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Taylor’s power law of fluctuation scaling has been
well approximated empirically in many fields,
including physics, meteorology, computer science,
finance and ecology. In ecology, it describes well
the abundances of many species, humans and non-
humans. Taylor’s law asserts that, in a collection
of probability distributions, the variance of each
distribution is directly proportional to a power of
the mean of each distribution, exactly for population
moments and, whether or not population moments
exist, approximately for sample moments. Linear
regression of log variance as a function of log mean
is widely used to estimate the parameters of Taylor’s
power law. We provide large-sample asymptotics for
this kind of inference under general conditions, and
we derive confidence intervals for the parameters.
In many ecological applications, the means and
variances are estimated over time or across space
from arrays of abundance data collected at different
locations and time points. Our results depend on
the asymptotic relation between the time-series
length and the number of spatial points. When their
ratio converges to a constant as both become large,
the usual normalized statistics are asymptotically
biased. We provide a bias correction to get correct
confidence intervals. Taylor’s law, widely studied
in multiple sciences, is a source of challenging
new statistical problems in a non-stationary spatio-
temporal framework. We illustrate our results with
both simulated and real data.
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1. Introduction

Taylor’s law is an important family of relations between the mean and the variance of some
probability distributions. Taylor’s law is well approximated empirically in many datasets in the
natural and social sciences, finance and technology. Since [1] publicized this relationship, which
was discovered by others at least 20 years earlier, such as [2], thousands of papers have studied
Taylor’s law for species abundance data in ecology and more generally to assess time-dependent
or space-dependent changes of distributions of population or other non-negative variables. Taylor
[3] and the references therein give a broad introduction to Taylor’s law.

The aim of this paper is to study Taylor’s power law, which is a simple power relation
between the variance and the mean of distributions in a family of marginal distributions.
Informally, Taylor’s law says that the variance of each distribution in the family is proportional
to some (usually positive) power of the mean of that distribution: variance of distribution =
a x (mean of distribution) #, where & > 0 and  are constant for all distributions in the family. We
define Taylor’s law more formally in equation (2.1). Because Taylor’s law has an interpretation in
terms of aggregation of ‘individuals” across time or space, it became widely popular in ecology,
even though many other interpretations are equally plausible. Cohen & Saitoh [4] discuss the
interpretation of the exponent g (also called the slope parameter) of Taylor’s power law. In
scientific use and testing of Taylor’s law, equation (2.1) is the most basic relation against many
plausible alternative models.

Many extensions of Taylor’s law can be more appropriate than equation (2.1). For example,
the quadratic Taylor’s law [5], where log variance is a quadratic polynomial function of log
mean, describes U.S. county populations more accurately [6]. A cubic generalization of Taylor’s
law, where log variance is a cubic polynomial function of log mean, is required to describe
mortality rates in Japan [7]. And sometimes, a variance function expressed as a linear combination
of the mean and the square of the mean [8] (a generalization of one of the negative binomial
distribution’s variance functions) is superior to any form of Taylor’s law [9]. Fitting Taylor’s law
(equation (2.1)) is a step that follows exploratory data analysis of multiple alternative models,
each of which poses its own problems of estimating parameters.

Whatever the form of Taylor’s law, estimation of unknown parameters roughly follows the
same idea. We compute sample means and sample variances along one dimension (say, space) of
a rectangular array of non-negative data indexed by (say) space and time. This produces a pair
(sample mean, sample variance) for each point in time. The sample mean and sample variance
are assumed to be positive so their logarithms are well defined. The slope and intercept of log
variance as a linear function of log mean are calculated, typically by ordinary least squares but
sometimes by more robust methods to reduce vulnerability to outliers, e.g. Hampel’s function and
Tukey’s biweight function [7] to optimize the fit of Taylor’s power law to these pairs of sample
moments.

For example, in ecological species abundance data, the spatial Taylor’s law, on which we focus
in this paper, assumes that the time-varying mean and variance of the marginal distribution are
linked at each time ¢ by equation (2.1) and these population quantities are approximated by the
corresponding sample moments computed from abundance data of a given species observed at
different locations for each time t. After taking the logarithm of equation (2.1), this leads to the
least-squares estimator in §2.

A simple log-log plot (log variance on the vertical axis, log mean on the horizontal axis) is the
classical graphical tool used by practitioners to assess whether Taylor’s law describes the data.
We show in §4 that the confidence intervals of parameter estimates resulting from ordinary least
squares may be seriously biased, and we show how to correct that bias. This is illustrated in §5,
with real data.

A wide statistical literature links variance laws like Taylor’s law with some classes of
distributions [10-12]; those classes are compared in [13]. Cohen & Huillet [14] provide infinitely
divisible examples of the Bar-Lev Enis type. However, formal statistical analyses of Taylor’s law
are rather scarce. Some methodological contributions include [15-20], among others. Beyond
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the previous papers which state that Taylor’s law holds for interesting classes of distributions,
these contributions mainly focus on inference procedures or computational issues and compare
different approaches for estimating the parameters of Taylor’s law in various situations such as
sparsity, small samples or data with covariates. None of these contributions discuss formally the
large-sample behaviour of least-squares or likelihood estimators, which is precisely the scope of
the present paper.

We believe that the statistical analysis here can guide the analysis of more complex versions
of Taylor’s law. In this paper, we study some detailed conditions that justify the commonly
used method of log variance-log mean least-squares regression. However, many extensions of
our results are possible. Our approach to studying Taylor’s law requires a careful analysis of a
specific minimum contrast estimator derived from some sample moments instead of the usual
pair (x, y) = (covariate, response) used in standard regression analysis. Analyzing other methods
such as likelihood estimation or more general models that use log-regression could be conducted
using similar arguments.

This work can be useful for both quantitative ecologists and statisticians. Our analysis can
help ecologists to measure the uncertainty in the estimated parameters with precise confidence
intervals. Our analysis also shows that the asymptotic distribution of the regression estimates
depends on the asymptotic relation between the time-series length and the number of spatial
points. By using our results, practitioners can avoid using standard but biased methods to
compute confidence intervals for the parameters of Taylor’s law. By biased, we mean a non-
centred asymptotic distribution for the parameters of Taylor’s law. In general, in linear regression
models, the difference between the ordinary least-squares estimator and the target parameter has
a probability distribution that can be well approximated by a zero-mean Gaussian distribution.
This will not be necessarily the case for Taylor’s law. In §4, we show that in some cases, the
Gaussian asymptotic distribution of least-squares estimates is not centred. For statisticians, our
work reveals that a popular family of stochastic relations widely studied in several sciences is a
source of interesting new theoretical problems, in particular for getting consistency properties or
for constructing testing problems in a non-stationary spatio-temporal framework.

Many extensions of our results are possible, for example to the numerous variants of Taylor’s
law discussed above. In addition, this paper focuses only on distributions with light tails, i.e.
when the probability distributions of interest have some finite moments of order k > 2. Though
sufficient to prove rigorous consistency results for our estimates, such a restriction is not necessary
for Taylor’s law to occur. Taylor’s law may hold for the sample mean and sample variance from
stable laws with infinite variance or infinite mean [21-24]. However, even with our restriction
to light-tailed distributions, ours is the first rigorous analysis of the asymptotic properties of the
least-squares estimators of Taylor’s power law parameters.

