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Application of Taylor's Power Law to Sample Statistics of 
Tylenchulus semipenetrans in Florida Citrus 1 

L. W. DUNCAN, 2 J. j .  FERGUSON, 3 R. A. DUNN, 4 AND J. W. NOLING 5 

Abstract: Taylor's Power Law was fit to Tylenchulus semipenetrans population data obtained from 
individual trees in a survey of 50 Florida citrus orchards (geographic survey) and to data from 
individual trees within a single orchard collected at regular intervals for 2 years (temporal survey). 
No significant differences were detected between slope or intercept values when log variance was 
regressed against log mean for the geographic and temporal data sets. The geographic survey was 
divided into two subsets of data according to the perceived size of patches of T. semipenetrans. Subsets 
consisted of  orchards which appeared to have numerous small patches of  trees infected by the 
nematode (small patch) and orchards in which most of  the trees were infected (large patch). The 
slope value for the orchards with smaller patches of nematodes was different (P < 0.05) from that 
from large-patch orchards. Assuming mean nematode levels of  1,000 juveniles and males/100cm ~ 
soil, sample sizes (predicted standard error  to mean ratio = 0.20) estimated from the relationships 
of variances to means were 12 trees in the geographic survey and 11 trees in the temporal. Omission 
of the small-patch data from the geographic survey resulted in a 17% reduction in optimum sample 
size. Sample size in sporadically infested orchards was estimated to be 69 trees. A data transformation 
of x °.2s was calculated from parameters of Taylor's Power Law fit to the survey data. 

Key words: citrus, citrus nematode, population distribution, sampling, Taylor's Power Law, Tylen- 
chulus semipenetrans. 

Practical applications of  the relationship 
of  sample variance to the mean according 
to Taylor's Power Law (8) 

variance = a(mean b) (i) 

where a is a coefficient affected primarily 
by sample-size and habitat and b is a spe- 
cies-specific aggregat ion index, include 
sample size optimization and derivation of  
appropriate normalizing transformations 
(1,3,5,6,9). The  Power Law was used to 
estimate optimum sample size for Tylen- 
chulus semipenetrans Cobb in Florida citrus 
(unpubl.). A significant portion of  the de- 
viation of  the log of  the variance regressed 
against the log of  the mean population 
counts in that study was found to result 
from differences between orchards rather 
than from sample error. Identification of  
orchard characteristics that influence vari- 
ance to mean relationships may help define 
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sampling requirements in different situa- 
tions. 

Differences in patch size of  T. semipene- 
trans can effect the relationship of  the sam- 
ple variance to the mean, which is partic- 
ularly evident when variable edaphic or 
environmental factors effect the nematode 
carrying capacity of  the soil and root. Or- 
chards with low carrying capacities in which 
all trees are infected by nematodes may 
have mean population levels similar to or- 
chards with high carrying capacities, but  
in which fewer trees or smaller groups of  
trees are infected. The  variance to mean 
ratio of  the former orchards would be 
smaller than those of  the latter. Patchily 
distributed T. semipenetrans populations in 
citrus orchards may result from occasional 
introductions on contaminated equipment 
or, if rootstock certification is not em- 
ployed, when infected trees are used to re- 
place dead or unthrifty trees in uninfested 
orchards. 

This paper considers T. semipenetrans 
sample optimization based on two surveys 
measur ing  T. semipenetrans popula t ion  
levels in both space and time. A geographic 
survey measured T. semipenetrans popula- 
tion densities in a number  of  orchards 
throughout  the state during a single sum- 

707 



708 Supplement to Journal of Nematology, Volume 21, October 1989 

mer  season. T h e  second survey was tem- 
poral;  popula t ion  densities were  measu red  
in a single o r c ha r d  at regular  intervals for  
2 years. T h e  popula t ion  patch size within 
orchards  is cons idered  as a means to cat- 
egorize data to improve  sample optimiza- 
tion. T h e  suitability o f  Tay lor ' s  Power  Law 
for  t r ans format ion  o f  data  be fo re  para- 
metr ic  statistical analysis was also investi- 
gated (9). 

