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etbslracl: Helerolylenchus aulumnalis was found in six nor thern  California counties surveyed, 
and the incitlence of nematode infection of face flies ranged from 4.7 to 43.8%. Intensive studies 
at a cattle ranch in Yuba County showed that popula t ion  densities of  the host and nematode 
infections were highest in flies from cow pats receiving full sun. Average host popula t ion  
density was 105.7 pupar ia  per  pat, and nematode infection averaged 38.6%, l 'ats in partial  sun 
averaged 1~3.5 pupar ia  and 13,1% nematode infection. No face fly was recovered from shaded 
pats. When  data from pats first exposed dur ing  day or night were compared, no significant 
differences in host popula t ion  density or  nematode infection rates were apparent ,  Uninfected 
and superinfected flies were more frequent  than predicted by a l 'oisson distr ibution.  

Infected and uninfected female flies of all  ages captured on  white sticky traps appeared to 
feed with similar frequency upon a creatny substance which was probably acquired from cattle, 
However, older infected females fed less on blood and more upon  dung than older uninfected 
females. Percent nematode infection and host popula t ion  densities were highest in spr ing and 
early  summer,  declined to a midsummer  low, and then increased slightly. Both dung-reared flies 
and captured females showed similar trends in abundance anti infection rates. Regression 
analysis indicated that H. autumnalis may not be regulating face fly populat ion density. Key 
Words: Biological control, host-parasite relationships, insect-nematode relationships, popula t ion  
dynamics. 

Face fly, Musca autumnal is  De Geer, is 
an introduced pest of cattle and other live- 
stock in North America. Fourteen years 
after its accidental introduction, Stoffolano 
and Nickle (13) found it to be parasitized 
by an allantonematid nematode later de- 
scribed as Heterotylenchus autumnalis  
Nickle (6). Subsequently, infected flies have 
been reported from the eastern, central, 
and southern parts of the United States (2, 
9, l l ,  13, 15, 16). 

Except for a brief free-living stage, the 
life cycle of the nematode occurs entirely 
within the host, alternating between 
gamogenetic and parthenogenetic stages 
(12). Infected female face flies undergo 
"mock ovipositions," depositing female and 
male nematodes ("nemapositing") in fresh 
cow dung. After mating, the male nematode 
dies, and the gamogenetic female penetrates 
tile integument of a larval face fly develop- 
ing within the dung. The  nematode 
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develops in the host's hemocoel and begins 
laying eggs shortly after the host emerges 
from its puparium. The  eggs hatch into 
parthenogenetic females which deposit eggs 
that develop into male or female gamo- 
genetic nematodes. These nematodes invade 
and distend the host's ovaries and are then 
nemaposited into dung. For infections to 
be maintained, both nemapositing and 
ovipositing face flies must visit the same 
fresh cow droppings (pats), and the 
gamogenetic nematodes must encounter 
susceptible fly larvae within the dung. 
Reproduction of parthenogenetic females 
is arrested in synchrony with the onset of 
reproductive diapause in newly emerged 
flies in the fall (10). As diapause develop- 
ment progresses, the flies leave the pastures 
and spend the winter in protective sites 
such as attics (1). 

All studies of H.  autumnalis  and face 
fty have been conducted east of the Rocky 
Mountains. Consequently, a study was 
initiated to investigate the relationships 
between H. autumnalis  and face fly in 
northern California. We report herein the 
following: 1) the occurrence of H.  autum- 
halls in northern California; 2) the 
within-pasture distribution of the nematode 
and its host; 3) the frequency of nematodes 
within male and female hosts; 4) field evi- 
dence for the effects of H. autumnMis on 
its host; and 5) the seasonal dynamics of 
H. autumnaffs  in face fly. 
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M A T E R I A L S  AND M E T H O D S  

T h e  principal  study site was a l l2-ha 
beef cattle ranch adjacent to tile University 
of California Sierra Foothill  Range and 
Field Station ill Yuba County, California. 
It  was chosen because facilities were avail- 
able nearby and no insecticides were used 
to control flies. Seventy-five Angus cows, 
calves, yearling steers, and heifers were 
present on the ranch throttghout the study. 
T h e  ranch was fenced into eight pastures: 
one uncleared pasture of 77 ha and seven 
cleared and improved pastures of 5 ha 
each. T w o  of the cleared pastures were 
al ternately closed to animals and sprinkler- 
irrigated each week. A third cleared pasture 
was intermit tent ly  irrigated by ditch run- 
off. T h e  remain ing  five pastures were not 
irrigated. Al though seven of the eight 
pastures were open to grazing at all times, 
most of the cattle remained within or near 
the three irrigated pastures. 

Six addit ional  survey sites augmented  
the Yuba county site. Fly samples were 
collected at beef cattle ranches in Shasta, 
Mendocino, Lake, Placer, and Sonoma 
counties and at a dairy in Solano County. 
One collection was made in each county 
between June  and September 1977. 

