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ABSTRACT A 4-yr stud y was conducted to exami ne the phe no logy of ran gel and grass
hoppers a t 12 sites through out Montana . A six-species com p lex of co m mo n and economica lly 
im portant ran geland grasshoppers was select ed to facilitate comparisons bet ween sites in this 
environmenta lly heterogeneous sta te. Results showe d th at a published ph enology model 
(dev elope d by Dennis, B., W . P. Kemp & R. C. Beckwith. 1986. A stoc has tic model of insect 
phe no logy : estimation and testi ng Environ . Entom o!' 15: 540-546 , and Dennis, B. & W . P. 
Kemp. 1988. Further statistic al infe re nce methods for a stochas tic model of insec t ph enology. 
Environ. Entornol. 17: 887 -893) provided good estimates of "general " gr assho pper phenology 
for ea ch site an d yea r. Co mparisons of developmcntal "signposts" (75% first insta r, pea k 
second to fifth insta rs, and 75 % adults) for gr asshoppers between sites and years indicated 
that the y ca n be used by reso urce man agers for estima ting whe n development stages of 
ran geland gra sshoppers a re likely to occur. Th e dev elop mental signposts were sep arated, on 
aver age, by 8-1 2 d . Implicat ions of these result s for rangeland insect pes t man ag emen t a re 
discu ssed, 
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RANGELAND GRASSHOPPER (O rthopte ra: Acr idi
dae) development has import ant im plica tions for 
integrated pe st management effor ts in much of the 
western Un ited States and Ca nada. Recent work 
has sugges ted that the general progressio n of as
sessmcn t a nd , if necessary, control act iviti es should 
follow and be link ed to the occurr ence patterns of 
the various ph enological stages of rangeland g rass
hoppers. For exam p le , Onsager (1987a) suggested 
that assessment of rangeland g rasshopper co m
munities (a collection of co-occurring populations 
of ind ividual species) should be cond uc ted a t " peak 
third instur" to determine whether or not a prob
lem ex ists and to allow for mob ilization of resources 
for con tro l activities, if warranted . The term "peak 
th ird ins ta r " refer s to the point in time when the 
proportion of grasshoppe rs in th at development 
stage rea ches a maximum (Dennis & Kemp 1988 ). 
Other important d evel opment "s ignposts" (peak 
fourth and fifth instars, 75 % adult) of rangeland 
g rasshoppe rs hav e been identifi ed as a ppropr ia te 
tim es for a pplying diff e rent biol ogic al and ch em
ical con trols (Onsagcr 1987a,b ). H ow ever, in gen
e raJ, there ha s been very little research on range
land g rasshoppe r phenolog y that would all ow 
rangeland pe st manage rs to use the m anagement 
g uidelines described b y Onsager (198 7a, b). 
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One ser ious problem facing rangeland pest man
agers is the fact th at g ra ssho ppe rs com prise a com 
plex of nearl y 200 species in the western United 
Stat es and Can ad a. It is com mo n to find any where 
from 30 to 40 species of g rassho ppers on a 1O-ha 
site over th e course of the yea r (Onsager 1987b ). 
Furthermore , th e rangeland gr asshopper commu
nity at a site is influ en ced by plant community 
characteristics (e .g., Kemp et al. 1990a,b). The 
range land resource man ag er is th erefore faced with 
a complex of species that vary in space and time, 
unlike man y other pest man agement situa tions with 
only on e or a few clearly d efin ed pe st species. For
tunately, onl y se15 rangel and g rasshopper spec ies 
ar e responsible for most fora ge losses and, fre
quently, 3- 5 speci es co m p rise between 75 and 95% 
of the overa ll local co m m un ity abundance (O n
sager 1987b ), especiall y during outbreak yea rs. 

In spite of the obvious ec ono m ic importance of 
rangeland grasshoppers and th e importance of phe
nol ogy to pe st management , sur prising ly little work 
has been conduct ed on quantifyin g ph enologic al 
patterns. Newton et al. (1954 ) described th e general 
patterns of hatching, ad ult presence, an d oviposi
tion for 46 rangeland grassho pper spec ies a t an 
un specified number of sites in Montana and Wy 
oming over a 2-yr period. Other stud ies have re 
ported on general tr ends for hatching or ph eno
logical points sim ilar to th e work of Newton e t al. 
(1954) (Shotwell 1941, Hewitt 1979). However, none 
of these stud ies provides information on rangeland 
grasshopper deve lopmen tal signposts for commu
nities that ca n be used in a pest management con
text. 
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Most of th e work on ph en ology pr edi cti on for 
rangeland gr asshopper s has be en conducted in 
Can ada. Muk erji & Randell (197.5) developed an 
embryonic development model for Melanoplus 
sangu ini pes (F.) eggs in th e fall , and Rand ell & 
Mukerji (197 4) report ed on a spri ngtime hat ching 
model for the same species, whic h was driven by 
air temperatures. Also, Gage et a l. (1976) devel
oped a pr edictive mod el for th e seasonal occur 
rence of a group of three grasshoppe rs, two of 
which (Camnula pellu cida (Scudder) and M . bioit
tatus (Say)) are more com mo nly associated with 
crops in Montana. 

