straight line is the 1:1 line.

Studies at the Hawaiian Ocean Time-series (HOT) site have provided estimates of
NPP and EP (sediment traps) on a monthly basis since October 1988 at 22°45' N, 158°00" W.
Estimates of NPP have been made from bottle incubations at depths of 5, 25, 45, 75, 100,
125, and 150 m. Because the mixed layer at HOT averages 60 m, we estimated NPP and
concentrations of chl a from the surface to 75 m, the shallowest depth below the depth of
the mixed layer where incubations have been carried out. We estimated EP at 75 m, based
on the relationship between the export flux of organic carbon and depth at HOT reported
by Grabowski et al. [38]. Estimates of phytoplankton C/chl a ratios in the upper 45 m of the
water column were taken from Christian and Karl [39]. Table 2 summarizes the observed
and predicted results.

Table 2. Metrics of biomass and production observed at Station ALOHA and predicted by the food
web model in the upper 75 m of the water column, with the exception of the observed phytoplankton
C/chl a ratios, which are averages for the upper 45 m.

Observed Predicted by Model
NPP (mg Cm~2d 1) 415
Temperature (°C) 24.64
EP (mgCm~2d~") 55.1 66.4
ef ratio 0.13 0.16
Small phytoplankton carbon (mg C m~3) 3.63
Large phytoplankton carbon (mg C m3) 1.64
Chlorophyll a (mg m~—3) 0.109
Phytoplankton C/chl a 50 4832
Heterotrophic bacterial carbon (mg C m3) 4 48P

2 Ratio of model phytoplankton carbon to observed chl a. ® Calculated assuming a bacterial C:N ratio of 5.1 by
atoms [40].
3.2. Time Lags

The average time required for recently fixed organic matter to be exported was nega-
tively correlated with temperature and with NPP (Figure 4). At low temperatures and low
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NPP, the average time between production and export could be as long as 50-60 days, and
at high temperatures and high NPP, it could be as short as 4-5 days.

60

50

s)
I o e
S S 3
1 / /

w
o
1

average time to export (days)

N
o
1

average time to export (day:

-
o
I

256 1024 30 temp (°C)

NPP (mgCm™>d™)

Figure 4. Average time between the production and export of organic matter from the steady state
food web model as a function of temperature and NPP. The average time is the integral of the product
of export and time divided by the total export.

A closer examination of the relationship between new production and export produc-
tion proved revealing. Although there was certainly a delay between new production and
export production, the latter was not exported in a one-day pulse that occurred a fixed
number of days after the associated new production. Instead, the exported production
associated with new production on a given day was exported over a timeframe of many
days and was characterized by two prominent pulses, the first associated with passage
through the large phytoplankton food chain and the second with passage through the
small phytoplankton food chain (Figure 5). This was true for both the low temperature
(10 °C) and low NPP (2 mg C m~2 d~!) scenario and the high temperature (30 °C) and
high NPP (256 mg Cm~3 d~!) scenario. Even when the average delay between new and
export production was as short as 5 days (Figure 5B), no more than 15% of the associated
new production was exported on any given day. When the average time lag was as long
as 30 days (Figure 5A), the peak of export production was less than 3% of the associated
new production.
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Figure 5. (A) Time course of fractional export of new production on day zero based on the steady
state food web model at 10 °C and an NPP of 2 mg C m~2 d~! and (B) 30 °C and an NPP of
128 mgCm~2d~1.

3.3. Resiliency and Response to Perturbations

The resiliencies of the most stable steady state model food webs were strongly de-
pendent on temperature and relatively weakly dependent on NPP (Figure 6). At high
temperatures and high NPP, the rate of return to equilibrium after a perturbation was as
rapid as 0.4 d !, but at low temperatures and low NPP, it was as slow as 0.015d 1.

rate of return to equilibrium (d")

rate of return to equilibrium (d‘1)

NPP (mgCm2d™)

Figure 6. Rate of return to equilibrium after a small perturbation (the magnitude of the real part of
the least negative eigenvalue of the community matrix) of the food web model from equilibrium as a
function of temperature and NPP.

