
Paper 34 

Em"if(,1t1fI.1.It-lilland &!Jtrimmtnl }J(JWnJj Vol. 2:1 1 No.1. pp J57-163.1 f IH 0098 -8472185 '30 +000 
Prinwd in e,-e;\! Bril:Jin 1985 PtT'R;lIllon P1(:f1, L.ld. 

FITTI G LOGI TIC-TYPE ,URVES TO EXTE ION GROWTH 
DATA FOR LEAVES OF GRAS SPECiES BY MEANS OF HE
 
MAXIM M LIKELIHOOD PROGRAM: A ALYSIS OF LEAF
 

EXTENSI I LOLIUM TEMULENTUM AT OPTIMAL A D
 
CH i LLI G TEMPERATVRES
 

HOWARD THOMAS and J. FRED POTTER 

Welsh Plant Breeding Station, Plas Gogerddan, Aberystwyth, Dyfed SY23 3EB, U.K 

(Received 24 September 1984; accepted 111 reuisedfonll II Nuvember 1.984) 

THO lAS H. and PorrERJ. F. Filling logistic-type curves to extension growth datafor leaves (1/gras, ,peci . h)' 
memu' oflhe Maximum Likelihood Program: I1naly.sio ofleafexteloion in Lo!ium tcmulen tum at oplimal and 
chiLlin.t; temperatures. E VIROSMI::NTAL A 0 EXPERIMENTAL BOTANY 25,157-163,1985.- rasses in 
tcmperate regions are exposed to suboptimal temperatures for part of their growth cycles. Thc 
responses oflcaf ext nsion to chilling temperatur in Lotium InlluJellllun were quanLifled by fttting 
leaf len ths to generalized logistic (Richards) functions by mcans of the Ma,'imum Likdihood 
Program. Primary and derived Richards function paramet rs exhibiting clear scnsitivit to low 
temperature included: asymptotic maximal length, whi h was reduced by 600;" at 5·C as 
comp red with 20·C; duration of lea owth, which was increased 2- to 6-fold at rhe hilling 
temperature; and absvlutc and relative extension rates, which w 're markedly do.;pressed at S·C. 
Plastochrotl indicc and mean rates of leaf production weI' derived from 6-1 'ar /.olium plant at 
20'C and 5-leaf pJants at S·C, based on leaf lengths estimated from fitted function;. Chilhng 
s"nsitivities, measurcd as t mpcrature codlicicnt ~o, were derived for each of the g-rowth rate 
parameters. The rate ofleaf appearance was the lea t s nsitive, with a Q.IO of close to 2. Absolute 
and relaLive extellsion rates gave consistently hi her Q.IO values, with the latter exhibiting an 
apparent adaptivc trend towards lower sensitivity with prolonged exposure to 5' '. These results 
are discussed in relatioll to the question of the relative contribution to the beha iar ofgra cs at 
chilling temperatures of direct passive reactions and positive acclimation response. 

INTRODUCTION 
inler-varietal and CO typic variation for the 

DURING the lite-cycles of perennial or overwinter- ability to ow at chilling temperatures (that is, 
ing annual planl species from temperate regions low positive lcmperature~ m the range 
there may be on or more, often prolonged, 0-10 C)lI51: it is of interest to be able to quantify 
periods when ambient temperatures are con- lhese growth responses, particularly wh n in­
sid rably below the optimum [or growth. F rage vcsligaling tht cellular basis of lemperatur per­
gT ses and autumn-sown cereals arc examples of ception and its transduction into inere e in rna . 
important crops whi h do not pos~e's a true and dimensions. POLLOCK et aL.l t3 ) approached 
winter dormancy mechanism and which show thi problem with conventional growth analysis 
significant, ifreduc: d, growth in the cold s son. lechniques. By comparing ~o values for relativ 
Within grass species there xisls considerable growth rate, determined by destructive dry mass 
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det rrninations, and for photosynthetic capacity 
they showed that the growth of Lolium temulentum 
at chillin o' temperatures is not limited by the 
supply of fixed carbon and that the excess of 
carbon assimilate supply over that demanded by 
the growth processes is divert d into fruttan 
reserves. 

