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ABSTRACT 
 

The effect of five ecological factors (incident radiation, air and soil temperature, vapour pressure 
deficit (D), and soil moisture) on the net CO2 photosynthesis rate was examined for three boreal 
tree species – Siberian larch (Larix sibirica), Sibirian spruce (Picea obovata), and Scots pine (Pinus 
sylvestris) from the Baikal lake region, by means of a coupled photosynthesis–stomatal 
conductance model. The model was parametrized on the data obtained from 5–year long field 
measurements made on sun needles of three 14–19 year-old trees of each species. Pine had the 
greatest photosynthesis rate while spruce had the lowest one. There were 9 free model parameters 
in total fitted on the whole data set that gave the model efficiency ME = 0.46–0.66. For single years 
and three intra–year time intervals, parameter fitting was made for three key parameters only: 
maximum Rubisco activity, Vcmax25, maximum stomatal conductance, max

swg , and quantum efficiency 

of photosynthesis, φ; this procedure raised fitting quality to ME = 0.61–0.72. 
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Photosynthesis rate varies due to current weather conditions and also due to long-term changes in 
the plant itself, that is in the parameters that determine the photosynthesis rate. The change of 
parameter values with time probably takes place due to between– and within–year weather 
change. Under actual weather conditions in Pre-Baikalia, larch realises 49%, spruce – 30%, аnd 
pine – 36% of their maximum photosynthesis rate ability. Soil moisture significantly affected Vcmax25 

for larch and spruce, while for larch it was vapour pressure deficit (D) that most affected the value 
of Vcmax25. The coefficient of stomatal limitation of photosynthesis, Ls, offered by Sharkey, showed 
that stomatal regulation is maximal for pine, and minimal for larch. 
 

 
Keywords: Environmental impact on gas exchange; Siberian larch Siberian spruce; Scots pine 

coupled photosynthesis; stomatal conductance model. 
 
1. INTRODUCTION 
 
Investigations of diversity and peculiarities of 
historical formation of Baikal region vegetation [1, 
2,3] demonstrated that peculiarities of structure 
and dynamics of productivity of forest plantations 
in this territory are determined by cold soils, high 
insolation level and moisture deficit. Under these 
conditions, coniferous species dominate in multy-
species stands due to flexibility of their 
physiology. So, it seems important to analyze the 
photosynthetic activity of these plants under 
natural conditions, and their species-specific 
dependence on environmental factors. 
 
It is customary to conduct analysis and 
extrapolation of corresponding empirical data by 
employing mathematical models that rely on 
physiological-biochemical mechanisms of 
photosynthesis, and, as a result, have 
considerable predictive power. During the last 
20–25 years, it was the Farquhar biochemical 
model [4] that was mostly used for this purpose 
[for recent examples see 5,6,7,8], sometimes 
combined with some model of somatal 
conductance typically, the models of [9,10]. Our 
approach follows this practice. 
 
A large body of studies is devoted to determining 
the Farquhar model parameters. Most of them 
examine two central ones: Vcmax25, the maximum 
carboxylation capacity, and Jmax25, the maximum 
electron transport capacity. Typically, Vcmax25 and 
Jmax25 are determined by processing the A–Ci 
curves obtained under laboratory conditions. 
Thus, a summary reported by [11] provides the 
data on the value of Vcmax25 for 109 plant species 
(with six tree boreal species among them). Later 
studies examined the temperature dependence 
of some components of the model [12,13]. 
 
In the original version of the Farquhar model, the 
external ecological factors are represented by 
PAR, air temperature, and ambient CO2 

concentration. Subsequently soil temperature 
was incorporated [14], as well as leaf water 
regime via water potential of soil and plant [15]. 
 
However, the use of Farquhar model is 
complicated by the systematic parameter change 
due to continual long-term influence of 
environmental factors leading to adaptive 
change; for example, this effect was reported for 
average PAR intensity [16] and for air 
temperature [12,17]. The problem was outlined in 
detailes in the review by [18]. 
 
The goal of this paper is to examine the adaptive 
differences in dependence of photosynthetic 
activity on several climatic factors for three 
dominant coniferous species growing in the 
sharply continental climate of East Siberia. Our 
analysis was based on systematic 
measurements of their CO2 exchange spanning 
a time interval of five years. The study years 
differed drastically as regards the weather. The 
data were published previously, but treated from 
a different standpoint [19]. 
 
In selecting the values of the parameters suitable 
for model application, special attention was given 
to the variation of the parameters from year to 
year and within a growing season. 
 
