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This paper presents further attempts at modifying the integrated system of water transport in the plant on long dis-
tances. In principle, the modification is concerned with Münch model which is incorporated into the integrated system. 
That model of the mass flow of assimilates along the phloem is the coupling element for the long-distance water translo-
cation in the plant. The main objective of the modification is to make Münch’s model and the whole integrated system 
closer to the biological reality. On the basis of the investigations an attempt has been made to answer the question 
where the plant has its heart and how it functions.  
 

 
INTRODUCTION 

 
The long-distance translocation of water in the 
plant can be (according to the so-called integrated 
system of translocation elaborated by M. Kargol 
and A. Kargol (1996; Kargol, 1996; Kargol, 1994) 
divided into four interconnected stages. In the first 
stage water is moved across the root (along the 
radial path) from the soil to the xylem of the axial 
cylinder. In the second, water is transported (usu-
ally elevation) along the xylem from root to 
leaves. In the third stage water permeates across 
the leaf tissue, mainly through the apoplastic 
channel. Most of that water reaches mezophil cells 
walls and leaf cuticules, whence it evaporates into 
the atmosphere. The rest of the water, a relatively 
small amount, is taken up from the apoplast by the 
leaf cells. From there water and assimilates, cre-
ated in photosynthetic cells, are moved into sieve 
tubes that initiate the water ducts of phloem. Next, 
the water with assimilates is transported along the 
plant through xylem, which constitutes the fourth 
stage of its long-distance translocation, to places 
where the assimilates are utilised. In the original 
version of the integrated system by M. Kargol and 
A. Kargol (1996; Kargol, 1996; Kargol, 1994) the 
element that connected water movement in the 
respective stages was the classic Münch’s model, 
which is the basis of the Münch theory (called also 
the theory of mass or pressure-induced flow) ex-
plaining the biophysical basis of the phloem trans-
port of water and assimilates (Kargol, 1994; Salis-

bury & Ross, 1969; Wilkins, 1969; Ziegler, 1977; 
Mengel & Kirkby, 1980).  
 That model constitutes two osmometers con-
nected in a push-pull fashion by a tube that imi-
tates the phloem elements of the plant. According 
to Münch’s theory, one of the osmometers repre-
sents the leaf photosynthetic cells, i.e. places 
where assimilates are created (sources). Whereas 
the second osmometer imitates places where as-
similates are utilised (sinks). The model has been 
properly incorporated into the integrated model of 
long-distance translocation of water in the plant 
(Kargol & Kargol, 1996; Kargol, 1996; Kargol, 
1994). 
 It should, however, be emphasised here that the 
model in its primary form (as qualitatively correct 
from the biophysical point of view) was, however, 
substantially away, in its quantitative aspect, from 
the biological reality. It was also too general from 
the point of view of that reality. However, it has 
crucial significance for grasping the interconnec-
tions in plant water transport on various long dis-
tances. The above mentioned reservations arise 
mainly because the photosynthetic cells (repre-
sented by the first osmometer of the Münch 
model) have a too low turgor pressure to induce 
the phloem water transport on the scale found in 
the plant. Hence, definite modifications had to be 
made in the classical version of Münch’s model. 
They should in the first place make allowance for 
the fact that there is a very large mechanical pres-
sure in the leaf apoplast (relative to atmospheric 
pressure), which can reach –3 MPa and also that 



4 Marian Kargol et al. 

the mechanical pressure in sieve tubes (initiating 
the water ducts of phloem) may reach +3 MPa 
(Kargol et al., 2001; Pitman, 1982; Salisbury & 
Ross, 1969; Wilkins, 1969). Such modifications 
we introduced in the previous paper (Kargol et al., 
2001). 
 They address not only the pressures but also 
postulate possible routes and mechanisms for in-
flow of water and assimilate into the sieve tubes. 
However there still remained the problem of de-
tailed functioning of representation of the second 
osmometer of Münch’s model embedded in the 
integrated system. And that is the objective of the 
present paper. A detailed discussion of the prob-
lems occurring here is in the next section.  
 
