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EFFECT OF ROOT EXCISION ON GROWTH PHENOMENA
IN PERENNIAL RYEGRASS
R. BROUWER and A. KLEINENDORST

The gramineous plants accumulate a considerable proportion of the dry matter
produced in their root system. For perennial ryegrass values up to 40 or 50% are
regularly found. As in other plants, the share of the root weight in the total plant
weight decreases after reaching the flowering stage. Since not all tillers are flowering,
this decrease depends on the percentage of shooting tillers (7).At constant conditions
there is a rather constant ratio between shoot growth and root growth during vegetative growth. Its value depends on the external conditions inthe same way as described
for other crops (2). BROUWER (3) showed the existence of a functional equilibrium
between roots and shoots. The value of the shoot/root-ratio depends on external
conditions. One of the main arguments in favour of a functional equilibrium was that
a change in external conditions caused the value of the ratio, characteristic of the
former conditions, to change rather rapidly into a value characteristic of the new
conditions. In addition it was found that a removal of parts of the shoots or the roots
was followed by a rapid re-establishment of the initial value.
To gain a more complete knowledge about these phenomena the effect of various
root cuttings on perennial ryegrass has been investigated. Some of the data are
described in the present paper.
METHODS

Uniform single tillers of a clone of perennial ryegrass were selected and cut to a
length of 6cm. All roots were removed. The tillers were mounted on hardboard discs
and placed with their stem basis in aerated tap water for seven days. During this
period adventitious roots emerged from the lower nodes. The plants were then placed
in aerated nutrient solutions (two plants per 14litres container in a climate room at a
constant temperature of 20°C. The plants were illuminated during 16hrs per 24 hrs
by fluorescent tubes at a light intensity of about 7.2x 104ergs cmr 2 sec -1 . One group
of plants grew undisturbed and developed a great number of tillers and adventitious
roots. Four other groups were subjected to repeated root excision so that plants were
obtained with 1, 2, 3 or 4 adventitious roots respectively. Of each group 6 plants
were harvested at 2 weeks' intervals and the fresh and dry weights, root lengths, root
numbers, branching patterns, leaf lengths and leaf widths determined.
An additional number of plants of which all roots were excised but two was cultivated. The excision of newly formed roots was stopped at different times after starting
the experiment. During subsequent periodical harvests the recovery was studied.
The plant material was also analysed for potassium, calcium, magnesium, nitrate,
chloride, sulphate, phosphate, total nitrogen and carbohydrates.
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FIG. 1. The influence of root excision (as indicated) on the time course of the increase in dry and
fresh weights of shoots (A) and roots (B) of perennial-ryegrass plants growinginclimaterooms in
nutrient solution.

RESULTS

Growth features
Reducing the number of roots per plant drastically influenced shoot growth from
the very beginning of the experiment. The control plants grewexponentially (Fig. 1A
and B)duringthefirstsixweeks.Thereafter the relative growth rate decreased inshoot
growth as well as in root growth. The growth of the treated plants was considerably
behind that of the control plants. The growth rate of the shoots decreased continuously. The reduction in growth rate is considerably higher in the roots than in the
shoots. The differences inweight between theplants with 2,3and 4roots are probably
not significant. Shoot and root weights of these plants are not proportional to the
number of roots left to the plant. The same occurred in maize plants (4). Root growth
of the treated plants decreased so much that there was hardly any growth in the later
periods of the experiment. It seems that the growth of roots under these conditions
is limited by age. In the intact plant new roots are steadily emerging. In this case the
growth of the original roots terminated even somewhat earlier, probably as a result
of reduced competitive power. Similar as in maize (4) newly developing roots inhibited the growth of older roots. Root initiation was not directly influenced by root
excision. Up to sixweeks there were no significant differences in the number ot roots
initiated (Table 1).Afterwards differences occurred, but it may be assumed that this is
more or less an indirect effect of the reduced shoot growth and tiller number. The
treatment considerably affected the morphology of the root system. The control
plants showed a normal grass root system consisting of a great number of scantily
branched threadlike roots (Fig. 2a). In contrast the treated plants formed a very fine
and dense branching on the few roots left to the plant (Fig.2b).
TABLE1. Influence of root excision onroot initiation byplants ofLoliumperenne inwaterculture.

L = number of roots lefttotheplant;E= numberofexcisedroots; T = numberofinitiatedroots
(L + E).
Harvest date
Treatment

8/12
L

Intact plants
4 roots left to the plant
3 roots left to the plant
2 roots left to the plant

E

22/12
T

L

E

5/1
T

L

E

19/1
T

L

E

T

13
4 10
3
9
2 11

13
14
12
13

56
4 73
3 61
2 58

56
77
64
60

187 - 187
4 139 143
3 153 156
2 129 131

354 - 354
4 137 141
3 184 187
2 137 139

2 roots left to the plant
after 8/12 no further excision
2 roots left to the plant
\
after 22/12no further excision j
2 roots left to the plant
after 5/1 no further excision

2

11

13

46

12

58

215 11 226

197

2

11

13

2

58

60

118 48 166

221 50 271

2

11

13

2

58

60

2 129 131

62 91 153

1 root left to the plant

1

13

14

1

60

61

1 109 110

1 110 111

9 206

As already shown in Fig. 1the growth rate of the shoots diminished greatly by the
excision of roots. The response was much more pronounced on a fresh weight basis
than on a dry weight basis. Consequently, the dry-matter content was considerably
higher in the treated plants.
Table 2shows that the differences became more pronounced as the period was pro13

FIG. 2. The morphological structure of the root system of intact plants (left) and of a plant of which
all the roots except one were regularly removed (right).

longed. The shoot/root-ratio shows a corresponding trend. Both factors reacted more
heavily and rapidly as the number of roots left to the plant was smaller.
An analysis of various characteristics of the shoots grown under the different
treatments reveals that tiller number and leaf number are affected in the same way as
the weights, but much less (Fig. 3). The number of leaves per tiller was much the
same for all treatments at all harvest times (Table 3). There are, however, great
differences in leaf size, length and width. According to COOPER(5)leaflength depends
on cell expansion and leaf width mainly on cell number. Since his data also concern
perennial ryegrass, it seems likely that both cell expansion and cell division in the
leaves are reduced bypartial excision of the root system.
TABLE 2. The influence of root excision on shoot/root-ratios and on dry-matter content of the
shoots.
Number of roots left to the plant

Harvest date
1

2

3

4

all

shoot fr.wt.
root fr.wt.