Adul t  face flies were collected with a 
modified version of a white sticky trap 
developed by Pickens et al. (8). Each trap 
consisted of a 3-pound coffee can centered 
on a 3.5-cm-square, 35-cm-long piece of 
wood (Fig. 1). T h e  can was secured by a 
wood screw and washer and sprayed with 
two coats of gloss white enamel paint  
(@745-3013, Martin-Senour Paints, Cleve- 
land, Ohio). A wood stake was driven into 
the ground and a t rap was wired to the 
stake with the t rap top 75 cm above ground 
level. After assembly, a plastic bag (20 × 
10 × 46 cm) smeared with Stikem Special 
(Michel Pelton Co., Emeryville, California) 
in tile inside was inverted over the can to 
expose tile sticky surface. Each trap pre- 
sented 1056 cm ~ of sticky white surface 
area. T raps  were posit ioned in pairs 10 m 
apar t  within and around the pastures oc- 
cupied by cattle. One of each pair  was 
adjacent  to fresh dung. T h e  other was at 
least 3 m removed from dung. T r a p s  were 
usually assembled at sunrise (7) and dis- 
mant led  between 1300 and 1700 PDST.  

FIG. 1. Assembled trap used to capture face flies 
in paslure. 

T h e  t ime and air t empera ture  were re- 
corded at sunrise and again at the end of 
each collection interval. T h e  sampling dates 
and numbers  of traps are summarized in 
Tab l e  3. 

Indices of adul t  fly abundance  were 
derived from each trap by dividing the total  
female flies by the hours that each trap was 
in operation,  and then correcting for the 
effects of air t empera ture  (Moon and Kaya, 
ill prep.). A second independent  index of 
abundance  was made by count ing the flies 
seen feeding at faces of cattle resting in 
shade (3). 



Face flies were collected from each trap 
every 1-3 h, washed in xylene or paint  
thinner  for 10-15 rain to remove the 
Stikem, rinsed in 70% ethanol, and then 
placed in 0.1% formalin-Ringer's solution. 
Flies from each collection were held at 4 C 
for I-2 days and dissected in Ringer's solu- 
tion under a stereomicroscope. In fall and 
winter, diapausing flies were collected from 
the attic of the ranch house and dissected. 

T h e  following information was noted: 
sex, gut contents, presence or absence of 
nelnatodes, stages of nematode present, and 
status of fat body and ovaries of infected 
and healthy females. Flies were categorized 
according to gut contents. Blood and dung 
were immediately recognizable. Other sub- 
stances found in the gut were creamy, 
brown, or yellow in color. In some cases, 
the gut appeared clear or empty. Infected 
female flies were classified into one of four 
nematode age classes: 1) gamogenetics only; 
2) parthenogenetics; 3) gamogenetic juve- 
nile males and females in the hemocoel; 
and 4) ovaries noticeably distended with 
gamogenetic male and female nematodes. 
Class 4 flies were assumed to be capable of 
nemapositing. 

Uninfected female flies were classified 
into I of I1 physiological age classes by the 
condition of the fat body and ovaries (5). 
Females were categorized as newly emerged 
(N-0) if pupal fat body was present, and 
nulliparous (N-1 to N-5) or parous (P-6 to 
P-10) if yellow follicular relics were respec- 
tively absent or present in the lateral 
oviducts. Uniparous, biparous, and tri- 
parous flies could not  be distinguished 
with confidence; hence all were considered 
parons (16). With in  each stage of parity, 
follicular development  ranged from early 
(N-1 and P-6) to late (N-5 and P-10) stages 
of egg maturity.  

Th e  distr ibution and abundance of 
healthy and infected face flies in dung were 
studied by exposing pats to wild flies at 
known times of the day and night in 
selected locations receiving either full sun, 
partial sun, or shade during the day within 
the Yuba County ranch. Fresh dung was 
collected within minutes of defecation but  
before face flies could visit it. Dung from 
10-20 animals was pooled, mixed, and 
divided into 800 ± 20-g portions. Each 
port ion was placed on a 25-cm 2 sheet of 
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plastic and reconstructed to resemble a 
natural  dropping. All artificial pats re- 
mained exposed to insect activity for 
48-72 h. T h e n  the pats were transferred 
individually onto sand in 25-cm-diam trays, 
covered with gauze and hardware cloth, 
and held in a greenhouse until  the dung 
inhabitants pupated. Fly puparia  were 
sifted from the sand, and samples of face 
flies from each pat were placed in venti- 
lated snap-cap vials. Emerging adults were 
dissected, and the gamogenetic nematodes 
were counted. Thus  tile frequency of hosts, 
and of nematodes within each host, was 
obtained for each pat. Additionally, when 
artificial pats were not exposed, natural  
pats were collected and processed as above. 
Table  2 summarizes the number  of pats 
collected on each sampling date. 

