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Survival regression analysis: a powerful tool for evaluating
fighting and assessment
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Theoretical models of animal contests frequently generate predictions about how asymmetries (e.g.
differences in size, residence status) between contestants affect fight duration. Linear regression and
nonparametric correlation analyses are commonly used to test the fit of data to such models. We show
how survival regression analysis (SRA) is a powerful technique for studying the effect of asymmetries on
the duration of contests. SRA, which is under-utilized by students of animal behaviour, offers several
advantages over more frequently used procedures. It provides unbiased parameter estimates even when
including censored data (i.e. results of contests that have not ended at the time when observations are
stopped). The analysis of hazard functions, which is a component of SRA, is an easy way to test for
consistency with predictions of the sequential assessment game model. These and other advantages of
SRA are illustrated by using SRA and more conventional methods to analyse the effect of asymmetries on
contest duration for encounters between female Mediterranean tarantulas, Lycosa tarentula (L.). It is
hoped that this example of the advantages of SRA will encourage more widespread use of this powerful
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technique.

Game theoretical models of animal contests often make
predictions about the duration of fights (e.g. Maynard
Smith 1974; Maynard Smith & Parker 1976; Enquist &
Leimar 1983; Leimar & Enquist 1984; Payne & Pagel
1997). For example, the sequential assessment game
model (Enquist & Leimar 1983, 1987, 1990; Leimar &
Enquist 1984), which assumes that animals sample each
other’s fighting ability as the fight progresses, predicts
that: (1) the smaller the difference in relative fighting
ability, the longer the duration of contests; (2) variability
in contest duration increases as relative fighting ability
decreases; and (3) when the owner of a resource loses a
dispute, the contest will be longer than when the owner
wins the fight.

Consistency with predictions about the duration of
animal contests made by game theory models such as the
sequential assessment game are usually evaluated by com-
paring the duration of fights between groups defined by a
particular asymmetry (e.g. Riechert 1982; Verrel 1986;
Crowley et al. 1988; Englund & Olsson 1990; Faber &
Baylis 1993; DiMarco & Hanlon 1997; Hack et al. 1997),
or by employing standard correlation and regression
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techniques (e.g. Austad 1983; Verrel 1986; Englund &
Olsson 1990; Enquist et al. 1990; Leimar et al. 1991;
Olsson 1992; Marden & Rollins 1994; DiMarco & Hanlon
1997; Hack et al. 1997; Tobias 1997; Ladich 1998; Neat
et al. 1998). Survival regression analysis (SRA) is a more
powerful technique, but one rarely used by ethologists,
for exploring how asymmetries may influence the dura-
tion of contests. In this paper we illustrate several features
and major advantages of SRA.

Contrary to linear regression, SRA allows the inclusion
of censored data (i.e. cases in which the contest did not
end). This feature of SRA increases sample size without
introducing bias in estimating the influence of asym-
metries on contest duration. The analysis of hazard func-
tions, a component of SRA, yields more information than
a simple analysis of contest duration, because analysis of
hazard functions reveals the pattern of change over time
in the probability that the contest will end. Like other
regression techniques, SRA permits testing for inter-
actions between categorical and continuous variables in
how they affect contest duration. Also, like other regres-
sion techniques, SRA yields standard errors of the re-
gression parameters, allowing statistical comparison
of parameters between different treatment groups and
between studies.
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SURVIVAL REGRESSION ANALYSIS