Kemp & O nsager (1986) reanalyzed dat a col
lected by Hewitt (197 9) and compared the ph e
nolog ical patterns of six ind ividu al rangeland grass
ho pper species. T he data wer e collec ted during 
1975-1976 a t Roundup, Mont. The an alyses showed 
th at in spite of signific ant diff er en ces in ph enology 
par ameter estima tes (for method s, see Dennis et al. 
1986, Dennis & Kemp 1988 ) amo ng th e individual 
species, sufficient sim ilarities existed so that it was 
reasonable to treat these species as a group in terms 
of phe nology for pest managem ent purposes (Kemp 
1987). As noted by On sager (1987a,b), rangeland 
grassho pper pest man agement act ivit ies, a t present, 
do not ge nerally distinguish among individual spe
cies. Rather , management acti vities (assessment and 
control) a re gen er ally directed toward the hetero
gen eou s mi x of spr ing time-e merg ing gr asshoppe r 
species. 

Based on th e result s of pr evious inves tiga tions 
(Kemp & On sager 1986, Kemp 1987 ), we estab
lished a stud y to investigat e th e sta te wide va ria tion 
of rangeland gr asshopper comm unitie s in Mon
tan a. The major goa l of this rese a rch was to provide 
rangeland resour ce managers with a stra ightfor
ward method for estima ting th e timing of assess
ment and control activities for gr asshopper popu
lat ions in Montana. 

Materials and Methods 

Sentinel Sites. In 1986 , 10 sent ine l sites were 
est ablished throughout Montan a for the purpose of 
monit oring yearly ph enol ogy of rangeland gr ass
hoppers. The number of sentinel sites wa s expa nd 
ed to 12 in 1987 an d thereafter remained consta nt 
through 1989 (Fig. 1). Sites we re located ove r a 
range of long-term plant ph en ological zon es (see 
Kemp 1987 , 365 , fig. 24.6) in an a ttem pt to include 
th e range of climatic cond itions characte ristic of 
sites wi thin e ithe r the Agropyron spicatum or the 
Bouteloua gracilis provinces of the ste p pe regi on 
of Montana (Daubenm ire 1978). All but one of the 
sites wer e located within 3.20 km of a National 
Oceanic and Atm osph e ric Ad mi nistra tion (NO AA) 
weather station. On -site temperatures were re
corded a t the Three Fork s site because there was 
no nearby NOAA station. F our of the sentine l sites 
(Broadus, Jordan, Grea t Falls , a nd Glasgow) wer e 
moved locall y before sam pling in 1987 to ensure 

Fig. I. Sentinel sites used for collection of rangeland 
grasshop per phe nology dat a 1986- 1989, Montana. 

long-term access «2 km aw ay on similar vege
tation). 

Weather pe rmitt ing, weekl y sweep net samples 
(each sweep consisting of an a rea of 180· through 
the vege ta tion [E vans e t al. 198~, E vans 1988]) were 
collec ted ea ch year a t all sitesduring the int erval 
be twe en mid-April a nd Oc tober. The number of 
net sweeps at a site in 1986-1987 was vari able, 
a lthoug h a m inimum of 100 grasshoppers were 
collected a t ea ch sample date during the nymphal 
peri od. This was standard ized to 100 sweeps in 
1988-1989. Gr assho ppers collected via sweep net 
were pla ced in plasti c bags, put on ice , a nd tak en 
to th e lab oratory for identification to species and 
det erminati on of development stages. 

As des cribed previously, we expec ted the species 
composition of g rassho pper com munities to d iffer 
with site and to som e extent with year (Kemp et 
al. 1990a ,b ). Th erefore, we selec ted six major spe
cies for comparisons among sites. The six species 
chose n wer e Ageneote tt ix deorum (Scud de r), Am 
phitornus coloradus (Thomas), Aulocara elliotti 
(T homas ), M . infantilis Scudder, M . packardii 
Scudde r, and M. sanguinipes (F .) and were the 
sam e species th at were used in pr evious studies 
(Ke m p & On sager 1986, Kemp 1987) . Because of 
extremely low den siti es a t C heste r (1986-1 988 ), 
Red Lod ge (1986- 1988 ), Wyola (1986-1988), and 
Jordan (1988) dur ing this study, phenology data 
from these sites could not be used in an aly ses. 

Modeling Phenology. The methods described 
by De nn is et al. (1986) and Dennis & Kemp (1988) 
were used to describe th e ph en ology of the six
specie s co m m u ni ty co mp le x o f rangel and 
grasshoppe rs. Data from 1986-1988 were used in 
analyses and data from 1989 were used for model 
evaluation. The reader should refer to Dennis e t 
al . (1986) and De nnis & Kem p (1988) for com plete 
details of the techn ical aspec ts of model develop
ment; howe ver, we bri efly summarize below the 
methods and steps follow ed . 

At each site , a series of samples of size n J , n 2 , 

. . . . n ; was collected from th e grasshopper com
munity a t tim es t " t 2, • , , , 1" , If ther e a re r de vel
opment stages (in gr asshoppers, first to fifth instars 
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and adult; r = 6), then the jth sample would consist 
of the counts X,/' X2 /' . • , x'" where X'I is the number• 

of sampled insects in development stage i at time 
t/ and where n; = ~.xtI" In this case, t/ is measured 
in degree-days (DD) computed in of (above a 
threshold of 17.8°C) with a starting date of 1 Jan
uary (Allen 1976). Because year-round weather re
cording at the Three Forks site was not established 
until 1989, the starting Julian dates (JD) for tem
perature collections were 59, 64, and 57 for 1986~ 

1988, respectively. Given that degree-days do not 
generally begin to accumulate until after JD 90 at 
the Three Forks site, we were confident that the 
later starting dates for this site did not influence 
our results. 

The counts X'j' x2j' . • • , X,j can be described as 
having a multinomial distribution conditional on 
the sample size n ; The underlying proportion of 
the community in each development stage would 
be expected to change with time as the individual 
population members develop. 