Observed infection rates in flies emerg- 
ing from artificial and natural  pats were 
compared with infection rates of "new" 
flies (N-0 + N-I) collected on traps one 
larval-pupal development  time after each 
set of pats was exposed. Regression analysis 
was used to investigate factors which 
affected infection rates. 

Th e  frequency distr ibution of gamo- 
genetic H. autumnalis within face flies was 
tested for randomness by comparing ob- 
served frequencies with those predicted by 
a Poisson distribution. Males and females 
from clung were analyzed separately. T h e  
influence of nematodes on host behavior 
was analyzed by chi-square analysis of age 
classes and gut contents. 

RESULTS AND DISCUSSION 

Surveys in northern Calilornia: Hetero- 
tylenchus autumnaIis was present in all 
face fly populations sampled, with occur- 
rence in the flies collected ranging from 
4.7% to 43.8% (Fig. 2). This  extends the 
known distribution of H. auturnnaffs to 
California. 

Within-pasture distribution of host and 
nematode: Data were analyzed from arti- 
ficial and natural  pats exposed in full sun, 
partial  sun, and full shade during day and 
night within the Yuba County ranch in 
1977. No significant differences in the 
frequency of fly infestation or nematode 
infection were found between natural  and 
artificial pats exposed on the same dates. 
Host popula t ion density and infection rate 
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FIG. 2. Percent face flies infected with Hetero- 
tylenchus autumnalis in 6 counties in northern 
California in 1977. Number of flies dissected shown 
in parentheses. 

varied with exposure  of  pats to sunl ight  
(Table  I). N o  face flies were found  in pats 
exposed in day- long shade. Th i s  result  was 
too consistent  to be expla ined  by mor ta l i ty  
in i m m a t u r e  stages. Forty  percent  of  pats 
in par t ia l  sun (1/3 to 2/3 day-length) and  
75% of pats in  full sun (>  2/3 day-length)  
were infested. Bo th  host  p o p u l a t i o n  densi ty  
and  percent  infect ion were highest in pats 
in full sun. 

We  assessed the influence tha t  t ime of  
d u n g  depos i t ion  du r ing  n ight  (2400 PDST)  
or  day (0600, 1200, 1800 P D S T )  ha d  on the 
rates of infesta t ion and  infect ion of  arti- 
ficial pats unde r  full and  part ia l  sun 
exposure.  Rates  of  fly infesta t ion were 
84.1% (n = 63) and  76.3% ,(n = 211) in  
pats exposed du r ing  n ight  and  day re- 
spectively. Of  pats which  were infested and  
yielded viable adults, 51.5% (n -- 47) of 
n igh t  pats and  64.4% (n = 146) of  day 
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pats yielded infected adults. Fly infestat ion 
rates and  nema tode  infect ion rates f rom 
n igh t  and  day pats were no t  significantly 
different (P > 0.10). Thus ,  d u n g  deposi ted 
at n igh t  r ema ined  at tract ive to the di- 
u rna l ly  active flies the fo l lowing morn ing ,  
and  tile p robab i l i ty  of a pat  receiving eggs 
and  nematodes  was affected by exposure  to 
direct  sun. Par t ia l ly  shaded pats appeared  
marg ina l ly  at t ract ive to ovipos i t ing  and  
nemapos i t ing  face flies. Exper iments  wi th  
caged flies presented by Teskey (14) showed 
that  females lay more  eggs in d u n g  in full 
suu titan in shade. O u r  results confirm his 
findings. 

Frequency of nematodes within hosts: 
Over 3,000 flies f rom the 11 sampl ing  dates 
(Table  2) were collected f rom d u n g  in all 
locations and  dissected to assess infections. 
Sex ratios or  percent  infect ion between 
sexes were no t  significantly different  (P > 
0.05). Fif teen samples p rov ided  sufficient 
da ta  to assess the f requency d i s t r ibu t ion  of  
nematodes  wi th in  hosts. Seven of  eight 
samples of males and  seven samples of 
females differed considerably  f rom the 
Poisson dis t r ibut ion.  Ind iv idua ls  bear ing  
one or  two gamogene t ic  nematodes  were 
less f requent  than  expected;  hea l thy  indi- 
viduals  and  those bear ing  three or  more  
(up to 26) nematodes  were more  f requent  
than  expected.  T h u s  the f requency  distri- 
bu t i on  of  nematodes  wi th in  face flies was 
no t  r a n d o m ;  super infect ions  were common .  
Similar findings were r epor ted  by  T h o m a s  
et al. (16). 

T w o  hypotheses may  expla in  the ob- 
served d is t r ibut ion:  1) larvae may  be 

TABLE 1. Distribution of face fly larve and Heterotylenchus autumnalis in natural and artificial cow 
pats collected from three habitats within ranch in Yuba County, California, 1977. 