 

THE INVESTIGATED PROBLEMS 
AND ATTEMPTED SOLUTION 

 
Having in view detailed presentation of the re-
search problems of this work and their attempted 
solution, let us begin with the integrated system of 
long-distance translocation of water in the plant 
presented in (Kargol, Suchanek & Kargol, 2001). 
It is illustrated in Fig. 1. Already there the system 
is substantially modified with respect to its origi-
nal version formulated by M. Kargol and A. Kar-
gol (1996; Kargol, 1996; Kargol, 1994). At the 
basis of the system are biophysical mechanisms of 
active transport of water in the plant that fit into 
the realm of the membrane theories of root pres-
sure (e.g. Amin, 1986; Anderson, 1976; Fiscus & 
Kramer, 1975; Fiscus, 1975; Fiscus, 1986; Fiscus, 
1989; Ginsburg, 1971; Kargol & Suchanek, 1990; 
Kargol, Markowski, Suchanek & Przestalski, 
1993; Kargol, 1992a; Katou & Taura, 1989; Ka-
tou, Taura & Furumoto, 1987; Pitman, 1982; 
Steudle, Oren & Schultze, 1987; Taura, Iwaikawa, 
Furumoto & Katou, 1988; Tyree, 1973; Tyree, 
1970), and the transpiration-cohesion theory of 
Dixon and Renner, developed by A. Kargol 
(1996), the graviosmotic theory of A. Kargol and 
Przestalski (Kargol, 1978; Kargol, 1992b; 
Przestalski & Kargol, 1987) and Münch’s theory 
of phloem transport of water and assimilates, de-
veloped and modified by M. Kargol and co-
workers (Kargol et al., 2001; Kargol, 1994). 
 The integrated system presented here (Fig. 1) 
represents the whole plant. According to the sys-
tem (like in its former versions (Kargol & Kargol, 
1996; Kargol, 1996; Kargol et al., 2001; Kargol, 
1994) the long-distance water transport in the plant 
has been divided into four linked stages. They are 
denoted as follows:  

I radial transport in the root 

II xylem transport along the plant 
III water translocation in leaves and its evapora-

tion to the atmosphere 
IV phloem transport.  