22/12
5/1
19/1

22.6
20.2
21.5

5.5
12.1
19.9

6.9
11.2
13.1

4.5
10.1
17.2

1.8
2.0
2.0

shoot dr.wt.
root dr.wt.

22/12
5/1
19/1

26.3
46.0
67.6

18.5
31.0
53.1

21.4
30.2
37.5

18.6
25.8
44.0

4.1
4.0
4.6

dry matter content
of shoots (%-age)

22/12
5/1
19/1

25.0
26.7
31.2

26.0
27.3
30.5

23.7
27.4
30.1

27.0
25.8
29.5

17.8
19.0
19.3
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FIG. 3. Influence ofroot cutting on thetimecourse ofinitiation of tillersand leaves.

Chemical analysis showed no differences in mineral composition between the
various groups ofplants. Therefore the reduced growth rate and the higher dry-matter
content can hardly becaused by any effect ofcutting on themineral uptake. It seemed
also desirable to examine the effect of cutting on the water balance. The water transport through the plants was measured during the 18-hours' period preceding the last
harvest. The data listed in Table 4 show that great differences were induced by the
cutting treatment.
For convenience the average values of all excised plants are compared with the
average values of the control plants. It is striking that transpiration per gram of shoot
fresh weight is considerably reduced by the cutting treatment. This indicates that the
stomata are partly closed, and is in itself sufficient proof of the enhanced suction
TABLE 3. Effect of root excision on number of leaves per tiller and on leaf length and leaf width.
Number of roots left to the plant
Harvest date
1

2

22/12
5/1
19/1

2.4
2.3
2.7

Meanleaflengthincm

5/1
19/1

Meanleafwidthinmm

5/1
19/1

Number ofleavespertiller

3

4

all

2.3
2.4
2.9

2.4
2.5
2.9

2.3
2.4
2.7

2.3
2.2
2.4

16.3
16.9

20.4
16.5

22.8
16.3

22.7
22.8

32.6
36.5

4.3
4.0

4.7
4.7

5.0
4.8

5.5
5.2

6.3
7.2
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TABLE4. Effect of rootexcision onrate ofwatertransport through theplant.

Treatedplants
Transpiration pergramoffresh weightof
shoots
Transpirationpergramoffresh weightof
roots

0.87
17.6

Intactplants
2.86

g/g/18hrs

5.4

g/g/18hrs

tension in the treated plants. In addition the water transport per gram of root tissue
is over 3 times higher in the treated plants than in the intact plants. As pointed out
by BROUWER (1) this may be due to either one or both of the following facts. First of
all the water transport per gram of root tissue is enhanced by increasing the suction
tension in the xylem vessels. As stated above the transpiration rate per gram of root
tissue shows that the suction tension is probably higher in the treated plants. This
means that part of the increased water transport per gram of root tissue can be
explained in this way. On the other hand the remaining roots on the treated plants
show a much finer branching and therefore a higher water transport may be expected
per gram of root tissue per unit of suction tension. The differences between the two
groups ofplants (Table 4)inthis respect aremost likely dueto both factors. With only
these data, however, it is impossible to estimate the share of each of these factors in
the total process.
From these considerations it may be assumed that the enhanced suction tension in
theplant may also be considered the direct cause of the reduced growth rate.
Recovery after aperiod of continual root cutting
The preceding shows that root cutting induces changes in the performance of the
plants. These are: a reduced number of tillers, reduced number of leaves, reduced leaf
size leading to an appreciably reduced shoot weight and a high dry-matter content.
Concerning the dry-matter content it is likely that the reaction is much more pronounced on a fresh weight than on a dry weight basis. The plants with two roots per
plant were divided into four groups. In one of these groups cutting was continued
until the end of the experiment, whereas the other groups were allowed to grow
undisturbed during two, four and six weeks after the beginning of the experiment.
The results have been plotted in Figs. 4, 5and 6.When cutting was stopped, the number of roots first of allincreased very rapidly (Fig. 4)so that theretardation waslargely compensated within two or three weeks. The same holds with regard to the fresh
and dry weights of the root system (Figs. 5and 6). However, this recovery was more
rapid and more complete as the time during which the growth rate had been restricted
by cutting was shorter. During the period of recovery the growth rate was considerably higher than the growth rate of the control plants (slope of the lines) in the corresponding periods.
As to shoot growth similar effects occurred. The number of tillers increased rapidly
after stopping root cutting. A rapid increase in weight also occurred. However, the
figures demonstrate clearly that compared with root growth shoot growth recovery
was somewhat delayed. In how far this resulted from a more rapid establishment of
newroot primordia or onlyfrom more rapid growth ofexistingprimordia is unknown.
A comparison of shoot fresh weight with shoot dry weight reveals that during the
early periods of recovery the fresh weight increased considerably more than the fresh
weight of the plants with continued root cutting. The dry weight, however, did not.
This means that during this period only the roots benefited by the additional amount
16
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FIG. 4. Recovery of the number of roots (left) and tillers (right) after terminating root excision at
subsequent dates (2A, 2B,2C).
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FIG. 5. As Fig. 4 for the fresh weights.
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FIG. 6. As Fig. 4 for the dry weights.

of photosynthates. This growth pattern influenced shoot/root-ratios and dry-matter
content in a very complicated way. Table 5shows these effects.
The shoot/root-ratio which was high in the treated plants decreased immediately
when root cutting was stopped as a result of the rapidrootgrowth.Itsvalue approachedthat inintact plants ina short time.The dry-matter content ofthe shoots decreased
alsovery rapidly to thevalue inthe controlplants. Fresh weight ofthe shoot increased
during the first fortnight of recovery without increased dry weight accumulation. It
is evident that considerable morphological changes occurred at the same time. The
habit of the plant changed from a dark green somewhat stunted and xeromorphous
plantto thatof a healthythrivingone.Evenmeanleaflengthandleafwidth approached
that of the control plants within four weeks. This recovery to normal plants was also
reflected in the transpiration rate per unit of shoot weight, which did not differ from
the value of the intact plants.