Location Collected 

Number of cow pats t 
Infested with Mean 

Nematode- number % of flies 
infected of puparia infected by 

Flies flies b per pat nematodes ~ 

Full shade 99 0 - -  - -  - -  
Partial sun 63 25 13 13.5 13.1 
Full sun 302 227 143 105.7 38.6 

"Forty-six pats in full sun were natural droppings of unknown weight. All others were reconstructed from 
fresh dung and weighed 800 +_ 20 g. 
~Pats produced at least one nematode-infected fly. 
CXVeighted by pupal density within all pats with and without nematode-infected flies, 
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TABLE 2. Summary of face fly samples collected from cattle dung exposed in pastures of ranch in 
Yuba County, California, 1977. 

%infect ion(8 + 9)~ 
Pats Date of Pats with Pats with 

No. with $ puparia adult infected infected 
Date pats • puparia +_ SE b emergence ~ flies a flies (n) All pats (n) 

5/22 40 (A) 40 399.3 _+ 33.6 6/5 
6/4 40 (A) 40 150.0 -+- 18.4 6/16 
6/21 t 10 (N) 7 8.5 + 5.3 6/29 
7/1 28 (A) 25 29.8 + 6.0 7/12 
7/14 ~ 20 (N) 13 15.7 +_ 6.7 7/23 
7/25 32 (A) 26 25.1 _+ 6.3 8/2 
8/5 16 (N) 11 22.6 _+ 11.9 8/16 
8/17 38 (A) 22 34.3 +_ 10.3 8/27 
9/1 48 (a) 36 51.1 + 8.4 9/9 
9/15 40 (A) 3 0.1 --,+ 0.1 10/3 
9/22 30 (A) 7 2.0 4- 0.8 10/8 
10/1 16 ( A )  0 0 .0  ± - -  - -  
1 0 / 9  26 (A) 0 0.0 + - -  - -  

39 52.7 (488) 52.7 (493) 
21 38.1 (153) 26.2 (238) 
6 48.7 (47) 40.3 (55) 

17 23.8 (255) 22.4 (289) 
6 42.3 (158) 35.9 (184) 
7 7.2 (168) 4.3 (408) 
7 4.9 (143) 4.5 (170) 

13 20.9 (227) 17.7 (339) 
23 20.2 (811) 16.0 (1,043) 

0 
4 46.5 (28) 25.1 (54) 

"(A) = artificial pats formed from 800 _ 20 g fresh cow dung; (N) = natural pats of unknown weight, 
All pats exposed in locations receiving full sun all day. 
bTotal pupae divided by total no. pats exposed. 
~'Estimated from day-degrees above 12.9 C accumulated in dung from date of exposure. 
aPats produced at least one infected fly. 
"Estimate weighted by pupal density within pats. 
q~ats may not have been exposed to full day's fly activity and insolation. 

d i f f e ren t i a l ly  suscep t ib le  to the  n e m a t o d e  
because  of  g e n o t y p e  or  age; or  2) n e m a t o d e s  
or  face fly eggs o r  bo th  m a y  be d i s t r i b u t e d  
by  the female  flies in c lumps .  F e m a l e  flies 
a re  k n o w n  to depos i t  eggs singly,  b u t  ;is 
the  surface  of  each p a t  dr ies  a n d  a crus t  
forms, o v i p o s i t i o n  is r e s t r i c t ed  to cracks 
and  crevices on  the  surface (1). T h i s  d r y i n g  
process may  cause aggrega t ions  of  eggs a n d  
nematodes .  Eggs a n d  n e m a t o d e s  depos i t ed  
before  the  d u n g  surface dr ies  m a y  be dis- 
persed  sufficiently to r educe  con tac t  
be tween  hos t  a n d  n e m a t o d e .  

C o m p a r i s o n  of  the  n u m b e r  of  gamo-  
gene t i c  n e m a t o d e s  pe r  hos t  a n d  the  p e r c e n t  
i n fec t ion  across al l  pa t s  for  each d a t e  re- 
vealed a h i g h l y  s igni f icant  c o r r e l a t i o n  
be tween  the  two (n = 18, r = 0,95). T h e  
pe rcen t  i n f ec t ion  and  n u m b e r  of  gamo-  
gene t ic  n e m a t o d e s  pe r  hos t  increase  
together .  T i l e  factor(s)  wh ich  r e g u l a t e  the  
two r e q u i r e  fu r the r  research,  

