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SEEING THE WOOD FOR THE TREES:
DETECTING DENSITY DEPENDENCE FROM
EXISTING LIFE-TABLE STUDIES

By M. P. HASSELL. J. LATTO anp R. M. MAY

Y
Yepartment of Pure and Applicd Biology, Imperial College, SShvood Park, Ascot,
Berks SLS 7PY

SUMMARY

{1) The analysis of sixty-three life-table studies involving fifty-cight insect species by
Stiling (1988) is re-examined. In pariicular, we question his conclusion that the apparent
absence of density-dependent processes in more than half of the studies meaningfully
reflects the prevalence of such processes in natural systems.

(2 We show that the proportion of studies in which density dependence was detected by
the -.1ginal authors increases marked!ly with the number of generations available for
anaysis, This pattern is particularhy clear from the twenty-cight life-tables available for
univoltine insects.

(3) That density dependence was detected in a large proportion of the studices lasting for
more than a few generations 1s an encouraging result considering the inadequacices in
current methods for dewecting the different types of density dependence that can act on
msect populations,

INTRODUCTION

M <tudies in which populations have been monitored over several generations show
fluc auons in population size around some characteristic level of abundance. quite
unlihe unbounded population growth or any ‘random walk’ incvitably meandering to
extinction. Clearly, some kind of negative feedback process. acting for at least some of the
time on at least part of the population. must be involved in the dynamics of such
populations (except in the very unlikely event that density-independent gain and loss
terms happen to be in almost exact balance over the period). Identifying these feedback
processes by teasing out the density-dependent signal from the environmental noise, and
explaining just hiow they operate. 1s of fundamental importance to ecology. Only then can
suc' practical applications as harvesting of renewable resources. epidemiology. conser-
Ve of species and pest control ke properly addressed on a truly scientific basis.

w1 populations are. of course. subject to diflerent mixtares of predictable density-
dependent effects and unpredictable environmental noise. In some field studics. however,
0 density dependence appears to have been detected. and yet the populations seem 1o be
fluctuating erratically around some long-term average level of abundance. with the
fluctuations clearly restricted in amplitude (e.g. Dempster 1975). This has led some
authors to sce density dependence as a sporadic process that imposes an upper ‘ceiling’
and a lower *floor’ on the population fluctuations. lcaving the populations free for the rest
of the time to fluctuate erratically between these two levels (Milne 1957: Strong 1986:
ST 1988). Most of these ideas have been framed in verbal terms. In essence. such a
T cand-ceiling” model ultimately represents no more or less thun one sharply
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. discontinuous shape for the density-dependent regulatory processes. Sinclair (1989) by,
recently given an incisive review of the history of these ideas.

In an interesting recent study, Stiling (1988) has surveyed sixty-three published life.
wable studies of insects from forty-nine separate studies. and lists all factors identified g,
density-dependent or acting as a key factor. He found that "density-dependent processes
were not identified in 46:9% of the cases. In the remaining 53-1%4, no one densily.

dependent process was of paramount importance in exerting “control” over the
populations.” From these statistics he concluded that many insect populations are nop
regulated by density-dependent factors acting across the usual range of population
densities.

It is outside the scope of the present paper o re-examine in detail these individual
studies in an attempt to analyse the data uniformly. Indeed. it is still far from clear how
density depcndence is best detected from such long-term data sets {Gaston & Lawton
1987: Pollard. Lakhani & Rothery 1987). Instead. like Stiling. we accept the original
authors’ findings on whether or not density dependence was detected. However, when
examined in relation to the duration of the studies. the sume data set point clearly to a
much greater prevalence of density-dependent processes than is implied by Stiling's
analysis.

METHODS

Of the sixty-three lifc-table studies involving fiftv-eight insect species examined by Stiling
(1988) (his Tablc 1). fifty studies were examined for density dependence by the original
authors. These are indicated in our Table 1 together with the additiona! information of
the duration of the study in terms of completed generations and. in the case of
muliivoltine insccts. the number of generations per vear. Table 1 also indicates the
statistical methods used to detect density dependence. Some authors have regressed a
measure of mortality against density looking for o positive correlation (‘single
regression’). while others have used the method of Varley & Gradwell (1960, 1968) where
density dependence is only accepted if the regression cocetlicient of log survivors (log §)
against log density (log M) is significantly less than unity wnd that of Jog N against log Sis
significantly greater than unity {"double regression’). This is an unnecessarily harsh test,
requiring that density dependence remains apparent when «/f sampling errors are
assumied in turn to lic first in the estimates of N and then in those of S (Hassell 1980;
Hassell. Southwood & Reader 1987: Southwood er al. 1989). In response 1o this, Bartlett’s
(1949) regression method has sometimes been used in which sampling errors are equally
distributed between both axes. We have used the term “Unclear' in Table | where thereis
insutlicient information given in the original papers to attach any of the other labels.
These different methods. of” testing for density dependence appear with different
frequency in Tuble 1. There is a tendency far the “single” and *double’ regressions to be
used somewhat more often in longer Jasting studies and to show density dependence with
a slightly greater frequency than in the studies falling into the *Bartlett” or “Unclear’
categorics. Having said that. the biases introduced in this way are slight and do not
explain the marked trends discussed below (see Figs 1. 2).