TABLE5. Effect ofregrowth of roots on shoot/root-ratios and on drymatter percentage of the shoot
tissue.
sh/r
(f r. wt.)

Harvest date

22/12
Treatment
Excised to 2roots throughout
Excised to 2roots until 8/12
Excised to 2roots until 22/12
Excised to 2roots until 5/1
Intact throughout
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5.5
1.7
5.5
5.5
1.8

dry matter content
(%-age)

sh/r
(dr. wt.)

5/1

19/1

12.1
2.5
2.8
12.1
2.0

19.9
3.4
2.4
5.3
2.0

22/12

18.5
4.4
18.5
18.5
4.1

5/1

19/1

22/12

31.0
4.5
5.5
31.0
4.0

53.1
7.6
5.6
15.3
4.6

26.0
18.9
26.0
26.0
17.8

5/1

19/1

27.3
16.4
17.6
27.3
79.0

30.5
19.1
19.8
22.8
19.3

DISCUSSION

Continual excision of most of the adventitious roots arising on growing single
tillers of perennial ryegrass resulted in a drastically reduced root weight. The remaining roots established a rather dense branch-root formation compared to the roots of
the control plants which were growing and developing undisturbed. Because of these
morphological changes the root length (main root + branches) per gram of fresh
weight of roots differed considerably.
It stands to reason that these differences have led to important but quantitatively
unknown differences in absorption capacity per gram of root tissue. Since the significance of the root system depends for a great deal on the various activities of the
system, it may be assumed that an attempt to a quantitative evaluation meets considerable difficulties. In studying the significance of seminal and adventitious roots in
Phleum pratense, WILLIAMS (8) found that the finely branched seminal root system
was 50 times as effective in mineral absorption as the scarcely branched nodal roots.
Since these deductions were made from the final harvest only, this ratio resulted from
the integrated absorption over the whole life period. Since no data are available of
the space of time, the mean duration of the period in which the activity was measured
is unknown. It may be assumed that this is much greater for the seminal root system
than for the adventitious roots. GOEDEWAAGEN (6)whomade comparable experiments
onthewater uptake,found much smaller differences and ifcalculated from the present
experiments the mineral absorption per gram of root tissue of the treated plants was
about 5 times that of the control plants. More detailed data on this point will be
published in a following paper.
The reduced root development due to root excision led to greatly reduced shoot
growth. First of all a reduced rate of tiller initiation was established. The number of
leaves per tiller was about the same, but the leaves were smaller in length and width.
According to COOPER (5) this indicates that both cell division and cell extension were
reduced. The quite normal mineral content of the treated plants shows that the reduced growth rate of the shoots was probably not induced by insufficiënt mineral
uptake. It seems much more likely that the reduced water uptake was the direct
cause of reduced shoot growth. Root cutting induced a considerably inhibited
transpiration rate per gram of shoot fresh weight. This proves that the stomata are
closed because of enhanced suction tension. The sequence of events can be summarized as follows.
Continual removal of roots emerging from the lower nodes of the stem before they
reach the nutrient solution affects the number ofroots that take part in the absorption
process. This deficiency is partly overcome by an enlargement of the absorbing area
in consequence of excessive branching of the remaining roots. If the cutting treatment is severe, as in these experiments, compensatory growth of the remaining roots
isinsufficient and ahigh stress on the activities of the root results. This stress mainly
concerned the water balance. A direct effect was an increased suction tension in the
plant giving rise to a reduced rate of cell extension and cell division. Since photosynthesis is less sensitive to adverse conditions than growth rate, the dry-matter
content increased.
After the cutting treatment ended recovery was very rapid. Because of the high
level of reserve carbohydrates, explosive growth of new roots and also of a great
number of new tillers took place. This growth proceeded partly at the expense of the
reserves so that recovery appeared to be especially rapid where fresh weight was concerned. Thereafter the dry weight also increased rather rapidly. The whole process of
recovery, during whichvery high growth rates were observed, ledto complete levelling
19

of all differences between treated and control plants: dry-matter content, shoot/rootratios, transpiration rates, leaf lengths, leaf widths and number of roots and tillers.
REFERENCES
1. BROUWER, R. : Water transport through the plant. Jaarb. I.B.S. 1961, 11-24.
2. BROUWER, R. : Distribution of dry matter in the plant. Neth. J. Agric. Sei. 10 (1962) 361-376.
3. BROUWER, R. : Some aspects of the equilibrium between overground and underground plant parts.
Jaarb. I.B.S. 1963, 31-39.
4. BROUWER, R. and J. T H . LOCHER: The significance of seminal roots in growth of maize. Jaarb.
I.B.S. 1965, 21-28.
5. COOPER, J. P.: Climatic variation in forage grasses. I. Leaf development in climatic races of
Lolium and Dactylis. J. Appl. Ecol. 1(1964) 45-61.
6. GOEDEWAAGEN, M. A. J.: Het wortelstelsel der graanplanten bij ongelijke verdeling der meststoffen in de grond. Versl. Landbouwk. Onderz. 39A (1933) 343-366.
7. TROUGHTON, A.: Studies on the growth of young grass plants with special reference to the
relationship between the shoot and root systems. / . Brit. Grassl. Soc. 11 (1956) 56-65.
8. WILLIAMS, R. D.:On the physiological significance of seminal roots in perennial grasses. Ann. Bot.
N.S. 26 (1962) 129-136.
Received: 4 June 1965.