For the most ecophysiological models, it is rare 
for the influence of the water and temperature 
regime of the soil to be taken into consideration, 
but we had these factors measured together with 
the photosynthesis rate. Correspondingly, the 
ecophysiology of selected conifers was studied 
as to its dependence on five environmental 
factors: the PAR intensity, air and soil 
temperatures, vapor pressure deficit in the air, 
and the available soil moisture. The last factor is 
especially important because the specimens 
studied grow in the near-taiga zone with the 
limits of precipitation in the course of the growing 
season. 
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2. MATERIALS AND METHODS 
 
The objects of investigation were represented by 
Scots pine (Pinus sylvestris L.), Siberian spruce 
(Picea obovata Ledeb.), and Siberian larch (Larix 
sibirica Ledeb). These species occur throughout 
Siberia, from the tundra line to the forest-steppe 
area. Their ecological traits can be found for 
example in [20,21]. Pine and larch are durable 
edificatory and sub-edificatory species in 
Siberia’s coniferous forests. According to a 
characteristic given by forest ecologists, pine 
endures moisture deficiency as well as 
overmoistening, but it does not grow in Siberia 
on boggy lands because of its root system’s 
sensitivity to the low temperatures of marshy 
soils. The proportion of spruce in Siberia’s 
forests, especially in East Siberia, is lower when 
compared with pine and larch (only 7% of 
coniferous forests territory of Irkutsk region 
instead of 34% for pine and 40% for larch 
forests) [22] since it is more soil moisture 
demanding (it likes neither dry nor water-logged 
soils), grows in river valleys, occupies mounds 
and micro-elevations on bogs and is hardly ever 
found on dry sand soils. It has a poorly 
developed root system tending toward the 
surface in comparison with pine and larch ones 
and is less resistant to the effects of a dry 
continental climate and high temperatures either. 
 
The measurements were made from 1995 to 
1999 on the plantation established in 1984 on 
the outskirts of the city of Irkutsk, belonging to 
Siberian Institute of Plant Physiology and 
Biochemistry SB RAS (52o 14′ N, 104о 16′ E). In 
September 1999, the plantation had tree species 
composition PS4SS3LS3 and with the canopy 
closure being 50-60%. The mean tree size was 
as follows: 
 

 Larch     Spruce     Pine 
Height, m 5.13        3.95        4.45 
Diameter at a height 
of 1.5 m, mm 

68.7        50.4        43.2   

 
The plantation lies on grey loamy non-podzolic 
forest soils with a poorly pronounced humus 
horizon. According to the observations made by 
[23] the soils within a 0-50 cm layer may contain 
in springtime 144 mm of moisture, with the water 
content at wilting point of 38 mm. The moisture 
available for the plants was measured as 
difference between common water content and 
content at wilting point: 144-38 = 106 mm. 
 
In winter the soil freezes to a considerable depth 
(sometimes up to 200 sm), and thaws occurs 

late. Groundwater is at a great depth (11-55 m) 
and has no influence on the water regime of the 
upper soil horizons. Tree roots do not penetrate 
deeper than 100 cm, and the bulk of sucking 
roots are concentrated in the upper 10 cm of the 
soil. 
 
CO2 exchange measurements started in early 
spring (first-second decade of April) when the 
first signs of positive (net) CO2 exchange 
appeared, and were ceased in the first decade of 
November when the CO2 exchange terminated. 
Three trees of each species were taken. Non 
shaded one (last) year old shoots of pine and 
spruce were selected. Likewise brachyblasts of 
larch growing on one-year-old shoots on the 
southern side in the upper third of the crown 
were selected. To measure the CO2 gas 
exchange of the needles we used cylindrical 
polyethylene cuvettes. 
 
Photosynthesis was recorded by means of 
infrared gas analyzer Infralyt-4 (Germany)-based 
12-channel device of open type on the EPP-09 
(Russia) recorder with the least division of 5 
ррm. The effectiveness of the device was 
supported by special methodical examination 
[24]. Volumes of the assimilation cuvettes were 
adapted to shoot sizes, and were equal to 0.5 
dm3 for larch and pine, and 0.2 dm3 for spruce. 
Free polyethylene ends of assimilation cuvettes 
were fixed on branches by the scotch tape. The 
air entered the cuvette with air inlet, went around 
the needles, went to the CO2 measuring device 
for the analysis and then went out with the 
exhaust. There were twelve values measured in 
total: nine values for CO2 exchange, one from 
each cuvette, and in addition three CO2 
concentration measurements were taken in the 
ambient air near the cuvettes, for control. 
Switching between the channels was conducted 
automatically. Air flow was pumped by 
compressors positioned between channel 
switches and the air dryer. The ambient CO2 
concentration was at the average 330-340 ppm 
changing about 380 ppm in morning to 320 ppm 
in afternoon hours. 
 
The rate of air current was 40 l h-1. A calculation 
of the photosynthesis rate was performed to the 
projected needle area. Observations were made 
from 6 to 20 o’clock on 3 consecutive days every 
week, totalling 12-15 days a month. The length of 
the period of a positive photosynthesis rate 
(corresponds to CO2 assimilation) for these 5 
years averaged 185 days per year for pine and 
spruce (from the end of April to the end of 
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October), and 137 days per year for larch (from 
mid-May to 20 of September). Five 
measurements were made for each object per 
hour, but for the analysis were used only hourly 
meanings. A total of 5385 hourly measurements 
were obtained for pine and spruce, and 4410 
measurements for larch with its shorter growing 
period. 
 
