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Making sense of the link between tiller density and pasture production
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Abstract

Interpretation of tiller or shoot density data requires
resolution of two independent, confounding effects,
namely size/density compensation and what is here
called the “leaf area effect”. Size/density com-
pensation implies that at higher herbage  mass,
individual tillers or shoots are larger, but the
population density is correspondingly decreased.
The leaf area effect represents difference in sward
leaf area for two tiller populations. Such leaf area
differences may be environmentally or genetically
determined, but must of necessity be expressed
through change in tiller size and/or tiller density as
“yield components” of leaf area. The theoretical
basis for distinguishing between size/density
compensation and the leaf area effect is to consider
t i l ler  or  shoot density and herbage  yield,
respectively, as X,Y co-ordinates in a size/density
plot. When such a plot is drawn on a logarithmic
scale, points along a line of -l/2  slope show size/
density compensation with respect to each other.
Movement of points to the right or left of the size/
density compensation line is evidence of a leaf
area effect. It is shown that when the size/density
effects are removed from a data set in this way,
rankings of experimental treatments for the leaf
area effect can often be reversed compared with
the ranking of uncorrected tiller density. Tiller
density data corrected for size/density compen-.
sation  in this way appear to be a useful indicator of
sward productivity.
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Introduction

Tiller density measurement  has been used worldwide
for  many years  as  an indicator  of  agronomic s tatus of
swards in forage studies. The individual shoot or tiller
is a convenient unit of study, even though it is
recognised  tha t  a  sward  i s  a  he te rogeneous  co l lec t ion
3f t i l le rs  a t  d i f ferent  growth s tages  (Davies  1977) .  In
addition,  it is recognised that different hierarchical levels
If aggrega t ion  may  opera te  s imul taneous ly  wi th in  a

sward (Brock  & Hay 1993). Thus, there is no universal
interpretation of tiller density data. On the question of
the relationship between tiller density and herbage  yield,
one earlier reviewer (Langer 1963) concluded that in
some conditions tiller density can be used as an index
of yield, whereas in others tiller weight is more
important.

This paper seeks to develop a consistent link
between tiller density and herbage  production, in order
to increase the interpretive power of tiller density
measurement as an agronomic indicator. Our thesis is
that  t i l ler  densi ty  may be used as  a  measure of  sward
productivity if one first corrects for fluctuation in tiller
popula t ion  ar is ing  f rom s ize /dens i ty  compensat ion .  In
layman’s terms, closely grazed sheep pastures may have
a tiller density of 20 000 tillerslm2,  whereas more laxly
grazed dairy pastures may have a tiller density of only
5000 tillers/m2.  No one would expect the sheep pasture
to be four times as productive as the dairy pasture. The
reason is that the average weight of a tiller in the sheep
pasture may be as  low as 13 mg,  whereas the average
weight  of  a  t i l ler  in  the  dairy  pasture  may be as  much
as 100 mg. This is size/density compensation.

Theoretical considerations

Size/density compensation
The inverse  re la t ionship  be tween  t i l l e r  s ize  and  t i l l e r
density has long been recognised. Langer (1963) noted
several references to the phenomenon. The relationship
was  formalised by Yoda et al. (I 963) who showed that
logarithmic plots of shoot weight against shoot density
for various plant species commonly assume a -3/2  slope.
The rule can also be formulated in terms of a
re la t ionsh ip  be tween  herbage  mass  and  shoo t  dens i ty .
In  th is  case  logar i thmic  p lo ts  of  herbage  mass  against
shoot density have a -112  slope (Weller 1987). The
rule was found to be widely applicable and was even
hailed as the first  law of plant ecology (Hutchings
1983). A number of authors, including Bircham  &
Hodgson (1983), Davies (1988), and Chapman &
Lemaire  (1993)  have  appl ied  the  ru le  to  grass  swards .
Some recent authors have severely questioned  the rule
(Ldnsdale 1990), but a re-evaluation of the rule
(Sackville Hamilton et al. 1995)  and investigation of
the  application to forage plants (Matthew et al. 199Sa)
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have shown that there is indeed an underlying -3/2
size/density compensation slope. Matthew et al. (1995a)

proposed that tiller size/density combinations which
lie along a common -3/2  slope on a logarithmic plot
(or pasture cover/tiller density combinations lying along
a -l/2  slope) show size/density compensation. This
compensation line can be conceptualised as defining a
line of constant leaf area index (Sackville Hamilton et
al. 1995).

