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ABSTRACT A method of estimating per capita rate of change for experimental populations in the
absence of adult survival and fecundity schedules (r⬘) was proposed previously (J. Anim. Ecol. 53:
573Ð580; 1984). The method has been used repeatedly, although there has been no attempt to verify
the relationship between r⬘ and the per capita growth rate in populations. This method was tested with
laboratory populations of the mosquito Aedes albopictus (Skuse) (Diptera: Culicidae) growing at three
larval densities. Survival and fecundity schedules enabled calculation of per capita growth rate, r, for
each population, whereas measuring emergent females enabled the calculation of r⬘. The capacity of
r⬘ to predict r was signiÞcant, although a substantial amount of variation in r remained unaccounted
for, and r⬘ overestimated r. The degree of overestimation of r by r⬘ was consistent across the three
densities, and the regressions of r and r⬘ versus density were similar. Overestimation of per capita rate
of change by r⬘ is attributed largely to extensive adult longevity in laboratory conditions for this species,
coupled with a lengthy reproductive period, in combination with prereproductive adult mortality,
both of which are assumed to be negligible with the r⬘ method. Separate indicators of larval success
were also tested for their predictions of r; only Þrst day emergence and average development time
were signiÞcant predictors although neither performed as well as r⬘. The r⬘ index accounted for the
largest fraction of variation in r. Implications of overestimating r by r⬘ to estimating other population
parameters are discussed.
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T1

Quantifying success of experimental populations has
presented a long-standing problem for ecologists. It is
particularly challenging to gather information about
per capita rate of change and to synthesize it in a
manner that relates to basic theoretical problems. Livdahl and Sugihara (1984) proposed a composite index
of success to estimate per capita growth rate for cohorts in experimental situations, r⬘. This measure, and
its antilog derivative ⬘, have become favored as a tool
to summarize per capita rate of change of insect populations (Livdahl and Willey 1991, Alto and Juliano
2001, Braks et al. 2004, Murrell and Juliano 2008,
Juliano 2009). Despite the apparent utility of r⬘ as a
tool in population studies over a 25-yr period, the
reliability of r⬘ as a predictor of per capita growth in
various competitive regimes has remained untested.
Here, we assess r⬘ as a measure of per capita growth,
in populations of Aedes albopictus (Skuse) (Diptera:
Culicidae) exposed to different levels of larval competitive stress.
Ideally, the dependent variable in quantifying population success is the per capita growth rate (r) (Table
1). This variable forms the base currency for any
model that describes population change as a function
1
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of environmental conditions, including virtually all
models for single species growth and models describing species interactions. Despite the clear value of
estimating per capita growth rate and quantifying its
response to environmental factors, actual values derived from experimental populations remain elusive,
especially for long living species that reproduce for
signiÞcant periods of their lifespan. To sidestep the
practical difÞculties of measuring r, experimental ecologists commonly measure presumed correlates of r. As
examples, many studies have used body size at maturity or survival to maturity as correlates of success
(McCown and Williams 1969, Lynch 1977, Polis and
Farley 1980, Cezilly et al. 1996, Kupferberg 1997, Janzen et al. 2000, Kisdi 2004, Aldridge and Boyce 2008,
Carlson et al. 2008). Implicit in the use of such variables is the assumption that population growth rates
do indeed scale with such surrogate measures. For
many organisms, multiple surrogate measures are accessible and may need to be considered jointly to
permit overall conclusions about experimental treatments, or conjecture about how fast an experimental
population could grow in response to experimental
treatments. Various methods of projecting population
growth have been applied to estimate rates of change
within populations. Schedules for age (x) speciÞc sur-
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Table 1.