SRA has been widely used in the medical and social
sciences (Allison 1995). Use of SRA in animal behavioural
sciences has increased slightly in recent years (Haccou
& Hemerik 1985; Muenchow 1986; Rhine et al. 1988;
Haccou et al. 1991; van Alphen 1993; Eggert & Sakaluk
1994; van Roermund et al. 1994; Ormel et al. 1995;
Moya-Larafio et al. 1996), but it is still under-utilized,
perhaps due to its relative complexity. Although SRA was
originally developed to analyse effects of different treat-
ments on the time to death of patients, SRA can be used
for studying ‘the time to the occurrence of any event’ (T)
(Allison 1995). The ‘time until the end of a contest’ will
be our focus. Our explanation of SRA is based on Allison
(1984, 1995). Other general references on the technique
are Cox (1972), Kalbfleisch & Prentice (1980), Lawless
(1982), Cox & Oakes (1984), SAS Institute (1990),
Lee (1992), Kumar & Klefsjo (1994) and Klein &
Moeschberger (1997). A few examples related specifically
to analysing animal behaviour are Haccou & Hemerik
(1985), Muenchow (1986), Haccou et al. (1991), Haccou
& Meelis (1992) and Fox (1993). Some statistical packages
that include SRA procedures are BMDP, JMP, SAS, SPSS,
STATA, STATISTICA and SYSTAT. Analyses in this paper
have been performed with SAS (SAS Institute 1990),
except for hazard functions, which were estimated with
STATISTICA (Statsoft 1995).

SRA can be performed with several models, which are
defined by their ability to include ‘censored data’. ‘Right-
censored’ data includes cases in which the event under
study has not occurred by the end of the observation
period, which is often the case for studies reporting
contest duration (e.g. Harvey & Corbet 1986; DiMarco &
Hanlon 1997). In such situations the use of SRA is more
accurate than linear regression (Allison 1995).

SRA can be accomplished using either parametric accel-
erated failure time models or the nonparametric Cox
proportional hazards regression model (Cox 1972). As
shown below, accelerated failure time models are very
useful for studying contest duration because they allow
analysis of the hazard function. For this reason, this paper
focuses on accelerated failure time models only.

SRA AND MEDITERRANEAN TARANTULA FIGHTS

In a study of territoriality in the Mediterranean tarantula,
Lycosa tarentula (L.) (J. Moya-Larafio, J. M. Orta-Ocafia,
J. A. Barrientos, C. Bach & D. H. Wise, unpublished data),
45 encounters between adult females were staged in the
field. A spider (the intruder) was introduced into the
territory of another spider (the resident) and the contest
duration, behavioural patterns and outcome were
recorded. Each contest ended when the loser ran away or
was killed by the winner. Observations stopped after
60 min, at which time two contests had not ended (cen-
sored data). The carapace width of each spider was
measured at the end of the contest.

Below we use these data on L. tarentula contests to
illustrate the advantages of using SRA in determining
whether or not data on contest duration fit predictions of

the sequential assessment game model. Before testing
three of the model’s predictions, we briefly describe the
accelerated failure time models and outline the properties
of the model that best describe the L. farentula data.

When analysing data by means of ordinary (i.e. classic)
least-squares regression, the dependent variable must fit a
normal distribution. Similarly, when using accelerated
failure time models of SRA, the distribution of the time to
the occurrence of an event (T) must fit a particular
survival distribution. One typically selects from several
standard survival distributions, some of which are simply
particular cases of a general family of distributions (e.g.
Weibull, exponential, gamma, log-logistic, log-normal,
Gompertz; Allison 1995). The survival distribution that
best fits the data will be the accelerated failure time model
that will give the best unbiased estimators for the effects
of the independent variables on T. Although both graphi-
cal and numerical methods exist for fitting survival dis-
tributions, the details of these methods go far beyond the
scope of this paper (see Allison 1995, pp. 88-97). Apply-
ing the numerical method, we determined that the distri-
bution of contest duration in the Mediterranean tarantula
fits a Weibull distribution. The Weibull accelerated failure
time model is defined by

logT=o+p1X1+. . +fiX +0¢ (1)

logh(t)=alogt+Bo+B1X +. . .+BiXx 2)