Leaf area effect
It follows from the above, that movement of either the
tiller size or tiller density status of a sward, without
compensatory change in the other and assuming no
change in leafnon  leaf ratio, alters sward leaf area
index. Swards which are plotted to the right of (i.e.,
above) a size/density compensation line will have a
higher, and swards to the left (below) a lower leaf area
index, respectively. Such movement to the right or left
of a tiller size/density compensation line can
conveniently be measured as a vertical shift on the Y-
axis and is proposed by Matthew et al. (1995a) as an

index of sward productivity. Figures la, 1 b and lc
show three different presentations of size/density
compensation data for perennial ryegrass  swards at
Palmerston North. A scatter plot (Figure la) suggests
linear size/density compensation (Each 100 kg DM/ha
increase in herbage  mass associated with a decrease in
tiller density of 210 tillers/m*, R*  = 0.41, P < 0.001).
The logarithmic herbage  mass/tiller density formulation
(Figure 1 b) shows slope near the theoretical value of -
l/2  at high herbage  mass (solid line), but steeper slope
at lower herbage  mass (dotted line). This biphasic
pattern of size/density compensation is seen even more
clearly (Figure lc) when data are plotted as log(tiller
size) versus log(tiller  density), as required for the -3/2
formulation of the rule. Figure Ic confirms the
conclusion from Figure 1 b, that swards under more
intensive grazing pressure and maintained at lower
average herbage  mass fall away from the compensation
line at a size/density slopes greater than the theoretical
values of -l/2  (logarithmic plot of herbage  mass versus
tiller density) or -3/2  (logarithmic plot of tiller size
versus tiller density, dotted lines, Figures 1 b, 1 c).

Figure 1 Three formulations of tiller size/density plot. Data
are from perennial ryegrass  swards at Palmerston
North. (a) Scatter plot of untransformed data, (b)
Log biomass:log  tiller density plot to illustrate
Weller’s (1987)-l/2  formulation of the size/density
rule, (c) Log tiller size:log tiller density plot
illustrating the -312 formulation of the rule. Solid
lines in Figures I b and Ic represent the theoretical
-l/2 and -3/2  slopes, respectively, conceptualised
as a constant productivity line. Dotted lines show
the “leaf  area effect” whereby tiller density
successively falls away from the compensation line
at lower tiller size, due to effect of defoliation
pressure in reducing sward leaf area index.
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Applications reached above.  Briefly,  miniature swards of perennial
ryegrass were cut twice weekly at cutting heights of 20

The above theory may be applied at  e i ther  a  general mm, 40 mm, 80 mm, 120 mm and 160 mm until tiller
level, or to provide quantitative adjustments for specific population densities were considered to be at
measurements.  At the general  level ,  movement of t i l ler equilibrium for the respective cutting heights (excepting
size/density co-ordinates down the steeper arm of Figure the 20 mm swards), approximately 5 months from
1  b or Figure 1  c (as in more intensive grazing regimes) sowing .  Cons i s t en t  wi th  the  genera l  pa t t e rn  shown in
implies loss of productivity. This occurs because tiller Figure 1, size/density compensation occurred at a slope
density increase achieved in moving down the slope is steeper than -3/2  (actually -2.31 * 0.02) for swards
less than that required to maintain the sward leaf area c u t  at 40 mm, 80 mm or 120 mm. The vertical distance
at  the  previous  value .  On th is  bas is ,  recommendat ion from the compensation line thus increased with
(Anon.  1991;  Brock  & Hay 1993)  of  grazing pol ic ies increas ing  defo l ia t ion  in tens i ty  be low 120 mm cut t ing
which  increase  t i l l e r  dens i ty  th rough  lower  l eve l s  o f height (Table I),  and this distance was highly correlated
average herbage  mass is to be avoided. Moreover, (P = 0.004, R2  = 0.96) with productivity over the entire
increased  c lover  contents  repor ted  in  such  swards range of cutting heights. By contrast, tiller density was
(Anon.  1991;  Brock  & Hay 1993)  can be explained as uncorrelated with productivity (P = 0.539, R*  = 0.14).
occupancy by clover of the canopy leaf area represented

by the wedge below the compensation line but
above the steeper dotted line (Figures 1 b 1 c). Table 1 Tiller size (mg), tiller density (tillers/m*), leaf mass (g/m),

