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Abstract. By comparing maize plants cultivated in standing nutrient solution with those 
from solutions flowing at different flow rates it has been established that absorption of nitrogen, 
potassium and especially of phosphorus was increased owing to the flow. There was likewise 
a relative rise in the distribution of nutrients to the overground parts of the plants. The content 
expressed per unit dry matter was increased only in the case of phosphorus; with nitrogen and 
potassium it was slightly lower than in the standing solution. Increasing amounts of iron were 
required under the conditions of flowing nutrient solutions to prevent chlorosis of the plants. 
The production of dry matter, NAR and RGR was also increased because of the flow. The flow 
considerably changed the habitus of the primary roots of the maize plants. The roots were 
longer, thinner and on the whole they contained relatively less dry matter (R WR). The lengthening 
of the roots is explained as a response to stimulatiorl by the solution flow -- the rheotropism. 

The nu t r i en t  solut ion used in the  wate r  cul ture  m a y  remain  still, or m a y  
be stirred, or it m a y  flow t h r o u g h  the  cul t iva t ion  vessel r o u n d  the  roots  
(HAI and  LAUDELOUT 1966, LAw and  MnvXf~ 1967). 

I n  the  first case i t  is the  diffusion which is the  d o m i n a n t  process in ion 
absorpt ion,  in o ther  cases the  mass-flow (the st irr ing of  the  whole solution) 
becomes the  mos t  i m p o r t a n t  fac tor  (EATO~ and  BERNARDI~ 1964, SXBET et al. 
1964, HA~ and  LAUDELOUT 1966 etc.). HA1 and  LXW)EIX)VT (1966) f o u n d  
t h a t  the  ion in take  ra te  is equM to  the  p r o d u c t  o f  the  flow ra te  and  the  
difference be tween  the  concen t ra t ion  of  the  solutions enter ing and  leaving 
the  cul t iva t ion  vessel. This relat ion,  however ,  holds t rue  only  wi th in  cer tain 
limits. 

I t  is clear t h a t  the  solut ion flowing r o u n d  the  roots  removes  the  concen-  
t r a t ion  g rad ien t  and  is of  some significance where the  ion absorp t ion  ra te  is 
higher  t h a n  the  diffusion of  the  corresponding ion. The p lan t  can r emove  
the  difference in ion consumpt ion  and  supply ,  b y  the  g rowth  of  roots  and  b y  
thus  increasing the  absorp t ion  area. F r o m  the  publ ished findings, however  
(Lv, wIs  and  QUIRK 1965, 1967, BOVLDI~ 1961, OLSV,~ et al. 1962), it is clear 
t h a t  there  are n u m e r o u s  conflicting opinions on this point .  

* Address: Kotlh~skh 2, Brno, Czechoslovakia. 
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In this paper we have presented the results of experiments with maize 
in Richter 's solution in which the solution flow rate round the roots was 
controlled. We were interested to find out  whether and in what  way certain 
physiological values vary  at different rates of flow in this solution so well 
supplied with nutrients. 

Material and Methods 

Plant  Material  and Cultivation Technique 

Maize ( Z e a  m a y 8  L. cv. Ko~ovskd  rand  IE)  was  u sed  t h r o u g h o u t  our  expe r imen t s .  Af t e r  five 
d a y s  of  g e r m i n a t i o n  the  maize  seedl ings  {8 m g  of  d r y  root ,  12 m g  of  sprou t )  were p laced in con- 
t a ine r s  a n d  p u t  in to  cu l t iva t ion  vessels .  

These  vessels ,  m a d e  of  PVC a n d  ho ld ing  13 l, were  so a r r anged  as  to  enab le  t he  so lu t ion  to  
flow t h r o u g h  a smal l  t u b e  o f  a g i ven  h e i g h t  a n d  wid th .  48 p l an t s  were p laced  in to  each  vessel ,  
two o f  t hese  t o g e t h e r  fo rming  a series w i t h  t he  s a m e  ra t e  of  so lu t ion  flow. I n  all, t hese  v a r i a n t s  
of  flow were  used :  1. w i t h o u t  flow, 2. a flow of  0.145 c m  s -1, 3. 0.238 cm s -1, 4. 0.833 c m  s -1, 
5. 2.000 e m  s -1. W i t h  t he  excep t ion  of  the  first v a r i a n t  35 ml  m i n  1 of  f resh  n u t r i e n t  so lu t ion  
f lowed in to  each  vessel.  T he  n u t r i e n t  so lu t ion  was  comple t e ly  c h a n g e d  in t he  first  v a r i a n t  twice 
a d a y  to  keep the  to ta l  a m o u n t  of  so lu t ion  u sed  per  p l a n t  a n d  per  d a y  ident ica l  in all v a r i a n t s .  
The  so lu t ion  u sed  was  a d e q u a t e l y  ae ra ted .  