Equations for terms referred to in the texta
Term
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(1) Innate capacity for increase
(2) Capacity for increase
(Laughlin 1965)
(3) Net reproductive rate
(4) Per capita rate of change
(iterative method)
(5) Estimated per capita rate of
change. Ax is the number of
females emerging on day x; D is
the estimated time between
emergence and oviposition.
(6) Future fecundity of females
with avg. size w
 x emerging on
day x. This study uses the
relationship reported by
Blackmore and Lord (2000)
(7) Estimated Þnite rate of
increase
(8) Cohort generation time
(10) Generation time, corrected
(11) Fecundity at age x
(12) Survivorship to age x

Equation
ln共R0 兲
rm ⫽

ln共R0 兲
rc ⫽
Tc
R0 ⫽ 冘x lx mx

1 ⫽ 冘x lx mx e⫺rx

冋

册

1
冘A f共w x兲
N0 x x
r⬘ ⫽
冘xxAx f共w x兲
D⫹
冘xAxf共w x兲
ln

f共w
 x 兲 ⫽ e2.35⫹0.69w x

⬘ ⫽ er⬘
Tc ⫽ 冘x xlx mx / 冘x lx mx ⬇ 

 ⫽

ln共R0 兲
r

Eggsx /2
Femalesx ⫹ Larvaex /2
lx ⫽ Nx,t⫹x /N0,t

mx ⫽

a
N0 is the initial density at time zero, Ax is the number of new adult
females produced at time x, D is the delay time between adult emergence and oviposition, and wx is the average wing length of females
emerging on day x.