Barone et al. [2] reported that photosynthetic rates at Station ALOHA vary from day to
day by 16-20%. The monthly average photosynthetic rates at Station ALOHA are available
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(https:/ /hahana.soest.hawaii.edu/hot/hot-dogs /interface.html) from the web site of the
Hawaii Ocean Time-series (HOT). We fitted a sinusoidal function with a period of one
year to the monthly average data and estimated the average NPP and temperature in the
mixed layer (60 m) from the profiles of NPP and temperature versus depth at the same web
site. The average NPP and temperature were 5.92 mg C m~3 d~! and 24.6 °C, respectively.
The ef ratio at that temperature and NPP was estimated from Figure 2 to be 0.16. We
assumed that the expected value of NPP varied in a sinusoidal manner with a period of
one year, consistent with the monthly average NPP at Station ALOHA. We assumed that
NP varied from day to day in a manner similar to NPP and used a lognormal random
number generator that produced an 18% day-to-day coefficient of variation (CV) of NP.
We then used a fourth-order Runge-Kutta numerical integration scheme to follow the EP
predicted by the food web model over a period of one year. Figure 7 shows the results of
the simulation. The CV of daily NP over the one-year simulation was 72.7%, which is very
similar to the CV of 70% for NPP reported by Barone et al. [2]. The CV of the simulated
EP was 32.5%, which is similar to the CV of 35% for the export production estimated from
sediment traps at a depth of 150 m (HOT website). The simulated NP was clearly much
more variable than the simulated EP, but the two were very similar when averaged over
monthly time intervals (Figure 8, r = 0.95). The correlation in Figure 8 is very similar to the
correlation between measured NPP and EP (r = 0.88, p = 0.00015) when both measurements
are monthly climatologies [16].
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Figure 7. Daily new production and export production over the course of one year at a depth of
60 m at Station ALOHA. The expectation value of new production (NP) was assumed to vary in
a sinusoidal manner with a period of one year based on data obtained from the Hawaii Ocean
Time-series web site. Day-to-day variations of NP were assumed to follow a lognormal distribution
with a coefficient of variation of 18% [2]. Export production was simulated by the food web model.
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Figure 8. Monthly average new production versus monthly average export production at a depth of
60 m at Station ALOHA, calculated from the simulation results shown in Figure 7.

4. Discussion
4.1. Sources of Error and Caveats

The agreement between the steady state predictions of the model and average field
data is reassuring (Figure 3 and Table 2), but there are numerous sources of error in both the
model and field data, and the agreement may to some extent be fortuitous, i.e., the model
may have been right for the wrong reasons. First, the model contained five dimensionless,
adjustable parameters, four of which could vary between 0 and 1 (f1, f3, f5, and f5), and
the fifth of which, the ef ratio, could vary between efyi,, (0.128) and efmax (0.685). Values
were assigned to these five parameters to produce a steady state solution with maximum
resilience to perturbations. It seems logical that natural systems would evolve in a way
that makes them resilient to perturbations [18], and the five adjustable parameters in the
case of the model food web (Equations (2)-(11)) were chosen to produce a steady state
with maximum resiliency, rather than to give a good fit to field data. The assumption
of maximum resiliency is arbitrary, and it is noteworthy that a model with adjustable
parameters chosen to maximize resiliency to perturbations gives a good description of field
data (Figure 3 and Table 2).

The food web was assumed to be nitrogen limited, and based on the work of
Goldman et al. [40], it assumes that marine bacteria convert 100% of the nitrogen they take
up into biomass. This assumption is clearly inappropriate for carbon. The growth efficien-
cies with respect to carbon of heterotrophic marine bacteria in nature have been estimated
to lie somewhere between a low of 5-10% [41,42] and a high of 20-35% [43—-46]. The review
of heterotrophic bacterial growth efficiencies by del Giorgio and Cole [47] indicated that
the efficiency with which bacteria growing on organic matter derived from phytoplankton
or fecal material convert carbon into biomass is about 15%. Had we assumed a g of 0.15
instead of 1.0, efmax would have been unchanged, but ef,,;, would have been reduced from
0.128 to 0.054. Forty-two of the 122 export ratios in the summary by Dunne et al. [35] lie
between 0.128 and 0.054. The value of qg could be varied in a systematic way to give a
better fit to the experimental data, but some of the low export ratios reported from field
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work may reflect inconsistencies between the assumptions of the model and the way the
data were collected.