20

Mededeling 281 vanhet I.B.S.

THE SIGNIFICANCE OF SEMINAL ROOTS IN GROWTH OF MAIZE
R. BROUWER and J. T H . LOCHER

INTRODUCTION

A great number of experiments has been done to explain the role of the various
parts of the root system of Gramineaein the growth and establishment of the plants.
These experiments led to considerable differences in opinion about the significance of
the two types of roots, namely seminal roots and adventitious roots, for the water and
mineral supply. Some authors found that considerable growth could be obtained even
after continual excision of all the adventitious roots, others that this treatment resulted in very poor growth. OHLROGGE (9) demonstrated that growth of intact maize
plants was fairly normal, even if only one of the crown roots had minerals at itsdisposal whereas all other roots grew in tap water. WILLIAMS (11) trained the seminal
and adventitious roots of timothy in separate containers. All containers received
water, but the nutrients weresupplied either to the wholeroot system or tothe seminal
roots or to the adventitious roots only.Although theplants with thenutrients supplied
to the seminal roots only, were considerably retarded, it was found that the seminal
roots absorbed about fifty times as much minerals per gram of root weight as the
adventitious roots. This difference may be caused, atleastpartly,bythefineness ofthe
seminal roots compared to the nodal roots and this phenomenon, although less pronounced, has also been described by others. The great advantage of the seminal roots
does not explain the phenomenon that single adventitious roots are able to meet the
demands of the whole plant as well (9). This seems only possible by changing the
morphology in such a way that a fine network of branches is established, or by an
appreciably enhanced development of that particular root. Such compensatory
growth of parts of the root system has been described by GOEDEWAAGEN (7), using
oats grown in containers with sandy soil, in which dibasic calciumphosphate was
mixed with the soil contents of half the container or with the entire amount. With a
low rate of fertilization the amount of roots in the fertilized part exceeded several
times the amount in the non-fertilized part. GOEDEWAAGEN'S experiment confirmed
earlier data of GILE and CARRERO (6) with rice and nitrogen fertilizer in water culture.
BROUWER and LOEN (5) described results with maize plants, single crown roots of
which were supplied with nitrogen and found that the development of the treated
roots differed considerably from the roots which did not receive any nitrogen, if the
entire plant was short of nitrogen. These differences gradually disappeared if the
nitrogen supply as a whole was increased, a phenomenon also found by GOEDEWAAGEN (7). Only little attention has been paid so far to the quantitative aspects of these
results for the shoot/root-ratio.
The present experiments attempt to gain more information on the way in which
maize plants compensate for the partial excision of the adventitious root system.
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METHODS

Single maize seedlings were mounted directly after germination on 14litre containers with Hoagland solution and cultivated in climate rooms. The temperature was
kept constant at 20°C and fluorescent tubes were used as a light source. The light
intensity was about 6x 104 ergs cirr 2 sec -1 on the tables and the plants were illuminated during 16 hours per 24 hours' period. The aerated nutrient solutions were
renewed when necessary.
The plants were divided in several groups with various excision treatments. The
lateral seminal roots were cut of all plants when starting the experiment, so that only
the primary seminal root wasleft. During theexperiment one group was not disturbed
and of a second group all roots except the primary seminal root were excised. The
other groups received a less severe treatment than the latter one. In one experiment
the number of nodal roots per whorl was reduced to 2 or 4 and this was continued
during the entire experiment. In another experiment only one or two whorls were
reduced to 2 or 4 and the other whorls entirely excised. The roots were cut to the
number required at least 3times a week. The number of excised roots was recorded.
From each group 3-5 plants were harvested at regular intervals up to an age of
8 weeks. At each harvest the fresh and dry weights of shoots and roots were determined. With regard to the roots a separation was made between the primary seminal
roots and the nodal roots of each whorl. In addition the density of branching of
some roots and the length of the branch roots were recorded.
In some of the experiments the bleeding intensity was measured during 4 hours
between shoot excision and harvesting the roots.
RESULTS