Qur analysis rests largely on a re-examination of the same sixty-three studies
considered by Stiling. Inevitably. not all of these are strictly comparable. For instance, in
at least five cases both spatial and temporal data have been combined in the same analysis
of density dependence: Euphyvdryvas editha studied at twenty-three sites over fouf
gencrations: Henosepifachana pustulosa studied at eleven sites for three generations;
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Hypera postica siudied atfour sites for up to five gencrations: Hiseana cervinata studied at
(hree sites for three generations; and. the most extreme case, Fiorinia externa studied at
(hirty sites for only one generation. The importance of spatial density dependence in the
regulation of populations, and problems in its detection from temporal runs of life-table
data. have been recently discussed (e.g. Hassell 1985, 1987: Dempster & Pollard 1986;
sountford 1988; Walde & Murdoch 1988). However. mixing the two kinds of data—
spatial and temporai—to increase the number of points available for analysis is unsound
and best avoided. All the same. we have retained them here in order to consider the same
seiention of studies discussed by Stiling. (We are aware of a further ten examples not listed
in Table | (see Table 2). and have also repeated our analysis with these included (Fig. 2).)

RESULTS

Notwithstanding the heterogeneity in the data and in the type of analysis, there are
striking and interesting patterns in the frequency that density dependence has been
detected from the casesin Table 1. The single most important factor is simply the duration
of ithe studics. This is made ciear from Fig. la. showing how density dependence is more
likely to be detected as the number of generations available for analysis increases. Thus,
with the inclusion of all cases in Table 1. only 544 purport 1o show density dependence.
(Tt slight difference in this figurc from the value of 53-1% obtained by Stiling (1988) is
d-. . we suspect, 1o Philaenus spumarius being mistakenly included in the ‘not tested
category.) By progressively shedding from the analysis all studies of less than a given
duration. commencing with that of Fiorinia externa which lasted for only one generation
(sec above). this value 1s significantly increased. For example, density dependence was
detected in 60°% of the fificen studies of more than ten generations and 70%, of the ten
lasting for more than twelve generations.

The examples in Table 1 include both univoltine and multivoltine species. The way that
multivoltine species have been included in this analysis needs some explanation. In the
original studies. some authors included all gencrations in their analysis. while others only
o ied for density dependence from the comparable generation in successive years.
Vs Lach is correct will depend on the system in question and whether the agent causing the
density dependence operates mainly on one. or on all of the generations within the vear.
We have followed the origina! authors in this. except where it is unclear what was done. in
which case we have assumed that the analysis included all generations. There are twenty-
eight univoltine cases, fifteen of which (53-6%) show some form of density dependence.
Thisis almost the same proportion obtained from the twenty-twao studies on multivoltine
species (54-574), indicating that both contribute more-or-less equally to the overall figure
of 34" of the fifty cases analysed in Table 1 that show density dependence.

Recause of these diflerent wayvs that multivoltine species are treated. an obvious next

7 is 1o repeat the analysis considering only the univoltine species in Table 1. The length
of the study now has a more striking effect (Fig. 1b).and density dependence is detected in
80", of the studies lasting longer than 10 years.

Finally, we have repeated the analysis in Fig. 1b to include the ten additional examples
listed in Table 2. As shown in Fig. 2. the same increasing frequency of detecting density
dependence in longer lasting studies remains clear. Density dependence is now apparent
in nearly 70" of all cases. rising rapidly to 100" from studies of longer than 14 years.
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TasLE 1. Densityv-dependent sources of mortalily in insect population studies. Dala

from Table 1 of Suling (1988) with some additional information on the length of the

studics and the method used by the original authors for detecting density dependence
(single. double. multiple or Bartlett regression. or method unclear)