The point  a t  which sward leaf  area  begins herbage  production (g/mVday)  and distance (log,, units) from

to  fal l  away from the compensat ion l ine is  of size/density compensation line for perennial ryegrass  swards

interest. Matthew et  al. (I 995a) proposed that maintained at different cutting heights in a glasshouse

it might be useful as an indicator of mature experiment.

tiller size for a species or cultivar. Also herbage
accumulation rate should increase with

C u t t i n g Tiller Tiller Lea f Herbage D i s t a n c e  f r o m
h e i g h t we igh t  dens i ty  mass harvested f r o m  s i z e / d e n s i t y

increas ing  herbage  mass unti l  a  sward reaches (mm) (mg) (t/m21  (g/m2)  (g  DM/m2/dy) (log units)’

t h i s  po in t .  For  ryegrass swards  a t  Palmers ton z. 16.7 6120 43 1.02 -0.79
N o r t h  t h i s  p o i n t  ,was  located (Mat thew et a l . 40 25.4 9450 90 4.62 -0.16

1995a)  on the conipensation line at log(density) yio 40.2 7730 114 5.78 -0.07

values  of  3 .5  and 3.9 in  November  and May,
52.2 6920 138 7.01 0.00

160 73.6 4710 127 3.67 -0.12
respectively, with the compensation line
shifting seasonally about 0.17 log units on the

1. Size/density compensation line arbilrarily  positioned on the co-ordinates

Y-axis, presumably due to change in light
for the 120 mm cutting height.

levels. While small changes in such log values
would give large changes in predictions for sward mass,
these values correspond approximately to a pasture mass
range of 5200 kg DMka  in late spring to 2200 kg DM/
ha in late autumn. Other analyses (Matthew et al. 1995b)
also support the conclusion that productivity is
opt imised a t  he,r,bage  mass  be tween 2000 and 3000 kg
DMIha  in swards in winter. Brougham (1956) cited
lower  herbage  mass  va lues  around 1000 kg  DM/ha  for
maximum herbage  accumulation in winter but these
values are probably also comparable since they exclude
herbage  below a cut t ing height  of  25 mm. The f inding
by Bircham & Hodgson (1983) of optimum pasture
produc t iv i ty  in  Br i t i sh  swards  a t  lower  herbage  mass
levels near 1300 kg DM/ha  is consistent with leaf area
for  Bri t i sh  swards  not  beginning to  fa l l  away from the
compensa t ion  l ine  un t i l  log(density)  = 4.3 (Matthew et
al. 1995a).

Data from swards maintained at  a  range of  cut t ing
heights under more controlled conditions in a glasshouse
at Massey University (Table 1) confirms the conclusions

Figure 2 Schematic diagram of final tiller size/density status

for swards subject to different frequencies of defoliation

in winter (points A to D) and effect ofgrazing (points

A, to D,). A denotes most frequent defoliation, D

d e n o t e s  ieast  f r e q u e n t

SorKl 9000

Tiller density (tillers / III*)
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The finding of Parmenter & Boswell (1983) of
decreased  pas ture  growth  fo l lowing longer  graz ing
intervals is also predicted by tiller size/density
compensation theory. Swards grazed less frequently over
winter  would  be  expected  to  develop a  spread of  t i l le r
s ize /dens i ty  co-ord ina tes  a long  a  compensa t ion  l ine
(Points A to D in Figure 2, compare with Figure 1).
Grazing in  spr ing to  a  common herbage  mass (and by
implication a similar tiller size) would leave longer-
spelled swards further from the compensation line
(Points  A,  to  D, ,  Figure 2) .  Although one more formal
study failed to find confirmatory evidence (Clark et al.
1995),  there are anecdotal reports of lower-than-expected
spring production following high winter pasture covers
which occur when dairy stock are overwintered in barns
or grazed off farm. If real,  such effects would also be
explained by Figure 2.

