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Abstract. In work [1], the fundamental relationships for the fluxes of matter and energy in terrestrial ecosys-
tems were obtained. Taking into account the universal characteristics of biota, these relationships permitted an
estimate to be made of the vertical thickness of the live biomass layer for autotrophs and heterotrophs. The dis-
tribution of consumption of biota production as dependent on the body size of heterotrophs was also investigat-
ed. For large animals (vertebrates), the energy consumption in sustainable ecosystems was estimated to be of the
order of one percent of primary production. In this comment, it is shown that the results of work [1] also hold true
for ocean ecosystems and thus are universal for life as a whole. This is of paramount importance for human life on
Earth.
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AHHoTauus. B pabote [1] 6b11 nosyveHbl pyHAaMeHTa/IbHble COOTHOLLEHWS A/151 TOTOKOB BELLECTBA U SHEPrum
B Ha3eMHbIX 3KocucTemax. C yHeTOM yHMBEPCA/IbHbIX XapaKTePUCTUK BMOTbI 3TO MO3BO/IU/I0 OLLEHWUTb BEPTUKa/Ib-
HYIO TO/ILLMHY C/10A KUBOW BUOMACChl aBTOTPOPOB U reTepoTpodoB. Takke BblN0 nccaesoBaHoO pacrnpesesieHme
noTpeb/eHnA NpoayKumMn 6UOTbI B 3aBUCMMOCTM OT pasmepa Te/sa reTepoTpodoB. /A KPYMHbIX XUBOTHBIX MO-
Tpeb/ieHne sHeprum B yCTOMYMBBIX IKOCUCTEMAX Obl/10 OLLeHeHO Be/IMYMHOM NOopA/AKa OAHOro NpoLeHTa OT nepBuy-
HOM MPOAYKLUMK. B HACTOALLEM KOMMEHTapUK MOKa3aHo, YTO pe3y/bTaTbl paboTsl [1] cpaBeA/MBbI TaKKe A/1A 3KO-
CMCTeM OKeaHa M TakMM 00pa3oM HOCAT YHMBEPCA/bHbIM XapakTep A/1A KW3HWM B Le/OM. JTO umeeT
nepBoOCTENEHHOE 3Ha4YeHNEe A/19 }KU3HEeAeATE/IbHOCTU HE€/10BEKa Ha 3emne.

KatoueBble c10Ba: bMOTUYECKaA pery/auna, NoTOK S3Heprm, poTOCUHTES, MeTabo/M3M, NPOAYKTUBHOCTb, aBTO-
TpOdbl, reTepoTPOPbI, M1AHKTOH.

On the system of units and dimensions The second equality is written taking into account

of physical quantities that live mass contains about 10 % of carbon C.
Similarly, in meteorology and hydrology, the
Since the density of living organisms practically relationship m =1’ allows one to relate the mass of
coincides with the density of liquid water p =1 t/m’, precipitation to its volume, so that the amount of
live body mass m and characteristic body volume precipitation falling on a unit area of the Earth’s

surface per unit time (for example, per year) ac-

I’ are related as m = pl’ . The universality of densi- . , ; ,
quires the dimension of velocity (mm/yr):

ty p allows one to reduce the number of dimen-

. . I _ 3
sions. Assuming by definition that p = 1, one has | kg opSm_ _ mm

m=1I", so that 1 g of live mass = 0.1 gC = 1 cm’. m’ - yr m’-yr  yr
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For biota, the energy content per unit of live
mass is a universal characteristic [2]:
K:4.2E:42£:4.2k—J3. (H
g gC cm

The quantity K makes it possible to measure the
fluxes of organic substances and live mass in ener-
gy units. The notion of surface-specific power of
the energy flux (or sometimes simply specific pow-
er with the dimension of W/m?), as applied to liv-
ing organism, means the amount of energy (J)
transferred per unit time (s) through a unit area
(m?) of the organism’s projection onto the Earth's
surface.