Let Y(t) be the stage of a randomly sampled 
member of the community at time t; possible val" 
ues for Y(t) are (1, 2, . ~ . , r). The phenology model 
of Dennis et al. (1986) assumes that an Insect's 
development is really a continuous stochastic pro
cess consisting of accumulated small development 
increments. However, Y(t) is the fundamental ob
served random variable because a sampled insect 
is recorded as having reached a discrete develop
ment stage. We define p.(t) = Pr[Y(t) = i) as the 
proportion of the population in development stage 
i at time t, i = 1, . ... , r. 

The model of Dennis et al. (1986) takes the pro
portion PI(t) to be 

{I + exp[-(a, - t)/wn-', i = 1; 
{l + exp[ -(a, - t)/wn -' 

- {1 + exp{-(a ,_, ~ t)/v'bt]}-"
p,(t) = i = 2, ... , r - 1; 

1 - {I + exp[-(a ,_, ~ t)/wn-', 
i = r. 

(1) 

This expression arises from assuming that an in
sect's underlying continuous development level, 
denoted by X(t ), has a logistic probability distri
bution with mean t and variance (=1r1Jt/3) pro
portional to i . Then Pr[Y(t) .s i) = Pr{Y(t) -s aJ is 
the cumulative distribution function of a logistic 
distribution: 

o, i = °(ao == -(0); 
PrEY(t) :s i] = {l .+_ exp[-(al - t)/W]) -l, 

1- 1, . . . • r - 1; { 1, i = r (a, == +00). 

(2) 

The proportion p,(t) is obtained from equation 2 
as Pr{Y(t) -s i) - Pr[Y(t) :s i - 1]. The quantity 
a" i = 1, ... , r -1 can be interpreted as the time 
t at which half of the community is in stage i or 

below: Pr['Y(a,) -s i] = Pr[Y(a,) > i) = V2 (fig. 1 of 
Dennis & Kemp 1988). The quantity v is a measure 
of the variability of development rates among in
sects in the community. In applications, t is usually 
measured in degree-days.. 

If there are r development stages, then the model 
has r unknown parameters. The unknown param
eters can be written as a column vector, 0: 

() = [alJ a 2J . . . , a,_IJ o]' . 

Also, the proportions p,(t) defined in equation 1 
can be written as p,(t; 0) to emphasize their de
pendence on 8. 

These parameters can be estimated from data 
using the maximum likelihood (ML) method. Non
linear regression packages can be used to perform 
the ML calculations as explained by Dennis et al. 
(1986) and Dennis & Kemp (1988). . 

I ",Model Evaluation. The complexity of a data set 
is reflected by the number of parameters required 
to describe its structure (Bishop et al. 1975). Any 
model that describes the structure of the data with 
fewer parameters than the number of cells (x,/s) is 
unsaturated .. The saturated model, because it de
scribes the data set structure completely with one 
parameter per cell, is used for comparison with 
other models containing fewer parameters. In our 
case, we were interested in describing a grasshop
per phenology data set with the fewest parameters 
necessary. 

With a data set that spans three years (1986
1988) and nine sites (12 original sites minus Chester 
1986~1988, Jordan 1988, Red Lodge 1986-1988, 
and Wyola 1986-1988) (Fig. 1), parameters could 
be estimated according to several alternative hy
potheses. First, data could be pooled over sites (nine) 
and years (three or two in the case of Jordan), and 
a single set of six parameters (a" ... ao, 13) could 
describe the general development trends. Alter
natively, either a set of six parameters could be 
estimated for each of 3 yr over all sites for a total 
of 18 parameters (3 yr x 6 parameters each year), 
or a set of six parameters could be estimated for 
each of nine sites over all years for a total of 54 
parameters (9 sites x 6 parameters for each site). 
If it Were necessary to keep sites and years separate, 
a total of 1.56 parameters would be needed. Thus, 
the complexity of the data will determine which 
alternative model we select. 

In this study, we used the Akaike Information 
Criterion (AIC) (Sakamoto et al. 1986) to compare 
alternative models. We refer the reader to Saka
moto et al. (1986) for a detailed description of the 
Ale. In summary. however, the AIC has advan
tages over simply using the log likelihood (Dennis 
et al . 1986, Dennis & Kemp 1988) because the log 
likelihood is a biased estimator of the mean ex
pected log likelihood. The somewhat awkward term 
"mean expected log likelihood" refers to the fact 
that the quantity results from taking the expected 
value of the log likelihood twice: first, w.ith respect 
to the underlying "true" model, and second, with 
respect to the underlying "true" distribution of the 
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Fig. 2. Six phenological "signposts" for rangeland 
grasshoppers in Montana, as estimated by the Dennis
Kemp model (Dennis et at. 1986, Dennis & Kemp 1988). 

ML estimate of O. The mean expe cted log likelihood 
is a mea sure of the good ness of fit of a model ; the 
larger th e mean expe cte d log likelihood, the better 
the fit of the model (Sak amoto et al. 1986), that is, 
the closer the hypothesized model is to th e under
lying " true" model. Sakamoto e t al. (1986) show 
that the maximum log likelihood tends to overes
timate the mean expected log likelihood, particu
larly wh en models have unnec essarily large num
bers of fr ee parameters . The AIC is computed as 

AIC = -2(maximum log likelihood of the model) 
+ 2(number of free paramet ers), 

and is an unbiased estimate of (minus two times) 
the mean expected log likelihood. Because the 
model <that minimizes the AIC is considered to be 
th e mo st appropriate, it is clear that th e .. + 
2(number of free pa rameters)" term is a penalty 
for overpa rameteriza tion. The AIC has many USe
ful applications in com pa ring models within the 
entomological literature outsid e of the specific pur
poses of this study . 