where T is contest duration and h(t) is the hazard func-
tion. The hazard rate is the conditional probability that
the contest ends after any time T, within a small interval
of time t+At, where T is greater than t. In the Weibull
model the hazard is a function of time. This relationship
is shown in equation (2), where o is a constant that relates
the logarithm of time to the logarithm of the hazard. The
hazard can accelerate, decelerate or not change with time.
In equation (1) the parameter ¢ is a disturbance term
analogous to the error term in least-squares regression,
and o is the scale parameter that, once estimated, is a
measure of whether the hazard function accelerates or
decelerates. The time to the event (T) is observed, whereas
the hazard, h(t), is estimated from the model. Thus,
equation (1) is a calculated regression model, whereas
equation (2) is a theoretical relationship between the
explanatory variables (i.e. the covariates x,, x, . . . x,) and
the hazard function. If the hazard does not vary over
time, the hazard would be exactly the inverse of contest
duration (i.e. h(t)=1/T). Because the hazard is related to
the duration of contests, equations (1) and (2) are related.
After fitting the data to equation (1), one can estimate the
effect of independent variables on h(t) (Allison 1995, page
73). The terms S, and f, are constants, and the terms
Pixi+. . +fx, and Bix,+. . .+fx, estimate the effects of
covariates on T and the hazard, respectively. If the Bs are
not significantly different from zero, they are removed
from the model. Terms in an accelerated failure model are
tested for statistical significance using a derivation of the
maximum likelihood method that includes information
on whether or not each case is censored. As in logistic
regression (Hardy & Field 1998), the null hypothesis that



all coefficients are zero is tested using the log-likelihood
ratio test. The statistic calculated in this test approaches a
chi-square distribution with as many degrees of freedom
as the number of covariates included in the model. The
maximum likelihood procedure generates estimates of
the parameters in equation (1): Sy, f1X1+. . .+, and o.
The significance of each parameter is usually tested with
the Wald test, which approaches a chi-square distribution
with one degree of freedom.

Testing Predictions of the Sequential Assessment
Game Model

In this section we show the advantages of using SRA to
examine the fit of the data to three predictions of
the sequential assessment game model: (1) the smaller the
relative fighting ability, the longer the duration of con-
tests; (2) variability in contest duration increases as rela-
tive fighting ability decreases; and (3) contest duration
will be longer when the owner of a territory loses a
dispute.

Prediction (1): regression approach

Below we compare the output of different regression
techniques in predicting the effect of relative fighting
ability on contest duration, and show that as the number
of censored data increases, this prediction is more accu-
rate using SRA than conventional regression models.
Because spider size is a good predictor of contest outcome
in L. tarentula females (Fernandez-Montraveta & Ortega
1990), we used the percentage difference in size as an
index of relative fighting ability: percentage difference in
size=[(carapace width of larger spider — carapace width of
smaller spider)/(carapace width of smaller spider) x 100].

Researchers usually test whether relative fighting ability
and T are negatively related by calculating the Spearman
correlation coefficient (e.g. Verrel 1986; Englund &
Olsson 1990; Enquist et al. 1990; Leimar et al. 1991;
Olsson 1992). This statistic revealed a negative relation-
ship with the L. tarentula data (Spearman rank corre-
lation: rg= — 0.4030, N=45, P=0.006; Fig. 1). Nevertheless,
a regression technique is more potent, because, as we will
show later, it reports the magnitude of the effect, which
can be used to compare different groups and studies.
Furthermore, a particular regression approach, SRA, is
more robust with respect to censored data on contest
duration.

Below we illustrate the higher robustness of SRA rela-
tive to other regression techniques when dealing with
censored data. By ‘higher robustness’ we mean that as the
number of censored data increases, parameter estimates,
and therefore estimates of the magnitude of the effect,
will remain more constant using SRA than conventional
regression techniques. We ran a simulation in which the
observed L. tarentula fights (Fig. 1) were artificially cen-
sored at successive intervals of 10% censored data. First
we ran the simulation as if observations had been stopped
when 90% of contests had ended (i.e. 10% of the data
were censored). The time included in the censored data
was the time of the last observation entering the 90%

MOYA-LARANO & WISE: SURVIVAL ANALYSIS

4000
3500~ **
3000 —
2500 —
2000 —
1500 —
1000~ 4 o

500 e

Contest duration, T (s)