The decimal prefixes for fractions and multiples
of units used in this work are:

107" pico (p), 10 micro (p), 107 milli (m),
107 centi (c), 10 kilo (k), 10° giga (G).

Energy fluxes in the ocean biota

According to the concept of biotic regulation
[2, 3], life on Earth exists sustainably by control-
ling the openness of nutrient cycles. The concen-
trations of organic and inorganic substances are
kept by the biota in a stationary state optimal (most
favorable) for life. In the absence of external envi-
ronmental perturbations, the flux of synthesized
organic matter is compensated by the reverse flux
of inorganic substances, so that the nutrient cycles
are closed. In the presence of external perturba-
tions, living organisms function in such a way as to
compensate for the emerging unfavorable changes
in the concentrations of life-important substances
and to return the environment to its original opti-
mal state. It is achieved by directional deviations
from the closeness of the biochemical cycles.
The biosphere (global biota together with the ex-
ternal environment, surrounding it and interacting
with it) maintains its sustainability only if the per-
turbations do not exceed a certain limit (threshold).

In work [1], within the framework of the con-
cept of biotic regulation, several fundamental rela-
tionships for the fluxes of matter and energy in ter-
restrial ecosystems were studied. In this comment,
these relationships are applied to oceanic ecosys-
tems. The analysis is based on the laws of conser-
vation of matter and energy, as well as on the ex-
istence of the optimal average mass-specific
respiration rate of terrestrial and oceanic biota.

Oceanic phytoplankton mainly consists of sin-
gle-celled organisms that synthesize the organic
matter of their bodies from inorganic elements by
absorbing solar photons (autotrophs). The reaction
of photosynthesis can occur only in the uppermost
(euphotic) layer of the ocean, where sunlight pene-
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trates. The depth of this layer depends on the
transparency of seawater, which is determined by
the productivity of phytoplankton [4]. In the open
ocean, this depth reaches an average of about
80 meters. Approximately 90 % of solar radiation
is already absorbed within the upper 20 meters.
In contrast to the immotile vegetation cover on
land, phytoplankton is randomly mixed by turbu-
lent diffusion of the atmospheric wind power. The
mixing is facilitated by the presence of a vertical
temperature gradient (thermocline) and, according-
ly, of a jump in the water density (pycnocline).

The organic matter of phytoplankton is con-
sumed by heterotrophs that decompose it into inor-
ganic substances. Oceanic heterotrophs include
bacteria, as well as eukaryotic unicellular and mul-
ticellular organisms (zooplankton, i.e. passively
floating animals). The larger representatives of zo-
oplankton are able to swim actively in the vertical
dimension. In addition, there is nekton (fish and
marine mammals swimming in the 3-dimensional
space of the ocean) and benthos (organisms inhab-
iting the ocean floor).

Life is organized in such a way that the decom-
position of organic matter does not interfere with
its synthesis. For this purpose, the direct and re-
verse processes in the ocean are spatially separat-
ed: the synthesis of organic substances is possible
only in the euphotic layer, while their decomposi-
tion occurs throughout the entire depth of the
ocean, including the seafloor sediments. In trans-
parent water, the euphotic layer extends to a depth
of H ~ 200 meters and coincides with the epipelag-
ic zone, where almost all live biomass of ocean is
concentrated, including phytoplankton, zooplank-
ton, and nekton.

The total (gross) primary production of photo-
synthesis in the ocean is divided between the respi-
ration of phytoplankton and its net primary produc-
tion, which is consumed by heterotrophs. A certain
part of the net primary production is associated
with the flux of nutrients from the oceanic depths
to the epipelagic layer. It is referred to as new
(or export) production.