El~ects of H. auturnnalis on /ace fly: Of 
1,252 flies o ld  e n o u g h  to  show signs of  
m a t u r i n g  eggs (age classes N-2 to  P-10), 
one  was infec ted .  Of  273 flies c o n t a i n i n g  
n e m a t o d e s  (classes 3 a n d  4), t h ree  possessed 
fo l l i cu la r  re l ics  i n d i c a t i n g  c o m p l e t i o n  of  a t  
least  one  g o n a d o t r o p h i c  cycle. T h e r e f o r e ,  i t  

seems tha t  the  g rea t  m a j o r i t y  of n e m a t o d e -  
in fec ted  flies in  the  field fai l  to p r o d u c e  
any  eggs. In  cont ras t ,  T r e e c e  a n d  M i l l e r  
(17) f o u n d  t ha t  l a b o r a t o r y - r e a r e d  females  
wi th  n e m a t o d e s  c o m p l e t e d  the i r  first egg 
cycle before  b e c o m i n g  ster i le .  O u r  d a t a  
suggest  tha t  i n fec t ed  females  s h o u l d  be  
cons ide red  s te r i le  u p o n  emergence .  In fec ted  
females  m a y  differ  f rom u n i n f e c t e d  females  
in feed ing  b e h a v i o r  (Fig. 3). Fl ies  w i t h  
j u v e n i l e  ma le  a n d  female  n e m a t o d e s  in  
t he i r  hemocoe l  (classes 3 a n d  4) were  r a re ly  
found  w i t h  b l o o d  in the i r  d iges t ive  tracts .  
U n i n f e c t e d  females  of a b o u t  the  same age 
fed m o r e  f r e que n t l y  on  b l o o d  (P < 0.01). 
D u n g  feed ing  was less f r e q u e n t  in  classes 1 
a n d  2 a n d  m o r e  f r e q u e n t  in  class 4 in fec t ed  
flies t han  in  the i r  u n i n f e c t e d  c o u n t e r p a r t s  
(P < 0.01). Howeve r ,  b o t h  in fec t ed  a n d  
u n i n f e c t e d  flies of  a l l  ages fed w i th  s im i l a r  
f r equency  on  the " c r e a m y "  subs tance  (P > 
0.05). W h i l e  the  i d e n t i t y  of  this  m a t e r i a l  is 
no t  conf i rmed,  we be l i eve  i t  is of  a n i m a l  
o r ig in .  I f  " c r e a m y "  is m a t e r i a l  a c q u i r e d  
f rom faces o f  ca t t le ,  t hen  in fec ted  a n d  un- 
in fec ted  flies of  c o m m o n  phys io log ica l  age 
feed on  the  a n ima l s  wi th  e q u a l  p r o b a b i l i t y .  
Subs tances  f o u n d  in the  gu t  less f r e que n t l y  
were  classified as yel low,  b r o w n  o r  clear .  



338 Journal of Nematology, Volume 10, No. 4, October 1978 

60 

o 

o 30 

-r 

0 

- A .  

: : H E A L T H Y  

o, o INFECTED y ~  

~"% ~ ~ ~ ' . . . . . _ . _ ~  _ 
O 

I t I I , ! l I I l I 

60 

30 
A 

I 
E-- 

2= 

0 
I I I I I 1 I , I I I 

->. 
:E 

o 

:IX 

6O 

3O 

c-i c-2 c-3 c-4 
I 

I I " I i I I , i I l 

N-1 N-2 N-3 N-4 "N-5 P-6 P-7 P-8 P-9 P-10 

PHYSIOLOGICAL AGE 
FIG. 3. Percent  hea l thy  and  nematode- in fec ted  female  face flies of  d i f ferent  physiological  ages collected 

in 1977 wi th  identif iable food substances  in the i r  digestive tract. N-1 to P-10 are hea l thy  females.  C-I to 
C-4 (class 1 to class 4) refers to infected females.  Age classes a p p r o x i m a t e d  f rom Miller  and  Treece  (4) 
and  Treece  and  Miller (17). 

These substances, of unknown origin, may 
have been obtained from vegetation (1). 

Seasonal dynamics of face fly and H. 
autumnalis in Yuba County: Estimates of 
infection were independent of sampling 
methods. Because males spend less time in 
open pasture (14), they were undersampled 
on the white traps. Therefore, results for 
trapped flies were based only or/ female 
flies. Additionally, no significant differences 
in percent nematode infection of females 
captured occurred between dung traps and 

no-dung traps. Hence data from both types 
of traps were combined. The relative merits 
and efficiencies of the different methods of 
sampling from larval and adult face fly 
populations will receive detailed discussion 
elsewhere (Moon and Kaya, in prep.). 