Concurrently with CO2 exchange measurements, 
we recorded the integral solar irradiation intensity 
by means of the Yanyshevsky pyranometers. 
The integral irradiance was converted                         
to photosynthetically active radiation (PAR, µmol 
m-2 s-1) following [25]. In the middle of the 
vegetation season in our region this part was 
around 46-52%. Air temperature was measured 
with copper temperature-sensitive elements 
installed in one of the assimilation chambers as 
well as in the inter-crown space level with the 
assimilation chambers. Relative air humidity was 
determined with the hygrograph (Russia), and 
the readings were compared with the Assman 
psychrometer (Russia). The data obtained were 
converted to the values of D by well-known 
formulas that employ air temperature values. Soil 
temperature at a depth of 5 cm was recorded at 
1 p.m. every day, and moisture content in the soil 
was measured once a week by the thermostat-
weight technique.  
 
The data obtained were analysed by means of 
application of coupled photosynthesis–stomatal 
conductance model that is described below. 
 
2.1 Model Description 
 
2.1.1 The submodel of photosynthesis  
 
The rate of specific net photosynthesis during the 
daytime per unit leaf area, An (µmol m-2 s-1) is 
given by the basic balance equation 
 

  ,)
a

(
d

)
i

,
a

,(b)
i

,
a

,(n TRCTQACTQA −=
           (1) 

 
where Ab is the gross photosynthesis rate, Rd is 
the daytime dark respiration, Q is PAR intensity, 
all of the three foregoing being measured in µmol 

m–2 s–1; Та,
 o
С, is air temperature; Ci is CO2 

concentration in the intercellular space. 
 
Gross photosynthesis rate Ab is given by the 
model of [4] in its original, two limiting processes 
formulation, where the central parameters are 
the maximum rate of Rubisco activity, Vcmax25,  
the potential rate of electron transport, Jmax25 
(both taken at a reference temperature Та = 25 
oC, µmol m-2 s-1), and the quantum efficiency of 
photosynthesis, φ, mol e (mol PAR)–1. In our 
model [26] for full description of our version, one 
addition was necessary, namely, dependence of 
assimilation rate on soil temperature, Ts. Here we 
followed the results and formalization reported by 
[14,15]. For three coniferous species from the 
temperate zone, they found a parabolic-like 
dependence of Vcmax25, Jmax25, and φ on Ts; our 
parametrisation will be described later. 
 
Photosynthesis rate over a 24-h period is found 
by substracting from An the night respiration rate 
Rn, µmol m-2 s-1; the last is commonly taken being 
proportional to Rd: 
 

Rn = rndRd,                                                   (2) 
 
where the parameter rnd ranges between 1.25 
and 5.0 [27] with a typical value of 2.0 used in 
our calculations. 
 
Stomatal conductance for Н2О was calculated 
using the widely used semi-empirical model of 
[9]: 
 

sw
g

(Q, Ta, D, Ts, Ws) = cut
wg +( max

swg – cut
wg ) 

×fQ(Q)×fTa(Ta)×fD(D)×fTs(Ts)×fw(Ws),           (3) 
 

where max
swg is maximum, and cut

wg is cuticular 

conductance for Н2О, mmol m–2 s–1; D is vapor 
pressure deficit in the air, hPa; Ws, mm, is 
available soil moisture supply, reckoned from 
wilting point. The values of all response functions 
fΦ(Φ) (Φ  is an ecological factor) lie in the range 
[0, 1]. Simplest forms of fΦ(Φ) were selected. 
Usually applied hyperbola for radiation had the 
form (Q05, µmol m-2 s-1, is a parameter) 
  

fQ(Q) = Q(Q05+Q)–1.                                    (4) 

The temperature dependencies on Ta is taken as the quadratic parabola 
 

   
otherwise.                          0
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that has two parameters, Tаopt, g and Tаmin, g; Tаmax, 

g = 2Tаopt, g–Tаmin, g. The function of the same 
form, fTs(Ts), was introduced for the dependence 
on soil temperature; also, it was used as a 
multiplier to three key parameters of the 
biochemical model, Vcmax25, Jmax25, and φ (all they 
parameters - Topt, g and Tmin, g were taken 
identical). 
 
The dependence on vapor pressure deficit in the 
air was taken in hyperbolic form (D00 and D05 are 
parameters, hPa) 
 

   
otherwise.   )]/()(1[

and ,  when                              ,1
)( 1-

000500

00
D





−−+
<

=
DDDD

DD
Df

                                                         
(6) 

 
The dependence on Ws was taken in the form of 
piece-wise linear function 
 

   
otherwise.                                        1

and ,0  when,/
)( smaxssmaxs

sW


 <≤

=
WWWW

Wf
                                                              

(7) 
 
and has one parameter Wsmax, mm, the moisture 
level at which the stomata are at their maximum 
opening. 
 
The photosynthesis and stomatal conductance 
submodels were combined on the basis of Fick‘s 
law of conductance and were solved together to 
get two unknowns - An and Ci. 
 
2.1.2 Parametrizing the model  
 
The parameters for each species were estimated 
by the least squares method that minimises the 
residual sum of squared deviations (or standard 
error of estimate, SEE) between simulated and 
measured values of photosynthesis rate. 
Minimum SEE provides maximum of Nash-
Sutcliffe model efficiency criteria (ME) [28] that 
was used in our work; ME = 1 corresponds to 
perfect fit while ME < 0 says about inadequacy of 
a model. 
 