Table I. P ercentage or rangeland grasshopper popu
lations comprising six selected speci es, nine locations and 
three years, Mootanalll 

ISO 225 300 375 4SO 525 

% Popul ation in six species'' 
Location 

1986 1987 1988 i SD 

Glasgow 91 77 85 84.3cd 7.0 
Havre 55 57 74 62.Od lOA 
Miles City 88 76 84 82.6cd 6.1 
Jord an 72 86 _ c 79.Ocd 9.8 
Fort Benton 95 83 86 88.Oc 6.2 
Broadus 93 87 91 9O.3c 3.1 
Billings 79 82 84 82.7cd 2.5 
Great Falls 89 69 57 71.7cd 16.2 
Three Forks 96 95 96 95.3c 0.6 

Like lett ers indica te no significant di ffe rence (df = 17, a = 0.05; 
ANOVA. Tukey's studen ttzed range test [SAS Institut e 1988]). 

a Data from Kemp et al, (1992). 
b Six selec ted spedes used by Kemp & Onsager (1986): Age

neo te t tix deorum (Scudder ), Amphitorn us coloradus (Thomas), 
Au/ocara elliou i (Thomas), Melan oplus in/an ti/is Scudder, M. 
packardii Scudde r, M. sanguini pes (F .). 

Densities too low to ma ke acc urale estima tes. 
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Fig. 3. Akaike Information Criterion (Ale) values 
computed for various parameterization options for the 
Dennis-Kemp model (Dennis et al. 1986,Dennis & Kemp 
1988) for a rangeland grasshopper data set consisting or 
nine sites and 3 yr (except Jordan, which had only 2 yr 
of data), Montana. 

Comparisons Between Sites. Once paramet ers 
for a community at a given site and year were 
estimated, two additional estimates for the Dennis
Kemp model were computed (Dennis & Kemp 
1988). First, the peak time of p,(t) and the asso
ciated confidence interval was computed for eac h 
of the second to fifth insta rs for each site and year 
(F ig. 2) (see equations 16-22 of Dennis & Kemp 
1988), Second, the estimated time and confide nce 
interval for T was computed for 75 % first insta r 
and 75 % adult (see below). All estima tes wer e pr o
duced in terms of degree -days as well as Julian 
date for site-to-site comparisons. 

Estimating the Time at Which lOO'~% of th e 
Population is in Stage i or Less. This sec tion d e
scr ibes statistical method s for estima ting th e time 
a t which lOO ·~% of the population is in stage i or 
less, whe re 0 < ~ < 1. For instance, the tim e at 
which 75 % of the population is ad ult (i.e. 25 % is 
fifth instar or less) is one of the " signposts" used in 
this paper, along with the time a t which 75 % is 
first instar. The remaining signposts used a re peak 
second to fifth instars; sta tistical method s for peak 
instars have been described elsewher e (De nnis & 
Kemp 1988), 

The probability that an insect is in stage i or less 
is given by equation 2 under the model of Dennis 
et al. (1986), As a function of t, the quantity PT[Y(t) 
.s i] is a declining sigmoid curve (e.g., stage I , Fi g. 
2). We obtain the value of t at which this curve C 

http:si]isadecliningsigmoidcurve(e.g
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Fig. 4. Comparison of raw data (p lotted points) and model results (solid line) for the proportion of the grasshopper 

community in each developmental state as a function of accumulated degree-da ys, Havre, Montana , 1986 (log 
likelihood = -52.63). (A) First instar. (B) Second instar. (C) Third instar. (D ) Fourth instar. (E ) Fifth instar. (F) 
Adult. 

attains the value ~ as follows. Let r be the time evaluated at Ii and D. The approxim ate variance 
(i.e. , value of t) at which Pr[Y(t) :S i] = ~ for some of T, and a 100(1 - a) % co nfidence interval for r , 
giv en stage i . Thus r and ~ are related by can be derived with th e 0 method (see Dennis & 

Kemp 1988 for a discussion of th e 0 m ethod) . The 
o method requires th e following derivatives of r 
with respect to a, and v : 

orThis expression can be solved for r: Oa = I ,, 

r = a, + ~[IOgC ~ ~)r ~ = ~p2 + p(a, + ~ VP)V(4a, + Vp2)]-1 /2, 

-!IOg(-~) where p = 10g[U(1 - ~)]. Let {3 be a co lum n vec tor
2 1 - ~ of these derivatives, 

{3 = [or /oa, or/avr , 
and let S be the 2 x 2 large-sample variance
covariance matrix for th e ML estimates d, and D. 

The resulting expression (equation 3) defines r as The 0 m ethod is essentiall y a th eorem from m ath
a function of ~ (selected by the investigator) and ematical statistics sta ting th at the lar ge- sample dis
two model parameters, a, and v. tribution of T is normal with a m ean of r a nd a 

Once ML estimates, d, and 13, have been obtained, variance of {3'S{3. The variance can be estimated 
the ML estimate of r ; denoted T, is just equation 3 by pi cking S out of the estima ted variance-co

",. 
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Fig. 5. Comparison of raw data (plotted points) and model results (solid line) for the proportion of the grasshopper 
community in each developmental state as a function of Julian date, Havre, Montana, 1986 (log likelihood 
-.52.63). (A) First instar. (B) Second instar. (C) Third instar. (D) Fourth instar, (E) Fifth instar. (F) Adult. 

variance matrix obtained from fitting the model to means among sites , there was considerable overlap 
data (see Dennis & Kemp 1988) and by substituting (Table 1). Based on these results, it appeared rea
ti, and v in (3. Then sonable to use the six-species complex for further 

comparisons of phenology among communities r ± Za/2VJ'SJ from the nine sites. 
is an approximate 100(1 - a)% confidence interval Model Comparisons. The AIC was used to de
for r. Here Z,, /2 is the 100[1 -(a/2)]th percentile of termine the number of parameters necessary to 
the standard normal distribution. describe the data for nine sites over 3 yr (Fig. 3).
 

