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A bstract

The article presents the relations between photosynthesis and the main abiotic factors of 
the maxine environment. Basing on the experimental data collected in various regions of 
the World Ocean, thé statistical correlations between the parameters of photosynthesis 
and temperature and the content of various forms of nitrogen have been determined. These 
correlations formed the background of the models forecasting the primary production of 
the World Ocean ensuing from the Earth warming up. The models were used to determine 
the possible alterations of the photosynthesis parameters in the World Ocean and also in 

the regions of the Polish deep-sea fishery fleet operations.

1. Introduction

The article has been inspired by the information on the increasing content 
of carbon dioxide in the atmosphere. This leads in consequence to the 
increase of the air tem perature due to the changes of the optical condi
tions of the atmosphere and to a disturbance of the irradiance balance. It 
is assumed (Kellogg, 1988) th a t the tem perature will increase by about 
2.5°C till the 2050 on average as regards the entire E arth  and in the
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antarctic regions the increase will reach about 7°C.  This warming up will 
result in climatic changes of the E arth  as well as in the changes of the 
marine ecosystems of the World Ocean. It is obvious in particular tha t 
an increase in w ater tem perature of the euphotic zone is expected, its 
scale corresponding, though with a certain time lapse, to the increase of 
the air tem perature.

The tem perature of sea water belongs to the m ajor factors limiting 
the functioning of the marine ecosystems and their biological producti
vity, because it directly influences the intensity of the marine flora and 
fauna biotic processes (Finenko, 1977; Vilenkin, 1977). Moreover, the 
tem perature affects the biological productivity of the marine ecosystem 
by indirect im pact on other biotic and abiotic factors th a t determine the 
ecosystem functioning. Thus, for example, the therm al condition of the 
Ocean determines its dynamices as regards the micro- and macro-scale 
time and spatial conditions (Kamenkovich and Monin, 1978). The la tte r 
dynamic factors determine the supply of the euphotic zone with bioge
nic substances, the so-called mineral feed of phytoplankton (Mordasova, 
1976).

Taking into account the above problems, our studies were aimed at the 
determ ination of the influence of the tem perature and other abiotic fac
tor alterations on the biological productivity of various ecosystems of the 
World Ocean. This article presents the initial stage of studies concerning 
exclusively the prim ary production of phytoplankton resulting from pho
tosynthesis. The process of photosynthesis forms the basis of the general 
biological productivity of marine basins (Parsons et al., 1977). The num
ber of the discussed factors affecting the intensity of prim ary production 
has been limited. For example the influence of light has been only shortly 
discussed because its im pact on the absolute values of productivity is not 
the most im portant one (as shown in chapter 2). As regards the analysis 
of the nutrient effect on photosynthesis, the discussion has been limited 
to the derivatives of one element, viz. nitrogen. According to the studies 
of various authors (Koblentz-Mishke and Vedernikov, 1977) there is obse
rved a deficit of nitrogen in the m ajority of aqueous systems as compared 
with other biogenic substances. T hat is why in most of the World Ocean 
regions the absolute level of primary production is regulated by nitrogen 
concentration.



The aim of our studies has been attained in two stages: in the I stage -  
the statistical correlations have been established between param eters cha
racterizing photosynthesis of phytoplankton and sea water tem perature 
and nitrogen content, in the II stage -  the established correlations have 
been used to formulate the initial prognosis of photosynthesis alterations 
tha t might appear as a result of the E arth  tem perature increase.

2. The effect of the main abiotic factors on photo
synthesis in the light of experimental data

Photosynthesis in the marine environment depends on the numerous bio
tic and abiotic factors. However, there are three m ajor factors th a t deter
mine the prim ary production and the resources of phytoplankton in the 
sea (Koblentz-Mishke, 1977; Bougis, 1976; Wozniak et al., 1988): under
water irradiance, content of biogenic substances in water and w ater tem 
perature in the euphotic zone. This chapter is devoted to the analysis of 
the effect of these factors, particularly the la tte r two, on photosynthesis.

2.1. P resen ta tion  o f  th e  physical problem

Prim ary production at a depth 2 -  P ( z ) in a sea can be expressed by 
the following product:

P (z)  =  A N ( z )  -B a ( z ) ,  (1)

where:
B a (z )  -  concentration of chlorophyll a at a depth z\ this concentration 

is commonly applied as the indicator of the phytoplankton amo
unt in unit volume of sea water,

AN(z) -  intensity of photosynthesis at a depth z; so-called assimilation 
number (Koblentz-Mishke, 1985).

At a certain optimum depth z opt (Fig. IB) the intensity of photosynthesis 
attains a maximum and the assimulation number reaches the maximum 
value A N max =  A N ( z opt). Then equation (1) transforms into:

P { z )  =  A ( z )  · A N max ■ B a ( z ) , (2)



where:
A( z )  =  A N ( z ) / A N max -  the relative photosynthesis intensity (the rela

tive assimilation number).