Most model parameters considered secondary 
for the model performance were taken from the 
literature with their typical values. Temperature 
dependencies for Vcmax25, Jmax25, and Ko, Kc 
(Michaelis constants for CO2 and O2 
respectively) follow formulas used in [13], with 
their parameter values found as averages over 
several literature sources; quantum efficiency of 
photosynthesis φ is taken as PHA and 
temperature-independent. 

We had to abandon finding Vcmax25 and Jmax25 as 
independent parameters and instead fixed their 
ratio 

 
ℜ = Jmax25/Vcmax25 = 2.25                             (8) 

 
because of unrealistic values given by iterations, 
and fitted only one of them. This approach is 
repeatedly used in the literature [27,29,30]. A 
“reasonably-representative” value of ℜ = 2.25 
was chosen, based on a review of published data 
on the coniferous species in the temperate zone 
[11,12,13,15,31]. The values of Rd25 were 
inferred from the plots of light curves for small 
values of Q < 80 µmol m–1 s–1. The parameters 
Tamin, g and Tsmin, g were fixed for all species, Tamin, 

g = Tsmin, g = –5оС, with a negligible loss in 
accuracy. Parameters of the response functions 
in stomatal conductance, Q05, Tаopt, g, Tsopt, g, D00, 
D0, Wsmax, were among those fitted by SEE 
minimisation. 
 
As a result, we had the set of 9 free parameters. 
Among them, Vcmax25, ϕopt, and max

swg  were fitted 

by means of direct iterations, yielding a high 
degree of accuracy, with the other parameters 
remaining fixed; for them, we performed a grid 
search with a fixed parameter increment, and the 
cycle was repeated until a stable SEE minimum 
value was achieved. 
 
3. RESULTS 
 
3.1 Differences in Species Reaction to 

Factors 
 
Fitting the model on the basis of the entire data 
set (1995–1999) gave the parameter values 
presented in Table 1. 
 
The values of the optimal parameters listed in 
Table 1. The results clearly indicate inter-species 
differences and confirm the conclusions drawn 
from a preliminary examination of the 
experimental data: 
 

a. The values of Vcmax25 and ϕopt show that 
the photosynthesis rate in larch is 
markedly lower compared with spruce and 
pine, whereas the last two species do not 
differ so much; accordingly, the values of 
Аmax differ; 

b. The values of Q05 are suggestive of a 
difference in the response of stomata to 
light (arrangement according to the 
sensitivity level: spruce, larch, pine); 
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с. The values of D00 and D05 are indicative of 
a difference in the response of stomata to 
air moisture deficit (arrangement according 
to the sensitivity level: larch, spruce, pine); 

d. The values of Wsmax indicate a difference in 
the response of stomata to soil moisture 
deficit (arrangement according to 

sensitivity level: pine, spruce, larch, with 
the first two species being virtually identical 
and sensitive, whereas larch is only weakly 
sensitive); 

e. The values of Tsopt  point to a difference in 
the preferences of stomata and of the 
photosynthesis rate to soil temperature. 

 
Table 1. Model parameter values obtaned by fitting the model using the entire data set for 

1995-1999, together with some derivative variables.  SEE is the standard error of estimate, ME 
is the model efficiency, N is the number of data points 

  
Parameter and units  Larch  Spruce  Pine  
Vcmax25, µmol m–2 s–1 25.6 54.5 74.0 
ϕopt, mole– (mol PAR)–1 0.0604 0.0925 0.1223 
Rd25, µmol m–2s–1 0.611 1.937 1.576 

max
swg , mmol m–2s–1 65.2 59.8 79.2 

Tаopt, g, 
oC * 24.2 21.4 18.2  

Tsopt, g, 
oC 15.7 10.6 13.4 

Q05, µmol m–2s–1 90 30 150 
D00, hPa 0.3 5.0 8.2 
D05, hPa 8.0 13.6 22.0 
Wsmax, mm 56 181 132 
Amax, µmol m–2s–1 3.26 4.61 6.07 
SEE, µmol m–2s–1 1.057 1.191 1.277 
ME  0.493 0.458 0.656 
N 4410 5730 5665 

* The visually determined temperature optimums of photosynthesis rate are Tаоpt,Аempir= 25 oC (Larix), 18 oC 
(Picea), 18 oC (Pinus) 

 
Table 2. Quarter and yearly averages of ecological factors used (for symbols see the text) 