Global values of net primary production
P, =56 GtCl/yr for land and P, = 49 GtC/yr for the
ocean are known from numerous independent
measurements and estimates [5]. With the water
surface area of S, = 3.6:10° km’, the net primary
productivity of the ocean is given by

F 2 2
P =S—" =0.14 kgC/(yrm) =02 Wm". (2)

o

This value determines the average global power
of the flux of organic synthesis per unit surface ar-
ea. In the ocean, the value of P (2) is several times
lower than on land, where it is estimated at about
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0.5-1 W/m® [1, 4]. This difference is due to the
strong absorption of the solar radiation in water [5].
However, since the surface area of the ocean is al-
most 2.5 times larger than the land area, the inte-
gral values of P, and P, approximately coincide,
that is, the land and oceanic biota interact through
a common atmosphere in a coherent manner, as
ecological partners equal in power.

Across vast areas of the ocean, two genera of
the cyanobacteria Prochlorococcus and Synechococ-
cus with cell sizes of 0.5-0.7 pm and 0.8-1.5 pm, re-
spectively, make the largest contribution to prima-
ry productivity [6]. Among heterotrophs, as a rule,
unicellular eukaryotic zooplankton with a linear
size of ~ 1 to ~ 200 um and bacteria with a size
of ~ 0.3 to ~ 1 um dominate. Bacteria are the or-
ganisms decomposing the major part of the organic
matter in the ocean. Importantly, these fluxes
of matter pass through the detrital channel, that is,
bacteria consume organic materials in the form of
dead residues of other living organisms [7].
In tropical and subtropical regions, nutrients are
mainly recycled in the epipelagic zone, while the
contribution of new production is relatively small.
Particles of phytodetritus and fecal pellets of mi-
crozooplankton sinking from the euphotic zone ac-
cumulate at the pycnocline (the level below which
the seawater density increases stepwise), which
plays the role of a "liquid seabed".

More productive areas of the world’s oceans are
located in coastal waters, in temperate and northern
latitudes [8]. Here, in addition to bacteria with cell
sizes of up to ~ 1 pm, large phytoplankton with
cell sizes of ~ 5 to ~ 100 um and multicellular zo-
oplankton with the body size of = 200 um are
widespread. Particles of phytodetritus and fecal
excretions of macrozooplankton can be quite mas-
sive to plunge deep into the ocean, passing through
the pycnocline. The contribution of new produc-
tion is significant due to the large flux of nutrients
from the depths of the ocean (upwelling) and is
comparable to the contribution from nutrient recy-
cling within the euphotic layer.

According to the laws of matter and energy
conservation, the power of photosynthesis
F (W/m?) per unit of the oceanic surface area, in a
stationary case, is spent on the respiration
J (W/m®) of phytoplankton and its net primary
productivity P (W/m?) [1]:

F=J+P,J=01l,P=0,l,. 3)

Here J (W/m?) = O (W/m®) - /(m) denotes the res-
piration power, taken per unit of the horizontal
surface area, of phytoplankton with its live bio-
mass characterized by an effective horizontal lay-
er of thickness /(m). Accordingly, Q) and [, are
the respiration power per unit volume and the
thickness of an effective horizontal layer of het-
erotrophs.
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The respiration rates of the smallest phytoplank-
ton and prokaryotic heterotrophs decomposing it are
estimated as follows (see ref. [9], Table 1):

Q=10 W/kg=10 kW/m’,
0,=5 W/kg=5kW/m’. 4)

In a steady state, the phytoplankton layer of thick-
ness / = [, expends for respiration the power J. = Q0
l., which is approximately equal to the net primary
productivity P.= F — J. = J. [10, 11]. Net primary
productivity is completely consumed by the hetero-
troph layer of thickness /;:

Pe=Qle=Oyly=P. ®)

Accordingly, gross primary productivity can be
written as

F=J.+P.=2P.=2Q0I.. (6)
Taking into account estimate (2), it yields
F=2P=0.4 W/m’. (7)

From formulas (4) and (5) one finds the thick-

ness of the layers of phytoplankton and hetero-

trophs:
l.= P _ 0.02 mm, [, = Qﬁ =0.04 mm. (8)

h

According to (5) and (6), the stationary energy flux
of photosynthesis splits approximately equally be-
tween the metabolic powers (respiration) of auto-
trophs and heterotrophs, which are responsible for
the oppositely directed fluxes of biological synthesis
and decomposition of organic substances [1].
Taking into account Egs. (1) and (5), time
T = K/Q of decomposition of the live mass of phy-
toplankton by respiration coincides with time
Kl./P. of its synthesis in a layer of thickness /.