Volume fluxes of water and assimilates in the 
respective stages are denoted as Jpr, Jvx, JvA, Jvp, 
whereas the flux of transpirated water is Jvt.  
 It was also assumed that the hydraulic conduc-
tivities at the respective stages are Lpr, Lpx, LpA and 
Lp (Fig. 1). 
 The element that connects water transport at the 
respective stages is, according to the concept by 
M. Kargol and A. Kargol (1996; Kargol, 1996; 
Kargol et al., 2001; Kargol, 1994), the Münch 
model which explains the biophysical basis of the 
floem transport of water and assimilates. That 
model consists of two osmometers A and B con-
nected in a push-pull way by a tube Rp which 
imitates the phloem conducting elements. When 
modifying the model it was assumed in (Kargol et 
al., 2001) that the inside of osmometer A does not 
represent (in a generalized way) the photosynthetic 
cell of the leaf (i.e. places where assimilates are 
created, as postulated by Münch), but the inside of 
sieve tubes at the start of phloem water ducts.  
 Membrane M1 of the osmometer separates solu-
tions C1 from C01, where C1 is concentration of 
solution in sieve tubes at the start of phloem water 
ducts, and C01 — concentration of solution in the 
leaf apoplast. The solutions are under mechanical 
pressures P1 and P01 (see Fig. 1) which can reach 
values up to +3 MPa and –3 MPa (Kargol, 1994; 
Salisbury & Ross, 1969; Wilkins, 1969; Kargol et 
al., 2001). Operation of that osmometer with re-
spect to the plant (including water and assimilates 
transport to the inside of leaf sieve tubes) was 
extensively explained in paper (Kargol et al., 
2001).  
 A still open question, that require detailed analy-
sis and explanations, constitutes the operation of 
osmometer B, which according to Münch imitates 
the place were assimilates are utilised. According 
to Fig. 1 that place is the plant root (root system). 
It should be explained here that there are such 
periods in the plant vegetation when the root sys-
tem is indeed the main „receiver” of assimilates.  
 Modifying and specifying the operation of that 
osmometer we assume that its interior (containing 
assimilates solution of concentration C2 under 
pressure P2) represents the interior of the sieve 
tubes that terminate the water ducts in phloem. 
Whence, across the membrane M2, water together 
with assimilates is, within the volume flux Jv2, 
transported to nearest cells owing to reversed os-
mosis, especially to the area of the axial cylinder 
apoplast which surrounds the phloem conducting 
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elements.It was assumed that assimilates concen-
tration in the phloem area is C0 (Fig. 1). Thus 
membrane M2 imitates in the plant the membrane 
and cell wall of the root sieve tubes (terminating 
here the phloem water ducts).  
 This is illustrated in detail in Fig. 2 where root 
cross section is represented in its vascular region. 
This cross-section was made on the basis of the 
literature we had access to (e.g. Anderson, 1976; 
Fiscus, 1989; Ginsburg & Ginsburg, 1971; Pitman, 
1982; Steudle et al., 1987; Taura et al., 1988; 
Tyree, 1973; Wilkins, 1969; Ziegler, 1977; Zim-
merman, 1971). In should be added here that as-
similates from the near-phloem region of the axial 
cylinder apoplast (at concentration C0) are ab-
sorbed actively by cells nearest to the cylinder. 
Moreover, the assimilates are further distributed to 
all living cells of the root. And this, we think, 
occurs via the symplastic route.  
 However the water transported (in Jv2) to apo-
plast of the axial cylinder is then together with 
water of the flux Jvr (i.e. water moved through the 
radial path of root) taken by the xylem tracheary 
elements of axial cylinder and next transported 
(elevated) along the plant. This state of affairs 
means that water circulates inside the plant. So one 
can ask where the plant’s heart is. An attempt at 

answering this question is made in the appendix of 
this paper.  
 
 

MATHEMATICAL DESCRIPTION 
OF THE FLUXES 

 
Let us now consider the basic problem of the 
mathematical description of volume and assimi-
lates flows in the realm of the long-distance water 
translocation considered here. In that task we’ll be 
using the mechanistic transport equations by M. 
Kargol and A. Kargol (2000; Kargol, 2001; Kargol 
& Kargol, 2003). The equations have the form:  
 
 ,∆Π−∆== σppVMv LPLJJ  (1) 
 ,)1( Pcjj dSMs ∆−+∆Π=== σω  (2)  
 
where: Jv and js - volume flux and solute flux, 
respectively; Lp, σ and ωd - coefficients (filtration, 
reflection and diffusive permeation) ∆P and ∆П - 
pressure differences (mechanical and osmotic), 
and )(5.0 21 CCc +=  - mean value of concentra-
tions C1and C2.  
 A special advantage of the equations is their 
total interpretational clarity, which cannot be said 
about the phenomenological Kedem-Katchalsky 
equations (Katchalsky & Curran, 1965). This is 
why we are interested in this problem. One should 
add here that equation (1) for volume flux is iden-
tical with that of Kedem-Katchalsky equation. 
However, there is a significant difference in the 
expression for js. Let us recall that the Kedem-
Katchalsky equation (Katchalsky & Curran, 1965) 
has the form: 
 
 ,)1( vs Jcj σω −+∆Π=  (3)  
where ω is the solute permeation coefficient meas-

Fig. 1. Scheme of the integrated system of water 
translocation in the plant, after (Kargol, Suchanek 
& Kargol, 2001), (Description in the text). 