MATERIALS AND METHODS 

In the geographic  survey, 10 orchards  
in five major  citrus p roduc ing  counties in 
Florida were sampled be tween June  and 
Sep t e m be r  1983 for  soil and roo t  stages o f  
T. semipenetrans. An 8-ha area was delim- 
ited in each o r c h a r d  and 20 trees were  ran- 
domly selected for  sampling. Samples con- 
sisted o f  soil and roots  col lected f rom eight  
locations a r ound  the inner  c i r cumfe rence  
o f  the dripl ine o f  each tree.  A shovel was 
used to obtain soil and roots  f rom a dep th  
o f  15-30  cm. T h e  eight  samples were com- 
b ined  and mixed,  and a l - l i ter  subsample 
was analyzed. Second-stage juveni les  (J2) 
and males o f  the  n e ma tode  were  separa ted  
f rom soil by decant ing,  density-flotation,  
and J2 and males ha tch ing  f rom eggs with- 
in egg masses on the  roo t  samples were  
ob ta ined  by incubat ion (10). Populat ions  
ob ta ined  f rom soil and roots  were enu- 
mera t ed  separately. Orchards  conta ined  
ma tu re  t rees bu t  d i f fered with respect  to 
t ree  age, scion-rootstock combinat ions,  
edaphic  condit ions,  and m a n a g e m e n t  prac- 
tices. 

In the t empora l  survey, samples were  ob- 
ta ined f r om benea th  80 o range  (Citrus si- 
nensis (L.) Osbeck cv. Valencia) t rees grow- 
ing on sour  o range  (Citrus aurantium L.) 
roots tock  in a bedded ,  f lood- i r r igated or- 
chard  near  For t  Pierce. T h e  o rcha rd  was 
38 years old when the survey was init iated 
in July 1985. T r e e s  were  sampled at 
month ly  intervals dur ing  the first year  o f  
the  survey and at approx imate ly  b imonth ly  
intervals the rea f te r .  Sixteen soil cores (2.3 
cm d x 30 cm deep) systematically ob- 
tained f rom a circular,  40.7-m 2 area be- 
nea th  each t ree  were  composi ted  into a 

single sample on each sample date. Each 
sample was mixed,  and a 60-cm 3 subsample 
was processed on a Bae rmann  funnel  for  
48 hours  to recover  j 2  and male nematodes  
in the soil. 

T h e  mean and variance o f  n em a to d e  
counts  f rom soil samples f rom trees within 
each orchard  in the geographic  survey were  
natural- log t ransformed.  T h e  same trans- 
fo rmat ion  was p e r f o r m e d  on the  mean  and 
variance o f  the counts  f rom the 80 trees 
for  each sample date  in the t empora l  sur- 
vey. Log  variance was regressed against log 
mean  to de t e rmine  coefficients for  Tay-  
lor's Power  Law according to each survey 
(8). 

T h e  Power  Law was also fit to two sub- 
sets o f  data f rom orchards  in the geograph-  
ic survey. T h e  first subset consisted o f  data 
f rom 19 orchards  in which T. semipenetrans 
were  de tec ted  on 65% or  fewer  o f  the trees 
based on counts  f rom bo th  roo t  and soil 
samples. T h e  16 orchards  in the second 
subset o f  data had detectable  n em a to d e  
populat ions  on at least 90% of  the sample 
trees. It  was assumed that  the size o f  nema- 
tode  patches, or  areas with cont iguous  in- 
fected trees, was smaller in the first than  
the second data  subset. Six infested or- 
chards could not  be assigned to the above 
subsets and were not  included in the subset 
analyses. Slope and in te rcept  values f rom 
the regression lines were  compared  with 
t-tests (4). 