Standard ANOVA and regression methods were Results showed that the most appropriate way to
 
used to compare species percentages among grass describe the data was with the Dennis et al. (1986)
 
hopper communities and the timing of rangeland model fit to data from each site each year because
 
grasshopper phenological signposts (estimated from this method had the lowest AIC (Fig. 3). For com

the model). Where appropriate, multiple compar parison, the AIC was computed for the saturated
 
isons were made with Tukey's studentized range model (the "saturated model" estimates r param

test (SAS Institute 1988). eters, that is, r stage proportions, for every sample,
 

subject to the constraint that the parameters add
 
to 1) with 2,664 parameters. Fig. 3 shows that there
Results and Discussion 
is little improvement in the AIC with the addition 

Communities. The six selected species consti of > 10 times as many parameters when compared 
tuted > 50% of the communities at the nine sites with the sites and years model. Therefore, the mod
during 1986-1988 (Table 1). The proportion of the el that describes the data with 156 parameters (I.e ., 
communities made up of the six species at Three the Dennis et al. (1986) model fit to data sets from 
Forks was consistently high. Although there were individual sites and years) was the most appropriate 
significant differences among the 3-yr proportion for our purposes. Fig. 4-7 show the range of log 
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Fig. 6. Co mpa rison of ra w dat a (p lotted poi nts) and model resulls (solid line) for the p roportion of the grasshoppe r 
comm unity in each devel opmental sta te as a functi on of accumulated degree-days, Three Forks, Montana, 1987 
(log likelihood w - 497.94). (A) First insta r. (8) Seco nd instar. (C) Third instar. (D ) Fourth insta r. (E ) Fifth insta r. 
(F) Ad u lt. 

likelihoods e ncountered and provide a co ntras t be
tw een result s expr essed in Julian dat e and degree
da ys. 

Alth ough describing the data by par ameteri zing 
th e Dennis e t a l. (1986) mod el for eac h yea r and 
site is approp ria te (Ta b le 2), thi s poses problems 
for th e pest ma nager. It suggests th at every site 
and yea r is differ ent, even wh en tr yin g to esti mate 
ph en olog y for th e six-species com plex. Although 
thi s is true to some degr ee , we examined the results 
fur the r to consi de r the var iat ion in estimates of 
specific d evelopmental signposts that a re im portant 
to resource managers involved in grasshoppe r pes t 
man agemen t. 

Population Signposts. Julian dat e and degr ee
da y estima tes for th e six ran geland grasshopper 
signposts a t each of the sentinel sites a re conta ined 
in Table 3. For eac h signpost, compa risons of Julian 
date mean s amo ng the sites showe d th ere were no 
sig ni fica nt diff er en ces. Further , a ltho ug h signifi
ca nt differ ences were found am on g sites for the 
mean number of degree-days across sites for sig n

posts peak third instar through 75 % adult, there 
was considerable ove rla p and no clear patterns 
em erged. In a ll cases wh er e th ere wer e significant 
diff erences in degr ee-days, it was th e result of co n
trasts be tween Three Forks and Jordan or Broadus. 
O verall , the average occ ur re nce dates (non leap 
yea r) for the six ph en ological sign posts a re JD 138 
(Ma y 18) for 75% first insta r, JD 146 (May 26) for 
pea k second instar , JD 158 (Ju ne 7) for peak third 
instar, JD 167 (June 16) for peak fourth instar , JD 
177 (Ju ne 26) for peak fift h insta r, and JD 188 Ouly 
7) for 75 % ad ult (Table 3). 

With the same dat a used to construct Tabl e 3, 
we co mputed the Julian dat e a nd degr ee-day di f
fer ences between ea ch of the maj or grasshoppe r 
development sig nposts (Table 4). In a ll cases, sites 
were not significa nt (Tab le 4). This suggests that 
once hat ching occu rs, th er e is a fairl y orde rly p ro
gr ession in the phe nologica l sequence for th e six
species co m plex ove r the period of study . The mean 
Julian dat e and degr ee-day s separa ting develop
mental sign post s a re simila r to those used by On

http:I,.....J


.: : : : :...::-. .. '

December 1991 KEMP & DENNIS: MODEL OF RANGELAND GRASSHOPPER PHENOLOGY 1511 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
100 

1.0 

c 
0 

...... 