Fig. 2. Illustration of root cross section at the root hair 
region (ap - apoplast water route, sy - symplastic 
water route). 
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ured when osmotic pressure is compensated by 
mechanical pressure difference ∆P=σ∆П. 
 Our detail considerations we will begin with a 
mathematical description of the flow Jvr at the 1st 
stage of the long-distance water translocation in 
the plant. That flow includes water transfer (and 
mineral components) through the radial path of 
root to xylem tracheary elements of the central 
cylinder. According to the Fiscus concept (Fiscus 
& Kramer, 1975; Fiscus, 1975; Fiscus, 1986; Fis-
cus, 1989; Frensch & Steudle, 1989), developed 
also by other researchers (Frensch & Steudle, 
1989; Kargol, 1978; Kargol & Suchanek, 1990; 
Kargol et al., 1993; Kargol, 1992; Steudle & 
Brickmann, 1988; Steudle et al., 1987), that route 
can be approximated to a one-membrane system, 
where membrane M separates two solutions of 
concentrations C02 and Cg (pictured in Figs 1 and 
2). Applying equation 1 to that system we have: 
 
 )()( 0202 aprgprvr PPLCCRTLJ −−−= , (4)  
 
where Lpr and σr=1 coefficients (filtration and 
reflection) of membrane M which divides soil 
solution Cg and solution C02 in apoplast of the 
axial cylinder, R and T - gas constant and tempera-
ture. P02 - mechanical pressure in the xylem ele-
ments and Pa atmospheric pressure. It should be 
noted here that water contained in the flux Jvr is 
first transported to apoplast of the axial cylinder 
and then to tracheary elements of the xylem. At 
that moment we have to emphasise that to that 
apoplast is transported water carried by the flux Jv2 
which flows across membrane M2 of the osmome-
ter owing to reverse osmosis (Fig. 1). This water is 
also taken up by conducting elements of the xylem 
of the axial cylinder (after assimilates have been 
removed by cells of the axial cylinder).  
 Thus we assume that the volume flow trans-
ported through xylem is expressed as: 
 
 .2vvrvx JJJ +=  (5)  
 
 Since the xylem transport (II stage of long-
distance translocation) is driven by the pressure 
difference (P02 – P01), the expression for the xylem 
volume flow can be written: 
 
 ).( 0102 PPLJ pxvx −=  (6)  
 
where: Lpx is the xylem hydraulic conductivity. 
The flux Jvx penetrates into the leaf apoplast, 
whence a small amount of water permeates across 
membrane M1 into osmometer A, which imitates 

the inside of the sieve tubes where the water duct 
of phloem begins.  
 The remaining (major) part of the water is trans-
ported by apoplast to the cell walls of leaf meso-
phyll and cuticles. That water transport can be 
expressed by the relation 
 
 ),( 01PPLJ kpAvA −=   (7)  
 
where: LpA - hydraulic conductivity of the apoplast 
and Pk - capillary pressure (Kargol & Kargol, 
1996; Kargol, 1996). That water transpirates 
(evaporates) to the atmosphere as part of the flux 
Jvt.  
 The problem of the phloem water and assimi-
lates transport, i.e. Jvp transport (IV stage) are 
more complicated. We showed it earlier (Kargol & 
Kargol, 1996; Kargol, 1996; Kargol et al., 2001; 
Kargol, 1994) that the basic equation for that 
transport has the form: 
 

 
),(

)]()([

0201

022011

PPA

CCRTCCRTAJS vpp

−+

+−−−= σ
(8)  

 
where: 1)( −+= pspppspp LLSLLSA  with 

.)( 1
22112211

−+= ppppps LSLSLSLSL  
 Let us explain it here that Sp is the total active 
surface of the xylem conducting element, Lp - 
phloem hydraulic conductivity, S1 and S2 are active 
areas of membranes M1 and M2, and 