 
Years  Q, mol m –2 

day -1 
Ta, 

oC D, 
hPa 

Ts, 
oC Ws50, mm Precipitation,  

mm month -1 
1995  I 
          II 
          III 
Average 

45.6 
45.1 
25.0 
38.6 

14.8 
20.7 
10.1 
15.2 

7.9 
9.5 
3.0 
6.8 

11.7 
18.0 
11.0 
13.6 

111.9 
45.8 
71.0 
76.2 

31 
83 
28 
47 

1996  I 
          II 
          III 
Average 

38.8 
43.6 
25.4 
35.9 

17.9 
20.5 
9.6 
16.0 

9.7 
7.9 
5.0 
5.9 

12.8 
17.5 
9.8 
13.4 

86.2 
74.3 
48.3 
69.6 

9 
118 
20 
49 

1997  I 
          II 
          III 
Average 

44.7 
42.7 
20.1 
35.8 

14.4 
21.2 
10.5 
15.4 

8.6 
7.7 
3.2 
6.5 

7.5 
16.6 
9.1 
10.0 

106.6 
41.6 
41.0 
63.0 

25 
110 
32 
56 

1998  I 
          II 
          III 
Average 

39.6 
44.7 
15.9 
33.4 

11.7 
24.9 
6.0 
14.2 

8.8 
10.2 
2.3 
7.1 

5.3 
18.5 
6.5 
10.1 

62.7 
77.9 
42.7 
61.1 

26 
122 
35 
61 

1999  I 
          II 
          III 
Average 

44.6 
42.6 
21.3 
36.2 

15.3 
20.9 
8.5 
14.9 

11.4 
8.0 
4.6 
8.0 

8.2 
16.2 
7.1 
10.5 

64.4 
44.3 
29.9 
46.2 

22 
82 
13 
39 

1995-99 36.0 15.1 6.9 11.5 63.2 50 
* Ws50 – moiture available in the upper 50 cm soil layer 
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General quality of model perfomance is 
supported by the values of max

swg  that lie within 

the range usually reported for coniferous trees, 
as well as a good correspondence between the 
observed and theoretical values of Taopt . Also, 
the observed interrelation between temperature 
optima for stomata operating, Tаopt, g > Tsopt, g, 
corresponds to the observed interrelations for Tа 
and Ts (Table 2). 
 
3.2 Stomatal Conductance Limitatioins 
 
The limitation of photosynthesis by stomatal 
conductance was estimated by the parameter Ls 
suggested by Sharkey (unpublished, cited from 
[32]: we took the actual rate of photosynthesis 
found from equation (1), An (Ci), and then used 
the same equation to calculate the maximal rate 
of photosynthesis, An(Ca), with the intracellular 
concentration of СО2 equal to the ambient one, 
Ci = Ca, that is provided by formally infinite 
stomatal conductance. After that the value of Ls 
can be found as 
 

Ls = (ACa–ACi)/ACa,                                      (9) 
 

that gives the relative value of stomatal limitation 
(Ls = 0 corresponds to no limitation, while Ls = 1 
corresponds to the maximal one). It was found 
that during an actual weather period, Ls = 0.30 in 
larch, and 0.46 and 0.49 in spruce and pine, 
respectively. Value of Ls considerably varied 
between years of observation, e.g., in the dry 
1999 season it increased to 0.59 and 0.64 for 
spruce and pine, respectively. 
 
To determine the influence of the external factors 
on Ls separately, a calculation was performed for 
the case where one of the factors Ф = (Q, Та, D, 
Тs, Ws) was at its optimum. As is evident from 
Fig. 1, stomatal regulation is minimal in larch and 
maximal in pine. At the optimal Ws, the value of 
Ls in spruce and pine decreased. In larch, it 
decreased dramatically when D = 0, and under 
constantly clear weather it increased in all 
species. 
 
3.3 Analysis of Long-term Acclimations 
 
Determination of model parameters on the entire 
data set implies that all the parameters stay 
constant during the whole observation period. At 
the same time, general biological considerations 
as well as observational data support the view 
that the parameters are not constant but can vary 
under ecological factor change. In our case, the 

weather changed noticeably between the years 
as well as from quarter to quarter within a year. 
Hence, one can suggest that species parameters 
will change correspondingly. 
 
It is worth noting that for all factors besides Ws 
the seasonal dynamics for every year was 
similar: values of Q, D, Ta, and Ts reached their 
maxima in the middle of the summer. On the 
contrary, the value of Ws could be maximal either 
in spring, summer or in autumn; year 1999 was 
dry. Table 2 presents between-quarter variability 
of ecological factors applied in the model. 
 

 
 

Fig. 1. Proportion of photosynthesis 
limitation by stomatal conductance, Ls, %, 
formula (9), for different weather scenarios 

according to the data from 1995-1999 
r – actual weather; 

Q – sunny weather, the other factors are from the 
actual weather; 

Та and Тs – optimal air or soil temperature, the other 
factors are from the actual weather; 

Ws – optimal soil moistening, the other factors are 
from the actual weather; 

D = 0, the other factors are from the actual weather. 
1 – larch, 2 – spruce, 3 – pine 

 
In order to examine the hypothesis concerning 
long-term parameter change, we fitted the model 
to three data sets arranged by specific time 
periods: 
 

A) The entire data set for 1995–1999 (see the 
results in Table 1). 

B)  Each year treated separately. Because of 
the smaller number of points and the 
considerable data scatter, only three key 
parameters – Vcmax25 (Jmax25), ϕopt, and 

max
swg were fitted while the others were 

taken as common (from the entire data set 
fitting for 1995-1999, Table 1). The results 
are presented in Table 3. 