The paper is organized as follows. In §2, we specify our model and the least-squares estimators
of the parameters of Taylor’s law. In §3, we provide consistency properties. In §4, we prove the
asymptotic normality of our log-regression ordinary least-squares estimators. In §5, we apply
our results to real data. In §6, we summarize our conclusions and, in §7, we provide proofs of
our results. Appendix A contains some technical lemmas needed in §7. Electronic supplementary
material available online contains an additional proof as well as some numerical experiments that
assess the quality of the estimators studied in the paper, depending on various assumptions about
the process that generates the data. The dataset used in §5 and the R or Matlab codes used for this
paper are available at [25].

2. Least-squares estimators for the parameters of Taylor's law

Let (X t)1<j<n,1<t<T be an array of non-negative random variables indexed by integers j, t. These
variables can take integer values, for instance, when X+ represents the number of individuals
observed at time ¢ and at location j, or more generally non-negative real values, for instance,
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when X;; represents the number of individuals observed at time ¢ divided by the area of site j, in
which case X;; represents a number of individuals per unit of area (population density).

We assume that the spatial variance O'tz := Var(Xj,) (that is, the variance of the n elements in
column ¢t of the array (Xj+)) and the spatial mean yu := E(X;;) (that is, the mean of the n elements
in column f of the array (Xj)) at time t do not depend on the location j, are strictly positive, and
satisfy the spatial Taylor’s law (to be explained further below),

of=apf, 1<t<T, @2.1)

for a pair of parameters («, ) € (0, 00) x R. In most ecological applications, the estimate of § is
positive. A value B > 1 is sometimes interpreted as indicating aggregation or clumping of the
organisms because a family of Poisson distributions in which the mean varies in time and remains
constant over space obeys o = 8 = 1. Values below 1 are uncommon but possible, for example, in
models of a population in a Markovian environment, e.g. [26,27]. Numerical simulations of some
fisheries models gave g < 0 [28].

The population parameters (i, atz) are estimated by their empirical counterparts from the
sample X1y, ..., X, +. See below for details. This form of Taylor’s law is known as a spatial Taylor’s
law because the empirical mean and the empirical variance depend on 1 spatial locations at
each time. We do not consider here other variants of Taylor’s law, such as the temporal Taylor’s
law, in which the mean and the variance depend on T time points at each spatial location, or
the hierarchical spatial Taylor’s law or the hierarchical temporal Taylor’s law. For instance, the
temporal Taylor’s law assumes that the population moments 0]2 = Var(X;;) and u; = EX;; depend
only on j and not on ¢. The corresponding power law is

2 _aul <ij<
o] —auj, 1<j=n

Asymptotic properties of the temporal Taylor’s law can be obtained with similar arguments. This
is why we mainly focus on the spatial Taylor’s law, equation (2.1).
The main problem here is inference about the two parameters « and g of equation (2.1). Since
equation (2.1) implies
log o7 =log(«) + Blog(), (22)

a natural way to proceed is to use a linear regression of the logarithm of the empirical spatial
variance computed at each time f as a function of the logarithm of the empirical spatial
mean computed at each time t. The empirical spatial mean and empirical spatial variance are,
respectively,

1 n 1 n
N, — — . A2, T 2 p2
A= . E Xjy and o6f = . E Xj,t g
j=1 j=1

While the variance can be also estimated from the unbiased estimator
1 n
~2 )
6f = > (X — ),
n—1~4% 7
j:

our asymptotic results do depend on the choice of a biased or unbiased version of the sample
variance. It is natural to estimate the pair 6 = (log(«), 8)’ from the ordinary least-squares estimator

T
6y = arg min Z(log 62 — 61 — O log fur)?.
0eR? 41
Explicitly,
6. =D7'Nr, (2.3)
where

. 1 7 iy log i A + iy log6?
DT=( T Lz 08 t) and NT=< rrimloson ) oy

1 T A 1T 2 A 1 T A N
T2 i=1logie 73 1 log” fut T 2t=1log /it - log ‘th

84705707 181 ¥ 205§ 20ig edsy/jeuinof/bioBuiysigndiaposiefos H



Downloaded from https://royal societypublishing.org/ on 26 November 2025

In the above formula, log /i; or log 6y are not defined when fi; or &tz vanishes. In this case, one

can simply replace these quantities by 0 in the expression of 6,. Such a replacement is a simple
convention and does not make any difference asymptotically, since /i; and 62 become positive for
n large enough. If we set

1 1T 15T logo?
DT1=( T 2t=1 0gm> and NT1=< T 2 t=110go; )

3 logue 3 Y[ log? s + 30 log s - log o

then analogously 6 = D;lNT, which makes it natural to introduce the above estimator.
Throughout this paper, we assume that the time-series length T depends on the number 1 of
spatial sites, i.e. T := T),. We study the asymptotic properties of 8 := 6,, in equation (2.3) as n — oco.
The asymptotic relation between T and n will be important but we will not need other specific
assumptions on the mapping 1+ Tj,.

3. Consistency properties

We now study the consistency of least-squares estimates. Consistency is defined to mean that
limy,_. o, 6 = 6 in probability (weak consistency) or almost surely (strong consistency).

If Ty :=sup,., Ty < oo, consistency properties will roughly follow from the law of large
numbers. It is more challenging to study the case T,, — oo, which is also useful in applications
because the dimensions of the arrays of data are often balanced. Though time series with length
diverging to infinity are the main focus, our results are also valid for finite T,.

(a) General results for non-negative random variables

To derive the asymptotic properties of our estimates, we make the following assumptions.

Assumption Al: The n time series of length T, given by (X;;)1<t<7, 1 <j <n, are independent
and identically distributed. Assumption A2: There exists k> 2 such that sup,.; IElXulk < o0.
Assumption A3: There exists some § > 0 such that -

p(8) = }n{IP’(XU >8)>0 and g(8):= }n{PﬂXU — Xo 4| >8)>0.

Assumption A4: There exists ¢ > 0 such that for any positive integer T,

2

T 1 T
;(log /,Lt)z - (T glog ,ut> >c.

Let us comment on our assumptions.

~l =

Remark 3.1. Assumption Al does not require any specific dependence property across time.
Independence across sites j is needed only for technical reasons. However, spatial correlations can
be observed in data, as for instance in a study of Hokkaido voles [4]. In theory, it may be possible
to remove the assumption of independence across sites j by assuming a stationarity condition
and some weak dependence property between the different sites j. However, getting consistency
properties under such conditions would require additional assumptions, in particular to get the
law of large numbers when the locations j are irregularly spaced. We prefer to keep the set-up
simple.

Remark 3.2. The technical moment assumption A2 is needed to prove limit results as in
theorem 3.5. In the electronic supplementary material we provide some numerical experiments
which show that the moment assumption on X ; influences the accuracy of our estimators.