0 

0.8 

0.6 

c. 0.4 
0 

n, 0.2 

0.0 

1.0 1.0
 

A B
 C 
0.8 0.8 

0.6 0.6 

00

0.4 0.4 

0.2 0.2 

00..0 
0 0.0 0.0 

150 200 250 300 100 150 200 250 300 100 150 200 250 300 

1.0 1.0 

D E F 
0.8 0.8 

0.6 0.6 

0.4 0.4 

0.2 0.2 
o 0 

100 150 200 250 300 0.0 0.0 
100 150 200 250 300 100 150 200 250 300

Julian Date 
Fig. 7. Comparison of raw data (plotted points) and model results (solid line) for the proportion of the grasshopper 

community in each developmental state as a function of Julian date, Three Forks, Montana, 1987 (log likelihood 
= -497.94). (A) First instar. (B) Second instar. (C) Third instar. (D) Fourth instar. (E) Fifth instar. (F) Adult. 

sager (1983) in simulation studies of rangeland piing) prevented us from obtaining precise ob
grasshopper growth, survival, and forage con served estimates of the timing of 7,5% first instar 
sumption. during 1989 (estimates had very large confidence 

Grasshopper populations drastically declined intervals), Therefore, forecasts (Table 5) were ini
throughout Montana between 1988 and 1989. tiated with the observed dates for peak second in
Therefore, we were able to compare only the gen star at each of the three sites. Comparisons between 
eral results collected from 1986 to 1988 with data observed and forecasted signposts shown in Table 
from three sites collected during 1989 (Table 5). ,5 suggest that the average Julian date differences 
The term "observed," in this case, refers to the between the phenological signposts for the 26 site
estimate for this stage computed by fitting the Den years reported in Table 4 have value in forecasting 
nis et al. (1986) model to 1989 data, then calcu the phenological progression of populations over a 
lating the signpost estimates (Dennis & Kemp 1988 wide range of conditions in Montana . However, 
and as above). this result must be tempered by the understanding 

Given the "observed" date of peak second instar, that the use of Table 4 depends on a reasonable 
the average differences between signposts (Table knowledge of the timing of peak second instar and, 
4) were then used to "forecast" occurrence dates ultimately. of hatching. 
of the peak third instar through 75% adult signposts Further work will be required before we are 
in 1989 (Table 5, forecasted Julian date). We had able to estimate the differences among sites in 
hoped to start with the observed date of 75% first grasshopper hatching dates in an environmentally 
instar at each of the three sites as a given and then heterogeneous state like Montana (Hewitt 1979) . 
use the average differences between signposts found However, Kemp et al. (1992) found that the begin
in Table 4 for forecasting. However. low densities bloom phenophase of purple common lilac. Syrin
and poor weather conditions (that prevent sam- ga vulgaris (L.) (a commonly grown ornamental 
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Table 2. Paj-amerer estimates and asymptotic standa rd e r rors ( ) (or nine s ires during 1986-1 988 in Monlana (or 
a model (Dermis et al. 1986) d escr-ib ing a srx-species popufation complex o( r angel and grasshopper phenology" 

Site Year at az a3 a4 as v 

Glasgow 1986 102.527 146.707 188.260 265.072 372 .493 7.451 
(2.771) (3.091) (3.485) (4.058) (3.917) (0.405) 

1987 125.625 176.433 249.366 3 16.813 395.998 3.535 
(3.992) (3.908) (1.794) (4.457) (5.138) (0.306) 

1988 65.7 18 123.654 267.839 364 .896 488.74 1 4.694 
(3.792) (4.755) (7.452) (6.498) (7.646) (0.419) 

Hav re 1986 5 1.278 161.178 203.346 255. 151 314.051 1.715 
(4.898) (7.782) (6.001) (5.633) (4.779) (0.256) 

1987 95.712 138.876 200.381 270098 325.370 4.359 
(2.832) (2.644) (3.542) (3.403) (3.967) (0.320) 

1988 71.138 129.873 231.597 323.193 448.043 3.095 
(2.859) (2.724) p.789) (4.190) (6.176) (0.230) 

Miles Ci ty 1986 69.793 124.577 196.425 290.312 400.393 5.570 
(4.745) (3.4.53) (3.660) (5.701) (5.289) (0.416) 

1987 107.939 154.760 218.864 275.745 372.6 14 5.771 
(4.714) (3.825) (4.467) (5.618) (5.252) (0.493) 

1988 13.666 67.972 241.412 357.32 1 500.989 9.069 
(7.197) (7.560) (14.355) (10.565) (12.010) (1.196) 

Jordan 1986 143.102 207.028 304.504 397.850 521.794 4.799 
(5.199) (5.155) (5.790) (-1.254) (3.707) (0.310) 

1987 158.269 242.051 318.701 398.571 512.547 5.722 
(4.100) (3.323) (3.323) (3.896) (05 .499) (0.336) 

Fort Benton 1986 139.843 196.310 264.308 341.171 434.007 4.272 
c (3.148) (2.342) (2.407) (2.577) (2.830) (. (0.189) 

1987 175.744 208.70:3 268.045 332.567 418.284 3.027 
(2.039) (2.329) (2.63 1) (2.854) (3.762) (0.171) 

1988 62.858 122.546 212.462 297.46 4 431.538 5.238 
(1.749) (2.791) (3.184) (4.323) (5.457) (0.307) 

Broad us 1986 157.184 211.294 27 1.708 356782 471.503 4.856 
(2.205) (2.636) (3.715) (4.702) (3.779) (0.257) 

1987 1.50.01.5 223.315 305.3.'36 336.837 427.88 1 6.543 
(1.977) (2.661) (3.635) (3.696) (4.720) (0.374) 

1988 94.702 150.150 229.577 348.428 521.072 7.834 
(2.197) (2.8 13) (3.539) (4.245) (7.458) (0.439) 

Billings 1986 94.197 127.214 233.9054 30 1.769 :390.719 3.780 
(2.816) (3.811) (8.756) (6.472) (3.859) (0.325) 

1987 137.081 169.015 209.679 260.499 353.234 1.654 
(1.846) (1.437) (1.673) (2.766) (,'3. 866) (0.118) 