An al ternative, non-destructive, approach is 
that of THOMAS( 17) in which measuremen ts of leaf 
lengths between the time of emergence or of 
transf< r to low temperatur , and th attainment 
of full expansion are fitted to the Ri hards 
function.(3.4,18) Growth rates and other derived 
parameters wer compared for Lolium plants 
de eloping at 20' and exposed to 5 or 2'C at 

mergence, mid-expansion or maturity of the 
fourth leaf. The results orresponded closely with 
those obt<lined by the destructive dry mass pro­

dure.(19) The curve-fittin approach offers a 
onvenient way of reducing a mass of detailed, 

easily obtained data into a few biologically 
meaningful growth param ters, complete wi th 
estimates of statistical significance. The original 
analyses were perfom1ed using dedi aled pro­
grams for the fitting of Richar I and Gompertz 
l'unetions.(2,1 8) We were inter sted in developing a 
standard 'prod l)(;lion-line' proced ure for curve-fit 

analyses u.ing a widely availablt: computer mod­
elling packagt. We des 'nbc here th use of the 
Max.imum Likeliho d Program (MLP)(16) to fit 
various forms of th Richards functi()I1 and show 
how the primary and derived growth parameters 
an:: us d to charaCterize the produ tion rId 
growth of L. temulentum leaves over a prolonged 
period at chilling temperatures. 

MATERlALS AND METHODS 

Plant material 
Se ds of L. temulentum L. (variety Ba 3GBl 

summer annual) were germinated in a contT lled 
environment ch mber at 20·C on moist fUle.r 
pap r. After 7 days s I cted unif nn seedlings 
were transferred to a nutrient grO\ ing m di mas 
described by POLLOCKO I) One half of the plants 
were k 'pL at 20·0 and the remaining plants were 
assign d to a 5'C growth chamh r. The Ii ht 
regime was an 8 hr photoperiod at 40 W 1m 2, at 
both temperatures. Lengths of primar' leaves 
wer' mea ured from the point f root insertion to 

the tip. Lengths of subsequent I aves were 
measured from the point of mergence from the 
enclosing sheath of the previous I af. 

Table l. Summary oj parameter symbols employed by Maximum Likeli!lOod Program and llieu Idmlifiwtintl wliit Imm/lo!ogy 
adopted b)' TiHJ.l1A.\·11 8) 

Generalized Richards 
[o,1?;istie function 

y= A +Ct{l+T L=A[l± 
nParameter exp [-B(X - M)J} (I IT) exp (b-ki)1- 1

/ Derivation* 

Leaflt'ngth (mm) 
ime (days) 

InOexion point (days) 
Rate constant 
Exponent 
Upper asymptote (mm) 
Lower asymptOte (set to Z'TO) 

Mean relative extension rate (per day) 
Mean absolute extension rate (mm/day) 
Slope parameter 
Duration of growth (days) 

y 
X 
M 
B 
T 
C 
A
 

CII
 
Cl2
 
Cl3
 
Cl4
 

L 
I 

m (b-loge nlfkt 
k 
/I 

A 

R k/(II+llt 
G kA/(2n +4) 
b km+log, /I 

D (2n +4-l/k 

• for details ofderivations ofsecondary parameters sec CAUSTON et at.,(3) CAUSTON and VENllS(4) and THOMAS. 
IIS

)
 

t In the limiting case as /I --> 0 (Compenz function) m = bJk.
 