Remark 3.3. Assumption A3 roughly means that Dirac masses cannot be cluster points of the
marginal distribution, since assumption A3 is not satisfied if and only if at least one of the two
sequences (X1 ¢)¢=1 or (X1, — Xo¢)r=1 has a subsequence converging to 0 in probability. Excluding
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Dirac masses is important to avoid small values for the population mean and the population
variance as well as for their empirical versions and then large negative values for their logarithm.

Remark 3.4. Assumption A4 ensures that the vectors (log u¢)1<t<7 vary sufficiently in time.
Such a condition is needed to avoid some pathological behaviors such as the convergence of ¢
when t — oo. Without this condition, the matrix ﬁT can be asymptotically singular. For a standard
linear regression model y; = x} 8 + &, where x; denotes the transpose of the column vector x¢, our
condition is comparable to the existence of a lower bound for the determinant of the matrices
7! Zthl x¢x; classical in statistics.

Theorem 3.5. Given assumptions A1-A2-A3-A4, there exists y > 0 such that if T = O(exp(yn)),
then limy,_, oo 6 = 6 in probability. If assumption A2 holds with k > 4, then limy,_, o 6 = 6 almost surely
(a.s.).

Theorem 3.5 requires a limited growth of the time series length T with respect to the number n
of sites. It is valid for instance when T and 7 satisfy a linear relationship or more generally when
T is bounded by a power of 1. Another assumption concerning the marginal distribution of X ;
avoids such a restriction and leads to consistency. Define log_(x) := —log min(x, 1) for any x > 0
and logq_ (x) := (log_(x))7 for any q > 0.

Assumption A5: There exists g > 2 such that

supElx, >0 - log'z Xip<oo and supEly, xx,, - logz [X1,¢ — Xo 4| < 00.
t>1 =1

Theorem 3.6. Given assumptions A1-A2-A3-A4-A5, 6y is weakly consistent if k > 2 and strongly
consistent if k > 4 in assumption A2.

(b) A more specific result for integer-valued random variables

For integer-valued random variables, the previous assumptions can be simplified. In particular,
it is straightforward to show that assumption A5 is automatically satisfied. Assumption A3
becomes:

Assumption A3": We have infy>1 P(X1 ¢ > 0) > 0 and infi>1 P(Xy+ # Xo4) > 0.

Corollary 3.7. Given assumptions A1-A2-A3'~A4, 0, is weakly consistent if k> 2 and strongly
consistent if k > 4 in assumption A2.

4. Asymptotic normality of parameter estimates

We now derive asymptotic normality of our log-regression ordinary least-squares estimators. To
keep the set-up as simple as possible, we also assume independence in the time direction, i.e.
for any j > 1, we assume Xj 1, Xj, . . . are mutually independent. This assumption can be relaxed
but this simple set-up suffices to give insight into the weak convergence of such estimates. For a
matrix C of any size, C’ denotes its transpose.

Define Yj; = (Xj, ij,t)/ and m;:=EY1; for 1<j<n and 1<t <T. Define the empirical (or
sample) version of m; by

1 n
mp=—Y Yij.
= 2 i
=1

The two components of n1; and 17 are denoted, respectively, by m1 4,y ¢ and 11 ¢, i1 ¢. In terms of
our previous notations, we have my; = pu; and 711 s = fi;. In what follows, we use both notations,
depending on the context.

We also use a standard notation for weak convergence or convergence in distribution. When
(Zn)u>1 is a sequence of random vectors of R? and v is a probability measure on the Borel o-field
of R?, notation Z, = v means that Z, converges weakly to v, i.e. the distribution of Z,, converges
tov.
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The following analysis concerns a function ¢y with two-dimensional parameter 6 := (6, 6,) €
R?, two-dimensional domain 0, oo)z, and two-dimensional range R2. In the two-dimensional
argument (x,y) of ¢, x represents the empirical or expected spatial mean of the observations
Xj+ and y represents the empirical or expected spatial mean of the squared observations X]Zt

With either empirical or expected mean, y — x?

represents the variance, i.e. the mean-squared
observation minus the squared mean observation. The two parameters 6; =log(x), 6o =8 of
¢y correspond to the intercept and the slope of the log-log form equation (2.2) of Taylor’s law.
The first component ¢14(x,y) :=log(y — x2) — 061 — 6, log(x) of ¢ is the deviation from equation
(2.2), conditional on the two parameter values 61,6,. It corresponds to the first component
of the normal equations of ordinary least-squares estimation, equations (2.3) and (2.4). The
second component ¢; ¢ (x, y) := log(x) log(y — x2) — 6 log(x) — (92(10g(x))2 similarly corresponds to
the second component of the normal equations of ordinary least squares.

Setting 6 = (log(«), B)’, the estimation error for the log-regression parameters has the
decomposition

6 —0=D7'Ny — D'Nr = D7 (N7 — Nr + (D1 — D1)6).

This decomposition implies that

Ur:= ﬁT(é —0)=

Sl =

T
> (@0 (i) — do(my)), (4.1)
t=1

where

[ b1exy)
do(xy) = (m (x, y)) '

for x> 0,y > 0. The idea is simply to make a Taylor expansion of the function ¢ with respect to
its two arguments representing the spatial means of the two samples (Xj1<j<n and (X].Z’ N<j<ns
respectively, computed at any time point 1 <t <T. We then approximate Ut with its first-order
Taylor expansion

T
1 N
V=) Jo (me) - (i —my), (42)
t=1
where 4, (x, ) denotes the Jacobian matrix of ¢ at point (x,y). Intuitively, the convergence rate
for V1 is «/nT since VT contains a double summation with n x T centred terms. We then define

1 T
I'r = Var(vnTV7) = 7 ZI@ (my) - Var(Y1,t) - Jg, (mz) (4.3)
=1

and Cy:=T7 172 1t is expected that vnTCr VT = N3(0, ). Here, N, denotes the bivariate normal

distribution with mean 0 and covariance matrix the 2 x 2 identity matrix, I. The remaining step
is to investigate the asymptotic behaviour of VnT(Ur — V). When T/n — 0, one can show that
under the assumptions of theorem 3.5, VnT(Ur — V1) =op(1). However, when T/n — s > 0, this
is not the case, but under the assumptions of theorem 3.5, one can show that

T /. , .
ST (Ur — V)= \/?Z ((mt — m) VO y g (my) (it — mt)) +op(1),
=1

(g — my) V@ ey o (my) iy — my)

where for a twice-differentiable function f : R> — R, we denote by V(®f(m) the Hessian matrix of f
at point m. The first right-hand term in the previous equality does not vanish asymptotically and
has an expectation of order /T/n. Hence, this non-negligible bias has to be included in deriving
the asymptotic distribution of 6.

In what follows, we introduce two asymptotic regimes. In the first, we say that T/n =o(1) if
limy,, oo Tyy/n =0. In the second, we say that T/n = O(1) if sup,..; T;/n < oc. The first regime is
a special case of the second, which is satisfied when T and 1 are proportional or asymptotically
proportional. However, the second regime requires special attention when the first does not hold.
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For this reason, we distinguish between these two regimes in our next results. Our consistency
result, theorem 3.5, is valid for these two regimes.