C)  Each quarter treated separately (April 
mid-June (spring), mid-June 
(summer), and September – 
designated as I, II, and III); again, only 
three parameters Vcmax25, ϕ
were fitted. 

 
The results from calculations according to the 
years (Table 3) show that the values of 
(Jmax25) and Amax can differ by as much as a 
factor of three. 
 
In parametrizing the model for the quarters (the 
results are not reported here) it was found that 
the parameter values vary mar
irregularly with seasons. For example, the ranges 
of variation of Vcmax25 were: 9–51 for larch, 13
120 for spruce, and 41–174 µmol m
pine. The resulting variations are most likely 
associated with weather changes; in most cases, 
however, it was not possible to reveal a reliable 
correlation with separate environmental factors. 
The value of Amax varied during different yea
and during a season together with the value of 
Vcmax25, and the variations were well correlated 
with one another, yielding ME = 0.73 (Fig. 2).

 
Fig. 2. Vсmax25 vs. Аmax, 15 season 

measurements per species. 1 
spruce, 3 – pine  

 
The resulting three sets of optimal parameters 
allowed us to estimate the influence of the 
variation of the parameter values for the years 
and for the quarters of a given year. To do this,
we can use the analogue of “piecewise 
interpolation” and calculate the value of
Atheor values are calculated from the parameters 
found for each year and for each quarter. The 
extent to which ME increased with such a 
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rter treated separately (April – 
June – August 

 October (fall), 
III); again, only 
ϕopt, and max

swg

according to the 
years (Table 3) show that the values of Vcmax25 

can differ by as much as a 

In parametrizing the model for the quarters (the 
results are not reported here) it was found that 
the parameter values vary markedly but 
irregularly with seasons. For example, the ranges 

51 for larch, 13–
mol m–2 s–1 for 

pine. The resulting variations are most likely 
associated with weather changes; in most cases, 
however, it was not possible to reveal a reliable 
correlation with separate environmental factors. 

varied during different years 
and during a season together with the value of 

, and the variations were well correlated 
= 0.73 (Fig. 2). 

 

, 15 season 
measurements per species. 1 – larch, 2 – 

 

g three sets of optimal parameters 
allowed us to estimate the influence of the 
variation of the parameter values for the years 
and for the quarters of a given year. To do this, 
we can use the analogue of “piecewise 
interpolation” and calculate the value of ME when 

values are calculated from the parameters 
found for each year and for each quarter. The 

increased with such a 

decrease of the fitting intervals will show how 
substantial the parameter variation over time is. 
As is evident (Table 4), the description quality is 
improved markedly when one goes over from the 
entire set to the by-year set, but improved only 
slightly with further fragmentation into quarters.
 
The mean values of Аtheor for a quarter, 
calculated from the parameter for each year, 
virtually coincide with the values of 
while for the parameters obtained for the entire 
data set, the agreement is much worse. This is 
especially clear for spruce and larch, whereas 
the photosynthesis rates Аtheor for pine a
good agreement with Аempir being obtained by 
any method of parameter calculation
 
The foregoing discussion leads to the conclusion 
that to calculate Аtheor it is appropriate to use the 
parameters obtained from the data either for 
separate years or (if the number of observations 
is sufficiently large) for quarters of a year; using 
several years data together seriously decreases 
the accuracy of fitting. Also, it should be borne in 
mind that a decrease in the number of 
observation points enhances the li
obtaining unrealistic parameter values (the 
system becomes “informationally unstable”).
 
3.4 Examination of Optimal Photo

synthesis Rate 
 
As soon as one has the tool to simulate the 
dependence of photosynthesis rate on five 
external factors, a numerical experiment can be 
carried out to calculate what the rate of net 
photosynthesis would be if all the external 
conditions were optimal. Let us operate with the 
photosynthesis rates found as the averages over 
the whole observation period, and denote 
optimal rate as Amax. If the Aact 
photosynthesis at actual weather, then ratio 
Amax gives the measure of realization of the 
capabilities of the photosynthetic apparatus 
under actual habitat conditions. 
 
According to Table 5, larch, spruce and pine at 
actual weather realize, on average, 49%, 30%, 
and 36% of their respective potential. Table 5 
also provides information as to how 
photosynthesis would increase, if only one of the 
factors Ф = (Q, Та, D, Тs, Ws) was at its optimum; 
a photosynthesis rate increment was found as
 

∆Φk = 100(АΦk opt – Aact)/Aact                       
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substantial the parameter variation over time is. 
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for each year, 

virtually coincide with the values of Аempir (Fig. 3), 
while for the parameters obtained for the entire 
data set, the agreement is much worse. This is 
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for pine are in 
being obtained by 

any method of parameter calculation. 

The foregoing discussion leads to the conclusion 
it is appropriate to use the 

parameters obtained from the data either for 
if the number of observations 

is sufficiently large) for quarters of a year; using 
several years data together seriously decreases 
the accuracy of fitting. Also, it should be borne in 
mind that a decrease in the number of 
observation points enhances the likelihood of 
obtaining unrealistic parameter values (the 
system becomes “informationally unstable”). 