:j: In the Gompcrtz function R = k.
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Curve-fil ting 
Extension gr wth data were filled to Ri hards 

functions using the Maximum Likelih od 
Program running on a DEC VAX 11/750. M P 
ofTers the Generalized Logistic (GLOG)(lO) as a 
.tandard model. This differs from th Richards 
function in some details of parameterization and 
<tlso in fitting a low asyrnptot as well as an 
asymptotic maximal valu . By fixing the low 
asymptote to zero using the MLP option CAS = 0 
the GLOG mod I becomes equivalent to the 
Richards function. Table I presents a comparison 
of primary and derived parameter symbols as­
sociated with GLOG an with the Richards 
function as defined by THoM S(18) for con­
sistency this pap r employs the latter terminology 
throughou t, except where xam pies of MLP code 
are pres n ted. Th da ta were replica ted, in the 
sense that diff rent plant were m asured. Ideally 
the standard f'ITOr, for parameters and functions 
of parameters :hould be based on the within-t 
variance. This is the unbiased ·timatc of error, or 
Pure Error, which is used al to estimate good­
ness of ill. M P allows the usc of Pure Error with 
the option CVA = REP. 

Data must be presented to the model in groups 

of L value for each t. That is the L values ar 
premultiplied by the replication. The following 
functions are defined: R = weight d mean relat­
ive ext'mion rate (units = 1- 1

), C = weighted 
mean absolute extension rate (units=Lt- 1 

), 

b (see Table I) and D = duration of growth 
(units = t). 'or a discussion of these fuuctions see 
THOMAS. (18) 

Options are set for fitting CLOG and for two 
special cases: Lo istir (LOG where n = I) and 
Gompertz (GOMP, for II appr aching 0). GLOG 
often reduc to LOG or GaM P so th 'se are fitted 
rQutinely first time through to avoid running 
again. In each case instant; neous rdati I xtel1­
sian rate (R) is alculated as slop /Iitted L value. 
Fip;ure I presents a typical M LP pr .gram to fit 
th se growth curves. 

PLaslochron ZIldex and OJ 0 

Plastochron indic were calculated from fitted 
estimates of leaflenO'tiJ L according to the follow­

111 )ing equation. l9 . 

P, =p+[(logeELp-Io e 10)/(logeELp 

-·joge EL p + I)J, (I) 

CAP G~NERAL TITLE; 
D~T 3(17 18 19 21 2~ 23 L4 25 ~6 28 29 30) 
'71 55 9( 1 HI 7£ 1 13 14U 10.J 140 186 1-1OJ 190 208 .1 6"7 ::: 1. 0 ::2~ 

185 237 242 ~O~ 2~8 2~4 224 272 2:;8 232 287 26() ~~2 28S 26() 
25~ 285 260 255 285; 
NAME VJ-X,Y,EY,SL,nGR Pl=B,M,l,C,A; 
FUN I::::') C11=B/llil) C.12=IA+Ll*8/(2*(T+2» 
C13=LU[:,(Tl-I-\B"'~1l C14=1 ..:* -+-4)/B; 11 l' 13 .14; 
CMO-GLO CAS~1 eVA-REP CS1 SL=4 CPL IT CUR 
D RI-2) RGR-SL/EY; 
PRI 2 5 X Y Run; 
NPrI"IE Vl=., ·,E't,SL,R"'I.; 1-·.1.='I:'),t1,C,f'l; 
FUNIL) C11=8/2 L12-IAiC)*8/6 
CI3-1*M C14=6/8; 1 l~ 13 .1.4; 
C~lO=LOG FIT 
RED 
PR I ::::' 5 X Y F~GR; 

FUI~ (2) C12= U.)+U-8/4 C1,.=8I<1'1 C14='4/[I; 
12 13 14; 
CMO=Gm1 IT 
RED 
PR I 2 5 X Y F:r; q 
END 

FIG. I. A program for filting leaf growlh data to Generalized Logistic, Logistic and 
Gomperlz functions in lvfLP. 
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wh r P, is the plaslochron ind x at time I, p is the 
ordinal of the smallest I af lonaer than 10 mm at 
time I, ELp is th > estimated L of! afp' t this time 
and ~Lp+ I the estimated L of leaf (p + I , A 
program writ! n in BAS1C and running on a 
CBM 4032 microcomputer derived daily plasto­
chron indices from Richards function parameters 
('utfred for leaves 1-. f The program produces a 
tabI and graph of P, and I and also perf, rms a 
linear regression of P, on I. The regr 'sion slope 
gives the me tl rate of leaf appearance and 
its reciprocal the mean duration of the plasto­
chron (I8) (hos over the 5-20'C range were cal­
culated by the standard equation 

QIO = (r20/ 15)0667, (2) 

wh r 720 and r5 are the rales of a given process at 
20 and SoC, respectively. 