Theorem 4.1. Let A_(I'r) denote the smallest eigenvalue of I'r defined in equation (4.3). Assume that
lim, A_(I'r) > 0. Suppose that assumptions A1-A2-A3-A4 hold with k > 4 in assumption A2 and for
any integer j such that 1 <j <n, (X;)t>1 is a sequence of independent random variables.

(i) If T/n=0(1), then
VnTCrD1( — 0) = N>(0, I).
(ii) If T/n = O(1), then

VnTCrDr(6 — 6) — %ECTET =M (0,1),
where E :=(1/T) Zthl Gy and
Gt = (Tr (VO 1 o (ms) Var(Y1,0)), TH(V D o (me) Var(Y1,1))) -

We comment on these results.

Remark 4.2. The existence of a lower bound for the eigenvalues of I'r is always difficult
to check for a specific sequence of marginal distributions, though quite natural. We provide
sufficient conditions as well as a way to check it for Poisson random variables in lemma A.7
in appendix A.

Remark 4.3. When T/n— k>0 as n— oo, the normalized statistics nT CTﬁT(é —0) in
theorem 4.1 become asymptotically biased. Neither the matrix Ct nor the vector ET converges
in general when 1 — oo but these sequences remain bounded under our assumptions. This non-
centring of the asymptotic distribution is atypical for regular statistical models and is due here
to the fact that when the array of data remains balanced, there are not enough replicates of the
time series to make the second-order term in the Taylor expansion of the estimates negligible. The
asymptotics when T/n = O(1) (theorem 4.1(ii)) also hold when T/n = o(1), since then /T/nCrEr =
0(1) becomes negligible.

Remark 4.4. Figure 1 shows the effect of neglecting the bias for simulated Poisson data when
the number of sites equals the number of time points. Without bias correction, the probability
distributions of the two coordinates of the normalized statistics v/nT éTDT(é — 0) are not correctly
approximated by that of a standard Gaussian. Here Cr, which is a natural estimator of Cr, is
defined in corollary 4.7.

Remark 4.5. An important question is whether theorem 4.1 can be extended to a scenario
where (X;;);+ are dependent and non-stationary in time. To do so, it will be necessary to extend
lemma A.5, which is a Marcinkiewicz—Zygmund type inequality. Extensions of these inequalities
to dependent random fields are available, for instance, for mixing random fields [29, theorem 1]
or another measure of dependence [30]. We also need to study the weak convergence of the self-
normalized sums Var(V1)~ Y2Vt to a standard Gaussian vector. A useful result for mixing random
fields [31, theorem 3.3.1] does not require stationarity. In that case, the self-normalization Var(V'1)
involves all the covariances between the different variables. Estimation of such normalization
was carefully studied in the case of stationary random processes. The authors of [32] review the
main approaches for time series. For random fields, the authors of [33] obtain nice results for
the univariate case, under ¢-mixing conditions. However, extension to non-stationarity in time
is more challenging. First, suitable stationarity assumptions valid only in the locations direction
1 <j <n have to be carefully formulated to reduce the number of covariances to estimate. These
variance estimators are non-parametric. Dealing with non-stationarity in time requires careful
attention, certainly a huge amount of data, and development of multiple intermediate tools for
dependent random fields. Such apparatus would hide the main and very simple purpose of our
paper, which is to improve the practice of testing and interpreting Taylor’s law. A reasonable
approach to the dependent setting requires another more technical publication.
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Figure 1. For simulated Poisson variates X;; ~ P(A;) with n =T =100 and A, = 3 + cos(t), quantile—quantile plots

(top) for the two components of statistics T fr[)r(é — 6) and (bottom) for the two components of statistics
nTGiDr 6 — 0)— gmf,@,. The abscissa represents the quantiles of the standard Gaussian distribution. The ordinate
represents the sample quantiles for the statistics of interest. A good fit should show dots near or on the diagonal line where
abscissa equals ordinate, as in the bottom two panels.

Remark 4.6. To use these results in practice for constructing tests or confidence intervals, it is
necessary to estimate I'r and Et from the data. Under our current independence assumption, the
following corollary holds without additional requirement:

Corollary 4.7. Suppose that all the assumptions of theorem 4.1 hold true with either the asymptotics
T/m=o0(1)or T/n=0(1). Set

T
~ 1 ~ ~ ~ A ~A_1/2
Fre= 3 Jo;Git) By, (), Cre= 17"
t=1

and

ET =

~l =

T
Y Gt Gei=(Tr(VP¢, ;) 2), TV D () 1)) -
t=1
Then
AA A 1 /T~ &
vnTCrDr(6 — 0) — E\/;CTET = N>2(0,Ip). (4.4)
Define Hy, := D;l IA“TIAD;1 and

0, if £ =o(1),
Mi=1 1 [Tpap. T _oa
2V nT BT/ lfn_ ()
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Let g, denote the quantile of order v of the standard Gaussian distribution. Then the interval

Lo |4 YHnGD0-vp + M) 5 N VHu (i, ))g1-0/2 — Ma(i)
in i \/ﬁ /Ui \/ﬁ

is a confidence interval with asymptotic level 1 — v for i=1,2. When T /n = O(1), the vector M,, corrects
the bias of the two confidence intervals.

Remark 4.8. In practice, it is difficult to know which regime is the most appropriate. However,
if T/n=o0(1), we have M,, =0(1), under our assumptions. So the bias correction can still be used
in this case, though it is asymptotically negligible. Moreover, even when T/n seems to be small,
the bias correction M, depends on some empirical averages and can be non-negligible. This is
why we recommend using such a bias correction whatever the context, or at least computing
both confidence intervals and seeing how they differ from each other. The estimator § — M, /~/nT
can be interpreted as a bias corrected estimator of 6, the bias resulting from the estimation of the
nuisance parameters (¢, ot) in the OLS equations. See [34] for a similar correction in the context
of maximum likelihood estimation.

Remark 4.9. What asymptotic behaviour could be expected when T/n — oco? In this case, a
higher-order Taylor expansion is needed to control the difference between Ut and the linear part
V7 discussed before the statement of theorem 4.1. Suppose, for instance, that T/ n~1=0(Q) for
some k > 3. (Our study concerns only the case k =2.) Under suitable moment assumptions, one
expects that

k T
1 N
VT(Ur = V) =Y 501/ % >~ DOy -l —mil’ + 0p(D),
=2 t=1

where D denotes the formal differential operator of order ¢. Indeed, by using lemma A.5,
the expectation of ||7i; — my||® is of order n~¢/2, and all the terms of order lower than k in the
Taylor expansion are non-negligible, leading to a more important bias. In order to provide a bias
correction, it is necessary to estimate these k — 1 terms. We do not pursue the required additional
calculations in this paper, mainly because T > 1 is quite rare for real data, especially for ecological
abundance data.