1=K/Q=KI./P=4-10° s =5 days. )

Due to the difference in respiration rates, the turn-
over time T (9) of the biomass of phytoplankton is
an order of magnitude shorter than that for the
green leaves of plants on land [1].

Knowing the value of /. (8) and the surface area
S, of the ocean, one obtains the volume of the live
layer of phytoplankton V, = LS, = 7 km’, which
corresponds to the biomass of ~ 0.7 GtC. This val-
ue is consistent within the margin of errors with
the available modern experimental estimates for
the biomass of cyanobacteria (~ 0.3 GtC) and the
total biomass of marine autotrophs (~ 1.3 GtC)
[12], most of which are microalgae. Similarly,
from the layer thickness /, (8) one can estimate the
volume ¥}, = [,,S, = 14 km® and biomass (~ 1.4 GtC)
of heterotrophs. According to the experimental da-
ta [12], the biomass of marine prokaryotic hetero-
trophs is estimated at ~ 1.6 GtC, which contains
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the contributions from bacteria (~ 1.3 GtC) and ar-
chaea (~ 0.3 GtC). Note also that a large store
(~ 10 GtC) of virtually metabolically inactive benthic
prokaryotes can play the function of a reserve biotic
power, to become active during sudden environmen-
tal perturbations for their rapid compensation.

The respiration Q of the ocean’s smallest phy-
toplankton is an order of magnitude higher than the
respiration of green leaves on land, however it is at
the upper limit of the range of optimal values [9].
In addition, the specific power of the flux P (2) of
organic synthesis in water is lower than on land.
Due to these two factors, the thickness of the phy-
toplankton layer /. (8) in the ocean turns out to be
about 50 times less than the thickness of the live
layer of terrestrial vegetation, which is equal
to 1 mm [1]. In absolute terms, the live biomass of
autotrophs in the ocean and green leaves on land
differ by one order of magnitude and are estimated
as ~ 1.3 GtC and ~ 15 GtC, respectively [12].
Since the layer /. (8) should be distributed over the
epipelagic zone to a depth of H ~ 200 meters, the
concentration of living phytoplankton becomes
negligibly small. In addition, the short turnover
time T (9) of the biomass of unicellular phyto-
plankton coincides with the cell lifespan. In the re-
sult, unlike in the forests on land, there is no accu-
mulation of living plant biomass in the ocean. This
lack of food base makes the existence of large her-
bivorous animals in the open ocean impossible [1].

Vol. 5 (2), 2020

Distribution of heterotrophs’ energy
consumption by their sizes

Let us consider the distribution of energy con-
sumption by the oceanic heterotrophs over the lin-
ear size L of their bodies (Fig. 1). The data on the
global production of marine organisms with body
masses m ranging from 10 pg to 1 t are taken from
Table 1 of work [13]. The studied range of body mass
was divided into two intervals: 10 pg < m < 1 g and
1 g £ m < 1t corresponding to the intervals of body
length 215 um < L < lcmand lem < L < 1 m.
The power of consumption of organic matter by
organisms from each interval was calculated by di-
viding the production of organisms from the inter-
val by the efficiency € of energy transfer from one
trophic level to another, taken equal to €= 0.125
as in work [13]. The total power of consumption of
organic matter by all animals listed in Table 1 of
work [13] turns out to be 8 GtC/yr, which corre-
sponds to approximately 16.5 % of the global val-
ue of net primary production P, = 49 GtC/yr in the
ocean [5]. This means that the main power
of consumption of organic matter (~ 83 %, which
corresponds to ~ 41 GtC/yr) is accounted for by
bacteria and microzooplankton with masses of 1 pg
< m < 10 pg and body sizes of 1 um < L < 215 pum.
It is these smallest organisms that directly consume
the major part of the net primary production syn-
thesized by phytoplankton (see Fig. 1).