Denstty
dependence Generations
(numbers per Method of
Species Source Stage vear) analvsis Reference
Lepidopiera :
Andraca bipunciate None 10 (4) Single Bannerjec 1979
Bupalus pintarus Pd Ds Larva 15 (1) Single Klomp 1966
Operophiera brumata Pred Pupa 13(1) Double Varley, Gradwell. Hassell 1973
Opcroph.era brumata  None 8(1) Unclear Embree 1965
Wiseana cerrinata Disp Adult 1041 Single Barlow. French, Pearson 1986
Epiplivas posteitiara Paras Larva 16 (3) Bartlel Danthanarayviana 1983
Pupilio xuthus Paras Eeg. - 12 (4) Double Hirose et al. 1980
Papilio xuthies Nonc 10 (4 Single Watanabe 1981
“Leptidea sinapls - — 8(1) Multiple Warren. Pollurd & Bibby 1986
Colias alexandra None S Unclear Hayes 1981
Ladoga camillu None S¢1) Not tested  Pollard 1979
Malacasoma neustria - Disp Adult 8 (1) Single Shiga 1979
Coleophera serratelly — — 7 Unclear LeRous. Pardis & Hudon 1963
Spilnota occelluna — - 12q1) Uinclear MitcLellun 1978
Archips argyrospilues — - S5(h Unclear LeRouy. Parudis & lHudson 1963
Ostrinia nubialis — — 5D Unclear LeRoux. Paradis & Hudson 1963
Hyphantria cunea Fec Adult 8(2) Single Jté & Mivashita 1968
Tvria jucobacace SvDp Fe Lv AA 1 Single Dempster 1982
Picris rapac — — 18(3) Single Harcourt 1966
Phaelta maculipennis — None 18 () Unclear Harcourt 1963
Choristoneura S\ DpFe LvAA lo (1) Single Morris 1963
Tumiferena
Choristoncurd pinus — — 3 Unclear Foltz. Knight & Allen 1972
Euphyvdras editha None f4h Unclear Ehrhic et al. 1973
Euphvdras editha Sy Lurva 4t Uinclear White 1974
Rhyacionia fristrana— Paras Egg 63 Single Garguillo & Berisford 1983
Parnara gutiata Paras Egg S5 Single Nakasuji 1982
Anthocharis cardamines ~— — 3 Nottested  Courtney & Duggan 1983
Laspevresia pomonella — — 12(1) Unclcar MucLellan 1977
Homoptera
Saccharosydne Paras Nymph 12(6) Double Meicalfe 1972
saccharivora
Parlaroria oleace None 18(2) Unclear HufTaker & Kennett 1966
Leprowerna dolabrata Fec Adult 7(H Single McNeil 1973
Erastunus ocellaris None 12(2) Bartlett Waloflf & Thompson 1980
Psammaiettix confins . None 5() Bardeu Waloff & Thompson 1980
Dicranotropis hamata -~ None 10(2) Bartlett Walofl & Thompson 1980
Diplocolenus None 6l Bartlett Waloff & Thompson 1980
ahdominglis
Elvmana sulphirella None 6(1) Bartlett Waloff & Thompson 1980
Delrocephalis None o) Barden Walofl & Thompson 1980
coronifer
Aleurorrachelus None 1141) Douhle Southwood & Reader
Jelinekii 1976
Fioriniu externa Paras Nymph 1(n Single McClure 1977
Tsugaspidiotus isigae -— — 6(2) Unclear McClure 1981
Fiovinia theae - — Several Not tested  Munir & Sailer 1985
Cicadella viridiy None 3 Not tested  Tay 1972
Stenocranies mumultus None 2(0 Not tested  May 1971
Nephotenix cincticeps Fee Adult 243 Single Kuno & Hokyo 1970
Nilaparvata lugens Disp Adult 24 Single Kuno & Hokvo 1970
Philuenus spumariuy Conglom  Adult 7(h Single Whittaker 1973
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(Table | continued)