vival (lx) and fecundity (mx) can be used to calculate
the per capita growth rate r (Dublin and Lotka 1925;
Lotka 1925); however, such schedules require time
consuming and often difÞcult observations under experimental conditions. In response to this, different
measures of population growth rate have been devised
that generally focus on separate life-history traits as
proxies for survival and fecundity data.
Andrewartha and Birch (1954) proposed an approximate measure of the capacity for increase, as a statistic
to discern how quickly a population can multiply (Table 1, equation 1), and this was advocated later by
Laughlin (1965) (Table 1, equation 2). Laughlin emphasized that this measure remains an estimate of the
innate capacity for growth rather than actual growth,
in that the observed r and its calculated value may
differ. In particular, the absolute value of r may need
to be ⬍0.1 for equation 2 to provide a reliable estimate
(Caughley and Birch 1971). In addition, Andrewartha
and Birch (1954) found that the success of equation 1
may depend on R0 (Table 1, equation 3) being close
to or equalling 1. May (1976) noted that variation in
distribution of age of reproduction within a cohort
should be small for the most accurate estimate of r by
equation 2. Although LaughlinÕs estimate was a convenience before the widespread use of computers, the
more accurate iterative solution of the LotkaÐEuler
equation (Table 1, equation 4; Lotka 1925) can now be
performed efÞciently and requires no more information than LaughlinÕs rc. LaughlinÕs estimate did how-
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ever provide the basis for other estimates that did not
rely on age speciÞc fecundity and survival schedules.
Livdahl and Sugihara (1984) suggested an approximation of per capita growth rate (r⬘), derived directly
from LaughlinÕs rc, which may be most applicable to
experimental insect studies (Table 1, equation 5). This
measure takes life-history features into account while
dispensing of the need for large scale observations of
fecundity and survival through the life span of all
individuals for every population of interest (Livdahl
and Sugihara 1984). In particular, by focusing on the
relationship between adult female size and fecundity
in mosquitoes [f(w
 x) is a fecundityÐsize relationship
(Table 1, equation 6), Livdahl and SugiharaÕs method
sidesteps direct reproductive observations. Despite
the adoption of this technique for estimating r, little is
known about the applicability of r⬘ methods across
different density treatments, or the importance of
multiple reproductive events to the actual per capita
growth rate. A major objective of this study was to test
the r⬘ method as a predictor of r and to test its consistency at a variety of densities.
The Asian tiger mosquito, Aedes albopictus (Skuse)
(Diptera: Culicidae) an important disease vector, provides a particularly useful model for inquiries into
population growth rate methods. The species is conveniently reared in laboratory conditions. Moreover,
this species has proven highly invasive, occupying
much of eastern North America since its introduction
in the 1980s (Hawley1988; Cilek et al. 1989; OÕMeara
et al. 1992, 1995), Albania in 1979 (Adhami and Reiter
1998), other European countries since the late 1990s,
and Central and South America since the 1980s (global
spread is reviewed in Reiter 2010). This success has
generated considerable interest in interspecies competition, dispersal, population growth, and the speciesÕ
ability to withstand cold winters (Hawley et al. 1987,
Moore et al. 1988, Francy et al. 1990, Novak 1992,
Reiter 1998, Moore 1999).
Analyses of various aspects of the life-history of Ae.
albopictus have been conducted in the Þeld and laboratory. These include single species life-table studies
of adults in a Þeld population in Singapore (Chan
1971), fecundityÐfemale size relationships (Blackmore and Lord 2000), analyses of separate aspects of
larval success in competition with other species (Black
et al. 1989, Ho et al. 1989), and r⬘ methods [or derivative methods based on ⬘ (Table 1, equation 7) to
assess responses of Ae. albopictus to direct competition
with Aedes aegypti (L.) (Juliano 1998) or Aedes triseriatus Say (Livdahl and Willey 1991). In addition,
Armistead et al. (2008b) recently used r⬘ to explore the
effects of the introduction of Aedes japonicus
(Theobald) on Aedes atropalpus (Coquillet) populations. Most of these studies have not included direct
estimates of fecundity, but instead have relied upon
fecundityÐsize relationships obtained in separate studies (Livdahl and Willey 1991, Juliano 1998, Armistead
et al. 2008a) or oviposition for a predetermined period
(Black et al. 1989, Blackmore and Lord 2000). None of
these studies allow for a measure of the full potential
fecundity of adult females throughout their life span
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in conjunction with the impact of density dependent
processes among larvae. As the estimate of r through
r⬘ relies on assumptions about the duration of reproductive period, it is essential to estimate r directly
through life-table methods, and to concurrently calculate r⬘ for the same experimental cohort.
With this study, we aimed to evaluate the accuracy
of r⬘ as a predictor of r for populations exposed to
different levels of intraspeciÞc larval competition, taking into account repeated reproduction by adults. We
also evaluated several life-history traits for their accuracy as predictors of r.
Materials and Methods
Study Animals. F1 generation Ae. albopictus eggs