Examination of Optimal Photo -

As soon as one has the tool to simulate the 
dependence of photosynthesis rate on five 

numerical experiment can be 
carried out to calculate what the rate of net 
photosynthesis would be if all the external 
conditions were optimal. Let us operate with the 
photosynthesis rates found as the averages over 
the whole observation period, and denote the 

 is the rate of 
photosynthesis at actual weather, then ratio Aact/ 

gives the measure of realization of the 
capabilities of the photosynthetic apparatus 

spruce and pine at 
actual weather realize, on average, 49%, 30%, 
and 36% of their respective potential. Table 5 
also provides information as to how 
photosynthesis would increase, if only one of the 

) was at its optimum; 
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where Φk is factor k, АΦk opt is the mean partially 
optimal photosynthesis (the factor Φk is in 
optimum, while the others correspond to actual 
weather). This quantity is, essentially, the 
measure of limitation of photosynthesis by each 
of the factors in a given climate. Negative value 
of ∆Φk for spruce seem to be due to the 
dependence Tа оpt,A theor(Q). 

As is evident from Table 5, the greatest  
influence on the rate of photosynthesis is  
exerted by vapor pressure deficit for larch,                
and by soil moisture content for spruce and               
pine. The priority influence of these factors                 
on photosynthesis is observed for all years used 
in the study, although the value fluctuates from 
year to year. 

 

Table 3. The result from fitting the model paramete rs (Vcmax25, ϕϕϕϕopt , ) using the data for each 
year. See Table 1 for the denotations 

 
Years Vcmax25 , 

µmol m -2s-1 
ϕϕϕϕopt , mol e - 
(mol PAR) -1 

, 
µmol m -2s-1 

SEE ME N 

Larch  
1995 15.2 0.0353 93.1 0.72 0.72 975 
1996 31.8 0.0631 59.6 0.86 0.69 810 
1997 42.9 0.0907 67.1 1.19 0.55 870 
1998 29.8 0.0655 104.4 0.85 0.70 915 
1999 9.6 0.0225 222.7 0.73 0.33 840 
Spruce 
1995 29.4 0.0810 39.3 1.20 0.34 1110 
1996 44.8 0.0911 117.7 1.16 0.63 975 
1997 53.3 0.1031 81.0 1.12 0.61 1140 
1998 120 0.0903 68.0 0.98 0.56 1335 
1999 43.1 0.1170 25.8 0.67 0.35 1170 
Pine 
1995 39.9 0.1088 141.7 1.31 0.74 1170 
1996 37.1 0.0846 154.3 1.27 0.69 974 
1997 75.9 0.1618 94.0 1.44 0.65 1061 
1998 130 0.1274 65.0 1.06 0.62 1290 
1999 75.7 0.1255 52.3 0.88 0.56 1170 

 
Table 4. Model efficiency, ME found for three optimal parameter sets 

 
Method to calculate the parameters Larch Spruce Pin e 
Total data set (Table 1) 
For years 
For quarters 
Number of points 

0.493 
0.646 
0.676 
4410 

0.458 
0.588 
0.610 
5730 

0.656 
0.697 
0.721 
5665 

 
Table 5. The increase in average (for the 1995-1999  period) photosynthesis rate for different 

weather scenarios. Aact and Amax are the values under actual and optimal weather, i n µmol m –2 

s–1. ∆ΦΦΦΦk is relative photosynthesis rate increment given by  formula (11) 
 

Aact  Amax   Aact/ Amax, 
% 

∆ΦΦΦΦ at a factor Ф in optimum 
 Q Та D Тs Ws 

Larch 
1.58 3.26 48.5 6.1 12.0 31.1 4.8 5.9 
Spruce 
1.37 4.61 29.6 11.1 –1.8 25.0 5.6 78.2 
Pine 
2.17 6.07 35.7 15.5 4.1 13.9 9.5 63.7 

max
swg

max
swg
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4. DISCUSSION 
 
From a technical point of view, our approach to 
parameter fitting differs from that accepted in the 
literature where parameters Vcmax25 and Jmax25 are 
found from A–Ci curves treatment while the 

others are fitted to photosynthesis rate data. We 
found all the parameters of the combined model 
by means of direct fitting to measurement data. 
In general, our results are in a good agreement 
with those reported in the literature [33,34,35] 
and many others. 
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Fig. 3. Dynamics of net photosynthesis rate (quarte rly averaged data): 1 – data of 
measurement; 2, 3 – predicted values: 2 – from the parameters obtained from the entire data 
set. 3 – from the parameters obtained from the data  for each year individually. a – larch, b – 

spruce, c – pine 
 
The analysis of long-term CO2 exchange 
measurements made in this study using the 
mathematical model showed that the three 
species under investigation clearly differ in their 
physiological characteristics: in the mean rate of 
photosynthesis, in the sensitivity to the effect of 
ambient conditions, as well as in the degree of 
photosynthesis limitation by stomatal 
conductance. 
 