RESULTS AND DISCUSSION 

Richard.' functions were fitted to measureme ts 
of length taken over the period between emer­
gence and full expansion f, r th • fir t six leav's of 
L. lemulenlum plants grown at 20'C and I aves 1-5 
of plants grown at YC. The experiment was 
t rminat'd 110 days after sowing and provided 
incomplete clata for I af 6 at 5'C, which was 
lherefor omitted from the analysis. Figure 2, by 
way of example, compares r wlh of I af 4 al 20 
and 5° in terms oforiginal length measurements, 

350r---------------, 
'. 20·

!300 : 
ma : :~ij1ti-11 " 
1~250- 't':" : 
«"200 • 

1\ 
150 ;:, 

110°1:\ ..~
E, 5''v " =50: / " 

0'--"-:-'.....--'---_"",/:...I~~_L__I·_··_··_··.:.J.It.:..- _ ___! 

20 40 60 80 100 120 
days after sowmg 

FIG. 2. Richards funclion curves and deri cd relaliv 
extension rale. III cd to lengths of L. lemulenlum fourth 
leaves growing at 20 and S'C under an 8 hI' 

ph loperiod. 

filted Richards functi ns and derived relative 
eXlension rat curves. T bl 2 pr sents a sum­
mary of the parameter' d fining extensioll and its 
reo ponse to temperature for' II leaves. Standard 
errors ar omitted for th 'ak of larity. Th 
differences between the 20 aud 5°C treatments are 
highly significant (P < 0.00 I) for param'rer. A, 
m, D. Rand C in all cases. 

Estimaten I ngth al full expansion (A) in· 
creased with each su .sive leaf at both t mp ra­
tures. eve: growing at SoC a hieved an eraae 
of abollt 40'% of the maximal size at 20'C, but 

-rable 2. Pl1maT)' and dnived Richards funclion parameler:. /01 {eao!'s of Lolium lcrnulentum growing al 
oplimal aud chilling lemperalures uuder au 8 hI' plwloperiud 

Leaf 
Temp ralUre 

rq A k m Il 

Para mel 'f 
b D R 030 G mo 

2 

3 

4 

5 

6 

20 
5 

20 
5 

20 
.J 

2U 
5 

20 
5 

20 

113 
67 

[66 
58 

21/ 
70 

274 
117 
335 
134 
347 

0.83 
032 
0.61 
026 
10! 
0.26 
1.23 
o 10 
0.24 
0.19 
0.26 

9.09 
19.2 
14.3 
37.9 
20.8 
':;0.2 
289 
73.8 
325 
949 
39.4 

10 
5.08 
0 
0.74 
1.0 
1.0 
3.73 
0 
0 
1.0 
0 

7.23 
7.79 
6..58 
9.46 

21.0 
14.4 
369 

723 
7.8:1 

18.4 
10.2 

7.55 
44.1 

8.69 
21.3 

.94 
235 
9.31 

40.8 
16.5 
30.9 
15.5 

0.42 
0.053 
0.61 
0.15 
0.51 
0.13 
0.26 
0.098 
0.24 
0.097 
0.26 

3.97 

255 

249 

1.92 

1.83 

15.7 
[.53 

25.3 
2.75 

355 
2.99 

294 
2.87 

202 
4. 3 

22.4 

4.72 

439 

520 

4.72 

279 
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were not notably cliff rent in width although they 
characteristically remained tightly roll d for a 
prolonged period after mergence. The difTercnc 0 

in final length between 20 and 5°C grown leave~ is 
refie ·ted in leaf area and fresh weight end also in 
the num ber of mesophyll cells per leaf,(14) suggest­
in' that cell division is particularly s nsitive to 
chilling temp ratures. It is not certain to what 
extent these reactions are direct, r vt:rsible ther­
modynamic responses to decreascd t mperatur 
or tru adaptive m difiuHion', Lea es of Latium 
plants grown at 20'C and transferred to So at 
mid-expansion also attain a significantly smaller 
final length than leaves remaining at the higher 