Both indices of adult face fly abundance 
showed that fly populations were highest in 
late May, declined to a midsummer low in 
early August, and reached a second peak, 
much smaller, by October 1 (Table 3). Flies 
then disappeared as they entered diapause 



a n d  left  the  pas tures .  T i m  f r equency  of  
n u l l i p a r i t y  was h ighes t  at  the  s ta r t  of the  
season (85%) ,  d e c l i n e d  l i n e a r l y  u n t i l  mid-  
S e p t e m b e r  (20%:), a n d  t l ten rose a b r u p t l y  
to 100% for the  r e m a i n d e r  of  the  season. 
T h e  first def in i t ive  signs of d i a p a u s e  were  
no ted  in  the  O c t o b e r  1 samples .  T h e s e  
females  possessed u n d e v e l o p e d  ovar ies  and  
a hyper t rop l~ ied  fat  body .  D i a p a u s e  was 
first i n i t i a t e d  in newly  emerged  flies 1-2 
weeks ear l ier ;  thns  the  S e p t e m b e r - O c t o b e r  
peak  was composed  mos t ly  of  females  wh ich  
e v e n t u a l l y  en t e r ed  d i apause .  

Inc idence  of  n e m a t o d e  in fec t ion  in  fe- 
males  of  al l  ages was h ighes t  ( 1 8 - 4 1 % )  
from la te  M a y  t h r o u g h  mid - Ju ly ,  w h e n  
face fly p o p u l a t i o n s  were  h igh  ( T a b l e  3). 
T h e  in fec t ion  r a t e  f luc tua ted  be tween  6 
and  13~f f rom m i d - J u l y  to ea r ly  O c t o b e r  
a n d  then  increased  s l igh t ly  in  m i d - O c t o b e r .  
T h e  in fec t ion  rates in samples  of  d i apaus -  
ing  ad td t s  f rom the r anch  house  a t t i c  
t l u r ing  fall  and  w i n t e r  ag reed  w i th  those 
observed  in f ie ld-col lected flies in  the  las t  
ha l f  of O c t o b e r  ( T a b l e  3). I n f e c t i o n  rates  
in d i a p a u s i n g  males  and  females  were  n o t  
s igni f icant ly  d i f fe ren t  f rom each o ther .  
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O n l y  g a m o g e n e t i c  a n d  p a r t h e n o g e n e t i c  
n e m a t o d e s  were  p re sen t  in  b o t h  sexes of 
d i a p a u s i n g  flies. 

P u p a l  dens i t ies  f rom ar t i f ic ia l  pa t s  de- 
c l i ned  e x p o n e n t i a l l y  f rom M a y  22 to  J u l y  
25, a n d  then  inc reased  u n t i l  S e p t e m b e r  1 
( T a b l e  2). Dens i t ies  were  essent ia l ly  zero 
in pa ts  e xpose d  on  and  a f te r  S e p t e m b e r  15. 
Da ta  fi 'om n a t u r a l  pa t s  were  n o t  con- 
s is tent  w i th  d a t a  f rom ar t i f ic ia l  pats .  I n  
par t ,  d i f ferences  m a y  be a t t r i b u t e d  to  
l eng th  of  e x p o s u r e  in the  field and  o t h e r  
u n c o n t r o l l e d  factors.  

As e s t ima ted  f rom ar t i f ic ia l  pats ,  the  
ra te  of  n e m a t o d e  in fec t ions  in  new flies 
e n t e r i n g  the p o p u l a t i o n  d e c l i n e d  f rom 
52.7% on  J u n e  5 to 7 .2% o n  A u g u s t  2, 
and  rose to 25% at  the  end  of  emergence  
a r o u m l  O c t o b e r  8 ( T a b l e  2). A c o m p a r a b l e  
f luc tua t ion  occu r red  in  " n e w "  flies t r a p p e d  
d u r i n g  the season ( T a b l e  3). T h e  in fec t ion  
ra te  of  al l  ages e x h i b i t e d  the  same p a t t e r n ,  
b u t  l agged  5 to  15 days  b e h i n d  t h a t  of  
"new"  flies ( T a b l e  3). 

In  Ca l i fo rn i a ,  as in  N e b r a s k a  (2) a n d  
Miss iss ippi  (9), in fec t ion  ra tes  in  new flies 
d e c l i n e d  in  la te  sp r ing  t h r o u g h  the  s u m m e r  

TABLE 3. Sumnrary of estimates of adult face fly abundance and incidence of Heterotylenehus autum- 
nalis infection in Yuba County, California, 1977. 