1pL  and 
12pL  

are the membranes’ filtration coefficients. We 
recall here that flux Jvp is according to formula (8) 
a function of concentration C1 which depends on 
the rate of assimilates creation, concentration C2 
dependent on effectivity of their utilisation by the 
plant and pressures P01 and P02 dependent on in-
tensity of transpiration (Jvt) and on root pressure.  
An unknown quantity of this equation is concen-
tration C0. Its value can, however, be found solv-
ing the problem of reverse osmosis (occurring on 
membrane M2 of osmometer B) according to a 
procedure proposed by A. Kargol (Kargol, 1997). 
Using the notation of fig. 1 one can, applying 
equations (1) and (2), write the following expres-
sions: 
 
 ),( 022222 CCRTLPLJ ppv −−∆= σ   (9)  

 
,

2
)1(

)(

2
02

022

PL
CC

CCRTJ

p

ds

∆
+

−+

+−=

σ

ω
 (10)  

 
where: 022 PPP −=∆ . 
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 Reverse osmosis will occur here when 
)( 022 CCRTP −−>∆ σ .  

 In order to solve the problem of reverse osmosis 
let us note that  
 
 sswwv VjVjJ +=2 , 
 
where wV  and sV – molar volumes of water (w) 
and solute (s).  

Knowing that 
tS

mj w
w ∆

∆
=

2
2  and ,

2
2 tS

mj s
s ∆

∆
=  

(where ∆mw i ∆ms - masses of solvent and solute), 
we find that (Kargol, 1997):  
 

 0
2

2 C
J
J

v

s = . (11)  

 
Now, taking into account the Eqs. (9), (10) and 
(11) we obtain: 
 

.
)(

2
)1()(

02222

2
02

2022

0 CCRTLPL

PLCCCCRT
C

pp

pd

−−∆

∆
+

−+−
=

σ

σω
 

  
   (12)  
 
Hence, after using the correlation between the 
parameters Lp, σ, ωd (Kargol, 2001): 
 

 ,
2

)1( 2
02

22 pd LCC +
−= σω         

 
we find: 
 
 02 =++ γβα oo CC . (13)  
 
where:  
 
 )1( 2σα += RT , (14)  
 222 2)1( RTCP σσβ −+∆= , (15)  

 ).)(1( 2
2
22 PCRTC ∆+−= σγ  (16)  

 
It is a quadratic equation with respect to C0 with 
the discriminant 
 

 
).)(1(4

]2)1([

2
2
22

2
222

PRTCRTC

RTCP

∆+−−

−−+∆=∆

σ

σσ
  (17)  

 
The solution with physical sense has the form: 

 
)1(2

)1(2

2

222
0 σ

σσ
+

∆++∆−
=

RT
PRTCC . (18)  

 
It is an explicite form of the function: 
 
 ).,,( 220 σPCfC ∆=  
 
 Thanks to that description of reverse osmosis it 
will be possible to determine either C0 or C2

 (as 
required) with reference to the integrated system 
we consider. That system, treating water transloca-
tion within plant, can be studied quantitatively 
after the necessary data on biological material are 
accumulated. And this is the aim of our research.  
 
 

WHERE THE PLANT HAS ITS HEART? 
 
In the context of this paper it is opportune to an-
swer the question: where the plant has its heart? 
 Let us begin that task with recalling the basic 
knowledge about the biophysics of heart function-
ing. As an example let us take the human heart 
illustrated schematically in Fig. 3. From the bio-
physical point of view it is a specialised organ 
operating as a suction and force pump, operating 
according to hydrodynamics. During heart diastole 
a certain negative pressure is generated in the 
chambers (PK and LK) and in the auricles (PP and 
LP) that sucks the venous blood (of the superior 
and lung vein). It happens when the aorta valve (a) 
and pulmonary artery valve (b) are closed. Let us 