The food web model envisions a well-mixed system and therefore implicitly assumes
that the depth of the euphotic zone equals the depth of the mixed layer. The modeled export
production thus represents the export from that well-mixed system, i.e., the export from just
below the depth of the mixed layer. In the summary by Dunne et al. [35], the average depth
of the euphotic zone is 61 m. Sediment traps are deployed below the mixed layer depth to
avoid, insofar as possible, artifacts, such as resuspension, that would be caused by physical
disturbances. In the case of 2>*Th work, samples of particles used to estimate 2#Th/carbon
ratios are routinely collected well below the mixed layer depth to ensure that the particles
are representative of sinking particulate matter [48]. Estimates of export production from
field work are therefore likely to be smaller than the rates of export production simulated
by the food web model. At Station ALOHA, for example, estimates of export production
are routinely reported based on sediment traps deployed at a depth of 150 m, which is the
approximate depth of the euphotic zone at that site [49] and is 90 m below the average
depth of the mixed layer. The ratio of the organic carbon fluxes into sediment traps at
Station ALOHA [38] to the associated photosynthetic rates give export ratios of 0.055, 0.068,
and 0.089 at depths of 150, 125, and 100 m, respectively (vertical profiles dropdown menu
at https://hahana.soest.hawaii.edu/hot/hot_jgofs.html). Photosynthetic rates in the upper
75 m of the water column account for 79% of the NPP at Station ALOHA (vertical profiles
dropdown menu at https:/ /hahana.soest.hawaii.edu/hot/hot_jgofs.html), and the export
of organic carbon at that depth, estimated from Grabowski et al. [38], gives an export ratio
of 0.13 (Table 2). The comparisons of field results with the predictions of the model are
clearly confounded by the fact that the assumptions of the model (a well-mixed system and
flux estimates at the base of the mixed layer) are inconsistent with export fluxes estimated
in the field at depths below the mixed layer depth.

Comparisons between the model and field data should also take into consideration the
uncertainties associated with the field data. In the case of export production estimated with
the 23*Th method [50], there are uncertainties associated with the ratio of organic carbon to
234Th in sinking particles, and for sediment traps, there are several issues related to trap
design that have been summarized by Buesseler [50]. Bisson et al. [4] p. 1319 concluded
that these errors can result in uncertainties of export fluxes of at least £ 30% “and can be
much larger”.

4.2. The Relationship between NPP and EP

Estimates of the organic matter exported from surface waters via sinking particles
have not always revealed a significant correlation between EP via sinking particles and
NPP [51,52], and some recent analyses of field data have likewise revealed no relationship
between EP and NPP [53]. The food web model (Figure 1) provides a logical explanation for
the lack of correlation between estimates of NPP and EP when averaging is not carried out
over a timeframe that is long compared to the lag between NPP and EP. However, the time
lag associated with the dynamics of the food web is by no means the only mechanism that
can confound the relationship between NPP and EP. The absence of any correlation when
comparisons are made across wide climatic, temporal, and spatial scales could reflect a
variety of processes, including spatial decoupling [17], differences in mineral ballasting [54],
changes in the physiological status of the phytoplankton community [55], the flocculation
and sinking of particles (including phytoplankton cells), en masse [56,57], differences in
grazer communities [58,59], differences in the species composition of the phytoplankton
community [55,60], changes in the lability of sinking particles with depth [38], as well as
spatiotemporal offsets between the production and export of organic matter and the fact
that the food web is not in a steady state [5,14-16].