Analysis of experimental da ta  carried out by the author indicated tha t 
there are differences in the im pact of the three m ajor photosynthesis li
m iting factors -  light, nutrient content and tem perature -  on the three 
photosynthesis factors from the right side of equation (2), i.e. A( z ) ,  
A N max and B a ( z ) .  Thus, vertical distribution of the relative photosyn
thesis intensity A( z )  depends solely on the light fields in a sea (z),  tha t 
is A( z )  =  f [v{z)],  while A N max and B a ( z )  are practically independent 
on light but strongly correlated with tem perature and nutrient content, 
particularly with nitrogen concentration (N ). Hence, A N max = f ( t , N )  
and B a ( z )  =  f ( t , N ) .

In short, light affects the vertical distributaion of primary production 
in the sea; especially below the optim um  depth z opt, the intensity of pho
tosynthesis is proportional to the underw ater irradiation tj( z ) (Fig. 1). 
However, this factor influences only the distribution of the relative pho
tosynthesis intensity A( z ) .  We will not proceed with the discussion on 
the dependence of photosynthesis on light in this article2. We are going

Figure 1: Examples of typical vertical distributions in sea: A -  irradiation dose (.z), B -  
primary production P{z)



to present the results of statistical analysis of the correlation between 
photosynthesis and the tem perature of the euphotic zone and the ni
trogen content in the sea water. These factors determine the values of 
A N max and B a ( z ) and thus, considering equation (2), also determine the 
absolute values of prim ary production P ( z ) .

2.2 . C haracterization  o f  th e  exp erim en ta l d ata

The analysis was based on the experimental da ta  from biologically dif
ferent marine basins, collected either by the author and his collegues or 
found in the literature. In general, the results from over 1000 sampling 
stations have been analysed.

The m aterial comprises simultaneous measurements of photosynthesis 
param eters, tem perature and the content of inorganic nitrogen in sea 
water. Nitrogen concentration comprises: n itrate -  N ( N O z ) ,  nitrite -  
N ( N 0 2) and ammonia -  N ( N H 4). So, the sum of the inorganic forms of 
the bound nitrogen N ,norg is as follows:

N morg = N ( N 0 3) +  N ( N 0 2) +  N { N H t ). (3)

Besides the inorganic and organic nitrogen content, the concentration of 
the total nitrogen N t  has been also determined:

N t  =  N i n o r g +  N o r g i  ( 4 )

where:
N org ~ concentration of organic nitrogen including nitrogen in the su

spended particles (i.e. also in phytoplankton) N s,0rg» and nitro
gen contained in the dissolved organic compounds Np^rg] thus 
Norg == Ns,org "t" ^YDjOrj·

The concentrations of N t  and N org were determined indirectly by appro
xim ate correlations with N inorg and tem perature -  see Figure 2. The 
detailed discussion of this procedure is given in the article by Wozniak 
(in prepared).

JThe problem of photosynthesis dependence on light in the sea is presented in detail in articles: 
Woźniak, 1985, 1987 and in prepared; Woźniak et al., 1988; Koblentz-Mishke et al., 1985 and also in 
articles by other authors: Koblentz-Mishke, 1985; P la tt et al., 1980.
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Figure 2: Statistical relations between various forms of nitrogen in the surface sea water 
and temperature. The relations are presented as isolines t versus N m0rg (inorganic nitrogen 
concentration): A -  concentration of the organic dissolved nitrogen, No,org = const, B -  
concentration of the suspended organic nitrogen, Ns,org =  const; C -  concentration of the 
total nitrogen, Nt  =  N inorg + N^g  =  N tnorg +  Np.org +  N s,org = const

2.3. S ta tistica l correlation  b etw een  p h o to sy n th esis  and tem p e
rature, as w ell as th e  con ten t o f  inorganic n itrogen  com pounds

The particulars of the analysed dependence of photosynthesis param eters 
on tem perature and nitrogen concentration are given in the article by 
Wozniak (in prepared). The present article contains the results selected 
with regard to the requirements of prognosing.

The dependence of the maximum assimilation numbers A N max, avera
ged in three tem perature classes (0-10°C, 10-20°C and 20-30 °C), a t the 
optimum depth z opt, on the sum of inorganic nitrogen N inorg is presented 
in Figure 3. Similar dependences for the chlorophyll a concentration in 
the surface water layer are shown in Figure 3B. In Figure 4 the twodi
mensional dependences of the photosynthesis param eters on the variables 
N ,norg and t  are depicted as isolines.