D a t e  

Females/ % females infected 
trap x hour No. Flies/face Newly 

+ SE" traps 4- ,SE emerged (n) b All ages (n) 

5/22 52.8 4- 7.4 
6/4 22.0 4- 4.3 
6/21 36.4 4- 2.9 
7/1 11.4 4- 2.8 
7/14 10.2 ± 1.6 
7/25 5.5 4- 1.4 
8/5 1.4 4-  0 . ~  

8/17 2.8 4- 0.7 
9/1 3,4 ± 0.9 
9/15 ¢ 2.6 4- 0.4 
9/22 2.l ± 0.4 
lO/l 5.2 4- 1.37 
10/9 1.9 _+ 0.7 
10/14 o.2 4- 0.1 
10/22 0.9 4- 0.3 
10/22 a 
11/2 0.1 4- 0.1 
11/2 a 
12/30 a 

6 60.0 4- 6.3 30.0 (I0) 23.3 (301) 
6 22.0 4- 5.1 22.2 (9) 40.6 (175) 
6 20.2 4- 3.0 20.4 (54) 34.8 (276) 

10 13.4 _ 2.3 38.5 (78) 27.2 (497) 
10 5.3 4- 1.1 30.4 (23) 18.4 (179) 
10 2.8 + 0.O 17.1 (41) 11.0 (210) 
10 0.7 -- 0.3 0.0 (5) 7.8 (51) 
10 0.8 _ 0.2 25.0 (8) 12.9 (101) 
10 4.7 4- 0.8 6.3 (32) 8.6 (185) 
6 1.8 4- 0.3 26.5 (34) 10.7 (If2) 

10 2.9 4- 0.5 1.6 (63) 6.7 (135) 
6 7.0 4- 0.8 4.5 (112) 5.8 (173) 

l0 5.8 + 1.0 ll.6 (43) I0.3 (68) 
10 1.8 4- 0.5 28.6 (7) 22.2 (9) 
10 2.2 + 0.6 13.8 (29) 15.2 (33) 
- -  - -  1 8 . 8  ( 1 6 )  

X0 0.5 4- 0.2 33.3 (3) 25.0 (4) 
- -  - -  1 3 . ~  O 0 )  

- -  - -  23.7 (59) 

"Total females trapped per hour trap effort after sunrise aml 
~'Age classes N-0 and N-l, and infected class 1. 
'Windy and cloudy by 1000 h PDST. 
aF,:males collected from attic of ranch house. 

at 15 C (see 7). 
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a n d  increased  in  the  fall. T o  e x p l a i n  the  
midseason  dec l ine  in  in fec t ion ,  Jones  a n d  
P e r d u e  (2) p r o p o s e d  the hypo thes i s  t ha t  
i n f ec t ion  rates  decrease  as face fly l a rva l  
d e v e l o p m e n t a l  ra te  increases.  T h a t  is, the  
dec l ine  is caused by  w a r m e r  d u n g  t empera -  
tures  in  summer ,  a n d  the  r ise in fal l  occurs  
as d u n g  t e m p e r a t u r e s  decrease.  However ,  
i n fec t ion  ra tes  m a y  no t  be  r e l a t ed  to dif-  
f e ren t ia l  d e v e l o p m e n t  of  face fly a n d  
n e m a t o d e .  H i g h e r  d u n g  t e m p e r a t u r e s  m a y  
d i rec t ly  k i l l  the  n e m a t o d e s  or  r e n d e r  t h e m  
uninfec t ive .  F u r t h e r  e x p e r i m e n t a t i o n  is re- 
q u i r e d  to c lar i fy  t i le  mechanism(s) .  

P rev ious  worke r s  have  c o n c l u d e d  t ha t  
H. autumnalis is an  i m p o r t a n t  agen t  con- 
t r o l l i n g  face fly (15, 16), a p l a u s i b l e  
conc lus ion  in  view of  the  effect of  the  
n e m a t o d e  on  its r e p r o d u c t i o n .  I f  a d i r ec t  
d e n s i t y - d e p e n d e n t  r e l a t i o n s h i p  exists,  per- 
cent  i n fec t ion  shou ld  be  h ighe r  in  pa t s  
w i th  h ighe r  la rva l  densi t ies .  C o m p a r i s o n s  
were  m a d e  a m o n g  pa t s  exposed  on  the  
same day.  A t t e n t i o n  was r e s t r i c t ed  to pa ts  
y i e l d i n g  at  least  one  in fec ted  fly (male  o r  
female).  I n f e c t i o n  a n d  dens i ty  were  r e l a t e d  
d i r ec t ly  on ly  in two of  the  ten samples .  T h e  
r e m a i n d e r  showed dens i ty  i n d e p e n d e n c e .  
A n  inverse  d e n s i t y - d e p e n d e n t  r e l a t i o n s h i p  
is possible ,  b u t  v a r i a t i o n  w i t h i n  the  samples  
was too large  to p e r m i t  this  conc lus ion .  
O u r  d a t a  do  no t  s u p p o r t  the  hypo thes i s  
t ha t  H. autumnalis r e g u l a t e d  face fly in  
Yuba  C o u n t y  in  1977. T h e  ex t en t  to which  
H. autumnaIis c o n t r o l l e d  face fly cou ld  no t  
be  assessed. T h a t  w o u l d  r e q u i r e  an  exper i -  
m e n t a l  check,  wh ich  is no t  poss ib le  w i th  
p resen t  f ield me thods .  