A t rans format ion  p r o c e d u r e  to normal-  
ize data in o rd e r  to p e r f o r m  paramet r i c  
statistics (9) was de t e rmined  for  each o f  the 
above data sets according to the formula  

y = x(1 - 0.Sb). (ii) 

Sample data (unpubl.) obta ined  on 13 dates 
f rom five field exper iments  were trans- 
f o rm ed  according to the results o f  equa- 
t ion (ii) be fo re  analysis o f  variance.  Sam- 
ples were not  f rom individual trees but  f rom 
blocks o f  four  cont iguous trees and con- 
sisted o f  16 composi ted soil subsamples (2.5 
x 30 cm). Exper iments  were chosen based 
on a pr ior i  reasons ( repor ted  nemat ic ide  
efficacy) for  predic t ing  the observed  ranks 
o f  t r ea tmen t  populat ions.  Thus ,  t he re  was 
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reason to believe that measurements of  
treatment population differences were real. 
Ratios of  the largest to the smallest treat- 
ment variance estimates of  untransformed 
data, log transformed data, and data trans- 
formed according to equation (ii) were 
compared using Wilcox's signed rank test 
(7). Mean separation by Duncan's multiple- 
range test was performed using both log 
transformed data and data transformed ac- 
cording to equation (ii). 

RESULTS 

The regression lines of  log variance on 
log mean for the two surveys were not sig- 
nificantly different (Table 1). Slopes of  
regression lines were 1.57 for the geo- 
graphic survey and 1.50 for the temporal. 
Both values differed (P -.< 0.05) from values 
which would indicate from equation (ii) that 
log (slope = 2.0) or square root  (slope = 
1.0) data transformations are most appro- 
priate to equalize experimental t reatment 
variances (9). 

All trees in the temporal survey had de- 
tectable nematode populations at every 
sample date. Nine of  the fifty orchards in 
the geographic survey had no detectable 
soil stage populations of  T. semipenetrans. 
Nearly half of  the T. semipenetrans-infested 
orchards in the geographic survey con- 
tained trees beneath which no T. semipene- 
trans was detected. Analysis of  the geo- 
graphic survey data according to perceived 
patch size resulted in regression slope and 
intercept values of  1.83 and 8.93, respec- 
tively, for orchards with apparent small 
patches of  T. semipenetrans (Table 1). Be- 
cause of  the small numbers of  trees sam- 
pled in an 8-ha area, it was not possible to 
determine in most cases whether these or- 
chards contained randomly infected trees 
or clumps of  infected trees. The  slope and 
intercept values of the regression of  log 
variance on log mean were 1.59 and 6.29, 
respectively, for orchards with detectable 
infestations on all or most sample trees. 
The  regression slope through data from 
small-patch orchards was greater than that 
from large-patch orchards (t = 1.71; d f  = 
31). Mean population level in the large- 

TABLE 1. Coefficients (a and b) o f  Taylor ' s  Power  
Law for a geographic  and a tempora l  survey o f  the  
populat ion distr ibution of  Tylenchulus semipenetrans in 
Florida citrus. 

Survey a b n 

T e m p o r a l t  13.73 1.50 18 0 .85** 
Geographic:~ (total) 9.20 1.57 41 0 .95** 
Geographic  (large 

patch) 6.29 1.59 16 0.89** 
Geographic  (small 

patch) 8.93 1.83 19 0.98** 

Subsets of orchards in the geographic survey were selected 
based on estimated differences in patch size of the nematode. 
Regression lines fit to large-patch and small-patch data are 
not parallel (P -< 0.05), based on comparison of slope values. 

t Eighty samples obtained from a single orchard, 18 times 
during a 2-year period. 

z~ Twenty samples obtained from each of 50 orchards dur- 
ing a single summer season (June-September). T. semipene- 
trans was detected in 41 of the orchards. 

patch orchards was 21 times greater than 
that of  the small-patch orchards. 