The model predicts export production that varies slowly and over a much smaller
range than new production (Figure 8). However, long-term sediment trap studies by
Ducklow et al. [61] to the west of the Antarctic Peninsula (64°30’ S, 66°00" W), where there
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is a late spring-summer diatom bloom and moderately high NPP in December—February,
have revealed intervals of peak export production that last an average of 106 days but
account for 85% of annual EP. At Station M (34°50" N, 123°00’ W), which is located in
the California Current System at a site where the water column is 4 km deep, 30 &= 10%
of the annual flux of particulate organic carbon (POC) to a depth of 3400 m arrives in
episodic pulses 0-70 days after satellite-based estimates of peaks in export fluxes [9]. At
the same station, Preston et al. [10] have reported an episodic flux of POC in June of 2017
that accounted for 44% of the POC flux at a depth of ~3900 m during their nine-month
study. The average rate of primary production at Station M, estimated via satellites, is
553 mg C m~2 d~!, very similar to the analogous rate at Station ALOHA, but the average
concentration of chl a at the surface, 0.6 mg m~3, is about twice the concentration at
Station ALOHA.

These observations make it clear that EP can undergo wide temporal variations in
some parts of the ocean. However, the agreement between the modeled ef ratios and the
export ratios summarized by Dunne et al. [35] (Figure 3) and the fact that the CVs of EP
and NPP at Station ALOHA are 35% and 70%, respectively, suggest that the food web
model predictions are reasonable and that, at least for sites like Station ALOHA, the CV
may be much smaller for EP than for NPP.

4.3. Effects of Lateral Currents

Most field studies of the relationships between NPP and EP implicitly assume that
lateral current movements do not confound the downward flux of organic matter. Siegel
and Deuser [62] have pointed out that the typical sinking rates of particles, 50-200 m d !,
are roughly an order of magnitude slower than the typical speeds of horizontal currents. As
a result, “sinking oceanic particles approach sediment traps at near-horizontal angles” [62]
p- 1532, and the effective collection area of a sediment trap at a depth of 100 m can easily
be in the order of 10 km?. The Rossby radius of deformation, a typical horizontal scale of
mesoscale eddies, is about 50 km near Hawaii, for example, and horizontal velocities are
by no means uniform. The area of the collection funnel for particles that fall into sediment
traps at a depth of 150 m can therefore be greater than 50 km? [63].Unless photosynthetic
rates are uniform within the statistical funnel that defines the volume of water sampled by
a sediment trap, physical processes will confound the relationship between NPP and EP.

4.4. Time Lags and Temperature

The time lags between production and export simulated by the model food web
(Figure 4) are very much a function of the assumed temperature dependence of the commu-
nity of heterotrophs in the model. Thirty percent of the production of large phytoplankton
is assumed to be directly exported (Syr, in Equation (10)), but all other phytoplankton
production is passed through the food web of heterotrophic organisms, and much of it
is respired and recycled before it is exported. The assumed temperature dependence of
heterotrophic processes corresponds to a Qg of 2.7, with the exception of the bacteria, for
which the Qg is 1.9. This temperature dependence of heterotrophic processes accounts for
the dramatic increase of the time lags between production and export at low temperatures
(Figure 4), and the recycling that occurs within the food web explains why the production
from a single day is exported in small increments over a timeframe of many days (Figure 5).
The latter behavior provides a logical explanation for the results of the 11 iron fertilization
experiments summarized by Boyd et al. [64], only five of which resulted in a detectable
increase of export production. The dynamics of the model suggest that the food web
behaves much like the capacitor in an electrical circuit. Abrupt increases of new production
are turned over many times before being exported, as noted by Forest et al. [65]. The result
is that the pulse of export production occurs over a longer timeframe than the pulse of
new production, and the peak of export production is much attenuated compared to the
peak of new production (Figure 7). The dynamics of the food web thus account, at least
in part, for the poor correlation that is typically observed between new production and
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export production when the two are not averaged over sufficiently large spatiotemporal
scales. Our simulation of results at Station ALOHA (Figures 7 and 8), however, suggests
that at temperatures of ~25 °C, averaging over time intervals of roughly one month can
overcome the artifacts associated with time lags, a conclusion consistent with previous
analyses [4,5,16].