were used, with the parental generation coming from
a Þeld collection in the Bermuda Islands (United Kingdom) in 2004.
Hatching and Larval Rearing. Eggs were submerged in 2 liters of a 1 g/liter nutrient broth solution
and allowed to hatch over 24 h. Larvae were reared at
three different target densities (5, 10, and 15 larvae per
30 ml). At each density level, ten replicate sets of petri
dishes (30 ml of distilled H2O per dish) were established. Each set constituted a population, and each of
these 10 populations at each larval density was begun
with 48 newly hatched individuals (number was determined based on the total number of available newly
hatched larvae), subdivided into dishes to obtain similar, if not identical, densities of larvae within each
replicate population. As larvae were lost due to death
or pupation, densities were maintained as close as
possible to the target levels of 5, 10, and 15 per dish by
reconstituting the dishes within each set to create
densities that approximated the target densities. Exchange of larvae among dishes occurred within a replicate set of dishes but did not occur among replicate
populations. Using scoops that delivered a standardized average volume of food, we fed each dish of larvae
an average of 1 mg brewer⬘s yeast and an average of
0.5 mg of ground mouse food (Charles River Laboratories, Inc., Wilmington, MA) on the Þrst day and
every 3 d thereafter.
Each day, dishes were checked for pupae, which
were removed to separate containers. Pupae were
checked daily for adults, which were transferred to 20by 20- by 20-cm mesh cages (BioQuip Products, Inc.,
Rancho Dominguez, CA). Before being moved to
cages, female wings were measured (outer wing edge
less the fringe scales to the humerus and wing junction) by using a microscope and digital calipers.
Adult Maintenance and Egg Production. Cages of
emerged adults, one for each initial larval population,
were kept at 20⬚C and a photoperiod of 16:8 (L:D) h.
The humidity was kept at ⬎80% for the entire experiment. Adults were fed on a 20% sucrose solution
placed within 50-ml Erlenmeyer ßasks, which were
capped with cotton dental wads. The sucrose solution
was replaced every 14 d.
Each cage included an opaque plastic container (⬇8
cm in depth, 6-cm-diameter width at opening) lined
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with thoroughly moistened unbleached brown coffee
Þlters to allow females to oviposit. Blood feeding was
conducted every other day, starting on the fourth day
after the Þrst emergence. Females were provided the
opportunity for a human bloodmeal (supplied by investigators) for 5 min in semidark conditions. After
blood feeding, ovitrap liners were removed and replaced.
Analysis. Per capita growth rates for each replicate
and density were generated by two methods. Fecundity and survival tables (mx and lx values) were generated to provide observed data on r for comparison
with predictive methods. The iteratively obtained
value (Table 1, equation 4) of r (Lotka 1925) was
calculated with the solver tool in an Excel (Microsoft,
Redmond, WA) spreadsheet. Livdahl and SugiharaÕs
method (Table 1, equation 3, with a maturity time of
D ⫽ 12) was used to generate a preliminary set of r⬘
values. The observed value of D, estimated by the
difference between the Þrst dates of oviposition and
female emergence, was calculated (D ⫽ 21.25) and
was found to reduce bias in r⬘ values. A regression
based on these revised values was conducted to determine how well r⬘ predicts r.
Values of r and r⬘ were plotted against density and
tested for differential density effects on these population growth statistics. The r values were regressed
against individual life-history traits to determine their
relative accuracy in predicting r as compared with r⬘.
The log of survival (lx) was regressed against time to
estimate an average death rate (slope of the regression
line) for each density. In addition, the net reproductive rate (R0) and generation time () values (Table
1, equations 3 and 9) were regressed against those
generated in calculating r⬘ (numerator and denominator in equation 5, Table 1, respectively) to identify
the sources of differences between observed fecundity (r) and predicted fecundity (r⬘).
In the calculation of these statistics, we used the
fecundity predicted by equation 11 (Table 1) divided
by 2 (Blackmore and Lord 2000) to establish expected
fecundity of individuals based on body size, assuming
a 1:1 sex ratio of offspring. Average survival and fecundity over time were plotted against density for
comparison among treatments.
As drivers of the r⬘ equation, the net reproductive
rate, R0, and the cohort generation time, , were regressed on the corresponding estimates based on a
combination of wing length, larval survival, and larval
developmental time to determine how these different
values affect the overall aptitude of r⬘ to predict r.
Average daily death rate was calculated for each
replicate as Ðslope of the log of lx values regressed
against age. Due to unequal variances, a test for differences among death rates was conducted by WelchÕs
test for differences among group means (Zar 1999) in
lieu of analysis of variance (ANOVA). Occasionally
during the study, the date of death of certain females
could not be assessed due to adult escape or other loss.
In these cases, such data were replaced by randomizing the date of death within the appropriate time
period (date of introduction to the cage to date of last
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Summary of life-history traits for the 10 replicates for each larval density
Parameter