Larch is known to be a light-demanding, rapidly 
growing species with a high rate of 
photosynthesis. The data available in the 
literature refered to photosynthesis for other of 
larch species and for Larix sibirica obtained by 
[36] and calculated on the basis of neadle dry 
matter, confirm this opinion: its entire daily 
photosynthesis is 2-3 times higher than that of 
pine and 4-5 times higher than of spruce (but the 
same rate of photosynthesis in larch calculated 
on 1 m2 neеdle surface basis appeared 
unexpectedly low). Sensitivity of stomata to 
variations in D, and low sensitivity to Ws 
corresponds to larch ability for rapid regeneration 
of its photosynthetic activity after high wind and 
growing air moisture with no changes in Ws [37]. 
For spruce, sensitivity of stomata to changes in 
Q corresponds well to observations [36]. 

For pine, the widest range of Rubisco activity 
found in calculations (Vcmax25 = 41-174 µmol m–2 
s–1) corresponds well to our earlier guess [19] 
about presence of three Rubisco isomorphes in 
its needles to support a stable photosynthetic 
activity during the season of vegetation.  
 
The analysis conducted on the parameter values 
fitted to the whole data set allows one to examine 
the photosynthesis rate dependence only on the 
ecological factor values at the time of 
measurement. But long-term factor change 
usually results in plant state variation, that is, in 
plant parameter change. Literature data says that 
Farquhar model parameters are not constant 
within even given species. For example, it was 
shown that Vcmax25 and Jmax25 can differ markedly 
over the course of a vegetation season 
[12,27,38] depending on leaf and tree age 
[39,40,31] or along vertical canopy profile 
[30,38,41]. 
 
We are aware of few studies e.g., [12,17] where 
Vcmax25 value was correlated with weather 
conditions. The necessary duration of external 
influence has scarcely been studied. Some 
previous data [16] indicate that when plants                  
are transferred from shade to an open place and 
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back – from light to shadow, the rearrangement 
of the light curves of photosynthesis,                      
which is also accompanied by changes of the 
size and number of chloroplasts, occurs over  
two weeks following the change in the light 
regime. 
 
As we found, variations in the parameter values 
between seasons can lead to a considerable 
change in the rate of photosynthesis. In this 
context, it can be said that when estimating the 
degree of influence of external factors on 
photosynthesis without taking into account the 
changes of the model parameters, we 
underestimate this influence. It seems likely that 
the change in the photosynthesis parameter 
values could be understood as a plants’ 
acclimation to environmental conditions.  
 
Time variation of the model parameters limits 
considerably the predictive value of the generally 
accepted Farquhar model. The question 
concerning the reasons for Farquhar model 
parameter variations needs further examination. 
Nevertheles, we suggest that the parameter 
differencies revealed, actually reflect 
evolutionally formed differencies in 
photosynthesis features of the species. 
 
Calculation of the optimal photosynthesis allowed 
us to estimate at what degree a species realizes 
its production potential. As was revealed from a 
comparison of actual, Aact, and maximal 
photosynthesis, Aact constitutes 49% for larch, 
30% for spruce, and 36% for pine of Amax. This 
can be interpreted to mean that spruce under this 
climate realizes its photosynthetic potential less 
effectively when compared with the other two 
species. This is consistent with forestry evidence 
that spruce is less distributed in this region – only 
7% compared with 34% and 40% of pine and 
larch stands. The fact that photosynthesis in 
spruce responds more strongly to available 
moisture content in the soil than photosynthesis 
in larch does is also in agreement with forestry 
data: spruce stands occupy mainly small river 
valleys [3], whereas larch occupies all the 
habitats [21]. On the other hand, the strong 
response of photosynthesis in pine to the value 
of Ws is in disagreement with the fact that pine 
usually grows over a wide range of soil 
moistering conditions. 
 
5. CONCLUSION 
 
Our results from processing the five-year-long 
photosynthesis observations in three coniferous 

species in the Pre-Baikalia – larch, spruce, and 
pine, allowed us to refine the technique for 
developing and analyzing the combined 
Farquhar and stomatal conductance model using 
the available data. It was shown that more 
reliable parameter values are obtained using the 
data for individual years and for individual 
quarters. 
 
Among the species under investigation, pine has 
the highest rate of photosynthesis. As far as 
spruce and larch are concerned, the rate of 
photosynthesis is far lower. The considerable 
fluctuations of the rate of photosynthesis from 
year to year as well as from season to season 
are associated with the effect of ambient 
conditions at the time of photosynthesis 
measurements as well as (perhaps even to a 
greater extent) with the rearrangement of the 
photosynthetic apparatus due to long-term 
influence of external conditions of varying 
intensity. Whereas the values of Amax vary from 
year to year over a wide range as a result of the 
changes of the model parameter values, the 
relationship between actual and optimal 
photosynthesis does not change as strongly from 
year to year. 
 
Limitation of photosynthesis through stomatal 
conductance affects pine most of the three, and 
larch least of them. 
 
The numerical experiment allowed us to estimate 
the extent to which different climatic factors 
influence the limitation of photosynthesis in 
different coniferous species. It was found that 
under actual weather conditions of the Pre-
Baikalia the species under investigation realize 
49% (larch), 30% (spruce), and 36% (pine) of 
their photosynthetic potential. The greatest 
influence on photosynthesis is exerted by vapor 
pressure deficit for larch, and by the soil moisture 
content for spruce and pine. 
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