The  e x p e r i m e n t s  s t a r t e d  on A u g u s t  1, 1969. T h e y  were pe r fo rmed  u n d e r  t he  condi t ions  o f  
n a t u r a l  i l l umina t i on  in a g reenhouse .  T he  t e m p e r a t u r e  of  t he  air va r i ed  b e t w e e n  18 a n d  30 ~ 
T h e  n u t r i e n t  so lu t ion  was  n o t  t empe red .  

Cultivation Solut ion and Sampl in  9 

I n  t h e  e x p e r i m e n t s  we u sed  Richter~s n u t r i e n t  so lu t ion  (1.0 R) (LAw a n d  MIN~ft 1967) 
s u p p l e m e n t e d  b y  14 m g  1-1 of  Fe ,  a n d  a 1.5 t i m e s  s t ronge r  so lu t ion  (1.5 R) s u p p l e m e n t e d  b y  
22.5 m g  1-1 of  Fe .  I r o n  was  supp l i ed  p a r t l y  in  t h e  f o r m  of  Fe  E D T A  chela te .  I n  t h e  course  of  t he  
e x p e r i m e n t s  we took  s amp l e s  o f  20 p l a n t s  e ach  for t h e  e s t i m a t i o n  o f  d r y  m a t t e r  a n d  for t h e  
chomica l  ana ly se s  a n d  of  4 p l an t s  each  for t he  e s t i m a t i o n  o f  ch lorophyl l  con ten t .  

Characters Evaluated  

Chlorophyl l s  a a n d  b were e s t i m a t e d  accord ing  to  ~EST~K (1971, t h e  ca lcu la t ion  accord ing  
to  VERNON 1960), n i t rogen ,  p h o s p h o r u s  a n d  p o t a s s i u m  accord ing  to t he  m e t h o d s  descr ibed b y  
M I ~  a n d  LA~Tf:VKA (1966), t h e  re la t ive  g r o w t h  r a t e  ( R G R )  a n d  the  ne t  a s s imi la t ion  ra te  ( N A R )  
accord ing  to LAw a n d  MIN.~i~ (1970a, b). T he  c o n t e n t s  of  the  e l emen t s  as  well a~ t he  re la t ive  
abso rp t i on  r a t e  (I.iD were ca lcu la ted  per  g of  d r y  m a t t e r  of  roots  (L.A.w a n d  MINJ, f~ 1970b). 

The  signif icance of  t he  differences b e t w e e n  t he  v a r i a n t  w i t h o u t  flow a n d  t h e  o the r s  were  
e s t i m a t e d  b y  G-test  (FRYER 1957). 

Results 

The increasing flow of Richter 's  nutr ient  solution (1.0 R) influenced, 
sometimes very  markedly,  the  set of the observed data. First  of all the dry  
mat ter  production was increased and more so in the overground parts of the 
plant than in the roots (Fig. 1). The maximum length of the root  (Fig. 2) 
was increased by  the higher flow in spite of the relatively lower root-weight 
ratio (RWR) of the whole plant. The values of R W R  and RGR decreased 
in the course of vegetation, flow fastened the decrease of R WR more markedly 
than that  of RGR (Fig. 3). The values of N A R  in the distinct intervals 
tended to drop more in the standing culture (Fig. 4) with the exception 
of  the last sampling in the course of vegetation. The content of chlorophylls a 
and b per unit dry matter  of the overground par t  decreased nearly always 

A b b r e v i a t i o n s  u s e d :  R G R  - -  re la t ive  g r o w t h  ra te ;  N A R  --  ne t  ass imi la t ion  ra te :  R W R  - -  root-  
we igh t  ra t io ;  I.;l - m e a n  ra te  o f  e l e m e n t  absorp t ion .  
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with the increasing flow (Fig. 4), but  its total quant i ty  per plant 
increased. 