Day of Þrst female emergence
Avg. Þrst female emergence (d) ⫾ SE
Average female emergence (d) ⫾ SE
Day of Þrst egg
Avg. Þrst egg ⫾ SE
Day of last egg
Avg. last egg (d) ⫾ SE
Adult reproductive delay (d)
Last female death (d)
Avg. last female death (d) ⫾ SE
Net rate of increase, R0 ⫾ SE
Avg. female wing length (mm) ⫾ SE
Avg. female death rate ⫾ SE
Per capita growth rate, r (ind⫺1 䡠 day⫺1) ⫾ SE
Per capita growth rate estimate, r⬘ (ind⫺1 䡠 day⫺1) ⫾ SE
Finite rate of increase,  (ind⫺1 䡠 day⫺1)⫾ SE
Estimated Þnite rate of increase, ⬘ (ind⫺1 䡠 day⫺1) ⫾ SE
Generation time,  (d) ⫾ SE

death) using random numbers generated based on
atmospheric noise (Random.org 2, True Random
Number Service; http://www.random.org).
We used model II regression (residual maximum
likelihood method, for estimating variance components) to test for predictions of one variable by another in situations where there was error in the predicting variable (r⬘, ⬘ cohort generation time, day of
Þrst emergence, mean day of emergence, largest female, mean female size, sum of female size, and survival to adulthood. Model II regressions failed in three
cases: r regressed on survival to adulthood and r versus
sum of female size, as well as R0 (based on life-table
data) regressed against R0 (based on wing length and
larval survival). In those instances, no convergence of
parameter estimates was reached after 100 iterations,
so we report the results of model I regressions, none
of which approached signiÞcance.
Statistical analyses were conducted using JMP version 6.0 (SAS Institute, Cary, NC), SSPS version 15
(SPSS Inc., Chicago, IL) and Excel 2003 (Microsoft).