5. Example: international bottom Trawl Survey for the North Sea

We analyze some data from the International Council for the Exploration of the Sea (ICES)
International Bottom Trawl Survey for the North Sea. The survey estimates the abundance,
measured as catch per unit effort (CPUE), of each fish and some invertebrate species binned
into length classes, in spatial rectangles, known as subareas, of 0.5° latitude by 1.0° longitude,
with an approximate area of 30 km?. Data included in this study are limited to the years 1977 to
2015. The dataset used here contains only the observations of the nine standard species: Clupea
harengus (species 1), Gadus morhua (species 2), Melanogrammus aeglefinus (species 3), Merlangius
merlangus (species 4), Pleuronectes platessa (species 5), Pollachius virens (species 6), Scomber scombrus
(species 7), Sprattus sprattus (species 8) and Trisopterus esmarkii (species 9). The CPUE is the
number of individuals caught per cruise in 30 min of fishing, where only individuals in certain
categories of length (measured in mm) were included. Further, data were limited to quarter one
only, when survey cruises typically occur from mid-January to mid-February. Thus it excludes
seasonal differences in abundance. For each of the nine species, the abundance is recorded
at n =195 locations in T =39 years, with one observation per year. More details about this
survey and about interpreting the TL slope 8 in ecology are given in [35] and its references. In
general, the slope parameter 8 has been shown to be connected to several ecological indicators
such as demographic rates, habitat heterogeneity, demographic stochasticity, environmental
heterogeneity and sampling procedures. See [36-39] for more general discussions about ecological
interpretations of some changes in spatial TL slope.
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Figure 2. For each of nine species, a plot of the natural logarithm of the sample variance as a function of the natural logarithm
of the sample mean (black dots) of the catch per unit effort (CPUE). The ordinary least-squares regression lines are red.

Figure 2 gives log-log plots (using the natural logarithm) of the empirical mean and the
empirical variance of the CPUE of the nine species.

Table 1 lists the ordinary least-squares estimate of the slope parameter as well as the 95%
confidence intervals obtained from standard linear regression methods. The function Im of the
sofware R was used to get least-squares estimators of # as well as the confidence interval for
the slope parameter B. These confidence intervals are not valid under the present set-up since
the input and output variables are, respectively, logarithms of empirical means and empirical
variances, a case not covered by the usual asymptotic theory. In contrast, table 2 lists confidence
intervals computed from our asymptotic results, with and without bias correction, for the same
confidence level. We do not consider species 7 here because more than 75% of these data were
zeros and we had numerical difficulties evaluating the quantities in corollary 4.7. Very sparse data
could thus be problematic. For such data, log-log regression is not suitable. We could use other
methods, e.g. by fitting a parametric zero-inflated distribution to the data [40], or by modelling
separately the zero values and the positive ones, e.g. [41]. The estimate of TL slope will then
depend on the chosen model. Such alternative methods are beyond the scope of this paper. Here
we do not assume a specific parametric model for the X;; values.

Also, we divided all the abundances by a factor (the mean value of the abundance of the
species, computed over the n x T observations) to avoid numerical issues owing to many large
values in the time series. This operation does not change the value of the estimate of the slope
parameter B because Taylor’s law is still valid with the same g, although it changes the value
of the intercept parameter a. A pseudo-code summarizing the different steps for computing
the confidence intervals for the slope can be found in Section 3 of the electronic supplementary
material.

The confidence intervals listed in table 1 are wider than those listed in table 2. This is not
surprising since their size is proportional to 1/+/T while the correct size is proportional to 1/+/nT.
As a consequence, after this correction of the width of the confidence intervals, some values of 8
are rejected at the 95% level; for instance, the value g =2 for species 4. The two intervals listed
table 2 with or without bias correction have exactly the same length. The confidence interval
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Table 1. Point estimates by ordinary least squares of the slope parameter 3 for the nine species and lower and upper bounds
of the 95% confidence interval obtained with conventional linear regression (n =195, T = 39).

species ordinary least squares 8 lower bound upper bound
1 2.009793 1.780779 2.238807
2

=

Table 2. Point estimates by ordinary least squares of the slope parameter 3 for eight of the nine species and lower and upper
bounds of the 95% confidence interval (n =195, T = 39) computed with bias correction (C) and without bias correction (NC).
(C) (respectively, (NC)) means that the formula of the confidence interval given in corollary 4.7 is computed under the regime
T/n = 0(1) (respectively, T /n = o(1)).

species lower bound NC upper bound NC lower bound C upper bound C

obtained with bias correction is a simple shift, to the left or to the right, of that obtained without
bias correction and it is then no longer centred around the estimate B.

With or without bias correction, the confidence intervals of four species, 1,5,8,9, include the
value B =2; three intervals lie entirely above g =2; and two intervals lie entirely below g =2.
Thus, the hypothesis 8 =2 is not rejected for only four species, under the important, probably
influential assumption, for each species, that its time series are independently and identically
distributed at different spatial locations.

In another application of our results, we test whether the slope $ of a first species is statistically
significantly greater than the slope B of a second species, i.e. we test Hy: 8 < B versus Hy : 8 > B.
Assuming that the two arrays are independent and both satisfy the assumptions of corollary 4.7,
one can show that the statistic

:(ﬁ_ﬁ_ﬂ"‘ﬁ_ﬁn)

Un

&n:

is asymptotically N(0, 1)-distributed, with

P Mn(z) B M?I(Z) N H’rl(zl 2) + H‘rl(2l 2)
Uy = T and Uy = \/]/[T .
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Here, M, and H,, are calculated using the data of the first species with slope g as in corollary
4.7, and M,, and H,, are calculated in identical fashion using the data of the second species with
slope B. We then reject Hy at level v if &, > g1_,. For instance, if (8, 8) denotes the slopes of the
pair of species (6, 5), the value of &, is 1.57 and Hj is not rejected at the 5% level, showing that the
estimated slope for species 6 is not significantly larger than that of species 5. On the other hand,
species 2 has an estimated slope significantly larger than the estimated slope of species 5 because
&y =2.46. One can also use the same procedure to test if the slope of spatial TL over one period of

time differs significantly from the slope for another time period. In this case, # and ﬁ denote the
estimated slopes over the first and second time period, respectively.

Our methods (and most other applications of least-squares regression to estimate the
parameters of Taylor’s law) ignore the possibility that exogenous environmental fluctuations like
the North Atlantic Oscillation influence all locations simultaneously, as well as the possibility that
spatially adjacent or spatially remote populations of a species interact.

Visual inspection of figure 2 gives no suggestion, for any species, that log variance is
systematically nonlinearly related to log mean. In an exploratory analysis, we fitted a quadratic
spatial Taylor’s law, that is,

log o7 =log(e) + B log 1t + v log? s,

by ordinary least squares as implemented in the software R, with the standard Im function used to
fit linear models. The null hypothesis that y =0 was not rejected for any species and the p-values
were all large. This finding should be treated with caution as the t-tests are not credible in the
context of this application. It is necessary to extend our results to this more general parametric
model to be more rigorous. Despite these cautions, it seems doubtful that there is any important
quadratic effect. Further theoretical developments are required to assess rigorously whether the
data reject the null hypothesis of a linear relation between log spatial mean and log spatial
variance. For now, we accept the visual evidence that Taylor’s law, linear on log-log coordinates,
is a plausible model of the variance function of these data.

The present paper does not analyze the stochastic dependence between observations. Recent
theoretical analyses of stochastic dependence in Taylor’s law include simulations [39] and an
analysis of a single trajectory of a time series with serial dependence based on self-normalized
quantities that involve Bernstein blocks [42]. In our present context, considering dependence will
lead to a more delicate estimation of the normalizing matrix Cr in theorem 4.1, and this would
probably require large datasets to get accurate results.