Influence of root excision onshoot androot growth
In various preliminary experiments the partial excision of the established root
system resulted in a corresponding reduction in shoot growth. Directly after partial
excision water absorption, mineral absorption and leaf growth rate diminished. In
addition this treatment invariably led to relatively increased root growth which led to
almost complete recovery of the original shoot/root-ratio as described for other
plants (3). In the experiments to be described here, a continualexcision of all or a
part of theadventitious roots inavery young stage resulted in acontinuous additional
growth of those parts of the root system which were left intact. Fig. 1 shows the
results of an experiment which started on February 2. The four treatments are:
(a) all nodal roots continually excised throughout the experiment;
(b) all nodal roots continually excised until March 3;
(c) all nodal roots continually excised until February 24;
(d) undisturbed growth.
These data show that the total mass of shoots and roots was not much influenced
by the treatments. Although at the end of the experiment the weight of the adventitious roots of the undisturbed plants (Fig. Id) was about 4times as high as that of the
primary seminal root of these plants, the weight of the single seminal root of the most
severe treatment (Fig. la) was only slightly lower than that of all the roots of the
former plants.The percentage of theprimary root weightinthe total weight decreased
regularly as the time increased during which the adventitious roots were permitted
to grow. Since the total root weight did not differ much between the treatments, this
decrease also holds for the weight ofthe primary root itself. Fig. 2showsthe root and
shoot fresh weights at the final harvest presented in such a way that the time during
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FIG. 1. Timecourseofweight
increase of primary seminal
roots (•
•), all roots
(x
x), shoots (o
o)
and total plants (D D)of
maize from which parts of
the adventitious root system
were excised during different
periods: (a) throughout; (b)
until March 3; (c) until
February 24; (d) not at all.
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which only the primary seminal root system was present decreases from left to right
(see Fig. la, b,c, d).The share of the seminalroot system inthe total weight decreases
in the same direction. This means that the growing nodal roots considerably inhibit
the increase inweight of the seminal system. This may be due to a competition for the
essentials available and most likely for carbohydrates.
If the various whorls of crown roots are further separated, the same tendency
applies to the competition between the successive whorls (Fig. 3A).In this experiment
2 or 4crown roots are left to the plant on each of the successive whorls (c15c2and c3).
Here the total root fresh weight increases if more whorls are left, but the seminal
root weight not. Considering one whorl Fig. 3B and C show that a set of 4 crown
roots ismore successful inthe competition withthe seminal root than a set of2 crown
roots per whorl. This holds for the entire whorl, whereas the weight per crown root
within a whorl decreases with increasing number. Competition therefore is more
successful with an increasing number of 'sinks', but it is not proportional to it.
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roots (c) and shoots (sh) at the final harvest time.
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The excision treatments described above did not influence the total root weight
much. It is not surprising therefore that they neither interfered much with shoot
growth. It is clear from Figs. 1 and 2 that shoot weights were not significantly influenced. If however the shoot/root-ratio is considered, there appears to be a slight
decrease in this ratio with a decreasing share of the seminal roots in the total weight
(Fig. 4). Accepting a functional equilibrium between shoots and roots (3) this may
indicate that the seminal root system per gram of root weight is slightly more effective
in supplying essential substances for shoot growth. This may be due to a greater
absorption area per gram of root weight. It seems worthwhile therefore to look
somewhat closer into the morphology of the various parts of the root systems.
Morphology of theroot system
The preceding pages show that the seminal root system is able to compensate for
the partial removal of the adventitious system. In investigating how this compensation is realized it was found that the extension growth of the primary seminal root
itself was almost similar in all cases. The mean length of all five harvests of the intact
plants was 92 cm and of the plants with complete excision of the nodal roots 88 cm.
Fig. 5 shows some characteristics of the various roots. The distribution pattern of
the branches on the seminal roots and on the crown roots, counted per 5cm, is rather
irregular, even in aerated water culture where conditions may be expected to be
similar for all parts of the root. The primary seminal roots have a high density of
branches at their base,followed by a region of a rather constant number and a second
peak near the tip. The time series show that the number of branch roots steadily
increases even in regions where the bearing root is full-grown. The length of the
branch roots decreasesmore regularly towards the tip of the main root. The difference
between the primary seminal roots of the series with complete excision (Se) and those
of the intact plants (Si) concerns the number of branches per unit length and the
length of the branches. Both quantities are about 20-30%higher in the former treatment. Besides this 20-30%increase in number and length the second order branching
also increases. The weight ratio of the two kinds of seminal roots at the fourth harvest
(Fig. la and d) is about 2.
A calculation of the total root lengthpergramoffreshweightofrootsrevealsthatin
both cases the same values are found, viz. c. 600 cm/gram fresh weight. This means
that thelength ratios are rather accurately reflected inthe weight ratios ofthe primary
seminal root and that the latter are adapted by a somewhat greater branch density
and increased length of the branches.
The branching pattern of the crown roots deviates somewhat from that of the primary seminal roots. The deviation increases with the higher number of whorls. This
may partly be due to only the crown roots of the first whorl being fully grown, even
at the fourth harvest. The thickness of the crown root itself, however, increases
considerably, the higher the node on which it is developing. The branch density
decreases in the same direction as the ultimate length of the branch roots. In the
experiment of Fig. 5the respective root lengths per gram fresh weight are:
excised crown roots 637cm/g
primary seminal root
intact plant

crown roots

1stwhorl
{ 2nd whorl
,3rd whorl

629 cm/g
607cm/g
468 cm/g
253cm/g
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FIG. 5. Distribution pattern of branches along the primary seminal roots and crown roots, counted
per 5 cm (•
•), together with the maximum length (H
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Se
= primary seminalroot ofplants with completely excised adventitiousroot system;
Si
= primary seminal root of plants with completely intact adventitious root system;
Ci2 3 = crown roots of 3whorlsat the latter plants.
II^IV = different harvest data (24/2, 3/3,10/3).
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These data showthat thefirst whorl ofcrown roots is more or less identical with the
seminal roots in most of its aspects. The length per unit of weight decreases in the
successive whorls. It may be expected, therefore, that the activity per gram of root
weight also decreases in the same direction. Since it may be expected that shoot
growth depends on root activities (3) it seems likely that the amount of shoot growth
per gram of root tissue decreases inthe same way. This may be the background of the
decreasing shoot/root-ratio at a decreasing share of seminal roots in the total root
weight (Fig.4).
In contrast to the changes induced by root excision this treatment does not significantly influence the rate of initiation of root primordia on the nodes.
TABLE 1. Influence of root excision on root initiation.
Number of roots left to the plant
Number of excised roots
Number of roots initiated