Density (no. larvae per 30-ml dish)
5

10

15

12
14.2 ⫾ 1.32
19.62 ⫾ 0.92
28
32 ⫾ 2.83
198
147.6 ⫾ 31.83
17.8
216
161.7 ⫾ 35.1
9.78 ⫾ 2.2
2.45 ⫾ 0.03
0.008 ⫾ 0.001
0.046 ⫾ 0.13
0.067 ⫾ 0.006
1.047 ⫾ 0.013
1.098 ⫾ 0.007
72.219 ⫾ 3.226

15
18.8 ⫾ 2.1
29.39 ⫾ 1.26
36
43.6 ⫾ 8.83
202
132.1 ⫾ 33.9
24.8
214
147.8 ⫾ 37.8
11.18 ⫾ 2.25
2.37 ⫾ 0.04
0.009 ⫾ 0.001
0.023 ⫾ 0.28
0.055 ⫾ 0.005
1.023 ⫾ 0.279
1.078 ⫾ 0.005
78.119 ⫾ 4.203

17
20.7 ⫾ 3.5
32.29 ⫾ 3.38
28
46.6 ⫾ 12.44
185
130.8 ⫾ 42.15
25.9
195
137.4 ⫾ 45.31
8.38 ⫾ 2.19
2.29 ⫾ 0.04
0.013 ⫾ 0.003
0.019 ⫾ 0.023
0.045 ⫾ 0.004
1.02 ⫾ 0.0233
1.065 ⫾ 0.003
81.994 ⫾ 4.271

(data not shown). Analysis of covariance (ANCOVA)
among density groups failed to show a signiÞcant interaction between r⬘ and density (F2,24 ⫽ 1.05; P ⫽
0.37), indicating that the predictive capacity of r⬘ was
robust to differences in larval density conditions. Further support for the robustness of r⬘ as a predictor is
indicated by no signiÞcant departure from the overall
model for any of the density groups after the interaction term had been removed (ANCOVA: F2,26 ⫽
0.44; P ⫽ 0.65).
Regressions of r and r⬘ on density (n) were both
signiÞcant (Fig. 2). The intercepts of these lines yield
some important quantities for population predictions,
the maximum per capita rate rm (intercept at vertical
axis) and the carrying capacity, K (intercept at horizontal axis). For the regression of r against n, K is
estimated at 21.04 individuals (ind) per dish and rm at
0.06 ⫾ 0.010 (SE) ind⫺1䡠d⫺1 (Fig. 2). The linear relationship for r⬘ versus n generated higher estimates

Results

T2

F1

Egg Production and Adult Life Span. First adult
emergence spanned 12Ð16 d (n ⫽ 5), 15Ð22 d (n ⫽ 10),
and 17Ð27 d (n ⫽ 15) posthatch, depending on density
(Table 2). Egg production occurred between 28 Ð198
d (n ⫽ 5), 32Ð202 d (n ⫽ 10), and 28 Ð185 d (n ⫽ 15)
posthatch, depending on density (Table 2). The adult
populations terminated with the deaths of the last
individuals in each population on days 216 (n ⫽ 5), 214
(n ⫽ 10), and 195 (n ⫽ 15) posthatch (Table 2).
Although the precise emergence day of the last surviving adult is not known, it is possible to surmise that
the last surviving individual had been an adult for at
least 189 d.
r and rⴕ The per capita rate of change was found to
be an accurate predictor of trends in instantaneous
growth rate when r was regressed on r⬘ (Fig. 1). A very
similar relationship was also found between  and ⬘