Figure 3: Relations averaged for various temperature ranges: A -  maximum (i.e. at the 
optimum depth) assilimilation number A N mal versus inorganic nitrogen concentration 
NxnOTg in the surface water layer; B -  surface concentration of chlorophyll a Ba  versus 
inorganic nitrogen concentration N morg in the surface water layer. Vertical segments 
indicate the range of standard deviation of A N maz and Ba



The figures clearly indicate the fact th a t the intensity of photosynthesis 
A N max, as well as chlorophyll a concentration B a ,  in general increase con
sequently with an increase in nitrogen concentration N in0Tg· This increase 
follows a hyperbola (compare with Fig. 3) and thus it can be described 
by the Michaelis-Menten law (Ketchum, 1939):

. »r _ A N max\ f  · Ninorg /r \
max ~  N  +  N ‘ 17’i y xnorg  ' i y inorg> M

BO,\f · N in0rg . .

-  N  +  N "  "77’ ^1 'l in org  ' 1 tn o rg ,M

where:
A N maXiM, B clm -  the maximum possible values of A N max and B a ,

norg,M’ -̂ Ymorg,M ~ constants, i.e. nitrogen concentrations at which 
A N max and B a  a tta in  1/2 their values: A N max =  
A N maXtM /2  and B a  = B a M l 2.

However, apart from the discussed experimental relationships B a  = 
f { N in0rg) and A N max = f ( N morg) th a t are in agreement with the Michaelis- 
Menten law, there are cases disregarding this law, for example chlorophyll 
a in the tem perature range 0-10 °C (compare with curve 1 in Fig. 3B) 
and the assimilation numbers at the tem perature ranges 10-20°C and 
20-30°C (compare with curves 2 and 3 in Fig. 3A). In these instances, 
above a certain optimal concentration of nitrogen (N inorg > 1 n M / d m 3) 
a decrease in the photosynthesis param eters B a  and A N max is observed 
with the increase in N inorg concentration. As for the present, the limi
ted number of experiments and the scarce experimental data  concerning 
other biotic and abiotic param eters of the marine environment do not al
low the explanation of the causes .of this phenomenon. It may result from 
the phytoplankton species differentiation in various natural environments 
with variable assimilation intensities (Grand, 1967; Eppley et al., 1969) 
towards various forms of inorganic nitrogen. A nother likely cause seems 
to be the lim itation of photosynthesis induced by other biogenic substan
ces, e.g. phosphorus (Fuchs et al., 1971). And finally, photosynthesis 
can be limited by biotic or abiotic factors entirely different from the nu
trient supply or tem perature. This is also the reason why the statistical 
correlations presented in this article should not be regarded as genetic 
principles but pimply as empirical correlations.





Figure 4: Approximate location of isolines: A -  maximum assimilation number A N mal = 
const; B -  chlorophyll a concentration Ba = const; C -  optimum primary production 
Popt =  const on diagrams t (temperature) versus JV,nor9 (inorganic nitrogen concentration)

Besides the lim itation by mineral feed supply, the photosynthesis pa
rameters axe strongly correlated with sea w ater tem perature, as indicated 
in Figure 3 by the curves B a  — f ( N inorg)  and A N max =  f ( N inorg)  for va
rious tem perature ranges and by isolines B a  =  const, A N max =  const and 
Popt =  const· in Figure 4. Generally, as regards the assimilation numbers 
A N m a x ,  at the given level of mineral feed, a significant increase of A N max 
is observed with the increasing tem perature of sea w ater -  see Figure 4A. 
This phenomenon is a result of the accelerating effect of tem perature wi
thin the 0-30 °C  range, recorded in the world ocean, on the intensity of 
photosynthesis (Finenko, 1977; Finenko et al., 1971). This accelerating 
effect of tem perature ceases and inhibition starts  probably above 30 °C 
(broken line in Fig. 4A).

In the case of the chlorophyll B a  concentration, the indicator of the 
phytoplankton resources in the sea, the situation differs slightly -  see 
Figure 4B. The positive effect of tem perature on this concentration is 
noticeable only at a very narrow range of low tem peratures, around 0°C.



An increase in B a  with t is then observed only in marine regions of mode
rate  nitrogen supply. For instance at iVmorj « 1 .0  f iM /d m 3 the increase 
in B a  is observed in the tem perature range from 0 °C to 3°C, while over 
3°C, or in the seas of different Ni„org content a t tem perature even lower 
tha t 3°C, a decrease in chlorophyll a is noticed with the increasein tem 
perature. The rate of this decrease depends on the nitrogen content; the 
greatest is observed at N inorg «  1 f iM /d m 3 and it diminishes according 
to the increase or decrease in nitrogen concentration from the level of
1 \ iM /d m 3. The least sensitive to the tem perature im pact are the B a  
values in seas of particularly high nitrogen concentrations. For example, 
in seas of N tnorg «  30 [ iM /d m 3 the chlorophyll a concentration in the 
surface w ater layer is approximately the same -  about 1 m g / m 3 -  in the 
tem perature range from 3 to 24 °C.