The content of nitrogen per unit dry mat ter  was extremely well-balanced, 
tending to decrease in the over- 
ground parts with the solution 
flow, while increasing in the 
roots (Table 1). Owing to the 
flow, the content of phosphorus 
per unit dry mat ter  rose consi- 
derably apart  from minor excep- 
tions (Table 1). The content of 
potassium changed in a similar 
manner  as tha t  of nitrogen 
(Table 1). In  all cases, however, 
the whole content  per one plant 
was higher in variants with the 
flow than in the culture without 
flow. 

The relative absorption rates 
of the elements per day  per unit 
dry  mat ter  of the roots are 
given in Fig. 5. The absorption 
of all elements per unit dry  
weight of roots per day was 
higher in the flowing solution 
than in the standing culture. The 
influence of flow was particular- 
ly marked with the absorption 
of phosphorus. The increased 
absorption also appeared in the 
varying distribution to the over- 
ground parts. The distribution 
index was higher in the flowing 
medium than in the culture 
without flow. On the other 
hand the utilization (dry weight 
produced per 1 mg-at N, P, K) 
decreased in the flow variants. 

The results of the experiments 
with the solution of higher con- 
centration (1.5 R) are not men- 
tioned here. Although the va- 
lues are slightly different from 
those in the application of 
Richter's original solution (1.0 R), 
they  have the same tendency 
and there are practically iden- 
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Fig. 1. D r y  m a t t e r  of one p lant  (n = 20). Significant 
differences between the  rates  of  nu t r i en t  solution 
flow in "zero flow" va r i an t  and  the  others  are 
designated:  P < 0.01 (]~, P < 0.001 O. The curves  
are marked  wi th  the day  of sampling.  
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Fig. 2. The length of the roots  of one plant  (n = 20). 
Sign.ifieant differences be tween the  ra tes  of nu t r i en t  
solut ion flow in "zero flow" va r i an t  and the others  
are designated: P < 0.01 (~, P < 0.001 @. The 
curves are marked  wi th  the day of sampling. 

tical differences between the standing and flow cultures as with the appli- 
cation of the 1.0 R solution. 
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of sampling. 

70 

"-~ 50 

~30 
r m  

10 

- NAR 

~0.....o~ o . . . . . .  o-- __..o 

o. o... 

I i ~ I I 

~o 90 ,~ Chlorophyll 
/ \ 

0 5~"7\~ \ . . - .~. '- '"  " 

.~75~- ................................... o 
L I I I  I ,,, I 

E~ 0 0.145 0"238 0833 2000 
, rateo[flow [cm s "~]  

Discussion 

LEW~S and QUIRK (1967) 
quote three main principles in- 
fluencing the absorption of 
nutrients. 1. the stirring of the 
solution containing ions (mass- 
flow), 2. the diffusion of ions, 
3. the growth of the root system. 
They assume that  the phos- 
phorus is distributed only by 
diffusion to the roots of the 
plants in the soil conditions 
and also that  the sorption area 
of the roots is sufficient for the 
full supply of plants with phos- 
phorus. They acknowledge that  
this statement need not hold 
good for other elements, e. g. 
for the absorption of nitrogen, 
magnesium and calcium. Also 
BARB~,~ et al. (1963) consider the 
mere diffusion of the phosphorus 
to be a dominant mechanism, 
BOULDI~ (1961), OLSE~ et al. 
(1962) assume that  the measured 
uptake of the phosphorus by 
the plant is about 5--10% 
higher with the stirring of the 
solution than without it. On 
the other hand FRIED and 
S~APIRo (1961) suppose that  all 
nutrients are brought to the 
roots in the soil by massflow 
of the solution, not by diffusion. 

For our work these statements 
are valuable although they con- 
sider these problems from a 
slightly different point of view. 
In our experiments we tried to 
find out whether stirring of the 
nutrient solution results in an in- 

Fig. 4. Net assimilation rate { N A R )  and 
contents of chlorophyll a and b. The 
N A R  values are calculated each for a 
period between two consecutive sampling 
dates. Chlorophyll contents expressed in 
mg per g dry weight of the green par t  
(top) of one plant. The curves are marked 
with the day of sampling. 
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creased absorption of ions, 
whether it  holds good for 
all ions tested and what  the o 
further physiological con- "~ 
sequences of such an incre- o 
ased absorption may be. "~ 