PDS

Figure 1. Scatterplot showing a negative relationship between
contest duration (T) and the percentage difference in size (PDS), for
45 contests between L. tarentula (Moya-Larafio et al., unpublished
data). Note that as PDS decreases, data points are further away from
each other along the vertical (T) axis, indicating an increasing
variability in contest duration as relative fighting ability decreases
(see text and Fig. 3).

threshold. Then the simulation was run as if observations
had been stopped when 80% of contests had ended, and
so on until 90% of the data were censored. For each
percentage of censored data, we ran a Weibull accelerated
failure time model (SRA model) and, for comparison
purposes, two conventional regression techniques: ordi-
nary least-squares regression (time log-transformed) and
nonlinear regression (SAS Institute 1990; Sibly et al.
1990). Because these conventional regression techniques
do not allow specification of which data are censored, all
contests that continued beyond the simulated obser-
vation period were entered as having ended when the
observation period ended. The percentage of change in
contest duration explained by an increase of one unit in a
continuous independent variable, hereafter called ‘effect’,
is calculated as 100(eB —1). Figure 2 shows the negative
effect of the percentage difference in size on T for the
different models and the percentage of censored data for
each. The effect of the percentage difference in size on T
was statistically significant for the Weibull accelerated
failure time model for simulations ranging from 5 to 60%
censored data (P value range 0.001-0.026). Over this
range of simulated censored data, the calculated statisti-
cal significance of the negative effect of the percentage
difference in size on T was generally an order of magni-
tude less for the two conventional regression techniques
(P value range: ordinary least-squares regression: 0.022—
0.212; nonlinear regression: 0.015-0.131). Without cen-
sored data, an ordinary least-squares regression calculates
the best, unbiased estimators (Allison 1995). Therefore,
with two censored observations, the true value must lie
somewhere between the prediction by the least-squares
regression and the Weibull accelerated failure time
model. This estimate of the true value is represented in
Fig. 2 by a horizontal dotted line. For almost all percent-
ages of censored data, the SRA Weibull accelerated failure
time model yielded parameter values that were closer to
the estimated true value than the conventional regression
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Figure 2. Results of a simulation in which data on contest duration
for L. tarentula were considered as censored at successive 10%
intervals (i.e. as if observations had been stopped when 10, 20, 30%,
etc. of contests had not ended). The percentage difference in size
(PDS) between contestants is a measure of relative fighting ability
and is defined in the text. The effect of PDS on contest duration was
calculated as 100(eB—1 ), where B is the regression coefficient of PDS
in all regression models (see text for details). A: Weibull accelerated
failure time model (the SRA model); [J: ordinary least-squares
regression model; O: nonlinear regression model. The horizontal
line shows the estimated true value of the effect, calculated as the
mean of the effect estimated by the Weibull model and the effect
estimated by the ordinary least-squares regression model with only
two censored data points. The SRA Weibull accelerated failure time
model was always closer to the true value than the non-SRA models
(least-squares or linear regression). Note that with 60% of the data
censored, the Weibull accelerated failure time model predicted an
effect that was still very close to the estimated true value.

techniques. Even when the number of censored data
was very low, nonlinear regression produced parameter
estimates that were very far from the estimated true value.

Both SRA and conventional models reveal a negative
relationship between relative fighting ability and contest
duration, indicating that L. tarentula fights satisfy the first
prediction of the sequential assessment game model.
However, the SRA and the non-SRA models differ in the
magnitudes of their estimates of how changes in percent-
age difference in size affect T, and they differ in their
sensitivity to missing data. Because SRA is much more
robust in estimating parameters, a researcher using SRA
can still reliably estimate parameters while significantly
decreasing observation effort.