To decide whether this dataset is compatible with the assumption of temporal independence
under a non-stationary framework, we compute the residuals Zj,t = (Xj+ — f1r)/6¢ which behave
more like a stationary time series since their two first moments approximate 0 and 1, respectively.
For each species, we then compute the three first autocorrelation coefficients p(1), p(2), p(3), with
lags 1, 2, 3 of each time series (Z]»,t)lgtsr forj=1,...,n. We apply the arctanh function to all the
correlation coefficients as a variance-stabilizing function. Van der Vaart [43, section 3.2] defines
the corresponding confidence interval of the autocorrelation coefficients, based on this variance-
stabilizing function.

Table 3 lists the percentage of confidence intervals that include 0 for each species and each
autocorrelation coefficient. The confidence intervals were calculated under the assumption of
independence across ¢ of Z;; = (Xj; — iut)/ot, and by neglecting the sampling error to estimate
the local mean and local variance. Since n =195 is much larger than T = 39 for this example, one
might expect that this sampling error is negligible. However, the results have to be taken with
caution since T is not very large. For species 6-9, the assumption of no correlation across time
appears as perfectly plausible. Species 3 seems to be the most problematic.

In table 4, we apply the same procedure to test spatial correlation. More precisely, for each of
the nine species separately, we compute the sample or empirical correlation r between Z;; and
Zy for two different locations j and ¢ using the two samples (Zjn<t<t and (Z¢t)1<t<T- Table 4
lists the percentage of pairs (j, £) for which r=0 is not rejected. As for temporal dependence, it

84705707 181 Y 205§ 204g edsy/jeuinof/ioBuysiigndiaaposiefos



Downloaded from https://royal societypublishing.org/ on 26 November 2025

Table 3. Percentage of confidence intervals containing the point p(i) = 0 for serial autocorrelation with lag i =1, 2, 3. The
confidence intervals were computed for the n = 195 time series using the arctanh variance-stabilizing function.

species () p(2) pB)

1 774 80.0 99.0
L e o, s
o e o
L o 0o
S o 0s
. o wo 000
L gg o 00
G ou ga oo
G s 0o

Table 4. Percentage of confidence intervals containing the point r = 0 for correlation of the abundance between different
locations. The confidence intervals were computed using the arctanh variance-stabilizing function.

is difficult to exclude a spatial correlation for some species, such as species 6, whereas for some
other species, spatial correlation seems not to be very important.

6. Conclusions and perspectives

In this work, we introduced precise assumptions on the data-generating process to study the
asymptotic properties of least-squares estimators of Taylor’s power law parameters. We have
given a first rigorous basis for estimating the parameters of Taylor’s law. We have shown that our
methods apply to and illuminate real data. Our empirical results suggest that our independence
assumptions are a reasonable first approximation for this dataset. Theorems 3.5, 3.6 and 4.1 are
our main new results. Our assumptions on the marginal distributions are general enough to
cover many situations encountered in practice, excluding data with fat tails and spatial and/or
temporal dependence. The asymptotic properties of the regression estimates depend importantly
on the asymptotic relation between the time-series length T and the number n of spatial
points.

To ecologists interested in using our results to quantify the uncertainty in estimates of the
parameters of Taylor’s law, we offer the following guidance.

— Always apply the confidence intervals corresponding to the bias correction given in
corollary 4.7, with M, defined as if T/n = O(1). This correction is crucial when T and
n are of the same magnitude. Even if the ratio T/n seems to be quite small, it is
difficult to know at exactly what threshold the asymptotic regime T/n =0(1) becomes
appropriate. The formula with bias correction always works asymptotically when T/n =
o(1). Even for finite sample sizes, the confidence intervals should not be too much
affected.

— The most important distortion of the confidence intervals could come from spatial
or temporal dependence. We ignored such possible dependence in this work. We
recommend checking whether the independence assumption is compatible with the
dataset, as we did, for instance, in our application to real data, §5. If substantial
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dependence is observed, as in [39], further research is needed. Our specific formulas for
confidence intervals may or may not apply to data with demonstrable spatial or temporal
dependence, but we believe our approach to modelling and analysis of Taylor’s law
parameter estimation generalizes even to data with dependence.

Some hints for various extensions are given below. When data have fat tails, the limiting
distribution of least-squares estimators will probably no longer be Gaussian. Even with thin tails,
our contribution appears to be the first to derive an asymptotic distribution for such estimates,
which appear in numerous ecological papers without theoretical analysis.

Various extensions could also be investigated. For instance, one can study other estimators of

the form
T

f=argmin ) (log 67 — f(log ir))%, (6.1)
feF =1
where F is a class of functions not necessarily linear. One can then study generalizations of
Taylor’s law such as those mentioned in §1, including quadratic [5,6] and cubic [7] functions
of the log mean, as well as a linear combination of the mean and the square of the mean [8] or
higher-degree polynomial functions of the mean.

The case of an infinite-dimensional class of functions is also challenging. Whatever the
regularity (e.g. differentiability) imposed on F, an infinite number of functions could map the
sequence (log ) on to the sequence (log atz)t. This non-parametric extension differs from the
usual standard non-parametric estimation problems in statistics.

Another open question related to assumption Al is to check whether time and space (t and j)
could be exchanged. Non-stationarity in time of at least both mean and variance (and not
only one of them) seems mandatory to get identifiable parameters «, f in the spatial Taylor’s
law equation (2.1). Estimating the normalizing quantities could be more difficult in this non-
stationary context. Taking account of the stochastic dependence, spatial or temporal or both,
between the observations is also a technical challenge. Many ways to extend theorem 4.1 in the
context of dependence have been published; for instance, [44] provide many helpful asymptotic
results.

Extensions to dependent random variables are plausible in different settings. When extending
our work to allow spatial and temporal dependence, a similar theoretical analysis could be
conducted using our proof procedure with a ratio T/n of crucial importance in the statement of
the corresponding results. A variant definition of Taylor’s law together with a simple extension
of Taylor’s law under mixing conditions was suggested in [45]. An analysis of the asymptotic
behaviour of Taylor’s law for processes with heavy tails, correlations and mixtures of different
distributions was carried out by [23]. A systematic approach to a weaker condition such as
long-range dependence was provided by [46], and a comprehensive approach to long-range
dependence under heavy-tailed assumptions was provided by [47]. We plan to address these
open questions in future work.