First  of all we tried to 
ensure the same continuous 
flow of the fresh solution 
in all flow variants and to 
control the different flow 
rates by means of an aid 
equipment (variants 2 to 5). 
I t  proved completely sue- ~ 
cessful. More than  one litre ~ II 
per plant of fresh solution ~ 
was used within 24 h with ~ ++ 
the cultivation vessels fully ~ +~ 
charged by plants. In  the ~ 
variant  1 (zero flow) the 
plants received the same ~ II 
quant i ty  of fresh solution 
per day. Only in the infor- o~ + 
mative calculation it can ~ 
be stated tha t  the plants ~ V 
exhausted less than  1 %  ~ 
of nitrogen, potassium and ~ +~ 
phosphorus from the used ~ ~. 
solution. In no case, as is ~r ~0V 
confirmed by the values of ~ 
.RWR, did a deficiency of .z~ 
nutrients in the nutr ient  ~ 
solution occur, although ~ 
the possibility of different ~ "~| 
absorption rates in the ~ | 
standing culture and in the ~ ~ 
flowing solution is not ex- ~ ~ 
eluded. Only the claim ~ 
regarding the flow of the ~ 
fresh solution into the ~ ~ 
cultivation vessel in litres ~ 
per one unit  of time fails ~ 
to state the real solution 
flow rate. Therefore our ~ 
cultivation apparatus was ~ 
constructed in such a way ~=~ ~ 
as to force the solution ~ ~ 
to flow among its lamellae ~ 
at a certain fixed height ~ z:  
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and width. Thus the rate of the flow can be precisely expressed in cm s -1. 
The roots of the plants plunged into this flowing solution, bent in the 
direction of the flow; the equipment is of a different type than that used 
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Fig. 5. Mean rate  of elements N, P, K absorpt ion 
per un i t  weight of roots per day. The curves a r e  

marked  wi th  the  day of sampling. 

by HAI and LAUDELOUT (1966). 
For standing culture the same 
type of equipment was used, the 
solution being changed only 
~wice per day. This could also 
slightly increase the ion absorp- 
tion, as the movement of ions to 
the roots by a mere diffusion was 
limited to less than 20 hours per 
day. 

In spite of the shortcomings 
mentioned clear cut differences 
occur in the ion absorption be- 
tween the standing and the flow 
cultures. All three elements under 
discussion -- nitrogen, phosp- 
horus and potassium -- have a 
higher average relative absorp- 
tion rate (IM) in the flowing 
solution. There are, however, 
differences among them: the 
most obvious increase appears 
with phosphorus, a certain irre- 
gularity with nitrogen and potas- 
sium. It  appears very improbable 
to us that the differences should 
be caused by different diffusion 
rates of the respective ions as 
may be the case in the soil. 
BARB~,R (1962) has stated that 
the diffusion of phosphate ions 
in soil is decreased. We assume 
that both in the standing culture 
and in the flow culture inner 
factors of the plants, particu- 

larly their different metabolism, determined the differents ion absorption 
of phosphate and of other ions. 

The absorption intensity of phosphorus is directly dependent on and even 
determined by, the production rate of the primary products of photosynthesis. 
Its concentration in photosynthesizing cells (per dry weight) (BRouwER 
1963a) is decisive -- unless there are other limiting factors of photosyn- 
thesis -- for the rate and quantity of the phosphorylation processes, or those 
immediately connected with the photosynthesis, respectively. 

In the experiments with different concentrations of the nutrient solution 
(LA~TOVXA and M~if~ 1970a, b) and different stand densities (LAw 
and Mn~if~ 1970e) the particular role of phosphorus is quite conspicuous. 
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In our experiments not  only a higher relative absorption rate (IM), bu t  also 
a higher distribution index and increased content  of phosphorus and at 
the same time, a lower utilization, i.e. the production of dry mat ter  per mg-at 
of phosphorus, are observed in the flow cultures as compared with the stand- 
ing solution. " 

From the results it is clear tha t  in the solutions used (1.0 R and 1.5 R) 
a small increase in flow rate (to the value of approx. 0.25 cm s -1) is more 
or less sufficient for a considerable increase of the absorption and further 
studied characteristics. Any further increase in the flow rate is, however 
of slight effect. 