A t t e m p t s  f a i l ed  to increase  in fec t ion  
rates  above  30% in l a b o r a t o r y  colonies  (2). 
T h e r e  appea r s  to  be a m e c h a n i s m  which  
l imi t s  the  in fec t ion  of  H. autumnalis in 
face fly p o p u l a t i o n s .  W e  c o m p a r e d  the  
in fec t ion  ra tes  in  females  (class 4 a n d  age 
class N-5 a n d  P-10) tha t  v i s i ted  d u n g  
(parents )  w i th  ra tes  obse rved  in  flies r e a r e d  
f rom pa t s  exposed  to v i s i t ing  females  o n  
the same day  (progeny) .  T h e  in fec t ion  r a t e  
of  p r o g e n y  was r e l a t ed  (P = < 0.01; b = 
0.446; r 2 = 0.61) to  tha t  of  pa ren t s  for the  
ten s a m p l i n g  da tes  b e t w e e n  M a y  22 a n d  
S e p t e m b e r  22 (Fig. 4). T h e  i n t e r c e p t  is n o t  
s ign i f ican t ly  d i f fe ren t  f rom the  or ig in .  In-  
fect ion ra tes  in  p r o g e n y  were  less t h a n  ha l f  
the  ra tes  in  parents .  Possibly,  super infec-  
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FIG. 4. Relationship between infection rates in 
parent face flies visiting cow pats and infection 
rates in progeny reared from the same pats on 10 
different days during 1977. 

t ions  n o t e d  ea r l i e r  m a y  be  invo lved  in 
r e s t r i c t i ng  t r ansmiss ion  of  H. autumnalis, 
b u t  o t h e r  me c ha n i sms  m a y  also be invo lved .  
Efforts to increase  i n fec t ion  ra tes  by  releas- 
ing  in fec t ed  flies w o u l d  be  mos t  p ro f i t ab l e  
when  in fec t ion  ra tes  in  field p o p u l a t i o n s  
are  low, a n d  least  p ro f i t ab l e  w h e n  they  a re  
high.  
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Nematode Economic Thresholds: Derivation, Requirements, 
and Theoretical Considerations 

H. FERRIS t 

Abstract: Dete rmina t i tm  and  use of economic thresholds  is considered essential in nema tode  pest 
m a n a g e m e n t  programs.  T h e  economic  efficiency of control  measures  is lnaximized when  the  
difference he tween the crop valne and  the  cost of pest control  is greatest .  Since the  cost of 
reduc ing  the  nema t nde  pnpn la t i on  varies wi th  the  magni tu t le  of the  reduct ion  a t t empted ,  an 
economic (optimizing) thresholtI  can be de terminet t  graphical ly  or  mathematically if the  n a t u r e  
of  the  re la t ionships  between degree of  control  attd cost, and  nema tode  densi t ies  anti crop value  
are known.  Economic thresholds  then  vary according to the  nema tode  control  practices used,  
env i ronmen t a l  inf luences on the  nema t ode  dam a ge  fnnct ion ,  and  expected crop yields and  
values.  A prerequis i te  of the  approach  is reliabili ty of  nema tode  popu la t ion  assessment  tech- 
n iques .  Key Words: Pest  m a n a g e m e n t ,  popu la t i on  dynamics ,  control  costs, damage  funct ions ,  
sampl ing ,  op t imiz ing  thresholds .  

In any pest management  program, an 
obvious concern is not only the type of con- 
trol measure to be used, relative to pest and 
environmental  considerations, but  also the 
necessity for such control. Economic thresh- 
olds are variously defined (1, 3, 14, 18) but  
might be smnmarized as the popnlat ion 
density of a pest at which the value of the 
damage caused is equal to the cost of con- 
trol. Thus,  at densities up to the economic 
threshold, there would be no (or negative) 

Received for publication 3 April 1978. 
Associate Nematologist, I)epartment of Nematology, Uni- 
versity of California, Riverside California 92521. I thank 
I)r. W. A. Jury, Soil Physicist, Department of Soil and En-  
v l r o n m e n t a t  Sciences, University of California. Riverside, 
for enlightening discussions on tile mathematical compllta-  
tions. 

economic advantage to pest control since 
control costs would exceed crop loss due to 
the pest. This  impor tant  concept has been 
largely ignored in nematology for several 
reasons: 1) lack of information on the rela- 
tionship between nematode densities and 
plant  damage, and damage functions gen- 
erally; 2) difficulties in assaying nematode 
densities in a field; 3) work involved in 
arriving at the decision; 4) ready availabil- 
ity of low-cost pesticides. 

Headley (7) elaborated on the economic 
threshold concept by considering the dig 
ferential cost of pest control relative to the 
level of control achieved. Chemical reduc- 
tion of the pest populat ion by 50% may 
be relatively inexpensive, whereas a 99% 
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