Body mass m (g) 1 160 10t 10°

0.8

e
o
T

Consumed share § of energy flux
=
s
T

02F

0.015-___

~ 16%

0.0+
I 1 1

10¢ 10+

Body size L (m)

Fig. 1. The share of consumption B of organic matter by heterotrophs in the ocean (solid lines, calculated in the present
work) and in sustainable terrestrial ecosystems (dashed lines, taken from works [1, 14, 15]), depending
on body size. The characteristic linear size L is related to live mass m through the relationship L (cm) = m"? (g').
The areas of hyperfine tuning corresponding to the largest body sizes are shaded in the hues of red
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The organisms with body sizes within the inter-
valsof 215 um < L < 1cmand lecm < L < 1m
play the role of, respectively, fine and hyperfine
tuning in ecosystem functioning, although the bi-
omass of marine animals (~ 2 GtC) [12] exceeds
the total biomass of oceanic autotrophs. The latter
circumstance is associated with the low metabolic
activity of heterotrophs, due to the high cost of
respiration in the viscid aqueous environment with
a low content of oxygen [9].

In Fig. 1, the dashed line also shows for com-
parison the distribution of consumption of net pri-
mary production in terrestrial ecosystems undis-
turbed by anthropogenic impact: ~ 90 % is
contributed by bacteria and saprophagous fungi, ~
10 % by invertebrates, and ~ 1 % by vertebrates
(primarily mammals) [1, 14, 15]. These two histo-
grams have a similar structure and describe the
universal pattern of energy fluxes in the sustainable
natural biota. The discrepancy between the distribu-
tions for large organisms on land and in the ocean
(graphs in the top right hand corner of Fig. 1) is
likely caused by over-fishing.

For multicellular phytoplankton, the turnover
time T (9) of biomass does not coincide with the
cell lifespan. The plant biomass can accumulate up
to concentrations sufficient for direct consumption
by macroscopic zooplankton with a body size
of L 2 200 pum (middle interval of histogram in
Fig. 1). These organisms have a significant impact
on the productivity of local ecosystems by regulat-
ing the fluxes of dead organic matter passing
through the pycnocline (and, accordingly, the flux-
es of new production). On land, the middle interval
of histogram in Fig. 1 is represented by inverte-
brate organisms, in particular insects, which are
admitted for pollination of many plant species and
thus also have a significant effect on the net primary
productivity and thus on the overall ecosystem func-
tioning.

Paradox of the plankton

The paradox of the plankton originally de-
scribed in work [16] is a lack of understanding
how a wide variety of competing species of phyto-
plankton sustainably coexist in aquatic ecosystems
with seemingly limited resources. This is still a hot
topic of research, but further studies rather raise
new questions only (see, for example, [17-19]).

In fact, the paradox of the plankton consists in
an incorrect formulation of the problem. Without
taking into account that it is the natural biota that is
the main regulator of the environment, it is neither
possible to understand these problems in laboratory
conditions, nor to describe them in mathematical
models. Only within the framework of the biotic
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regulation concept, the seemingly unconnected
paradoxical phenomena can be combined into a
single self-consistent picture. The variety of spe-
cies is necessary to cope with the greatest chal-
lenge of maintaining the environment in a steady
state. By virtue of the law of large numbers, the bi-
ota effectively minimizes the fluctuations of pa-
rameters of the environment, which is maintained
by the biota in a highly non-equlibrium physico-
chemical state. The environment is composed of
"apparently limited resources" precisely because it
is the most favorable for life. In such an optimal
state, all species in the ecological community,
through which the major part of the energy fluxes
passes, respire at an optimal rate.