Thus, at a given nitrogen concentration the “ cool ” seas tu rn  out to 
be the most abundant in phytoplankton (with the highest chlorophyll a 
concentrations B a ) ,  while in “ w arm ” basins the B a  concentrations are 
lower, although the intensity of photosynthesis is actually in those basins 
higher, as indicated by the A N max values. This apparent paradox can be 
explained by the accelerating im pact of tem perature on the entire ecosy
stem, th a t is by the simultaneously enhanced grazing of phytoplankton 
by zooplankton.

In recapitulation, the relations B a  = f ( N i norg) observed in the world 
ocean are characterized by a certain optimum area (hatched area in 
Fig. 4B) of N inorg and t variables (N in0rg approaching 1 p .M /d m 3 and 
t -  3°C). So, in the basins with the inorganic nitrogen content in the 
range from 0.4 — 3 f i M / d m 3 and tem peratures in the range from 1 to 
6 °C, the maximum chlorophyll a concentrations are encountered. These 
basins belong to eutrophic and supereutrophic seas with chlorophyll con
centrations ~  5 m g / m3 and even greater. Similar shape to chlorophyll a 
relation takes the optim um  primary production (i.e. prim ary production 
at the optim um  depth) versus N morg and t.  It is understandable since this 
param eter comes as the product of the chlorophyll a concentration B a  
and the photosynthesis intensity A N max( P opt = B a  · A N max) 3. However, 
the influence of A N max -  assimilation number -  transferrs (in relation with 
the corresponding chlorophyll a area) the optim um  production are of the 
variables N i „ org and t  into the range of higher nitrogen concentrations and

3Precisely: Papt — Ba(z0fi ) ■ A N mllI, bu t the analysed here mean concentrations of chlorophyll a in 
the surface water layer Ba  approximate or are proportional to Ba (zop().



higher tem peratures -  see Figure 4C. Thus, the most productive area the 
seas and ocean regions with tem peratures t ss 3 — 15°C  and the average 
inorganic nitrogen concentration in the range N inorg.«  0.75—3.5 fx M /d m 3. 
In these basins the prim ary production P opt a ttains the level of about
10 mg · C / m i · h and even more.

2.4. S ta tistica l rela tion sh ip  b etw een  p h oto sy n th esis  and tem 
perature and to ta l n itrogen  con ten t

The presented above relations are useful is estim ating the actual photo
synthesis param eters on the basis of the measured tem perature and the 
inorganic nitrogen concentration, but in prognosis of photosynthesis the 
relations between the photosynthesis param eters and the tem perature 
and the total inorganic and organic nitrogen concentration N ?  are im
portant as well. Examples of such relations are given in Figure 5. They 
were obtained from the relations B a  = f ( N inorg, t) and P opt =  f ( N inorg, t) 
illustrated in Figure 4, after a transform ation of the variable Ni„org to the 
variable N x  with the application of the diagram in Figure 2C.

The qualitative character of the relations B a  =  /( iV ^ i)  and P opt =  
/(JVy, f) is similar to th a t of B a  = f ( N , norg, t )  and Popt — f  (Ninorg, t) 
and does not require separate discussion, though it has to be stressed 
tha t the accuracy of the diagrams in Figure 5 is far smaller than  tha t 
in Figure 4, which results from the indirect approxim ation of the total 
nitrogen content N t -

3. Prognosis of the effect of the Earth tempera
ture increase on the primary production of the World 
Ocean

The assumption th a t the statistical relations presented in the predeces- 
sing chapter describe the steady or quasistatical states of the World Ocean 
ecosystems seems quite justified. Therefore it can be applied in foreca
sting the changes of these states (i.e. photosynthesis param eters) ensuing 
from alterations of any of the lim iting factors, e.g. tem perature or nitro
gen content. Actually, any disturbance of the lim iting factors results in a 
loss of the momentary dynamic equilibrium and the ecosystem becomes 
unstable. The processes taking place then in the ecosystem cannot be 
described by the relations given in Figures 4 and 5, though it is possible



Figure 5: Approximate location of isolines: A -  chlorophyll o concentration B a  — const·, 
B -  optimum primary production P.op, =  const, on diagrams t (temperature) versus N y  
(toted nitrogen concentration)



to determine a new equilibrium th a t would stabilize in an appropriate 
time.

The presented assumption forms the basis of the two prognostic models 
discussed in the following chapters.