1988 . 57.957 112.905 196.915 283.165 408574 6.884 
(2.814) (3.305) (3.960) (4.456) (6.319) (0.469) 

Great Falls 1986 126.817 167.605 221.926 272.984 333.563 2.202 
(2.552) (2. 17.5) (1.894) (2.558) (2.486) (0.134) 

1987 164.162 231.130 30.5.619 370.631 428.101 4.8:34 
(6,467) (4.497) (3.421) (3.609) (4.298) (0.367) 

1988 56.892 112.451 176.5.'34 262.853 372.283 6..504 
(5.354) (4.097) (3.755) (5.518) (7.117) (0.596) 

T h ree Forks 1986 91.606 121.316 169.940 220.141 297.670 3..540 
(1.215) (l.l07) (1.268) ( 1.463) (1.745) (0.117) 

1987 92.040 111.868 145.184 195.567 258.721 3.215 
(0.954) (0.868) (0.896) (1.477) (1.893) (0.111) 

1988 97.670 15 1.460 189.215 255.945 354.496 2.069 
(0.902) (1.00 1) (1.141) (1..564) (2.714) (0.083) 

a Estima tes are in degree-days star ting 1 January . 17.8"C base (Allen 1976). 

shru b) , pr eced ed the es tima ted hatch (da te of 75 % th e phe nological sig nposts (Tab le 4) to forecast th e 
first instar) of th is six-species complex of grasshop- occurrence of the rem aining sign posts in a given 
pers by ""10 d (24 site-yea rs). T he re fore, it seems year. Becau se th e timing of the begin- bloom phase 
th at th e use of a plant phenologi cal indicator like of purple common lila c is a goo d indicator of ac
th e begin -bloom phen ophase of pu rple com mon cum ula ted heat (if not water- stressed [Caprio et al. 
lilac is app rop ria te for est ima ting a n init ial refer- 1970]) and was significantly relat ed to hat ch (y = 
en ce date for thi s six-species com plex of rangeland 30.36 + 0.8 4x, wh ere y = JD 75 % first instar [spring 
grass hoppe rs. Gi ve n an estima ted hat ch date. re- hat ch] a nd x = JD of th e begin-bloom ph ase of 
source ma nagers can th en use d ifferences between purple common lilac; P = 0.0001 , r" = 0.51 ), it is 
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Table 3. Mean es tim a te d developmental signposts (average of n years) for rangeland grasshoppers in Montana (1986-1988) in Julian and d egree-days 

Glasgow 

Site 

n 

3 

Hatch 
(75% Ist lnstar) 

JD DD 
(SD) 

76.7 137 
(9.5) (28.0) 

n 

3 

Peak 
2nd instar 

JD DD 
(SD) 

148 117.7 
(4.6) (29.0) 

Peak 
3rd instar 

JD DD 
(SD) 

186.0 158 
(3.2) (24.6) 

Peak 
4th instar 

JD DD 
(SD) 

165 269.7 
(4.2) (46.7) 

Peak 
5th instar 

JD DD 
(SD) 

175 361.7 
(3.8) (55.5) 

75% ad uh 

JD DD 
(SD) 

187 472.7 
(9.5) (61.8) 

~ 
t'1 
~ 
"0 

2

0 
ttl 
Z 
Z 

Havre 3 136 58.3 3 144 104.3 161 174.0 170 243.7 179 319.3 189 400.7 ~ 
(8.6) (17.0) (8.5) (8.1) (6.4) (7.9) (4.7) (26.3) (3.8) (54.5) (4.5) (81.5) 3: 

Miles Cit y 1 125 
(-) 

84.0 
(-) 

3 133 
(13.2) 

82.3 
(47.6) 

148 
(5.0) 

159.0 
(20.0) 

161 
(5.3) 

255.7 
(28.9) 

171 
(5.0) 

358.7 
(53.3) 

182 
(6.1) 

488.0 
(81.2) 

0 
Cl 
t'1 

Jord an 2 141 
(13.4) 

123.0 
(8.5) 

2 152 
(2.8) 

182.0 
(17.0) 

165 
(2.1) 

262.0 
(17.0) 

172 
(4.2) 

349.5 
(4.9) 

183 
(2.1) 

451.5 
(3.5) 

199 
(4.2) 

578.0 
(2.8) 

r
0 
"'l 

Fort Bent on 3 137 
(12.2) 

104.3 
(53.8) 

3 148 
(10.1) 

146.3 
(53.0) 

157 
(8.6) 

207.3 
(40.4) 

166 
(7.5) 

282 
(28.6) 

178 
(5.5) 

371.3 
(13.0 ) 

189 
(10.5) 

476.7 
(15.4) 

::0 
> 
Z 

Broadu s 3 138 106.0 3 145 157.7 159 224.7 166 301.3 175 403.7 187 538.7 
o 
ttl 

(12.5) (32.5) (10.8) (37.8) (8.3) (39.2) (7.5) (18.7) (6.0) (26.1) (8.2) (53.5) r
> 

Billings 3 137 
(9.9) 

79.3 
(41.1) 

3 143 
(8.5) 

112.0 
(36.8) 

156 
(6.8) 

170.3 
(21.1) 

165 
(8.1) 

243.3 
(17.9) 

173 
(7.4) 

328 .3 
(20.3) 

182 
(8.4) 

429.0 
(45.3) 

Z 
Cl 
o 

Gr eat Fa lls 

T hree For ks 

3 

3 

146 
(10.6) 

139 
(11.1) 

95.0 
(50.2) 

77.3 
(4.9) 