Fig. 1. Values of r (derived population growth rate)
regressed on r⬘ (projected population growth rate (model II
regression: y ⫽ 1.14x ⫺ 0.0389, R2 ⫽ 0.24, t23 ⫽ 2.80, P ⫽ 0.01,
P ⬍ 0.01). The dotted diagonal line through the origin represents the ideal correspondence (1:1) between r and r⬘.
Values below the line represent overestimation and values
above underestimation.
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Fig. 2. r and r⬘ regressed by larval density (r: y ⫽
⫺0.0026x ⫹ 0.0555, R2 ⫽ 0.2005, F2,28 ⫽ 7.02, P ⫽ 0.01; r⬘: y ⫽
⫺0.0031x ⫹ 0.1077, R2 ⫽ 0.856, F2,28 ⫽ 166.45, P ⬍ 0.01). The
y intercept predicts rmax (r: 0.056; r⬘: 0.11), the maximum per
capita rate of increase; and the x intercept predicts K (r: 21.35;
r⬘: 34.74), the carrying capacity for the species under similar
environmental conditions. The gray areas represent 95% conÞdence interval of the respective regressions; r depicted with
a white line and dark shades for conÞdence intervals; r⬘
depicted with a black line and light shades for conÞdence
intervals.

F3

S⫽1

for K (35.45 ind/30 ml dish) and rm (0.08 ⫾ 0.002 [SE];
Fig. 2). The slopes of these two regressions (⫺rm/K)
were not different (F1,56 ⫽ 0.36; P ⫽ 0.55).
The R0 values generated using both r and r⬘ (for the
latter, R0 is calculated as the antilog of the numerator
of equation 5, Table 1) methods had no signiÞcant
association (Fig. 3). The direction of the deviation
between the two regressions is such that R0 has been
overestimated in the r⬘ calculations relative to the
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Fig. 4. Generation time () obtained from equation 9
(see Table 1) regressed on the cohort generation time estimated from the r⬘ calculations (denominator, equation 5,
Table 1) (model II regression: y ⫽ 0.87x ⫹ 26.30, R2 ⫽ 0.24,
t23.6 ⫽ 2.87, P ⬍ 0.01). The dotted diagonal line through the
origin represents the ideal correspondence (1:1) between 
and  estimated with r⬘. Values below the diagonal line represent overestimation and values above underestimation.

observed R0. When the same was done for the observed  and estimated  (the latter calculated as the
denominator of equation 5, Table 1), the  value generated using r⬘ methods seemed to be underestimating
 derived via the r calculation (Fig. 4). The estimated
value of D obtained from (Þrst egg-date of Þrst female) was weakly associated with density (F2,28 ⫽
4.19; P ⫽ 0.05).
Life-History Traits as Predictors of r. Of those lifehistory traits considered possible predictors of r, day
of Þrst female emergence (t23.8 ⫽ 3.52, P ⬍ 0.01) and
average day of female emergence (t15.7 ⫽ 2.74, P ⫽
0.01) were the only traits that accounted for a significant portion of the variation in r. Both measures of
emergence were less strongly correlated with r than r⬘
[(r versus r⬘), R2 ⫽ 0.24 (r versus Þrst emergence day),
R2 ⫽ 0.16 (r versus average female emergence time)].
Other traits commonly reported as measures of larval
success showed no signiÞcant relationship, including
largest female (t2.4 ⫽ 1.25, P ⫽ 0.32, R2 ⫽ 0.07), mean
female size (t2.6 ⫽ 1.28, P ⫽ 0.30, R2 ⫽ 0.07), sum of
female size (t28 ⫽ 0.67, P ⫽ 0.51, R2 ⫽ 0.01), and
survival to adulthood (t28 ⫽ 0.53, P ⫽ 0.60, R2 ⫽ 0.01).
Average death rates through the entire life span for
each density were similar (Table 2; Welch ANOVA:
F2,14.4 ⫽ 2.40; P ⫽ 0.12).
Discussion

Fig. 3. Values of net reproductive rate (R0) derived from
the life-table study regressed on the net reproductive rate
(R0) estimated from the r⬘ calculations (model I regression:
y ⫽ 0.20x ⫹ 8.184, R2 ⫽ 0.01, F1,28 ⫽ 0.29, P ⫽ 0.59). Regression
line not shown. The dotted diagonal line through the origin
represents the ideal correspondence (1:1) between R0 and R0
estimated with r⬘. Values below the diagonal line represent
overestimation and values above underestimation.