3.1. P rogn ostic  m odel T  ( “ tem p era tu re  m o d e l” )

The model has been constructed to  asses the quantitative changes of 
photosynthesis param eters ensuing from the alteration of the sea water 
tem perature at constant other factors limiting the photosynthesis. P ar
ticularly the to tal nitrogen concentration N t  is constant:

iVjP — N i n o r g  N ^ r g  — C O T ls t  (

but the magnitude of the two components Ni„org and N org may vary.
Taking into account the above assumptions and using the diagrams in 

Figure 5 the changes of the chlorophyll a concentration B a  and of the 
primary production P opt are possible to assess. This is achieved by a 
translation of the points on these diagrams parallely to the t  axis; exam
ples are given for a shifts in Figures 5A and 5B. The situation illustrates 
an ecosystem which at the initial sta te  revealed the surface chlorophyll 
a concentration B a  =  1.5 m g / m 3 and the optimal prim ary production 
Popt.s =  2 m g ■ C jm i3 · h under the nitrogen content N t  — 30 i iM fd m ?  
and t s  =  4 °C. Due to the tem perature increase by 4°C, to the final value 
of t f  =  8 ° C ,  the primary production is assumed to reach the final value 
Poptj  =  5 m g ■ C jm ?  · h, while the chlorophyll content would not change 
B a s — 1.5 m g / m s =  B a ) .

Thus, to predict the change of photosynthesis param eters using ths 
T  model it is necessary to know both the initial ( is) and the final (£/) 
tem perature values and the concentration of the to tal nitrogen. The 
model is also applicable when only the initial concentration of inorganic 
nitrogen N inorg is known. In such a case the N t  content is determined 
from the 2C diagram.

Practical application of T  model for forecasting the ecosystem alte
rations resulting from the rise of the E arth  tem perature is limited, be
cause in such highly complex system as the World Ocean any tem perature 
changes are followed by alterations of other factors limiting the photo
synthesis, including the nitrogen content. This problem is dealt with in 
the subsequent prognostic model T  — N .



3.2. P rogn ostic  m od el T  — N  ( “ tem p era tu re-n itr o g en  m o d e l” )

The model has been constructed to assess the quantitative changes of 
the photosynthesis param eters resulting from the simultaneous changes 
of the sea water tem perature and the to tal nitrogen content N t . The 
prognosis is achieved by appropriate translations between the starting 
points B a s( t s,N T ,s), Popt,s{is:NT>a) and the final points Ba f ( t f , NT , f ) ,  
Popt,f{ tf ,N r}f ) on the diagrams in Figure 5. Exem plary translation is 
illustrated by segments B in Figure 5. The translation corresponds to 
the assumed conditions of the rise of tem perature and a double decrease 
of nitrogen concentration Nj·. Under such circumstances the final state 
of the ecosystem is characterized by the following photosynthesis para
meters: B a j  ss 3.5 m g / m 3, P opt,f =  10 mg - C / m 3 · h, differing from those 
obtained in model T .

Should the practical application of the T  — N  model be possible, it has 
to include an assumption of variable nitrogen concentration.

3.3 . R ela tion  b etw een  th e op tim al and th e  global prim ary pro
du ction  o f th e  sea

Before bringing out the problem of practical results of the forecasting it is 
worth to consider the relation between the optimum prim ary production 
Part, in a unit volume at the optim um  depth z opt, and the global primary 
production value P gi0b in the entire w ater column under a unit area. Pro
gnostic models T  and T  — N  render possible solely the estim ation of the 
Popt alterations. However, the statistical analysis presented in the article 
by Wozniak (in prepared) have pointed out the relation between both 
these forms of primary production as an approxim ate equation:

Pglob = const ■ (P opt) ^ 2. (8)

This relation extends the results of the prognostication to the global pro
ductivity Pgi0b of the marine ecosystem. This param eter is more repre
sentative for the evaluation of the total productivity of marine ecosystem 
than PQpt.

3.4. A ssu m p tion s and ex ten t o f  th e  prognosis

The effect of the E arth  tem perature alterations on marine ecosystems is 
complex. Besides the direct influence, tem perature is related to other



factors limiting photosynthesis. Q uantitative definition of these relations 
is impossible at the  present and the article does not a ttem pt to do it.

However, it is inevitable th a t the irregular anticipated rise of the 
E a rth ’s tem perature in the future decades is going to reduce the tem
perature discrepancy between air and the World Ocean (smaller at the 
equator regions and greater at the poles). The result would be the global 
decrease of the dynamic activity of both the environments. Since this dy
namics is responsible for nitrogen transportation  to the euphotic zone of
sea (Koblentz-Mishke, 1977), the subsequent decrease in nitrogen content

in the prognosis.
The prognosis has been carried o\it using both the T  and the T  — N  

models. In both the cases the assumed tem perature rise is A i =  3 °C , 
i.e. the value anticipated in the middle of the next century (Kellogg, 
1988). Moreover, in the case of the T  — N  model, considering the above 
arguments, the decrease in nitrogen concentration is assumed. The cal
culations are provided for the to tal nitrogen concentration equal to half 
of the present value, i.e. N t j  =  0.5 •iV’r .s · The value has been adm itted a 
priori w ithout any quantitative evidence. The prognosis has been prepa
red for a wide biological variety of natural seas. Particular attention has 
been drawn to the regions of the Polish deep sea fishery exploration. The 
most im portant results of the forecasting are presented in two subsequent

3.5. R esu lts  o f  prognosis in various regions o f  th e  W orld O cean

Moreover, using eopt and equation (8) global prim ary production (Pgi0b) 
alterations egi0b have been calculated from the equation:

of the World Ocean seems very probable. This efi'ect has been included

chapters.