1
21
22

3
15
18

5
13
18

5
14
19

7
11
18

9
9
18

13
4
17

DISCUSSION

In many papers dealing with shoot/root-ratios one is at a loss what to do with this
quantity. BOONSTRA (1) introduced the indication 'root value' and assumed that the
amount of shoot weight grown per unit of root weight gives information on the
efficiency of the root system. Since the activity of the root system not only depends
on the root itself, but also on the external conditions, BOONSTRA'S statement seems
justified when root systems are compared, growing in comparable media. Using
various peas' varieties under similar cultural conditions, BOONSTRA showed that these
varieties differed considerably in root value and found that the absorptive capacity
per gram of root tissue of water as well as nutrients varied in the same direction as
the root value. These differences are mainly caused by differences in the morphology
of the root system. The pronounced influence of the morphology, as for instance the
fineness of branching, has often been shown. The most striking differences have been
reported between seminal and nodal roots of grasses (8, 10). Here the differences
exist even between parts of the root system of individual plants. In previous papers
BROUWER (2, 3) showed that the shoot/root-ratio is a fixed andregulatedquantity, the
value of which depends indeed on the external conditions, but in a predictable way.
The prediction should be based on the activities of the various organs and the performance of the shcot/root-ratio is considered as a functional equilibrium between
shoots and roots. Sincethe shoot/root-ratio on the one hand is expressed as a weight
ratio and on the other hand is based on an activity ratio, differences in morphology
leading to differences in activity per unit of weight will complicate a right understanding. The aim of a series of experiments wasto gain more information on the quantitative aspects of morphological changes on the shoot/root-ratio. BROUWER and KLEINENDORST (4) showed that root excision in perennial ryegrass induced abundant
branching in the remaining roots, which resulted in a highly increased root length
and absorption per unit of root weight. This weight, however, was drastically reduced
by the cutting treatment.
The comparable experiments with maize in this paper show that no generalizations
can be made. Root cutting in maize increases branch-root density and branch-root
lengths in the remaining roots, but the effect of this on root length per unit of weight
was much less pronounced. This indicates that compensatory growth in maize roots
follows much the same growth pattern as in normal roots. As a consequence the
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shoot/root-ratio, increasing five times in grass, increased only 30% inmaize. Another
difference between these two species is that the maize root system compensates the
roots removed by cutting almost completely, whereas the compensation in grass is
much smaller. Itisquitereasonable, therefore, that shoot growth inmaizeis influenced
very little, whereas it is considerably reduced in perennial ryegrass. The effect of root
cutting, so much discussed in the literature, greatly depends on the rate of and the
way in which the compensatory growth takes place.
SUMMARY

In these experiments parts were excised of the adventitious root system of young
maize plants grown in nutrient solutions. The influence of these excisions on shoot
growth and on growth of the remaining primary seminal root was examined. The
growth of the latter compensated the loss of the adventitious root system for the
greater part. Shoot growth was not much influenced.
Some morphological observations were made on primary seminal roots, the adventitious root system being present or not, and also on crown roots. The branching
pattern of the primary seminal root did not change very much during the compensatory growth. The root length per gram of root fresh weight of the successive whorls
of crown roots decreased and consequently the shoot/root-ratio of the plants with an
excised adventitious root system was highest.
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THE EFFECT OF TEMPERATURE ON TWO DIFFERENT CLONES
OF PERENNIAL RYEGRASS
A. KLEINENDORST and R. BROUWER

INTRODUCTION

It is a well-known fact that the response to temperature depends greatly on the
species used. This holds for rather simple well-defined processes as water absorption
(9) and for much more complicated phenomena as growth and development (7).
Even within the species large differences have been described (1) and it might be
expected that a very widely-spread species asLolium perenne, which in other respects
also shows considerable heterogeneity (10), should show this heterogeneity with
regard to temperature response. Before these experiments ryegrass plants were collected from various parts of the Netherlands. These showed large differences with
regard to time of flowering and type of growth. The response of two clones, an early
one (C 3) and a late one (C 12), to air and root temperature will be described in the
following pages.
METHODS

Plants of two clones of perennial ryegrass, C 3 and C 12, were divided into single
tillers. The tillers werecut to a length of 7cm and the roots were removed. Thereafter
the tillers were mounted on hardboard discs and placed in nutrient solution. In some
experiments the individual tillers were planted in containers with sandy soil.
The plants were grown in climate rooms, each with a different air temperature.
A series ofvarious root temperature was usually applied at the same air temperature.
The relative humidity was maintained at about 65%. Various light sources were
used with an intensity of about 7.104ergs cm - 2 sec -1and a duration of the light period
of 16hours per 24 hours' period.
Further details willbe given in the description of the various experiments.
At each harvest various growth factors were determined viz. fresh weights of shoots
and roots, dry weights, tiller number, leaf number, shoot/root-ratios, dry-matter
content and sugar content.
Besides in some experiments the rate of water and mineral absorption during a
period directly preceding harvest was measured.
RESULTS

Comparison of C3 and C12 at 15°C and at 25°C insoil culture
The particular experiment was performed in climate rooms of 15and 25°C. Single
tillers were planted in pots with sandy soil. At each temperature one half of the pots,
referred to as 'wet', were maintained at a water content of 25-30%, the other half,
referred to as 'dry', at a water content of 12-15%. In previous experiments it was
observed that C 3wasmuch more sensitiveto drought at high temperature than C 12.
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FIG. 1. Increase in weight of single tillers of two clones (C3and C 12) of perennial ryegrass grown
in soil at two levelsof moisture content - D(ry) and W(et)- and two temperatures.

Fig. 1shows the shoot dry weight of the plants at subsequent harvests on a logarithmic scale.It appears that in 'wet' soil the differences in growth rates between both
temperatures are rather small. There are, however, consistent differences since at
each harvest time till 23 December the dry weight of C 3was higher at 15°C than at
25°C. The dry weight of C 12 shows the reverse picture. In 'dry' soil this could not
be observed because the plants at 25°Csuffered to a greater extent from drought than
those at 15°C. All these observations indicate that the optimum temperature of the
early clone (C 3)islower than that of the late clone (C 12).
There is a remarkable difference in response to the water supply of both varieties.
At both temperatures, and especially at 25°C, C 3is much more affected by a limited
water supply than C 12.
The pots in this experiment were watered regularly by sprinkling from above.
During the time between sprinklings the surface layers were rather dry, especially
in the 'dry' treatment. As will be shown the root development of C 3isvery scanty at
high temperatures, resulting in a very superficial root system oftheseplants. This may
be one of the reasons of the more pronounced response.
Growthinwatercultureat 5,15 and25°C respectively
In the former experiment air temperature and soil temperature varied at the same
time. Since it seemed likely that the rooting behaviour wasinfluenced by temperature,
especially in the 'dry' pots, the experiments were continued in water culture.
In this experiment three different root temperatures (5, 15 and 25°C) were used
whereas the air temperature was 15°C. Differences in growth rate between treatments
and between cloneswere obvious from the very start of theexperiment. A photograph
of the plants (Fig.2) shows a clear picture of the habit of the plants at an age of 57
days. Fig. 3 shows the height of the crop after 46days of growth. There were only
minor differences between the clones at 5 and 15°C. The root temperature of 25°C
caused a reduced growth rate of C 3compared to 15°C and an increased growth rate
of C 12. The plants were harvested at an age of 60 days. Various growth factors are
shown in the following figures and tables. The number of tillers (Table 1), growing
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FIG. 2. Photograph of perennial-ryegrass plants (clone 12 above and clone 3 below) grown during
57 days in nutrient solution of the temperatures indicated. Air temperature 15'C.