An average slope value (1.54) from the 
temporal survey and the large-patch or- 
chards of  the geographic survey was used 
in equation (ii), resulting in the normaliz- 
ing transformation 

y = x °'~3. (iii) 

Use of  equation (iii) did not reduce the 
largest to smallest variance ratios com- 
pared to log transformation in one-third 
of  the cases considered (Table 2). Never- 
theless, on the average, the variance ratio 
values from log transformed data were 62% 
greater than those of  data transformed ac- 
cording to equation (iii). Both transfor- 
mations reduced (P -< 0.01) variance ratios, 
relative to untransformed data, and results 
of  mean separation techniques were simi- 
lar regardless of  which transformation was 
used. However,  in one experiment, use of  
x °.~s transformation permitted separation 
of  treatment population levels in which dif- 
ferences were statistically nonsignificant 
when log-transformed data were used (Ta- 
ble 3). 

DISCUSSION 

The fit of  Taylor 's Power Law to data 
from both the geographic and temporal 
surveys reflects similar distribution of  T. 
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TABLE 2. Compar ison  of  F values f rom Analysis o f  Variance and o f  the ratios of  the highest  t rea tment  
variance to the lowest t rea tment  variance f rom Tylenchulus semipenetrans soil populat ion counts  and f rom 
t rans formed counts . t  

F value Variance ratio 

Sample df Log x x °'2~ Untransformed Log x x ° '2s  Untransformed 

I 8 3.60 3.23 2.10 4.33 1.41 8.89 
2 10 0.26 0.10 0.70 4.36 3.57 2.76 
3 10 16.75 15.80 13.01 11.10 15.01 45.30 
4 24 1.08 0.94 0.60 6.16 4.29 2.59 
5 32 16.12 15.55 7.74 2.28 1.35 26.83 
6 32 1.03 1.20 1.61 1.85 1.57 4.29 
7 32 5.05 5.24 5.52 1.50 2.04 7.93 
8 32 21.10 20.01 10.05 2.00 1.36 23.42 
9 32 2.35 2,00 2.72 1.29 1.33 14.85 

10 32 9.07 8.21 3.11 4.98 2.46 38.90 
I1 32 1.00 0,91 0.78 1.22 1.19 5.93 
12 34 10.80 18.37 30.92 49.99 10.19 260.19 
13 34 12.73 12.83 10,45 3.70 6.35 93.50 

Samples were collected from citrus orchards on 13 occasions and were from five different field experiments. 
]" Transformation calculated from y = x0 - 0.nb) where x is the population count and b is the aggregation index from Taylor's 

Power Law. 

semipenetrans, despite differences in sam- 
pling procedures and in the size of  the areas 
sampled (Table 1). For example, the vari- 
ance to mean relationships in the survey 
data suggest that to achieve a standard error 
to mean ratio of 0.20 in sampling an or- 
chard with 1,000 nematodes/100 cm 3 soil, 
11 trees in a 3-ha area (temporal) or 12 
trees in an 8-ha area (geographic) should 
be randomly sampled (3). Because both 
sampling techniques obtained soil from 
reasonably large numbers of sites per tree, 
they probably were comparable in the pre- 
cision with which individual trees were 
sampled. However, depth of  sample col- 
lection differed between the two sampling 
methods. Roots and soil from 0-15 cm were 
not sampled in the geographic survey; since 
root and nematode abundance are often 
highest in the shallow soil horizon (2), this 
reduced the population levels measured. 

Analysis of the geographic survey data 
according to perceived patch size supports 
the likelihood that identification of  certain 
citrus orchard characteristics permits cate- 
gorization of  data sets to achieve more pre- 
cise sample estimation using the Power Law 
(6). The regression of log variance on log 
mean resulted in higher slope and inter- 
cept values for orchards that appear to have 
small patches of T. semipenetrans compared 

with those in which most trees are infected. 
Estimated sample size for the latter type of 
orchard at a population level of 1,000 
nematodes/100cm s soil was reduced by 
17% to 10 trees when small-patch orchard 
data were omitted from the analysis. Con- 
versely, sample size for small-patch or- 
chards with similar population densities re- 
quires as many as 69 trees to achieve the 
same level of  precision, nearly a sixfold in- 
crease in the sample size estimate described 

TABLE 3. Differences in mean separat ion o f  Ty- 
lenchulus semipenetrans juveniles and ma le s /100  cm ~ 
soil according to Duncan 's  multiple range test on 
t ransfomred  data.]" 