3 

3 

157 
(10.4) 

143 
(10.8) 

138.3 
(57.3) 

108.0 
(12.3) 

166 
(7.6) 

151 
(14.3) 

197.7 
(62.7) 

145.0 
(21.7) 

177 
(6.5) 

162 
(6.1) 

264.7 
(62.1) 

192.7 
(26.5 ) 

187 
(9.5) 

171 
(5.6) 

335.0 
(5 1.3) 

260.7 
(39.8) 

201 
(8.5) 

182 
(7.4) 

425.3 
(58.1) 

338.0 
(47.0) 

" > 
<Jl 
<Jl 
:::: 
0 
"0 
"0 

Signi ficant differen ces amo ng No No No No No Yes No Yes No Yes No Yes ttl 

" sites (a - 0.05) 
All sites/years 24 138 

(9.8) 
88.4 

(34.0) 
26 146 

(10.3) 
125.5 
(42.2) 

158 
(8.5) 

189.1 
(42.2) 

167 
(7.0) 

263.7 
(47.9) 

177 
(7.1) 

350.7 
(59.6) 

188 
(9.3) 

456.3 
(81.6) 

'"0 
:::: 
ttl 
Z 
0 
r
0 o 
-< 

..... 
CJl ..... 
c.o 

. .t 
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Table 4. Differ~nce$ between predicted oceurrence dates for populations o( rangeland grasshoppers ill Montana, 
1986-1988 

Sites 

Interval Julian date Degree-days 
(SD) (SD) 

75% Ist Instar-peak 2nd instar 
Peak 2nd instar-peak 3rd instar 
Peak 3rd instar-peak 4th instar 
Peak 4th inslar-peak 5th instar 
Peak 5th instar-75% adults 

24 
26 
26 
26 
26 

8.5 (4.9) 
12.1 (5.9) 
9.2(3.9) 
9.7(1.8) 

11.9 (3.4) 

42.5 (lO.p) 
63.5 (19.3) 
74.6 (24 .5) 
87.1 (23 .9) 

105.5 (28.5) 

Values are not signiflca ntly different (df = 8, IX = 0.05; ANOVA [SAS Institute 1988]). 

re asonable to consider the use of this indicator 
(Kemp et al. 1992) pending the development of 
more sophisticated models for the prediction of 
springtime hatch of rangeland grasshoppers. The 
use of a plant that is a good indicator of accu
mulated heat to initiate grasshopper forecasts has 
merit in that year-to-year differences in accumu
lated heat before hatch will result in the earlier or 
lat er occurrence of the plant phenological stage. 
By observing Iilae plants, land managers can de
termine whether conditions of a given year vary 
substantially from individual site means for hatch
ing or for hatching in general (Table 3) and make 
appropriate adjustments in forecasting the occur
rence of the remaining signposts. 

In summary, the AIC showed that the Dennis et 
al. (1986) model provided good estimates of range
land grasshopper phenology on an individual site
year basis, based on accumulated heat. Further, 
average Julian date differences between grasshop-

Table 5 . Comparison o( "observed" 1989 versus fore
casted occurrence dates for major phenological evenIs of 
a six-species complex of grasshoppers at three sites in 
Monlana 

Forecasted 
Observed 

Julian dateStage Jul ian date from general
for site /year d ifferences 

Fort Benton" 

Peak 2nd instar 159 
Peak 3rd instar 174 171 
Peak 4th insta r 185 180 
Peak 5th inst ar 194 190 
75 % adult 205 202 

Havreb 

P eak 2nd instar 162 
Peak 3rd instar 170 174 
Peat 4th instar 181 183 
Peak 5th instar 188 193 
75 % adult 202 205 

Three Forks-
Peak 2nd instar 155 
Peak 3rd instar 173 167 
Peak 4th instar 183 176 
Peak 5th instar 188 186 
75 % adult 197 198 

a Six spec ies, 85% of population. 
b Six species, 77% of populati on. 
C Six spec ies, 98% of population. 

per phenological signposts provided reasonable 
forecasts of grasshopper development. These re
sults, combined with a separate but related study 
linking spring hatch with the begin-bloom phen
ophase of purple common lilac , provide a reason
able general model of rangeland grasshopper phe
nology in Montana. 

Implications (or Pest Management. Until this 
study was conducted, there was little specific in
formation on the phenological progression of grass
hoppers that could be used in a pest management 
context (Shotwell 1941; Newton et al. 1954; Hewitt 
1979, 1980) . The results of our study can be used 
by resource managers as they attempt to imple
ment the recommendations of Onsager (1986, 
1987a,b) for the timing of rangeland grasshopper 
assessment and control activities. 

Predicting the phenological progression of spe
cies assemblages will continue to challenge both 
researchers and land managers interested in pest 
management. At present, however. predicting the 
phenological progression of the six-species complex 
appears reasonable in view of the variation found 
(Tables 3 and 4) and the occurrence patterns of 
these species at each site throughout the study (Ta
ble 1). Depending on their location, resource man
agers may find that local conditions more closely 
resemble the observed differences between sign 
posts at an individual site (Table 3) rather than the 
overall me an differences shown in Table 4. Future 
work with en vironmental covariates (Kemp et al. 
1990a,b) may offer a way of improving forecast 
accuracy and, at the same time, help us understand 
this extremely complex grassland-herbivore sys
tem. Furthermore, the establishment of the USDA
APHIS-PPQ sentinel site system (for grasshop
pers) is a very important first step in understanding 
the large-scale variability that must be addressed 
if future rangeland pest management programs are 
to be successful. 
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