ve 
temp >ratur .(17) Moreover, reductions in growlh

th 
rate OIl xposure to low temperature are ex­hr 
tremely rapid-we have obser cd the establish­
ment ora stable new rate within a few minut s of 
tran fcr from 20 to SoC and an equall rapid 
reversal on return to high _r temperatures (ref. 19 
and unpublished observations), Shifts in the 
relative distribution f assimilated carbon be­
tween growth and res rve carbohydrate accumu­

1e lation also occur over a similarly brief time-span 
re when Latium plants are expo d to chilling tem­
A, peratures. (12) I t could b argued that the.se rep­

resent freely reversibl perturbations rather than 
n­ re ponses of an adapti e nature, 
a- POLLO K et al.,(13) however, observed an en­

hanccmen t of photosyn thl"tic capaci ty, particu­
ut larly when measured at the chilling temperature, 

in existing leaves ofLatium on trans eor from 20 to 5 
or 2°C. Leaves initiated and developing entirely 
at 5'C exhibit d no such accljmation of photo­
synthetic capa it at maturit . Inde d, on a cell 
and chloroplast basis, photosyn the tic capaci ty 
was significantly low r at 5°C than at 20°C; but 
wher as capacity declined steadily from ligule 
formation at 20°C, at S'C photosynthesis actually 
increased to a new maximum in the same 
periody4) Inhibition of leaf unrolling is also of 
interest in the context of acclimation res onses 
since unrolling is believed to be under phyto­
chrome control.(lj High-resolution growth studjes 
have reveal d a complex relationship bet een 
diurnal rhythm, photoperiod and temp ra­
ture.o 9 

) PholOmorphogenetic rea tions c rtainly 
appear to be particularly sensitive to ternperature 

d ,may be important in triggering lonfier-term 
acchmation processes. 

Of the primary parameter other than A, only k 
and I'll were obviously relatable to leaf number or 
temperature treatment or both Crable 2). The 
significance of rn will b discussed below in 
r ration to the plasLOchron index. Tlw bioi gica! 
meaning of k is most evident in the parameters 
dnived from it, nam Iy D, C nd R (Table I). 
lncreased D and decrea d . at 5°C indicate 
inhibition not onl of the production of leaf cells 
by division but also of the rate at which th cells 
expand. Cell expansion is a function of the 
availability of water and the extensibility pro­
perties of the cell walls. Chilling is kllown to cause 
larg perturbations in the water status of expand­
incr grass leaf tissue by de reasing water uptake 
throu h the root and altering the water-relations 
of the lamina(8,20) The intrusion ofw ter- tres' as 
an additional factor limiting growth at low tem­
peratures may be accompanied by ~o value. 
higher (sometimes enormously so) (19) than those 
for simple temperature-s.n itive metabolic pro­
cesses.(7){6ofiguresincxeessof4,Ower appar nt 
for C of tht: fir·t four I aves of Latium between S 
and 20·C (Table 2). Between 5 and 2°C ~os of 
o er 20 and as high as 62 ha e be n obs rv d(19) 
Tile ~ 0 for I af S - was appreciably lower than 
for the pr c ding four leave. We are not able to 
say h ther this r presents th appearance of an 

dapativ trend in I aves which, unlike leaves 1­
3, are not pI' ' nt as initials in the embryo prior to 
e d gennination.(5) An apparent trend in tem­

perature acclimation is quite strongly suggested 
by the {60 values of Il, however (Table 2): it 
seems that the r turn, in terms of leaf extension 
on the investment ill leaf tissue at the lower 
temperature improves pr gre sj ely with con­
tinued exposure to chillin cr conditions. 