Fig. 3. A scheme of the human heart (PP and LP - ves-
tibules (right and left), PK and LK - chambers 
(right and left) a, b, c and d - valves (of aorta A, 
pulmonary artery B, double and triple, C - main 
vein, D - pulmonary vein).  
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denote the minimum value of that negative pres-
sure by Pmin.  
 In the next stage of heart’s operation, i.e. during 
contraction, a pressure is created in the chambers 
(PK and LK) of maximum value Pmax. During that 
act blood is pumped (with valves (c) and (d) 
closed - see fig. 3) to aorta and pulmonary artery. 
Thus it can be said in general that the essence of 
heart’s action is a rhythmic creation of successive 
pressures Pmin and Pmax, and pumping blood from 
pressure Pmin(negative pressure) to where the pres-
sure is Pmax(positive pressure), i.e. from lower to 
higher pressure.  
 The basic problem now is to find an analogical 
place in the plant. 
 Analysing the operation of the integrated system 
of long-distance water transport in the plant, pre-
sented in Fig. 1, it is not difficult to note that such 
a place is situated in the leaves. It is composed of 
membrane M1 (of osmometer B) and the bathing 
solutions C01 and C1 where C01 is concentration in 
the leave’s apoplast, and C1 - concentration of the 
solution inside osmometer B, which imitates in a 
general way the inside of the sieve tubes that initi-
ate here the water ducts of phloem. The solution in 
the leaf apoplast (C1) is under very high negative 
pressure P01 (suction). This negative pressure can 
reach the value P01≈–3 MPa (relative to atmos-
pheric pressure Pa). 
 In the sieve tubes of leaves, however, the solu-
tion (C1) is under a very high pressure head, which 
can reach the value P1≈+3 MPa. Moreover, the 
water here is also pumped from a place with lower 
mechanical pressure P01 (to which corresponds 
pressure Pmin in the heart) to higher mechanical 
pressure P1. The latter corresponds to the Pmax-

pressure in the heart. That transport occurs osmo-
tically, induced by the osmotic pressure difference 

)( 0111 CCRT −=∆Π  from solution C01 to solution 
C1.  
 The transport of blood in living organisms is at 
the expense of work performed by the heart mus-
cle whereas in the plant the phloem transport of 
water is forced at the expense of osmotic work 
done by osmometer A. One can also add here that 
the system of the phloem sieve tubes in the plant 
corresponds to aorta, and the system of tracheary 
elements corresponds to veins.  
 
 

CONCLUSIONS 
 
In the present paper we continue the modifications 
began earlier (Kargol et al., 2001) of the integrated 
system, developed by M. Kargol and A. Kargol 

(Kargol & Kargol, 1996; Kargol, 1996; Kargol, 
1994), that simulates water translocation in the 
plant on long distances. The aim of the modifica-
tion is to make the integrated system closer to the 
biological reality. The main element of the system 
is the Münch model, constituting the basis of 
Münch’s theory of mass transport of assimilates in 
the phloem. That model, from the physical point of 
view, constitutes a push-pull system of two os-
mometers (A and B) connected with a tube imitat-
ing the phloem elements of the plant. It should be 
emphasized here that the model connects the 
phloem water transport with its translocation on 
the remaining long distances (I, II and III) in the 
plant.  
 In the previous paper we have shown that the 
inside of osmometer (A) does not represent the 
inside of a photosynthesising cell (as assumed by 
Münch), but the inside of sieve tubes which initi-
ate here the water ducts of phloem. 
 In this paper we dealt with the second osmome-
ter (B). Referring that osmometer to the plant root 
as a place where assimilates are utilized, we sub-
stantiated the view that its inside represents the 
inside of the root sieve tubes that terminate here 
the water ducts of phloem. We have also modified 
the mathematical description of water flow (and 
dissolved substances) on the respective long dis-
tances. This time use has been made of the so-
called mechanistic transport equations of M. Kar-
gol and A. Kargol (2000; Kargol, 2001; Kargol & 
Kargol, in press). 
 An advantage of the equations is their interpreta-
tional clarity, which cannot be said about the 
Kedem-Katchalsky equations used until now (Kat-
chalsky & Curran, 1965).  
 Analysing water translocation in the plant on all 
long distances we concluded that it makes sense to 
speak about water circulation in a plant, to some 
extent similar to blood circulation in an animal 
organism. Moreover, in this paper an attempt has 
been made to localise the plant’s heart and formu-
late the mechanism of its operation. As a result of 
the studies performed it was postulated that the 
plant’s heart is in the leaves and operates on the 
osmotic principle. As a generalised contrivance it 
extends on all the plant’s leaves. That heart pumps 
water from leaf apoplast (where mechanical pres-
sure may reach –3 MPa) into sieve tubes where the 
pressure reaches very high values (up to +3 MPa). 
The second pressure, corresponding to that during 
heart contraction, is the cause of phloem water and 
assimilates transport (mass transport called also 
pressure transport).  