The derivation of r⬘ (Livdahl and Sugihara 1984)
relied on several assumptions. Individually, they seem
unrealistic, but collectively, departures from assumptions could cancel, producing a useful estimate. The
key assumptions concern the adult life table, particularly the distribution of reproduction across a variety
of ages. SpeciÞcally, r⬘ assumes that reproduction occurs only once, and if this were true, mosquitoes could
not be important vectors of disease. However, it also
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assumes that all females survive to reproduce. Departures from these assumptions could compensate for
one another. Survival of adults through repeated reproduction would boost the net rate of increase, the
numerator of indices of Andrewartha and Birch
(1954) and Laughlin (1965), but this also would extend the generation time, in the denominator. The
data gathered here permit the Þrst assessment of r⬘
estimates. We found that r⬘ is a signiÞcant predictor of
the per capita rate of change, that r⬘ consistently
overestimates the per capita rate of change, that the
degree of overestimation is not inßuenced by these
experimental density levels, and that despite its overestimating tendency, r⬘ provides a better prediction of
per capita rate of change than any other single lifehistory feature. We consider below the reasons for
overestimation, as well as the implications of this to
predictions about natural populations and species interactions.
Numerous studies (Livdahl 1982, Carpenter 1983,
Hawley 1985, Edgerly and Livdahl 1992, Mahmood et
al. 1997, Lord 1998) have established that container
dwelling mosquito larvae have highly plastic responses
to crowding and food shortages. These results for Ae.
albopictus were consistent with previous studies of
density dependent growth and emergence in container breeding species. The regressions of r and r⬘
versus density differ in their R2 values (Fig. 2), perhaps because r is derived from lifetime egg production
by females, some of which lived for several months. By
contrast, r⬘ is derived only from larval production of
adults, and projections of egg production by females
based on their size. Random events can therefore
generate more error in r than in r⬘.
Despite the signiÞcant regression of r on r⬘, r⬘ overestimated the actual r values generated across populations from all three crowding densities. To determine why the r⬘ values were not more accurate, it is
important to look at the equation for r⬘ in terms of
numerator and denominator driving the overall value
of r⬘. If R0 is overestimated, that will exaggerate r⬘
values, whereas the opposite is true for . Given that
r⬘ was overestimating r, we expected that R0 would be
the overestimated value in the r⬘ calculations, or that
 would be underestimated.
We found that overestimates of R0 (Fig. 3) and
underestimates of  (Fig. 4) both inßate estimates of
r⬘ relative to r. The overestimation of R0 probably has
to do with the assumption that all females survive to
reproduction. The underestimation of  may stem
from the assumed value of D, the time lag between
emergence and the beginning of oviposition. The assumed value of D may be inaccurate, and it seems
likely that D is not constant with every population. In
fact, the discovery of a weak density effect on D
suggests that D is likely to vary across populations,
depending on larval nutrition. There is some evidence
for extended periods before egg development in
anophelines (the pregravid stage) that relates inversely to female size, and probably to larval nutrition
as well (Lyimo and Takken 1993), and our result may
represent a similar phenomenon.
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Several life-history traits (largest female, mean female size, sum of female size, survival to adulthood)
taken individually were not signiÞcantly correlated
with r. The only two that were, median and Þrst emergence times, involve life stages that require rearing to
adulthood. As r⬘ more strongly predicted r than any
single life-history trait, these data support the use of r⬘
over separate indices when attempting to summarize
larval success.
We obtained a substantially larger value for delay
between emergence and oviposition (D) than the
value used for prior calculations of r⬘ for Ae. albopictus
(Livdahl and Willey 1991, Juliano 1998, Aliabadi and
Juliano 2002, Armistead et al. 2008a), all of which have
used the estimate of Livdahl and Willey (1991). This
value could vary with experimental temperature, and
differences among strains are certainly possible. The
presence of sucrose solution as a carbohydrate source
also could have resulted in an exaggerated preoviposition period, as found by Braks et al. (2006); however,
the previous estimate of D by Livdahl and Willey
(1991) also relied on adults maintained with a constant
sugar water supply. Our results, along with those of
Livdahl and Willey, suggest that it may be important
for investigators to obtain estimates within their own
experimental settings and for the particular populations being studied.
Braks et al. (2006) demonstrated plasticity of the
timing of reproduction resulting from access to or
deprivation from a sugar source in Ae. albopictus. Access to sugar water delayed and reduced fecundity,
and sugar deprivation accelerated blood feeding and
subsequent oviposition. Their results may indicate
that the relatively high value of D obtained in our
study is unrealistic relative to Þeld populations. However, that conclusion would require knowledge that
we do not have about the access that Þeld populations
have to sugar sources relative to blood sources, and the
preferences they have for each. We would expect
these factors to vary widely with season and location,
depending on ßoral conditions and vertebrate host
abundance and activity.
Researchers interested in accuracy of K and rm
values generated by r⬘ must use r⬘ with caution, however. The y intercept (as an estimate of rm) was overpredicted when compared with r-generated values
(Fig. 2). Although K estimates were not signiÞcantly
different between the two measurements, perhaps
due to the large error about each prediction, the inaccuracy of the r⬘ methods in predicting r values
suggests that overestimation could be a problem in
comparing the competitive abilities of different species. Based on different degrees of apparent sensitivity
to inter- and intraspeciÞc density, differences in K
between competing species can be crucial in making
predictions about the outcome of invasions (Livdahl
and Willey 1991; Juliano 1998; Armistead et al.
2008a,b). However, a simple overestimate of K, as r⬘
would produce for Ae. albopictus in this study, does not
necessarily lead to a false prediction of a competitive
outcome, if a comparable error is obtained for the
competing species.
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Additional information about interspecies effects,
in the form of competition coefÞcients, also is needed
to predict the long-term outcome of competition. A
prediction based on classical theory requires the calculation of ␣ij, the per capita impact of one species on
the resource base of the other, converted into the
conspeciÞc equivalent. One way to obtain ␣ij is to
regress the per capita rate of change against the two
speciesÕ densities, obtain the coefÞcients for response
to heterospeciÞc and conspeciÞc densities, and calculate the ratio of the heterospeciÞc coefÞcient to the
conspeciÞc coefÞcient (Livdahl and Willey 1991).
Our results show that the regression coefÞcient of r
and r⬘ against N are very similar (Fig. 2); if this same
result also applies to responses to interspeciÞc densities, then the estimate of ␣ij would be robust, despite
biases in the r⬘ values.
Given the signiÞcant ability of r⬘ to predict r, this
study supports the use of r⬘ as a tool for predicting
general trends in population dynamics, given established sizeÐfecundity relationships. Due to the consistency of the bias in prediction across densities, it is
tempting to suggest a simple corrective calibration of
r⬘ to adjust for the overestimation. We do not advocate
this because of the likely difference between survival
and reproductive rates under Þeld and laboratory conditions. Some estimates of death rates in Þeld populations suggest that females die at rates about an order
of magnitude higher than the death rates in this study.
Niebylski and Craig (1994) estimated a death rate of
0.11 ind⫺1䡠d⫺1 for Ae. albopictus in Missouri and longevity of 8.2 d. Chan (1971) reported a daily female
death rate of 0.2 ind⫺1䡠d⫺1 for a Singapore population
of Ae. albopictus, which would yield an estimate of ⬇5
d. Populations in this study yielded daily death rates of
0.008 Ð 0.013 ind⫺1䡠d⫺1 (Table 2), with longevity estimates ranging from 77d to 125 d. Given this difference
between Þeld and laboratory survival, as well as the
likelihood that bloodmeal access in Þeld conditions is
much more difÞcult for females, the lengthy period of
reproduction observed in this study will likely not be
approached by Þeld populations. As such, a major
source of error in r⬘ estimates could be reduced, and
the predictive ability of r⬘ could actually be improved
under Þeld conditions for the adult stage.
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