4.5. Steady State or Not

Several problems arise at high latitudes, where temperatures may lie in the range
—1.8 to 10 °C. First, the time lags between production and export may easily be one
month or more. Second, the food web is much less resilient to perturbations than it is at
warmer temperatures (Figure 6), and environmental seasonality is much greater than it is
at lower latitudes. The food web is therefore likely to be far from equilibrium at the current
temperature, irradiance, and nutrient concentrations. The result can be dramatic pulses of
production and export of organic matter [61] that are unrelated to the predictions of a steady
state model. In such cases, we concur with the recommendation of Bisson et al. [4] p. 1326
that observations be carried out “for three to seven days per month throughout the year” to
obtain accurate estimates of the relationship between NPP and EP. It is likewise clear that
the food web model does not apply to places like Station M, where large, episodic pulses
of EP have been documented [9]. However, the good agreement between the predictions
of the food web model and the data summarized by Dunne et al. [35], which includes
122 estimates of NPP and EP at latitudes ranging from 1° to 82° (Figure 3), suggests that
the steady state assumption leads to reasonable predictions of ef ratios in many parts of
the ocean.

4.6. Response to Perturbations

The response of export production to abrupt perturbations of new production (Figure 7)
illustrates an issue pointed out by Forest et al. [65] pp. 740-741: “hence we must take into
account the time needed for phytoplankton cells to grow and aggregate, as well as the
various trophodynamic processes that may turnover the biomass derived from PP [primary
production] many times before being vertically exported . .. our relationships confirm the
existence of an efficient retention system and a high degree of recycling within the upper
water column.” Our simulated results indicate that when there are abrupt increases of new
production on a day-to-day basis, there is a time lag between the peak of new production
and the peak of export production that is negatively correlated with temperature and
may range from roughly 5 to 50 days. This pattern is consistent with the modeling study
of Henson et al. [5], the mesocosm studies of Stange et al. [15], and the field studies of
Michaels and Knap [52], Benitez-Nelson et al. [14], and Alkire et al. [66].

Abrupt increases of new production are turned over many times before being exported,
as noted by Forest et al. [65]. The result is that the pulse of export production occurs over a
longer timeframe than the pulse of new production, and the peak of export production is
much more attenuated compared to the peak of new production (Figure 7). The dynamics
of the food web thus account, at least in part, for the poor correlation that is typically
observed between new production and export production when the two are not averaged
over sufficiently large spatiotemporal scales (e.g., Figure 7 versus Figure 8).

Because most primary production in the ocean is associated with allochthonous rather
than autochthonous nutrients [19], most new production is initially recycled rather than ex-
ported [65]. The result is that variations of NP are averaged over a temperature-dependent
timeframe that can vary from roughly several weeks to several months (Figure 5). This
integration causes rates of EP to be relatively constant compared to rates of NPP and, hence,
to be uncorrelated with NPP [5,14-16] when estimates of NPP come from measurements
that cover a timeframe of no more than a few days. At 25 °C, it is possible to discern the
relationship between NPP and EP when estimates are based on monthly climatologies [16]
because the recovery time of the food web from perturbations at 25 °C (5-15 days) is short
compared to one month. At Station ALOHA, where temperatures in the euphotic zone av-
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erage 24.2 °C, the dynamics of the food web are such that an annual cycle of NP that varies
by £ 30% still results in a good correlation between NP and EP (Figure 6), but the time lag
of ~13 days between NP and EP explains why there is virtually no correlation between
photosynthetic rates and EP, when the former are based on 24-h measurements [5,14,15,52].