Prediction (2): hazard function approach

The sequential assessment game model predicts that if
animals are assessing their relative fighting ability during
contests, variability in contest duration will increase as
relative fighting ability decreases. In a graph of T (vertical
axis) versus percentage difference in size (horizontal axis)
(Fig. 1), this pattern appears as a trend in which, as the
percentage difference in size, and thus relative fighting
ability, decreases, data points tend to be more separated
along the vertical axis. A similar pattern occurs in several

published graphs (Harvey & Corbet 1986; Wells 1988;
Englund & Olsson 1990; Leimar et al. 1991; Olsson 1992;
Jennions & Backwell 1996; DiMarco & Hanlon 1997;
Hack et al. 1997). A quantitative test of how well such a
pattern fits the prediction of the sequential assessment
game is usually performed by pooling contests of similar
relative fighting ability into groups (Englund & Olsson
1990; DiMarco & Hanlon 1997). Spearman rank corre-
lation is then used to compare the standard deviation of T
for each group with its rank based upon relative fighting
ability. We pooled L. tarentula fights into nine groups of
five fights each, and found that the standard deviation
of contest duration was negatively correlated with the
percentage difference in size (Spearman rank cor-
relation: rg= —0.7333, N=9, P=0.025), as predicted by the
sequential assessment game model.

SRA permits a quantitative exploration of the same
pattern simply by measuring the acceleration or deceler-
ation of the hazard function, h(t). An accelerating h(t)
means that the variability in time to the end of the
contest is decreasing as time elapses, whereas a decelerat-
ing h(t) means that such variability increases with time.
After showing that contest duration increases as relative
fighting ability decreases, one can next determine
whether variability in T increases with decreasing relative
fighting ability by showing that h(t) decreases with time.
Therefore, if the percentage difference in size explains h(t)
and the latter decreases as time elapses, one can conclude
that the smaller the percentage difference in size, the
larger the variability in T, as predicted by the sequential
assessment game model. The test of whether h(t) acceler-
ates or decelerates as time elapses is provided by the scale
parameter, o, in the Weibull accelerated failure time
model. SAS reports a statistic that tests for the null
hypothesis that ¢ equals 1 (Cox & Oakes 1984); a deriva-
tion of the Wald test can also be used (SAS Institute
1990). If the data fit a Weibull function, ¢ greater than 1
would indicate that the hazard decreases with time.

Fitting the duration of L. tarentula contests to the
Weibull distribution resulted in a scale parameter that
was significantly greater than 1 (c=1.75; Wald test
¥3=12.9, P=0.0003), indicating that the hazard decreases
with time (Fig. 3). Thus, the variance in T increases over
time, and because the percentage difference in size was
negatively correlated with contest duration in L. taren-
tula, we can conclude that the pattern is consistent with
the second prediction of the sequential assessment game
model (i.e. variability in T increases as fighting ability
decreases).

Therefore, survival analysis provides a statistic to test
objectively whether the variability in contest duration
increases as fighting ability decreases. One could also use
the more conventional non-SRA approaches. The two
main advantages of using SRA versus comparing groups
with Spearman correlation are that: (1) the researcher
avoids the step of grouping data, which is subjected to a
potential lack of objectivity; and (2) SRA models are
designed to incorporate censored data, so h(t) will be
measured with less bias than calculating the standard
deviation of T with censored data included in arbitrarily
grouped contests.
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Figure 3. Decelerating hazard function of the time to the end of the
contest. In combination with a negative relationship between con-
test duration and the percentage difference in size, PDS (Fig. 1), a
decelerating hazard function means that variability in contest dur-
ation decreases as PDS increases, one of the predictions of the
sequential assessment game model (see text for details).

Table 1. Estimation of the effect of percentage difference in size
(PDS) and residence asymmetries, and their interaction on contest
duration (T) of Mediterranean tarantula females using a Weibull SRA
model

X3 P Coefficient SE P (Wald)
Full model 10.4 0.0158
Variable
Intercept (Bo) 7.54 0.75 0.0001
PDS -0.08 0.03 0.0027
Residence -0.98 0.48 0.0436
PDSxresidence -0.12 0.05 0.0236
Scale (o) 1.48 0.18 0.0001

Only noncensored data were analysed (N=43) because the categ-
orical variable ‘residence’ was defined only if the contest had ended
and a winner could be identified.