TABLE 1. Effect of root temperature on number of tillers and

leaves per plant.
Root
temperature

„,
(°C)

C12

Number of
tillers

5
15
25

32.2
56.0
38.2

32.5
44.8
59.8

Number of
leaves

5
15
25

109.5
191.7
154.7

96.8
144.7
185.2

Number of
leaves
per tiller

5
15
25

3.4
3.4
4.1

3.0
3.2
3.1

from the original single tiller, shows the same picture as the heights in Fig. 3, increasing in C 12 to 25°C and with a clear optimum at 15°C in C 3. The number of
leaves per tiller is somewhat higher in plants of C 3. This number is not much influenced by the root temperature. Only C 3 shows an increase at 25°C which may be
due to the reduced tillering causing a relatively small number of young tillers. The
dry weights of shoots and roots (Fig. 4) show a similar picture as the other graphs.
With regard to the shoot/root-ratio (Table 2) the data seem more or less equivalent
for both clones. This ratio increases steadily with temperature. It could be shown (2)
that in a sense the shoot/root-ratio is a resultant of a functional equilibrium between
these two organs. This indicates that fewer roots meet the requirements per gram of
shoot as the temperature in the root medium within the limits of the experiment is
higher. This seems quite logical since it may be expected that various activities of the
roots, such as water absorption and ion absorption show an increasing rate at increasing temperature. Besides the temperature of the root environment may have
some influence on the morphology of the root system. The higher the temperature,
up to 25°C, the finer the branching. This can already be seen from the photograph
(Fig. 2) and may be another reason for the higher efficiency on a shoot growth basis.
The transpiration rates per unit of shoot weight are about the same, indicating that
height
cm
50r
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25 °c FIG. 3. Height of the plants of Fig. 2 at an age of 46
root temperature
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FIG. 4. Dry weights of shoots and roots of theplants of Fig.2 at the age of 60days.
TABLE2. Shoot/root-ratio at various root temperatures (dry
weight basis).
Root temperature (°C)
5
15
25

C3

C12
3.6
4.2
5.6

2.8
4.7
6.1

thewater supplyvariesbetweenverynarrowlimits and cannot beconsidered tolimit
shoot growthto alargeextent (Table3).Possiblymineralsupplydoes,buttheresults
areirregular inthisrespect (Table3).
In some of the experiments the roots of the original single tiller were only partly
removed leaving the basal parts of the root to a length of 2cm on the plants. In
TABLE 3. Water movement (on shoot weight and root weight
basis) and absorption of nitrate and potassium during48 hours
before harvest.
Root
temperature
(°Q

C3

C12

2.62
2.41
2.84

2.38
2.23
2.08

Transpiration
g/g of fr. wt. shoot

5
15
25

Transpiration
g/g of fr. wt. root

5
15
25

Nitrate absorption
m mol/g of fr. wt. root

5
15
25

0.04
0.18
0.12

0.11
0.10
0.12

Potassium absorption
m mol/g of fr. wt. root

5
15
25

0.05
0.11
0.06

0.08
0.07
0.09

5.9
9.8
16.9

6.5
9.5
10.3
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those cases the lag phase at the start of the experiment could beprevented, since the
root 'stumps' branched at once rather elaborately. The advantage of this treatment
lasted throughout the whole experiment. The C 3 as well as the C 12plants respond
favourably to the presence of the root stumps. This concerns number of tillers and
number of leaves (Table 4) as well as the dry weights (Fig. 5).
The differences are more important in clone 12than in clone 3. Since the effect of
the root stumps is probably caused by the fact that the root base is more ready for
branching than the stem nodes, this difference is smaller in clone 3than in clone 12.
TABLE4. Comparison of the influence of partial or complete
excision of the roots on number of tillers and leaves.
Excision

C3

Number of tillers

partial
complete

45.4
38.8

57.0
34.4

Number of leaves

partial
complete

160.6
143.3

174.5
109.9

Number of leaves
per tiller

partial
complete

3.6
3.7

3.1
3.2

C12

dry weight
g/pi.
1 r

dry weight
g/pl.
5r

0.5

2.5

C

3

C 12

C

3

C 12

FIG. 5. Dryweightsofshootsand roots ofperennial-ryegrassplants grownduring60daysinnutrient
solution. Mean of threeroot temperatures (5, 15 and 25°C). Air temperature 15°C. The experiment
wasstarted with singletillers from which theroots werecompletely removed (C) or excised to about
2cmfrom thestembase(P).

Growth inwater cultureat 5up to 40°Candair temperatures of 15and 25°C.
From the above it is clear that root temperature has a distinct influence on root as
well as shoot growth. The differences between the two clones are convincing. The
early clone 3 shows a lower optimum temperature than the late clone 12. The larger
range of root temperatures revealed quite interesting results (Fig. 6). First of all it is
rather astonishing that neither clone responds to the prevailing air temperature. In
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FIG. 6.Dry weights of shoots of
two ryegrass clones grown
during 9 weeks in nutrient
solutions at the root temperatures indicated and at two
different air temperatures.
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addition, and in agreement with the former experiment, the yield at root temperatures
of 5and 10°C is similar for both clones. The further increase in the yield of clone 12
at increasing temperature up to 25°C could also be found in this experiment as well
asthe decline intheyield of clone 3at the same temperature range. The maximalyield
of clone 12 is much higher (about twice as high) than that of clone 3. Both clones
show a very sharp optimum.
TABLE5. Dry-matter percentage of shoots and roots at different
root temperatures.
Root
temperature (°C)