  



30 Marian Kargol et al. 

REFERENCES 
 
Amin M. (1986). Transport in plants. [In:] F. Gutmann 

and H. Keyzer (Eds.), Modern bioelectrochemistry 
(pp. 563-591), New York: Plenum Publishing Corpo-
ration. 

Anderson W. P. (1976). Transport through the roots. 
[In:] W. Luttge & M. G. Pitman (Eds.), Transport in 
plants II Part B: Tissues and Organs.(pp. 129-155).), 
Berlin: Springer-Verlag Berlin. 

Fiscus E. L. (1975). The interaction between osmotic- 
and pressure induced water flow in plant roots. Plant 
Physiol. 55, 917-922.  

Fiscus E. L. & Kramer P. J. (1975). General model for 
osmotic and pressure- induced flow in plant roots. 
Proc. Nat. Acad. Sci. USA, 72, 3114-3118. 

Fiscus E. L. (1986). Diurnal changes in volume and 
solute transport coefficients of phaseolus roots. Plant. 
Physiol. 80, 752-759. 

Fiscus E. L. (1989). Transport of water and solutes 
through root systems. [In:] D. W. Newman & K. S. 
Wilson (Eds.). Models in plant physiology and bio-
chemistry, vol. III. (pp. 29-32). Boca Raton, Florida: 
CRC press, Inc. 

Frensch J. & Steudle E. (1989). Axial and radial hydrau-
lic resistance to roots of maize (Zea mays L.). Plant. 
Physiol. 91, 719-726.  

Ginsburg H. (1971). Model for iso-osmotic water flow 
in plant roots. J. Theoret. Biol. 32, 147-159.  

Ginsburg H. & Ginsburg B. Z. (1971). Evidence for 
active water transport in a corn root preparation. J. 
Membrane Biol. 4, 29-41. 

Kargol M. (1978). The effect of the gravitational field on 
substance transport in membrane systems, D. Sc. The-
sis, Wyd. WSP Kielce, 3-60. 

Kargol M. (1992a). Studies of osmo-diffusive and ener-
getic properties of the maize root. Gen. Physiol. Bio-
phys. 11, 181-194. 

Kargol M. (1992b). The graviosmotic hypothesis of 
xylem transport of water in plants. Gen. Physiol. 
Biophys. 11, 469-487. 

Kargol M. (1994). Osmotic, hydromechanic and ener-
getic properties of modified Münch’s model. Gen. 
Physiol. Biophys. 13, 3-19.  

Kargol A. (1996). An integrated approach to water 
transport in a plant over long distances. J. Biol. Phys. 
22, 157-173. 

Kargol A. (1997). Description of reverse osmosis using 
practical Kedem-Katchalsky equations J. Biol. Phys. 
23, 111-120. 