Finally, many stochastic dynamics exhibit a time-varying fluctuation scaling. For instance,
[48,49] modelled non-stationary dynamics with a time-varying slope of Taylor’s law; these models
have been applied to financial data. Cobain et al. [35] also discussed possible time-variation of
the slope parameters for the same kind of data used in our paper. Extending our results to
a time-varying set-up is possible but requires specifying additional assumptions on the slope.
In time-series analysis, smooth time-varying parameters can be estimated using the locally
stationary framework [50]. This approach is related to non-parametric statistical inference and
local estimation using kernels. Break detection when the slope parameter is piecewise constant is
another challenge. Andrews [51] developed tests for break points in general parametric models.
These extensions require additional investigations. Our contribution in this paper could help to
adapt estimation of TL parameters to specific time windows that may be required for using these
more complex methods.
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7. Proofs of the results

Here we prove our main results. Some proofs use technical lemmas in appendix A. The proof
is difficult because we did not find adequate a.s. convergence results adapted to the current
triangular arrays setting. This led us to a systematic use of the Borel-Cantelli lemma and the
bounds for the probability of the events on which the estimates do not have a satisfactory
behaviour. Those quantities are controlled through standard exponential inequalities or through
the Markov inequality and suitable moment inequalities.

From now on, we denote by |- | the Euclidean norm on R2: |(x, y)|:= (2 + yz)l/ 2. We also
denote the corresponding operator norm on the set of 2 x 2 matrices by |- |, that is, |A|:=
sup{|Az|/|z| |z e R2}. Finally, if X is a random variable, we denote by [|X]|, =EVP[|X|P] the
Ly-norm of X, for any p > 1.

(@) Proof of theorem 3.5

The proof will be based on the technical lemma A.1 in appendix A. Lemma A.1 controls the
probability of getting small values for empirical means and empirical variances. We then use the
constants depending on € and L defined in lemma A.1. Set y € (0, L). Define the following event:

T

Eq(e) = ﬂ{ﬁzt > e,&tz > e}
t=1

This sequence of events depending on n takes care of the properties of the estimates when they
take small values. Using the union bound and lemma A.1, we have P(E;;(¢)°) < 2T exp(—nL).
This shows that }_,., P(En(€)°) < oo.

We now study the consistency of 9. We only need to show that DT — D7 and NT —NrgotoO
in probability or a.s. Indeed, if we use the decomposition

6 — 6 =D7'(Nr — Nt + (Dr — Dr)Dr'Nr),

assumptions A2 and A4 guarantee that Nt = O(1) and Dl = O(1). There then also exists § >0
sufficiently small such that SUP || <5 (Dr + H)™! — D;1| =0(1). If f)T — Dt and NT —Nrgoto0
in probability or a.s., respectively, we thus conclude that IAD; 1o D; ! converges to 0 in probability
or a.s. and the weak or strong consistency of 6 will then follow. Now, for some 7 > 0, we have

P(1§ — 6] > ) <P({1§ — 8] > n} N En(€)) + P(En(e)"). (7.1)

We use the following inequality extensively. If a,b > € and « € (0, 1), we have
|loga —logb| = 1| loga“ —logb*| < L|a —b|*
K T Kek ’

This inequality turns the log-problems across the origin into easier moment bounds. To get this
inequality, one can apply the mean value theorem, then use the inequality |a* — b*| < |a — b|* for
k€(0,1).

On E;(€), we get | log&t2 —log atzl < (1/KEK)|6'tZ — atzl".

From assumption A2 and standard moment inequalities for partial sums (lemma A.5), we have

sup ]E|5,92 — 0t2|K <sup EZ’(/kk}tZ — 0t2|k/2 =o(1).
t>1 t>1

By choosing « small enough in the previous bounds, for any positive integer i, we get

sup E[|log 67 — log o' L, )] = o(1) (7.2)
t>1

and
sup E[|log /iy — log ut|"1g, )] = o(1). (7.3)

t>1
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On the event E,(¢), T~ ZtT:l[log 6t2 —log atz] — 0in L! and then in probability when 1 — oco.
Now, setting C:= rnax(suptZl |log atzl,suptZl |log 1t]), we bound |log fi log(%t2 —log i log ‘7192|
by

|logﬁt—logm|-|log&2—10g02|+|10g0tz|~|logﬁt—logm|+|logm|-|10g€rt2—logat2|
1 A
§§|logat logat| —|—f|log,ut—logm| +C|logut—logm|—|—C|logat logat|

From equations (7.2) and (7.3), we also deduce that

T Z E1g, () llog fitlog 67 —log i log 0| =o(1).
t=1
Hence NT — N1 — 0 in probability on the event E;(¢). Similarly, DT — D1 — 0 in probability on
the event E;;(¢). This leads to the weak consistency of the regression estimates.
For any n >0,
D P({16 — 0] > ) N En(e)) < Y P(En(e)) < 00

n>1 n>1

and the Borel-Cantelli lemma ensures that |0 — 6] - 1 E,(e) converges to 0 a.s.

To prove the a.s. convergence, it is enough to prove that NT — N7t — 0and DT — D7 — 0as.on
the event E;(€). Using the same strategy as for the convergence in probability, it suffices to show
that

T
. 1 ) 2 ~
Tlgr;of;_l{lot —of |+ —ml} =0, as. (7.4)

Because the function x — |x[¥/2 (where k > 2 is given in assumption A2) is convex, we get

T
Mr = ( Z 162 — of ) %Z gt2|k/2.

From moment inequalities for partial sums of independent observations (lemma A.5), we get
EM7 = O(n_k/4) and by assumption, if k>4, we get > . EMr < oco. Setting Pr =it — ¢,
similar arguments yield )", . EPt < co. The Borel-Cantelli lemma ensures that both My and Pr
go to zero a.s. as n — 00 and then the validity of equation (7.4), which concludes the proof.

k/2

(b) Proof of theorem 3.6

The proof is similar to that of theorem 3.5. The main difference is in proving the convergence of
Dt — Dt or Ny — Nt to 0. Let Ay = {1t > e,&tz > ¢} where € < 1 satisfies the condition in lemma
A.1(ii). Using arguments similar to those in the proof of theorem 1, one can show that

1 N
7 2_ 1 lllogs? —logof| + |log ju —log ul

+ | log2 o — log2 el + | log fit logﬁt2 — log 1t logat2|]
converges to 0 either in probability or a.s., depending on k. From lemma A.1,
1 T
Z T ZP(AD <0,
n>1" t=1

and from the Borel-Cantelli lemma, we deduce that lim,_, »(1/T) Zthl 14 =0 as. Moreover,
from lemma A.1, the sequences (4t);>1 and (07);>1 are upper- and lower-bounded. To show the
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required convergence, it suffices to show that the following quantities converge a.s. to 0:

~i =

T T
1
~2 ~2 ~
2 :]10<6[2<€ ' |lOgUt l, f z :]lO<6f2<e : |10g0t ' lOg/,Lt|
t=1 t=1

and

~l =

T T T
N . 1 . 1 R
Z]l0<ﬁ,<e'|log0-t2'log'u[|’ Tzﬂ0<ﬂt<5.|logﬂt|' f210<;‘u<e'|log2,ut|'
t=1 =1 t=1
We recall that log /iy and log 67 are always implicitly defined, respectively, by log /it - 1, and
log &tz ’ IL&tz>0
First, because log(¢) < 0, we have

. . - Xit
log Mt - ]lo</l,‘<€ = 10g At - ]10<[L,<e : ]lUf‘: {X;>0} = 10g : ]]‘X'/f>0 : ]lO<ﬁ!<e-
=113, n ]
=1
We then get the bound
n
. R Xit
|10g ] - ]lﬁ.¢>0 =<| 10g gl - ]lﬁt>e - Zlog 7 : ]lX],f>O : ]lO<;l,<e- (7.5)

=1

Using the same type of arguments for &tz =(1/2n%) lei;&jsn [ X — X]-,tlz, we get the bound

~2 ~2
[log 6| - U520 < Ilog oy |- 12

1Xi — Xl

- Z log 212 ’ ]lxi,ﬁéxj,t ) ]10<6f<e‘ (7.6)
1<i#j<n

We are going to show that, as n — oo,

T

ZT :*210«9}« ~log€rt2 -log fit — 0 (7.7)

T t=1

in probability or a.s. The idea for all the other quantities is exactly the same and details will be
omitted.