ation studies. Data

i the length of the : Density
dens T Hependence v dcpcnacflce
o r : Generations Method of
i §pecies Source Stage (numbers per year)  analysis Reference
I Coleoptera -
Reference P/“~,()(/('(~1u olivaced None 5(h L!ncleur Richards & Waloff 1961
—_— Hypera postica Fungus  Larva 5(1 Single Harcourt & Guppy 1977
_ i L;:,;/innmrsu Paras Larva 3(2) Unclear Lathcef & Harcourt 1974
neree 1979 decemlineata
np 1966 Leptinnlursa MgSvw  Alv 6(1) Single Harcourt 197)
ey Gradwell Hassell 1973 decemlineata ] i
ree [Y63 Jon sepiluchuna DispFc AA Ih Single Nakamura & Ohgushi
ow. French. Pearson 1986 wlosa 1981
thanaravana 1983 S s rventralis None¢ 8 (1) Single Berryvman 1973
we el all 1980 S da inornata — — 4(0:5 1) Not tested  Grimble & Knight 1970
anabe 1981
ren. Pollurd & Bibby 1986 Diptera
es 193] Eviviscitia brassicae Pred Pupa 9(3) Double Benson 1973
ard 1979 Eriotschiu brassicac Host Tith Pupa 6(2) Single Hughes & Mitchell 1960
4 1979 Oscinella frit None 6(2) Unclear Allern & Picnkowski 1975
cux. Pardis & Hudon 1963 Delia coarcieia Disp Adult 1 (1 Double Kowalski & Benson 1978
‘Lelian 1978 Taxomyia taxi None LS 1) Single Redfern & Camicron 1978
ous. Paradis & Hudson 1903
ou. Paradis & Hudson 1943 Orthoptera
& Mivashita 1968 Zonacerus ranegans — — 4(1) Not tested  Chapman. Puge & Cook 1979
ipsler 198D O oiceles None ¥ Double Farrow 1982
court 1966 ~ovtinifera
court [963 [ olaaeeris dispar Parus P4 Adult 6(1) Bartletl Sanchez & Liljesthrom
s 1963 1986
7. Knight & Alicn 1972 Hymenoplera
Wt al 19738 | Cyzenis albicuns Pred Pupa 1S(1) Double Hassell 1969
e 1974 Neadiprion sctifer None (INEY} Single Lyons 1977

2uillo & Berisford 1983
asugp 10
TN

fL’“;m

aggan 1983
T

calle 1072

Abbreviations as follows: —, not examined for density dependence: “A’. adult: *Conglom’. conglomerate:
‘Disp” or "Dp, dispersali "Dy’ discase. "Fee or "Fe'l fecundity: "Host dth’. host death: "Ly’ Jarvae: "Mg™,
migration: Nonc'. density dependence not found: "Paras™ or “Ps’, parasitism: "Pd” or "Pred’. predation: "Sv',

stunvation: "My’ Migration.

faker & K : oor
S ennett 1966 < {a) F(b)
oil & Thompson 1980 £
ol & Thompson 1980 g or -
off & Thompson 1980 g
off & Thompson 19%0 ®
> 8ot B
ol & Thompson 1980 € °
ofl & Thompson 1980 R
= 70k .
thwood & Reader -
Ture 1977 <60 i
fure 98] - R Qd/’,‘. A .ﬁ R
ur & Smler 1983 i h .
1972 ol v v o oy R
1971 ’ > 0 ° ' E

10 & Hokvoe 1970
o & Hokve 1970
tiaker 1972

Durat:on of shortest study

B 1L The effect of the duration of the studies (in generations) on the probability of detecting
density dependence. () Using the fifty examiples in Tuble | that Stiling (1988) found were analysed
for density dependence. and (b) using only those involving unisoltine species. In both cases the
relationship rises as studies ol shorier duration than the abscissa values are shed from the analysis,
The falling sample sizes of the first fitth, tenth and filteenth points are marked above cach line
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Curation of shortest study cfnpiriC'dl o
a F16. 2. As for Fig. b but also including the ten further cases in Tuble 2. Like Fig. 1. the frequency Qur ana
o, of detecting density dependenice is greater in the studies lasting for longer periods. Processes. ¢
= | Jetected in
— TaBLE 2. Additional studies (not given in Table 1) included in the analysis of density . L-ollecled .
dependence shown 1a Fig. 2 (columns correspond to those in Table 1) for more l
o inads crac
a Density Furrc:.'.l)‘ u
. dependence  Generations insect popu
. ~——————  (numbers  Regression mainlv of
el ?pcc:cs Source Stage  per year) method Reference dependenca
~ Lepidopters population
.- Pardia tripuncrata Pred  Pupa 7(1) Single Bauer 1985 Hassell & -
Norocelia roborana - Pred  Pupa 7(1) Single Bituer 1985 \1.J. Crav
Erranis leucophacria - Pred Pupa 15¢1) Double  Ekanavake 1967 (M.J. .
Erranis defoharia Pred  Pupa 15¢1) Double  Fkanavake 1967 In the fu
. Erranis progemmaria - Pred Pupu 15(h Single Ekanayvake 1967 familiar n.
Y Frranis aurantiuria - Pred  Pupa 15(h Single Ehanavake 1967 operaling ¢
- ) Acleris variana Paras  Larva h Single Morris 1959 P e
.. Zertaphera diniana D Larva 17(1) Single Varley & Gradwell 1970 cleaity be
c- o
- Homoptera con\_mnm
e Neophiluenus lineatus Paras Adult 6(1) Double  Whittaker 1971 1985: Denr
o Diptery generation
- Aedes aegypti ? Larva 9N Single Southwood ¢ al. 1972 (May 198(
" - tently as,
o particular!
' caused. th
1 S -',,; - 3
CONCLUSIONS ubiect of
con-non’