One of the obj dives of this stud y was to 
estalllisll plastochron indices for L. temutenlllm, 
allowing physiological and metabolic hanges 
oc urring at 20 and SoC to be expressed 011 a 
d \lclopmennl time-scale.<9l Figure 3 presents 
plastochron indices for 20 and S' gmwn Latium 
deri d from estimated len ·ths (EL) given by 
fitted Richards functions. Ontogen tic trends in 
photosynthetic capacity at optimal and chilling 
temperatur. expressed on the basis of thes 
indices are described by POLLOCK et aL.(14) Lin ar 
re~ression of plastochron index on d after sowing 
gave a highly significant correlation coeffici nt in 

161 
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6,..-------..,r----- ---------, 

.r 
I·. 

\ 25 45 65 85 
days after sowing 

fIG, 3, Plastochron indices calculated fiorn estirnakrl 
lengths given by Richards funl'lions fitted to mc,,~un.:­
m nts of L. temulentum leaves growing at 20 and 5"·:: 

under an 8 hr photoperiod, 

each ase and provided n estimate of the mean 
duration of the plastochron and its reciprocal, the 
m an rate of leaf app arance. These data re 
giv n in Table 3, where they are compared with 
values obtained from linear regression of para­
meter m on leaf number, The inflexion point of the 
fitted growth cur c, m, exhibited a pronounced 
trend with successive leaves (Table 2), Th slope 
of the regression ofm on leafordinal r presen ts the 
m an number of d between approximately mid­
expansion of successive I aves and may be taken 
as another measure of plastochron duration. 
Pla.sto hroll il t rvals and rates ofleafappearan c 
calculated in this way compare very closely with 
those obtained from £1 s (Table 3). Chj]jing 

extended the time b lween th> appear' nee r 
successive leavl;'_~ by a factor of3 as compar d with 
20"C. A Q;o 0 about 2 for the rate of I af 
appearance indicat s that the produ tion of leaf 
initials at the apex is less s nsiti e to chillin 
inhibition tban are their subsequent growth and 
development. 

It has been argued hat fitting mpirical models 
to experimental obser alions does no mor than 
re-d cribe the data and is incapable of providing 
insights into biological mechanism. HUNT(6) has 
summarized the case in favor of the so-called 
'functional' approach, mphasizing the ec nom 
of means by which primary data may be ob ained 
and by which large numbers ofobservations, ft n 
daunringly compl x eYi maSSl, an be redu 'ed to a 
few readily comprehensible parameters. This in 
turn allows comp risons to be made ofdata from 
different rigins, su.h as th se arising from the 
kind of temperature tf atm nt clesc ibed here. 
Areas for further investigation are readil identi­
fied in this way. Thus we perceive that t e 
processe. of cell division and cell expan ion invite 
closer study if the mechanism ot'modified growth 
of Latium and other temperat ,rasses at chill­
ing temperatun:s is to be underst od.<l3,15.(9) 
Investigations into the tempera ur st'nsitiviti s of 
primary growth processes in th intercalary 
meristem region are currently in progress, 

Ack:7lOwledgements- Wc thank Anll Thoma~ fo!' tech­
nical <lssistance. The Welsh Plant Breedin Station is 
grant-aided by the Agricullu!'al and Food Research 
Council. 

Table 3, EJ/imates ojplaslochron duration and rate ojllaJ appearancejor Lolium temulentum plants ,grown at 20 and 5°C 

Tempc:ratllrc D~rivcd from Derived from 
(·C) m EL 

Correlation coefficient 20 0914 0.818 
5 0999 0,997 

Mean duration ofplastOchron (days) ±S.E, 20 612±0,24 6,52±072 
5 18,73±0,32 19,00 ± 0.90 

M an rate ofleafappearanc (leaf/day) ±S.E, 20 0,163±0006 0,1 3±0,019 
5 0,053±0.001 0,053 ± 0.003 

The table c mpares values deriverl by linear regression of inflexion point m on leaf numb..:r \ ith those oblai~ed 
by the m'thod of THOMAS/IS) which uses leaf lengths estimated from the (itl d curve. (EL), he correlallon 
coefficients are all significant at P < 0,001. 
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