The absorption and translocation of phosphate anions is known to be 
closely connected with the absorption and transloeation of iron (OLSE~ 
1935, R~.DISKE and BIDDULPH 1953). Because of this, we have considerably 
increased the concentration of Fe in the flowing solutions. Plants from the 
flow variants with smaller concentrations of iron suffered by  chlorosis, as 
indicated by  a lowered production of the dry mat ter  and a subsequent lower 
absorption of phosphorus and other elements. Even such high concentrations 
of iron as 14 m~ ~-1 in Riehter 's  solution (1.0 R) and 22.5 mg 1-1 in 1.5 R 
have not  ensured in ~he flowing cultures the same level of chlorophyll 
production as achieved in the stat ionary culture. We suppose that  even if 
the production of dry mat ter  (also RGR, NAR) had clearly risen in the flow 
culture, the absorbed phosphorus was not  effectively used owing to the exist- 
ence of other limiting factors, i.e., first of all the synthesis of chlorophyll 
and the thereby influenced absorption, distribution, accumulation, and 
utilization of nitrogen and potassium. 

The overground parts of plants were exposed to the same conditions in 
all variants. The explanation for the higher absorption of ions and the follow- 
ing changes in the growth of plants in the flow cultures is therefore to be 
looked for in the formation of the root  system and in the conditions in 
which it occurred. Clearly all three principles described by  Lv, wls and 
QUIRK (1967)could participate to a varying degree in the processes of ion 
absorption and in the subsequent changes. Besides the first two -- mass- 
flow and diffusion -- there is the third principle at  work. The roots of maize 
in the standing culture and in the flow culture exhibit a quite different 
habitus. In  the flow cultures the pr imary  roots --  one cannot speak of the 
bunch root  system (BERKO 1963) owing to the shortness of cultivation -- are 
substantially thinner and longer than in the standing culture. The storing 
of the dry mat ter  in them is relatively smaller (RWR), which contraindicates 
any nutrient  deficiency (Bnouw~,R 1963b, 1965). As, however the roots 
were immersed fully in the solution, they were able to absorb the nutrients 
with their whole surface (RusSEL 1970) and according to the absorption 
intensity translocate them differently into the places of consumption (RussEL 
1970). The flowing solution did not  permit  the formation of the concentration 
gradient round the roots (BARBER 1962), thus facilitating the contact  of 
ions with the surface of roots and probably increased even the whole sorption 
ar~a of the roots. Thus the conditions for the rapid entry of ions into the 
fr~e space of roots and for their faster absorption and distribution were 
in, proved as compared to those in the standing culture. The extension of 
roots can be caused, indeed, even by  means of lower solution concentrations 
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(MAY et al. 1965); but this is not the case in our experiments. We are of the 
opinion that this is a classical case of rheotropism described by JS~sso~ 
(1883) in the fungus hyphae, confirmed by a number of research workers 
even for the root system (see SEN GUPTA 1928129) and still not quite 
explained. 

The presented experiments show that the absorption and accumulation of  
ions and numerous subsequent physiological processes are clearly influenced 
by the flow of solution also in the fairly concentrated Richter's solution. 
We hope that our results may also contribute to a better understanding of 
the nutrient uptake by the plants under soil conditions (RUSSEL 1970). 
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Srovn~nim rostlin kuku~iee pSstovan:~ch ve stojlef kultu~e a rostlin p~stovan~reh v proudfelm 
roztoku o rfizn6 intensit6 byla zjiw vl ivem pr~toku zv~w absorpee dusiku, drasl/ku a zvlA~t~ 
fosforu. Relat iva6 s toupla i distribuee sledovan~ch prvk~ do nad,zemnleh 6Asti rostlin. Obsah 
(na jednotku su~iny) se zv:~il pouze u fogoru ,  u duslku a drasllku byl vlee m6n6 n i ~ i  ne~ vo 
stojlel kultu~e. Zavedeni prfitoku vy~adovalo zv~w koneentraee ~eleza v roztoku, aby  so 
zabrAnilo ehlorose rostlin. Vlivem prfitoku so zvl~w i produ_kee suw N A R  a RGR.  Prfltok 
kultiva6nfho roztoku znaSn~ pozm~nil habi tus  primArnfch ko~enfl rostlin kuku~ice. Ko~eny byly 
del~, tenSi a eelkov~ so v nich ukls relativn~ m6n~ m~iny (RW.R). Prodlu~ov6,n/ko~en~ vy- 
sv~tlujeme reakei na  dr~,~d~nf proudem roztoku -- rheotropismem. 