C3

C12

Shoots

5
15
25

17.3
13.8
15.6

18.9
12.6
13.5

Roots

5
15
25

13.9
12.0
15.5

13.9
12.6
12.0

Influence of root temperature onspatial orientation of the shoots
Considerable differences exist between grass species with regard to the direction
of the shoots in relation to gravity. Prostrate growing speciesfrom thepastures interchange with erect species from the hay-fields. Even within the same species both
growing types may be found. It is generally accepted that the transition from the
prostrate form to the erect form is related with the transition from the vegetative
phase to the generative phase. The nature of this relation, however, is very obscure
and the evidence is insufficient. In experiments in which vegetative ryegrass plants
were grown in the greenhouse at temperatures of 10 up to 32°C the plants at 10°C
grew prostrate, whereas those at 32°C were growing completely erect, although no
bolting was observed. Transference from one temperature to another induced a rapid
35

FIG. 7. Aphotograph showing the difference in orientation of stems ofryegrassplants grown at root
temperatures of 10,20and 30UC.

change in growth habit and within 3 or 5 days the direction fitting to the new condition was achieved.
In the current experiment vernalized ryegrass plants were grown in nutrient solutions at 10, 20 and 30°C respectively and at an air temperature of 15°C. Fig. 7
shows that even flowering shoots grew completely prostrate at a root temperature of
10°C. At 30°C the shoots grew erect and at 20°C the direction was somewhat intermediate. Measuring the angles between the horizontal level and the direction of the
various internodes showed that after shooting the declination of the subsequent internodes co-operated in defining the ultimate direction (Fig. 8). It may be stated that
this result demonstrates that the orientation of the shoot is not caused by flowering
conditions, but depends completely on temperature. The fact that higher temperature

3 £
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20

30 °C
root temperature

FIG. 8. A schematic representation of the angles with the horizontal line of twolowerinternodesof
ryegrassplants grown at theroot temperatures indicated.
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FIG. 9.Growthrateofshoots
of two types of perennial
ryegrass seedlings (early and
late)attheroot temperatures
indicated.
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and transition to thegenerativephase normally coincideinthefieldmaybe responsible
for the misleading assumption mentioned above.
Response of two types ofperennial ryegrass
In addition to the clones 3 and 12 two other varieties of perennial ryegrass have
been taken from normal commercial sources, viz. the early type 'Barenza' and the
late variety 'Melle'. Seedlings of these types were grown at three root temperatures
(5, 15 and 25°C). The result given in Fig. 9 shows that at 5and at 15°Cthere are no
differences at all.
There seems to be an indication that at 25°C the early variety shows some disadvantage, but the differences are much less pronounced than in the clones 3and 12.
DISCUSSION

Many of the phenomena described in this paper require a more detailed investigation before satisfactory explanations can be found. There are, however, a number
of aspects that are worth discussing.
GROBBELAAR (8) and BROUWER (3) described the influence of root temperature on
various growth phenomena of maize and beans respectively. Both concluded that the
influence of root temperature on shoot growth was caused by the influence on the
water absorption by the roots and via this on the water balance of the shoots. They
assumed that a resulting increased suction tension in the shoot tissue leads to reduced leaf growth. In the case of maize the growing point of the shoot (8), situated
in the direct vicinity of the root medium, may have reacted directly to the root temperature, but the effect was quite similar to that with beans (3) where the growing
point of the shoot was situated well above the root area. Both beans and maize show
a greatly reduced transpiration rate per gram of shoot fresh weight below and above
optimum root temperature (6) which proves to be a justification of the assumption
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given. In the current experiment, however, the transpiration rate per unit of fresh
weight of shoots was not influenced whatsoever (Table 3). This indicates that there
are no true difficulties about the water balance. Although the rate of water absorption
per gram of root fresh weight increased with temperature, this cannot be used as an
indication that the suction tension was increased in this case. It should have been if
the morphology of the roots had been the same at the temperatures investigated.
However, even a first glance at the root systems (Fig. 2) is convincing of the large
differences in this respect. This means that the water absorption per gram of root
tissue per atmosphere of suction tension may be expected to follow the intensity of
branching. Experiments with maize (4) have given substantial evidence that finer
branching results in a considerably increased water conductivity per gram of root
tissue. Since detailed data are not available of perennial ryegrass the quantitative
aspect of this has to be further investigated. Nevertheless it may be assumed that the
growth response to root temperature is not caused by anunfavourable water balance
in these experiments. In looking for the cause of decreased shoot growth it may
tentatively be assumed that in the current experiment the influence of the root temperature is exerted mainly as a direct influence on the initiation of nodal roots. The
lasting effect of root stumps on the subsequent growth throughout the experiment is
a further indication of the importance of a rapid root development. If the initiation is
delayed, the lagperiod cannot be overcome during the first 8or 9weeks of the experiment. The small differences in growth rates (slope of the lines in Fig. 1and 9) confirm
this assumption and are completely different from those inmaize and beans. The relatively small differences in dry-matter content (Table 5) compared to the differences
described by BROUWER and KLEINENDORST (5) in the same species by more severe
treatments may be additional evidence to this statement. It may be concluded therefore that inthisparticular experiment growth reductions of theshoots at unfavourable
root temperatures are mainly due to a reducedrateof root initiationresulting in a lag
period that cannot be overcome during the relatively short duration ofthe experiment.
Besides, the situation of the growing point near the root medium may also be an
important factor. Sinceboth leaf initiation and tillering areaffected to the same extent
as dry-weight increase, the effect of this situation cannot be underestimated. The
observation that the root temperature is completely responsible for the differences in
growth rate irrespective of the air temperature points to the importance of this. More
detailed studies, in which a spatial separation of roots and shoot growing point
should be obtained, are required before an estimation can be made of the relative
importance of root initiation and leaf and tiller initiation in the growth response.
The differences between the two clones are quite clear, but the physiological background is as yet unknown.
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