Number of 
compari- 
sons of 
ordered 
means 

LSR;~ Treatment mean 

(log x) (x °.~s) (log x) (x °.~') 

2 1.34 1.10 4,85 a 3.01 a 
3 1.39 1.13 6 . 4 5 b  4 . 3 0 b  
4 1.41 1.15 6 . 7 4 b  4.83 bc 
5 1.42 1.17 6.95 b 4.91 bc 
6 1.42 1.17 7.57 bc 5.51 c 

8.73 c 7.14 d 

Data are from experiment in Table 2, sample 12. Treat- 
ments consisted of different application methods of an ex- 
perimental nematicide. 

t Transformation calculated from y = x I~ - 0.~b) where x is 
the population count and b is the aggregation index from 
Taylor's Power Law. 

$ Least significant range (P -< 0.05) for ordered means. 
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f rom the total data set. For  purposes  o f  
m a n a g e m e n t  decisions, it is necessary to 
consider  only the case o f  o rchards  with 
large patch size, since sampling a small 
n u m b e r  o f  t rees in an o r cha rd  with small 
patches o f  the n e m a t o d e  will almost always 
result in estimates of  mean  populat ion levels 
low enough  to p rec lude  management .  

Identif icat ion o f  o t h e r  o r cha rd  charac- 
teristics that  result  in variance to mean  re- 
lationships di f ferent  f rom those pred ic ted  
by the present  regression equat ions is fea- 
sible and may result  in h igher  sample pre-  
cision. Orchards  with a great  deal o f  
edaphic  variability are  likely to have great-  
er  popula t ion  variance than p red ic ted  by 
the present  equat ions if  the d i f ferent  con- 
ditions affect n e ma t o de  carrying capacity. 
Var iance  to mean  relat ionships in such or- 
chards  may be h igher  than in o rchards  with 
more  un i fo rm edaphic  condit ions and sim- 
ilar carrying capacity, resul t ing in differ- 
ences in op t imum sample size. Never the-  
less, such c o n d i t i o n s  mus t  be  easily 
identifiable and relatively consistent in their  
effect on nema tode  dis tr ibut ion to be use- 
ful in a sample p rogram.  

Significant seasonal changes in sample 
size are indicated by the regressions o f  log 
variance on  log mean.  In the  t empora l  sur- 
vey, late spring popula t ion  levels in the 
range  o f  2 ,500-3 ,000  n e m a t o d e s / 1 0 0  cm s 
soil decl ined to levels be tween 800 and 
1,200 dur ing  the summer  months .  Sample 
size according to the Power  Law is r educed  
by nearly half  for  the temporal  survey when 
samples are  obta ined  in mid-May r a the r  
than  in summer  or  early au tumn.  Assum- 
ing levels o f  800 and 2,500 n e m a t o d e s /  
100 cm 3 soil in summer  and late spring, 
respectively, and a s tandard  e r r o r  to mean  
rat io o f  0.20 results in an est imated sample 
size o f  13 trees in the summer ,  c o m p a r e d  
with seven trees in late spring. 

Use o f  the Power  Law to t r ans fo rm data 
for  paramet r ic  statistical analysis p r o d u c e d  

similar results, for  the most  part ,  to log 
t ransformat ions .  Regression o f  log vari- 
ance on log mean  f ro m  orchards  with small 
patches o f  nematodes  resul ted in a slope 
that  was not  d i f ferent  f rom 2.0 (P - 0.05) 
which indicates the appropr ia teness  o f  log 
t ransformat ion .  Slope values f r o m  large- 
patch orchards  were less than 2.0 (P - 0.05) 
and an x °.~s t r ans format ion  t ended  to re- 
duce  t r ea tmen t  variance relative to log 
t rans format ion  (Table  2). However ,  while 
the f o r m e r  t rans format ion  may be useful 
for  mean  separat ion in some exper iments  
(Table  3), log t rans format ion  resul ted in 
identical statistical in te rp re ta t ion  in the 
majori ty  o f  exper iments  analyzed in this 
study. 
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