The determ ination included percent change of the optimum prim ary pro
duction

(10)

The results of e ^ t  and esj0j obtained with the application of both the 
models (T  and T  — N )  for basins of various initial tem peratures and ni
trogen concentration are shown in Figures 6 and 7. The Figures illustrate





Figure 6: Prognosticated percent of changes of and -  optimal and global primary 
production -  ensuing from a temperature increase of A t =  3°C. Figures illustrate the 
approximate location of isolines =  const and £5(o4 =  const (in brackets) on the diagram 
of correlations: A -  i (actual temperature) versus Nt  (total nitrogen concentration); 
B -  i (actual temperature) versus Nxnorg (inorganic nitrogen concentration). Calculations 
performed with the prognostic model T

Table 1: The actual annual mean values of temperature t and typical concentrations of 
inorganic nitrogen compounds N inorg in the euphotic zone of the Ocean, the example 
being the Atlantic

Region Biologic Latitude t Ninorg References
type (°C) (n M /d m 3)

Arctic E 70-60°n 3 2 *
M 8

Subarctic E 60-40°n 11 1 *
M 2
O 6

Northern E 40-20°n 19 5.7-18 (11.9) * *
subtropical M 0.7-6 (3.4)

O 0.48-2.25 (1.3)
Northern E 2 0 - 1 0 ° n 26 8.7-27 (17.9) * *
tropical M 0.7-6 (3.4)

O 0.35-1.25 (0.8)
Equastorial E 10°N-10°S 27 2.7-13 (7.9) * *

M 0.7-6 (3.4)
O 0.31-1.25 (0.8)

Southern E 10-20°S 25 10.7-32 (21.4) * *
tropical M 0.7-6 (3.4)

O 0.31-1.25 (0.8)
Southern E 20-40°S 20 10.6-30 (20.3) **
subtropical M 0.7-14 (7.4)

O 0.31-1.25 (0.8)
Subarctic O 40-50°S 10 5.11-10.35 (7.75) #*
Antarctic m / o 50-70°S 1.3 20.11-25.7(23) **

E -  eutrophic basins (ol high productivity)
M -  mesotrophic basins (of moderate productivity) 
o -  oligotrophic basins (of small productivity)
* -  Burkaltseva and Ponomareva, 1976 (N,norg data)

** -  Ivanenkov et al., 1979 (variability ranges and mean values)





Figure 7: Prognosticated percent of changes of and egiob ~ optimal and global pri
mary production -  ensuing from a simultaneous temperature increase of A t  = 3°C  and 
nitrogen concentration decrease to the halved level, N t j  =  —0.bNT s: A -  i (actual tem
perature) versus NT (total nitrogen concentration), B -  t (actual temperature) versus 
Nmorg (inorganic nitrogen concentration). Calculations performed with the prognostic 
model T  — N

Table 2: Prognosticated (due to a temperature increase by 3°C) percent of eop1 and egtoi 
alterations (optimal and global primary production) in the Ocean, the example being the 
Altantic

Region Biological
type

Latitude Model T
eopt(%) i«ic*(96)

Model T - N
£<*<(%) e,ioi(%)

Arctic E 70-60°N +15 +8 -55 -33
M +40 +18 -17 -8

Subarctic E 60-40°N -13 -6.5 -72 -47
M -15 -8 -23 -10
O -4 -2 -25 -13.5

Northern E 40-30% -7.5 -3.8 -25 -13.5
subtropical M -19 -8 -52 -31

O -15 -8 -70 -45
Northern E 20-10°N -8 -4 -19 -10.5
tropical M -4 -2 -68 -43.4

O -21 -12 <-80 <-55
Equatorial E 10°N-10°S -6 -3 -50 -29

M -4 -2 -72 -47
O -22 -12.5 <-80 <-55

Southern E 10-20°s -9 -4.5 -18 -8
tropical M -12 -6 -29 -15.5

O -15 -7.5 -80 -55
Southern E 20-40°S -8 -4 -16 -7
subtropical M - 1 2 - 6 -29 -15.5

o -15 -7.5 -80 -55
Subantarctic 0 40-50°S +4 + 2 -18 -8
Antarctic m / o 60-70°S +170 +64 >+500 >+145

E -  eutrophical basins (of high productivity)
M -  mesotrophical basins (of moderate productivity) 
O -  oligotrophical basins (of low productivity)



the isolines eopt = const, egi0t = const  on t  versus N ?  and t versus N inorg 
diagrams.