Comparative surveys of the literature have proved very valuable in identifying general
patterns in biology (c.g. Ridley 1983; Wulde & Murdoch 1988: Pagel & Harvey 1989).
Such surveys, however. can casily mislead without a sufliciently rigorous analysis (see

Hurvey & Mauace 1982). Morcover. subtle biases in the data basc or systematic trends in We are vt
environmental paramelers can undercut comparative surveys. no matter how well referees fi
designed. There may, for instance. be a tendency for investigators to accumulate longer a Natura

runs of data on populations that are steadier (which could result in density-dependent
effects seeming to be more marked in populations that have been studied longer).
Stiling’s (198%) survey of inscct life-table studies (Table 1), found that density !
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Reference
_—
HIUCT JYRS
fauer
EXTTIRY 1967
hanavake 1967
Aanavihe 1067
hanavake 1967
torns 198y
wiiey & Gradwell 1970

Eitaker 197

authwood cr af. 1972

—_——

le midentifving general

Pagel & Harvey 1989).
Iy rigorous analysis (see
2 Or systematic trends in
s N0 matter how well
TS o wecumulate longer
Htin density-dependent
mn studied longer).

1. Tound thuay density
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PL““‘T ce—as detected by some form of regression analysis ol mortality, fecundity.

epersal rates. ete. against density at a particular developmental stage—was only
- nifest in about half of the cases. Stiling suggests that the remaining half may be

mdldmes for an alternative theory of population regulation, in which density

dence acts only occasionally to set a ‘ceiling’ and a ‘floor’ to population
aycnations. between which stochastic processes drive the pattern of population changes.
We are critical of these views. for two main reasons. Firstly, on theoretical grounds.
imitar patterns of population behaviour—apparently crratic fluctuations between an
apper -7 d fower limit—can arise deterministically as ‘chaos’, generated by a whole
cnee o odels for density-dependent population regulation (May 1974: May & Oster
1\)7@: G.oiok 1987). There is therefore no natural dichotomy between “densitv-dependent
reaulation” and “erratic fluctuations between a floor and ceiling” (May 1986). Secondly. on
cn;piric;xl grounds. we draw different conclusions from the dita surveyed by Stiling.

Our analysis of the life-table studies in Table 1 suggests that density-dependent

ssc<.operating over much of the ubserved range of population densities, were indeed
dduud in the great majority of studies in which adequate data for such tests were
callected. In fact. density dependence was detected in almost all the studies that continued
for m> . than a few generations. This is a most encouraging result, considering the
madec . .cics that may be present in some statistical and sampling techniques that are
currerisy used for detecting the different types of density dependence that can act on
insect populations (e.g. Hassell 1985, 1987 Pollard er «l. 1987). These inadequacies are
mainly of two kinds: (1) where the studies have not been planned to detect density
dependence arising from the many heterogeneities operating on individuals within the
population in a given gencration (e.g. May & Hassell 1988: Walde & Murdoch 1988:
Hassell & Anderson 1989), and (1) w hcrc inappropriate statistical tests have been used
(M), Crawley & D. Cox. unpublished).

In the face of such evidence, we see little need. at least for insects. to cast aside the
famitur notion of populations persisting by virtue of densitv-dependent processes
oper.. Ly over a broad range of population densities. Having said that. populations can
cleariy be regulated by forms of density dependence that can be difficult to detect using
conventional life-table means: for exumple. if there are pronounced time lags (Hasscll
1935: Dempster & Pollard 1986). or if the density dependence is in reponse to within-
generation heterogeneities and is obscured by variability acting upon the population
(May 1986: Hassell 1987). Alternatively. the density dependence may only act intermit-
tenthy as. for example. when caused by generalist predators whose feeding on a
particularly prey is goveraed by such vagaries as alternative prey abundances. However
caussdl these are wil manifestations of density-dependent population regulation. and the
subt.  of population ccology would be well served if they were viewed within such a
cor o Nramework rather than presented as alternative paradigms.

JQPLn
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