Kargol A. (2001). A mechanistic model of transport 
processes in porous membrane generated by osmotic 
and hydraulic pressure. J. Memb. Sci. 191, 61-69. 

Kargol M. & Kargol A. (2000). Membrane transport 
generated by the osmotic and hydrostatic pressure. 
Correlation relation for parameters Lp, s and w. J. 
Biol Physics 26, 307-320. 

Kargol M. & Kargol A. (2003). Mechanistic formalism 
for membrane transport generated by osmotic and hy-
drostatic pressure. Gen. Physiol. Biophys., 22, 51-68.  

Kargol M. & Kargol A. (1996). A synthetic approach to 
biophysical theories of water translocation in plants 

occurring over long distances. Current Topics in Bio-
physics 20, 149-153. 

Kargol. M., Markowski A., Suchanek G. & Przestalski 
S. (1993). Studies of the energetics of radial water 
transport in bean root. Polish J. of Environmental 
Studies 2, 25-28. 

Kargol M. & Suchanek G. (1990). Energetic aspect of 
the membrane symplasm of Ginsburg. Acta Physiolo-
giae Plantarum 12, 201-207.  

Kargol M., Suchanek G. & Kargol A. (2001). Modifica-
tion and quantitative analysis of the Münch model in 
the intergrated system of water translocation in plants. 
Gen. Physiol. Biophys. 20, 191-202. 

Katchalsky A. & Curran P. F. (1965). Nonequilibrium 
Thermodynamics in Biophysics, Harward Univ, Press, 
Cambridge.  

Katou K. & Taura T. (1989). Mechanism of pressure-
induced water flow across plant roots. Protoplasma 
150, 124-130. 

Katou K., Taura T. & Furumoto M. (1987). A model for 
water transport in the stele of plant roots. Proto-
plasma 140, 123-132. 

Mengel K. & Kirkby E. A. (1980). Principles of plant 
nutrition, International Potash Institute: Werklanfen – 
Berlin (Switzerland). 

Pitman M. G. (1982). Transport across plant roots. 
Quart. Rev. Biophys. 15, 481-554. 

Przestalski S. & Kargol M. (1987). Graviosmosis. Mol. 
Cell. Bophys. 4, 249-264. 

Salisbury F. B. & Ross C. (1969). Plant Physiology, 
Wadsworth Publishing Company, Inc.: Belmont, Cali-
fornia. 

Steudle E. & Brickmann E. (1988). The osmotic model 
of the root: Water and solute relations of roots of 
Phaselous coccineus. Botanic Acta 102, 170-179. 

Steudle E., Oren R. & Schultze E. D. (1987). Water 
transport in maize roots. Plant. Physiol. 84, 1220-
1232. 

Taura T., Iwaikawa Y., Furumoto M. & Katou K. 
(1988). A model for radial water transport across 
plant roots. Protoplasma 144, 170-179. 

Tyree M. T. (1973). An alternative explanation for the 
apparently active water exudation in excised roots. J. 
of Experimental Botany 24, 33-37. 

Tyree M. T. (1970). The symplast concept. A general 
theory of symplastic transport according to the ther-
modynamics of irreversible process. J. Theor. Biol. 
26, 181-214. 

Wilkins M. B. (1969). The Physiology of Plant Growth 
and Development. MacGrow – Hill Publ. Co.: New 
York. 

Ziegler H. (1977). Flüssigkeitströme in Pflanzen. [In:] 
W. Hoppe, W. Lohmann, H. Markl, & H. Ziegler 
(Eds.) Flüssigkeitsströme in Pflanzen, Biophysik (pp. 
561-577). , Berlin, Heidelberg, New York: Springer- 
Verlag. 

Zimmerman M. H. (1971). Transport in phloem. [In:] 
Zimmerman M. H. & Brown C. L. (Eds.). Trees. 
Structure and Function (pp. 271-335). New York: 
Springer Verlag. 

 