Small populations can only exist under very
stable (weakly fluctuating) external conditions,
since the probability of species survival declines
with a decreasing number of individuals. The sta-
bility of external conditions is maintained by the
biota itself due to the fast compensation of any be-
low-threshold perturbations. In a stable ecosystem
at fixed primary flux of solar radiation, more spe-
cies with fewer individuals may exist (see [2], Sec-
tion 3.9), which explains the rich species diversity
of oceanic phytoplankton.

Next, the genetic program of the biotic regula-
tion must be rigorously stabilized by natural selec-
tion [1]. This stabilization explains why, despite
the enormous population numbers of some ubiqui-
tous species of phytoplankton, such as Emiliania
huxleyi (Haptophyta), these species have very low
genetic variability (the so-called Lewontin’s para-
dox) [19].

Conclusion

Born in ocean, life has not stopped since its
origin. For example, according to the paleontologi-
cal data, the earliest ecosystems appeared about
3.5 billion years ago were microbial mats (symbi-
otic communities of microorganisms, mainly con-
sisting of prokaryotes), which in modern forms still
inhabit the Earth [20]. The environment formed by
the activity of prokaryotes [21].

To date, there is no evidence that biota has ever
lost its sustainability and, accordingly, the control
over its environment. Despite the mass extinctions
of higher taxa of flora and fauna, which took place
in the history of life [22], the environment re-
mained suitable for living at all times. The key
problem is not the changes in biodiversity as a re-
sult of natural disasters, but the unknown temporal
dynamics of the productivity of global biota.

Currently, the gross power of the Earth's biota
is ~ 200 GtC/yr [5]. In a steady state, it is spent on
respiration of autotrophs and heterotrophs in ap-
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proximately equal proportions. Unicellular organ-
isms of microscopic dimensions channel up to ~
90 % of the power of nutrient and energy fluxes
through themselves and perform the main work of
maintaining the environmental state optimal for
life. Due to a huge number of living organisms
[2, 23], fluctuations in the fluxes of synthesis and
decomposition are minimized relative to the value
of dynamic equilibrium in accordance with the law
of large numbers. Note that the first estimate of the
number of cells in the biosphere was obtained by
V. G. Gorshkov [2].

Man by his ecologically permitted share of the
consumption of biosphere production is similar to
a large vertebrate animal. As such, man is limited
to the area of hyperfine tuning (see Fig. 1). Since
the global power of biota available to heterotrophs
is ~ 100 GtC/yr [5], the consumption of the total
matter and energy fluxes at the threshold level of ~
1 % is estimated as ~ 1 GtC/yr. This includes human
food, livestock fodder, and forest wood consump-
tion. Currently, the maximum permissible limit is
exceeded by an order of magnitude [2, 14, 24],
largely due to the high population numbers and the
destruction of natural forests.

This violation in the distribution of energy con-
sumption in terrestrial ecosystems has led to the
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violation of the observed environmental sustaina-
bility and to the degradation of climate. Phyto-
plankton has such a low concentration of live bio-
mass that humanity has not been able to exploit it
yet. Therefore, the basis of energetics of ocean
ecosystems has remained relatively undisturbed.
The power of biotic regulation today is thus pro-
vided by ocean ecosystems and intact land ecosys-
tems, mainly natural forests.

In philosophy, there is a statement "freedom is
the appreciation of necessity" that is attributed to
many authors (see, for example, [25], page 140)
and interpreted in different ways. In the biotic
regulation context, the existence of a fundamental
restriction on the consumed fluxes of matter and
energy means the primacy of the laws of nature,
which humanity should harmonize its needs with.
Only by restricting consumption below the
threshold level and, accordingly, by reducing the
current population numbers, will humanity be
able to live and develop freely on our planet un-
bothered by environmental problems. The sus-
tainability of the optimal environment and climate
will be provided by the natural biota of the Earth,
because it is the only power capable of solving
that task.
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