It is clearly marked tha t the anticipated alterations of prim ary produc
tion depend seriously on the initial conditions of the ecosystem and vary 
according to  the ecosystem tem perature and nitrogen concentration. The 
ensuing alterations can consist both in an increase of prim ary production 
(positive eopt and £giob) or in its decrease (negative eopt and egi0j values).

A considerable increase of the productivity level can be expected in 
cool seas with high nitrogen concentration, while in the case of warm 
basins poor in nitrogen, th a t is of small productivity, a reduction of pro
ductivity to an even lower level has to be anticipated. The smallest alte
rations of photosynthesis (or even none) will appear in cool ecosystems 
with moderate nitrogen content and in warm basins of high nitrogen con
centrations.

As regards the m agnitude of productivity alterations assessed in the 
tem perature model T  and the tem perature-nitrogen model T  — N ,  the 
tendencies do not differ. Usually the absolute values of eopt and egi0b 
are greater in the T  — N  model. This is due to the assumed relatively 
serious, probably greater than  in reality, decrease in nitrogen content in 
water, thus the T  — N  model determines the upper limit of the possible 
productivity alterations. On the other hand, the vahies of eopt and egi0b 
calculated using the T  model give the lower limit.

Table 2 presents geographical location of the anticipated primary pro
duction alterations in ecosystems of various productivity, the example 
being the A ltantic Ocean. The calculations have been carried out using 
literature da ta  on tem perature and nitrogen concentration listed in Ta
ble 1.

It follows from Table 2 th a t the increase in prim ary production can be 
anticipated in oligotrophic and mesotrophic regions of the Ocean, that 
is at high la ttitudes (A ntarctic and Arctic). The productivity level can 
increase by several tens or even hundred percent, while in majority of the 
Ocean regions, at middle and low lattitudes (40 °N -  40 °s), the decrease 
in productivity is very likely. This decrease will happen in various types 
of ecosystems -  oligotrophic, mesotrophic and eutrophic as well. The 
estim ated lower limit of the decrease (according to  the T  model) would 
be cgiob ~  2 ~  — 12.5%, the upper one (according to the T  — N  model) 
£ glob « - 8  4- —55%.



3.6. P rogn osis o f  p h otosyn th esis  a ltera tion s in regions o f  th e  
P olish  d eep -see  fishery  fleet operations

The main regions of the Polish deep-see fishery fleet operations are lo
cated as follows (personal communication by Z. Russek, Sea Fisheries 
Institute, Gdynia):
Region I (if «  49 °S — 54 °S, A «  56 °W — 63 °w) -  in the southern

Atlantic, in the area of the Falklands.

Region II ( i f  «  55 °N — 58 °N , A «  173°e  — 173°w) -  in the northern
Pacific, in the Bering Sea.

Considering the chart of mean values of prim ary production distribution 
in the World Ocean and the biological classification of the seas accor
ding to  Koblentz-Mi'shke (1977), region I -  with the mean production 
Pglob > 500 m g ■ C /m ?  ■ d belongs to highly productive, eutrophic ecosy
stem, while region II classifies as a mesotrophic basin -  with the mean 
primary production P giob in the range from 150 to 250 m g - C / m 3 -d. Mean 
chlorophyll a content in the surface water layer of the regions is equal to 
(Mordasova, 1976) B a  «  1.5 — 2 m g / m 3 in region I and B a  ~  1 m g / m 3 
in region II. At present, both  the regions meet the fishery requirements.

The prognosis of photosynthesis param eters alterations due to the rise 
of the E arth  tem perature has been carried out for both regions taking

Table 3: The determined prognosis parameters

Contents
Region I (s. Atlantic) 

49°s-54°s 56°w-63°w
Region II (Bering Sea) 

55°N-58°N 173°E-173°w
model T  model T  — N model T model T  — N

Percent of primary 
production changes 
£ < j p t ( % )

£ g l o b ( % )

+18 +40 
+9 +18

+57
+25

+400
+124

Present production 
P g i o b , s(m g ■ C / m 2  ■ d) >  500 200
Anticipated production 
P g > o b , f ( m 9  ' C /m 2 ■ d) >  541 >  590 ~  250 ~  442
Present chlorophyll a
concentration
B a ^ m g / m 3 ) ~ 1.7 rs.• 1.0
Anticipaded chlorophyll o 
concentration
B a f ( m g / m 3 ) ~ 1.45 ~  2.0 ~  1.2 ~  2.1



into account the actual values of main abiotic factors, i.e. sea water 
tem perature and nitrogen content. The annual mean tem peratures of 
the euphotic zone have been estim ated after Gershanovich and Muromcev 
(1982), the respective values being t «  7 .8°C  in region I and t «  5.4°C  in 
region II. Nitrogen concentrations N inorg ss 12 f i M / d m 3 (I) and N inorg «  
30 n M / d m 3 (II) have been estim ated after Ivanenkov et al. (1979). The 
determined prognosis param eters are given in the Table 3. In both regions 
an increase in productivity is anticipated, particularly marked in region
II -  the Bering Sea.