Prediction (3): interaction terms

One goal in the study of animal fights is to separate
effects of asymmetries that occur simultaneously (e.g.
Waage 1988; Marden & Waage 1990). A powerful and
efficient approach to this problem is to examine how
asymmetries interact. Although most multivariate tech-
niques allow the inclusion of interactions between vari-
ables, this is infrequently done when studying the effect
of asymmetries on animal fights. SRA, like other statistical
models, estimates parameters more accurately if inter-
action terms are included (Kumar & Klefsjo 1994). Below
we illustrate this point with the L. tarentula data.

The sequential assessment game model predicts that
fights in which the resident individual wins will be
shorter than those in which the intruder wins. The
residence asymmetry may interact with relative fighting
ability in determining contest duration. In Table 1 we
summarize the results of a complete analysis of the
L. tarentula data in which we included, in a SRA Weibull
accelerated failure time model, effects of the continuous
independent variable, percentage difference in size, the
categorical variable, residence, which took the value 1
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when the resident spider won and 2 when the intruder
won; and the interaction, percentage difference in
size x residence. All three effects were significant. The
effect of the percentage difference in size on T was
negative, as was shown earlier. The coefficient for resi-
dence was negative, indicating that when the intruder
won (residence=2, the larger value), contest duration was
shorter. This outcome is opposite to what the sequential
assessment game model predicts. Because the interaction
term was significant, we then ran two different models to
reveal the nature of the interaction (Pedhazur 1973): one
with the continuous independent variable (percentage
difference in size) for only those contests in which the
owner won, and another for those contests in which the
intruder won. The percentage difference in size did not
explain contest duration in those fights in which the
resident won, but showed a highly significant and nega-
tive effect of relative fighting ability on contest duration
when intruders won (J. Moya-Larafo et al., unpublished
data).

Comparing Coefficients Between Groups

The B coefficient for relative fighting ability can be a
good measure of the value of the disputed resource if it
accurately measures the relationship between relative
fighting ability and T. The sequential assessment game
model (Enquist & Leimar 1987; Leimar et al. 1991) pre-
dicts that animals will fight for a longer time when the
value of the resource is higher. Therefore, we expect that
the absolute value of B will be larger when the resource is
of higher value, because the slope relating relative fight-
ing ability to T should be steeper in fights for a more
valuable resource. Reporting B coefficients along with
their standard errors allows statistical comparison of an
index of resource quality between groups, and between
results of different empirical studies (Allison 1995, page
199). Such analyses can be very useful in comparative
studies. Although ordinary least-squares regression could
also be used for such comparisons, the advantage of SRA
is that groups with different amounts of censored data
can be compared more accurately.

Sequential Assessment Game Model and Spider
Fights

In our example using SRA to analyse contests between
L. tarentula, we found clear agreement with two of the
three predictions of the sequential assessment game
model. The higher the relative fighting ability, the shorter
the contest and the lower the variability in contest
duration. The data were not consistent with the third
prediction, that contests won by intruders should be
longer. Never the less, the significant interaction between
relative fighting ability and the residency asymmetries
suggests that assessment of both asymmetries may occur.
A more detailed discussion of this result can be found
elsewhere (Moya-Larafio et al., unpublished data). These
results are not conclusive proof that L. tarentula females
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are playing the sequential assessment game; our findings
are merely consistent with major predictions of the
sequential assessment game model. The same results
could be also consistent with other games (e.g. Payne &
Pagel 1997; Payne 1998). Additional research would be
needed to more rigorously test the sequential assessment
game model for the Mediterranean tarantula.

CONCLUSIONS

Since SRA has been specially designed for the study of
‘time-to-event’ data, it is more accurate than other regres-
sion techniques, primarily because SRA accommodates
censored data, allowing the researcher to reduce sampling
effort while maintaining accuracy. In addition, the shape
of the hazard function can be used to test one of the
predictions of the sequential assessment game model.
Like other techniques, SRA also allows inclusion of inter-
actions and provides standard errors of the parameter
estimations, allowing comparisons between different
groups.

We hope that our example of the use of SRA will
encourage other behavioural biologists to employ this
powerful technique. SRA statistical packages are becom-
ing more friendly and the publication of Allison’s (1995)
manual for the use of survival analysis in SAS has
increased the accessibility of SRA to researchers.
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