In  a  more  quant i ta t ive  sense ,  s ize/densi ty  compen-
sation theory may also be used to compare the status of
two or more swards.  For example,  swards of ryegrass
cultivars Wendy (diploid) and Condesa (tetraploid with
larger tiller size than Wendy) showed evidence of size/
density compensation (Table 2, extracted from
Neuteboom et al. 1988). Clearly, tiller density and tiller
size must both be considered, as X- and Y- coordinates
respectively, in order to compare the tiller density status

of  these two swards.  An approximate’  “t i l l e r  dens i t y
correctionfactor”  to take account of average differences
in tiller size can be calculated as follows:

Correction factor = antilog,, [ 2/3  * log,, (Tiller
size  sward B/Ti l ler  s ize  sward A)]

or  a l t e rna t ive ly :

Correction factor = (Tiller size sward B/Tiller
size sward A)2’3

Thus using data in Table 2, Wendy would be
expected  to  mainta in  a  t i l le r  dens i ty  1 .26 t imes  tha t  of
Condesa for a comparable productivity status. However,
the observed ratios of tiller density for the two cultivars
was 1.42 (Table 2) and 1.44 in field swards (using mean
data from Table 1 of Neuteboom et al. 1993). This
analys is  therefore  indicates  that  Wendy more  than
compensates for smaller tiller size compared with
Condesa,  and confirms the view of Neuteboom e t  a l .
(1993)  that  Condesa  swards  were  more  open,  a l lowing
grea ter  weed ingress  than  was  observed in  swards  of
Wendy .

1.  A  small correction for change in leaf:non  leaf ratio with change in tiller
‘size  is also  required. Typically this correction decreases compensation
slope  by approximately 0.1 to 0.2 units, partially offsetting the leaf area
effect (Matthew et al. 199Sa).

Table 2 T i l l e r  s i z e  a n d  t i l l e r  d e n s i t y  f o r  g l a s s h o u s e  s w a r d s  o f
ryegrass  cultivars Wendy (diploid) and Condesa
(tetraploid). Data extracted from results for I OON uncut

treatment of Neuteboom et al. (I 988).

Tiller weight (mg)
Tiller density (t/m21

Wendy C o n d e s a

9 0 1 2 7
1851 1 3 0 4

The analogous correction factor to compare expected
tiller densities at different levels of pasture cover, using
the  -l/2  formulat ion of  the  s ize/densi ty  compensat ion
rule is:

C o r r e c t i o n  f a c t o r  = (Pas ture  cover  sward  B/Pas ture
cover  sward A)2

For example, a set stocked sward with pasture cover
of 1000 kg DM/ha  would need to have a tiller density 4
times that of a similar sward maintained at 2,000 kg
DM/ha,  in order to lie on a common line of slope -l/2
(implying a comparable productivity status). By contrast,
observed slopes steeper than -l/2  as in Figure 1 b would
generate a less than three-fold increase in tiller density
over this same herbage  mass range. The take home
message is as noted above for glasshouse swards
defoliated at 40 mm, 80 mm or 120 mm. For field
swards where tiller density gradation arises from
difference in defoliat ion pressure (cf.  Table l),  use  of
both tiller density and pasture cover data to rank swards
in terms of their distance from a theoretical compensation
line will likely reverse the ranking that would be obtained
if uncorrected tiller densities were used instead.

Conclusions

In  order to make sensible use of tiller density data, it is
necessary to distinguish between size/density com-

pensat ion effects  and t i l ler  densi ty  di f ferences  ar is ing
from inherent  di f ferences  in  abi l i ty  of  two populat ions
to maintain a given sward leaf area.  Such differences
might arise from environmental (e.g  increased light levels
in summer) or genetic (e.g., increased site filling ratio)
factors .

Below a  cer ta in  threshold  herbage  mass at  which
tiller density begins to fall below the size/density
compensation line, higher tiller densities associated with
heavier defoliation pressure are insufficient to
compensate for associated loss of leaf area.  Swards
main ta ined  a t  lower  t i l l e r  dens i ty  and  h igher  herbage
mass will be theoretically more productive. The threshold
is not well defined in this study and will show seasonal
v a r i a t i o n ,  but  appears  to  be  in  the  range f rom jus t  over
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2000 kg DM/ha  in winter to near 5000 kg DM/ha  during
reproductive growth in late spring.

When comparing tiller densities of two or more
swards, associated differences in tiller size or,
alternatively, herbage  yield should be taken into account.
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