The presented results prognosticate good future catches in both the 
regions of the Polish deep-sea fishery fleet operations, provided th a t there 
does not appear a factor (e.g.  of a local character) lim iting the biological 
productivity th a t has not been taken into account in this modelling.

4. Final remarks

It is necessary to emphasize some defects and lim itations in interpretation 
and practical use of the results presented in this article.

Statistical analysis of the relation between the photosynthesis para
meters A N max, B a  and Popt and tem perature t  and inorganic nitrogen 
content N morg in natural environment has been carried out using the re
sults from about 1000 measurement stations situated  in various regions 
of the World Ocean. This number of da ta  -  considering technical diffi
culties in data  acqusition and the complexity of the experimental data  
-  is relatively high. Nevertheless it is far from satisfactory, especially as 
regards the small num ber of observations under particular biotic condi
tions -  the least precise are the statistic  shapes of the analysed relations 
in the following regions:

• in the region of low tem perature ( t  <  15°C)  and small nitrogen 
concentration (N inorg < 0.3 [ iM jd m 3),

• in the region of moderate and high tem perature ( t  >  15°C) and high 
nitrogen concentration (Ni„org >  3 n M / d m 3).

Thus, the isolines A N max =  const , B a  =  const  and P opt =  const  on the 
diagrams t  versus N inorg (Fig. 4) should be regarded only as a qualitative 
description. Their quantitative credibility (generally, a t the two presented 
ranges of t  and N inorg) is lower.



The relationship between the photosynthesis param eters and tem pera
ture and to tal nitrogen concentration N t  has been determined indirectly 
by shifting from the variable Ni„org to the variable N t  w ith the use of 
the diagram in Figure 2B. Theoretically, the credibility of the isolines B a  
and P opt on the diagrams t versus N t  (Fig. 5) equals, at the utm ost, th a t 
of the isolines in Figure 4, but in reality it is much lower because of the 
rough approxim ation of the relation between N inorg and N t -

Needless to say, to get better precision of the results as regards the 
relation between the photosynthesis param eters and tem perature and va
rious forms of nitrogen (Ni„org and N t ) it is necessary to acquire greater 
number of experim ental data  from various regions of the World Ocean.

Since the results presented in this article, prognosticating the im pact 
of the E arth  warming up on the photosynthesis param eters in the World 
Ocean, have been based on statistical correlations Popt =  f ( t , N T )  and 
B a  = f ( t , N x ) ,  the inaccuracies of these correlations are propagated to 
the results of prognosis. Additional errors of the forecasted photosyn
thesis param eters arise from adopting the inaccurate actual values of the 
abiotic factors (tem perature and nitrogen concentration) as the initial 
data in the prognostic models.

Moreover, there has been a number of lim itations and simplifications 
in both models (T  and T  — N ) ,  because in the T  model only the effect of 
tem perature has been considered, in the T —N  model -  only the im pact of 
tem perature and nitrogen concentration, while the influence of the other 
biotic factors directly or indirectly limiting the marine photosynthesis has 
been omitted. Neither the prognosis of the nitrogen concentration change 
has been conducted. Instead, the m agnitude of this change has been asi- 
gned a priori not having been even precisely estim ated. To overcome 
in the models the mentioned difficulties would require additional expe
riments and detailed explanatory models anticipating the influence of 
tem perature on various oceanological processes. In particular, the most 
im portant seems to  be the analysis of air and water masses dynamics, 
th a t is the results determ ining the nitrogen and other nutrients concen
tration. The effect of climate changes over the continents has also to be 
taken into account, since they direct the inflow of various substances from 
land to sea. In this aspect the melting of glaciers, resulting in dislocation 
of the shorelines and alteration of the surface salinity of the Ocean, must 
be evaluated. Similarly im portant, though requiring different solutions, 
seems the prognostication of the productivity changes in regions exposed 
to a significant continental influence, e.g. in closed and semiclosed seas



or bays, where photosynthesis may be limited by a variety of complex 
local factors.

In recapitulation, the results presented in this article of prognosing the 
effect of the E arth  warming up on the productivity of the World Ocean 
are of the initiatory character.
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