The dynamics of the model are also consistent with observations of the responses of
large and small phytoplankton biomass to pulses of new production. In all cases the small
and large phytoplankton are growing at ~90% and ~10% of their nutrient-saturated growth
rates in the steady state associated with maximum resiliency to perturbations. A pulse of
nutrients, therefore, has little effect on the growth rates of the small phytoplankton but
can increase the growth rates of the large phytoplankton by roughly a factor of 10. The
response of the model to a pulse of nutrients is, therefore, consistent with the observation,
for example, that the abundance of picoplankton is virtually unchanged during El Nifio
and normal upwelling periods in the equatorial Pacific, but diatoms and other large phyto-
plankton increase substantially during normal upwelling events (Bidigare and Ondrusek,
1996; Landry et al., 1996) and in response to iron fertilization (Landry et al., 1997). The
model assumes (Table 1) that the flagellates (X3) have a much higher maximum growth rate
than the filter feeders (X5), and under conditions of maximum resilience, the flagellates are
never growing at more than about 20% of their maximum growth rate, whereas the filter
feeders may be growing at 80% of their maximum growth rate. Thus, the flagellates can
rapidly respond to an increase of small phytoplankton production by immediately increas-
ing their grazing rates and thereby holding the small phytoplankton in check, whereas the
filter feeders must rely more on increasing their biomass, which takes time.

5. Conclusions and Implications

The food web model (Figure 1) seems to do a good job of explaining the relationship
between NPP and EP in many parts of the ocean. The fact that most NPP is autochthonous
rather than allochthonous means that an abrupt increase of NP is recycled many times
before being exported, and as a result, the associated change of EP lags the change of
NP and appears as a relatively low-amplitude, temporally broad peak. This scenario can
account for the temporal dynamics of EP in parts of the ocean where the food web is in
approximate equilibrium (Figure 7). It does not account for the dynamics of EP in parts
of the ocean where the food web is likely far from equilibrium because the dynamics of
physical processes that control the supply of nutrients and light are much faster than the
temperature-constrained rates of biological processes. In the former case, it appears that
averaging NPP and EP over timeframes of roughly one month should make it possible
to discern the relationship between NPP and EP [16] (Figure 8). The slower dynamics of
high-latitude food webs and the much longer time lags between production and export [5]
at colder temperatures suggest that longer averaging times will be necessary to discern
relationships between NPP and EP in those cases. Because photosynthetic rates at high
latitudes are highly seasonal, it seems reasonable to conclude that high-latitude pelagic
food webs are typically far from equilibrium [66,67]. Discerning the relationship between
NPP and EP in such systems may require averaging over an annual cycle [4].

Methods that could be used to obtain estimates of annual new and export production
include oxygen budgets in surface waters [68,69], surface water carbon budgets constrained
by measurements of the 513C of dissolved inorganic carbon [70,71], and autonomous
observations made from Argo floats and gliders. Estimates of NPP can be made from
measurements of temperature and chl a fluorescence by Argo floats [72-74] in a manner
similar to the way that NPP is estimated on the basis of satellite-based estimates of surface
temperature and chl a [75], and export production can be estimated throughout the year
based on the sinking particles collected in sediment traps [61]. Export production can also
be estimated from depth-integrated estimates of subsurface oxygen utilization rates [76]
on the assumption that the respiration is balanced by EP. In addition to being able to
provide estimates of NPP and EP over annual timeframes, oxygen-based methods have
the advantage of being able to account for all processes that export organic matter to the
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interior of the ocean and to integrate rates over spatial scales in the order of 10°~103 km.
The use of these methods at high latitudes will be needed to test predictions of the response
of the ocean’s biological pump to climate change [77].

Although use of such methods may provide reliable empirical data that can be used
to relate NPP to EP, there will remain the need for a theoretical understanding of those
relationships that could be used to predict, for example, how carbon cycling and export
production will change in response to global warming. Simple food web models (Figure 1)
are inappropriate for describing the behavior of such physically dynamic systems. An
analogy might be made to the hierarchy of quantum mechanics, statistical mechanics, and
classical mechanics in physics. Quantum mechanics is not used to describe a ball rolling
down an inclined plane. Theoretical tools must be chosen that are appropriate to the task.
Theoretical understanding of the behavior of these physically dynamic systems remains a
challenge for future work.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/w13213085/s1: values of ef, f1, f3, f5, and f4 that produce a steady state with maximum
resilience as function of temperature and NPP; Matlab computer program that can be used to find the
values of ef, f51, f3, f5, and fg that produce a steady state with maximum resilience at any temperature
and NPP.
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