Let p=¢/2 > 1 by assumption A5 and « =1/(2p). From equation (7.5), there exists C; > 0 such
that

n X]t
l110g izt 1 0ll2p = Cq - B () + Y [110g —=1x;,-0ll2p-
j=1

From A5, we deduce the existence of a constant D > 0 such that the behaviour of fi; around the
origin is not too explosive:

[[log it - 1 p,~0ll2p < D(1 4 nlog(n)). (7.8)
From equation (7.6) and the Holder inequality, we deduce that
lllog it - log 67 - Tg_p2 Il
< D> PG <o)V llog - 1m0l - lllog ('th_nf”'z) 1,2, |2p-
1<i#j<n
From assumption A5, inequality (7.8) and lemma A.1, it is not very difficult to conclude that

T
1 . .
Z T Z [|log fi - logat2 . ]10<6f<6||1 < o0.
n>1 t=1
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From the Borel-Cantelli lemma, we get equation (7.7). Remembering the discussion at the
beginning of the proof, one can deduce the consistency properties of 9.

(c) Proof of theorem 4.1

The second derivatives of the function ¢g = (¢1,9, ¢2,9) are

¢19( y)= 2 i 2
9x2 y— x2 (y _ x2)2 x2’
92 -1 929 2x
¢;9( )= 22’ ) = T — 22
(y —x9) dxay vy —x9)
¢29( )= —4  log(y—x%) 2logx
ax2 Y —x2 x2 Y — a2
B 4x2 log(x) 61 —26, N 26, log(x)
(y — x2)2 2 2
a2 ¢2 0 log(x) 92¢0 4 1 2xlog(x)
d —(x,y) = .
an ( / ) (y — x2)2 ’ axay (x y) x(y — x2) (y — x2)2

To prove theorem 4.1(1), we first show that
% TZT(UT - VT) = 0[@(1). (7.9)
Using a Taylor—Lagrange expansion of order 2, we have
1.0 1.1 &
nT(Ur — V)= (it — my) H (g — my), 5 == —my)' Ho (e —my) |, (7.10)
i ! fz 3 b

where
Hip=VP¢14() and Hap =V g(iny),

for some random points i, 171 in the segment [y, 7i1]. It is only necessary to show equation (7.9)
on the event

T
E()={"|at > €,67 > ),
t=1

which has been defined in the proof of theorem 3.5 and which satisfies P(E(¢)°) < 2T exp(—nL) for
some L > 0. From lemma A.1(ii), on E(¢), we have, setting w = min(e, s),

min mln(l”'t/ 7’”2 tr Gt 2 H—i‘/ m2 ts Ut ) > w.
1<t<T

Moreover, on the same event E(e), using convexity of the square function, we have for 1 <t <T,
o~ ~2 %) sA2 2
min(iy s — 13 4,y — 117 ;) = MIn(67, 0f) > w.

Also min(ifiy ¢, 711 ¢) > w. Moreover, there exists a positive constant C such that for 1 <t<Tand
i=1,2,
max (1 g, 1) < C(1 + |7ty — m;4).

It is then sufficient to show that for i,i’ € {1,2},

Vi, i
Wi ; i gl g — g - |y p — my | = op(1), (7.11)
with
h; i ¢ = max sup ¢(Z 0 -(x,z + xz)
=12 ex B+l |00

w<z<C(1+|fity, —mz )
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A careful inspection of the second partial derivatives of ¢y shows that for any § > 0, there exists a
constant C > 0 such that

M < Cyl1 4 |y — el 20 + Jiingy — mg fl°]

and

hooe <Cs[1+ e — wel’] and  hyop < CHI1+ |fe — 0]

Take § € (0,1) such that 4 + § < k. Using the moment bound given by lemma A.5, it is not difficult
to get that

T

Jn . .

Wi E hi i gl g — mj | - lmy p — my | = Op(v/T/n),
)

which yields equation (7.11) and then equation (7.9).
It now remains to show that

Wr :=vVnTCr V1 = N> (0, I). (7.12)

We recall that I, denotes the 2 x 2 identity matrix.

This follows from the Lindeberg—Feller central limit theorem for triangular arrays
[52, Theorem 18.1]. Since Var(Wr)=1I;, we only have to check the Lindeberg condition.
Setting Z; ;1 = (1/\/ﬁ)CT]¢H (m)(Y;s —my) and using our assumptions, we have Cr=0(1)
and maxi<;<T |Jg, (m¢)| = O(1). For § > 0 such that 2(2 4+ 8) <k, we get Z}q:l Zthl E|Zn,j,t|2+5 =
O((nT)~%2) = o(1). This proves equation (7.12).

To prove theorem 4.1(ii), we again use the decomposition equation (7.10) and we first show
that for£=1,2,

Jn

T
~—= ) (fiy — my)'[Hep — Ko 10y — my) = 0p(1), (7.13)
T

where for ¢ =1,2and t>1, K¢t = V(Z)(f)(,g(mt). It is only necessary to show equation (7.13) on the
event E, (¢). To this end, we will use the bounds max{|ft; — |, [ftr — e} < |y — ptl, and

max{[57 — o7, |57 — of 1} < It s — ma sl + (2 SUp s |71t = sl - e = pul,
s>
where we set 8}2 =gy — ﬁiit and 6)? =Tip s — ﬁiit. We will also use the fact that if /1: (¢, 00) — R
is any mapping of the form h(z) =1/z, h(z) =1 /2% or h(z) = log(z), then for any « € (0, 1), there
exists C, > 0 such that |h(z) — h(Z)| < Cilz — Z/|¥.
Assertion equation (7.13) can be obtained from these facts and a careful analysis of the second
derivatives of ¢y. We illustrate this by showing that

T
Jn . 2| 1o ~ P 1
—-— — = — - =op(1). 7.14
7 t;(mz,t maa | =gz ) = =5 5 (m) | = 0p(D) (7.14)
For « € (0, 1) small enough to satisfy 4 + 2« <k, there exists D, > 0 such that
B B <Clifi — il + 157 — o],
oy Oy

To show equation (7.14), it is sufficient to show that
El(ta,: — 1) [y — ;1] = O (,;177‘) )

when (i, k;) = (2,«),(1,«) or (1,2«). But this point easily follows from lemma A.5 and Holder’s
inequality. Assertions similar to equation (7.14) can be obtained in the same way for the other
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second-order partial derivatives of ¢y. Details are omitted. Then

T

VnT(Ur — V)= ( vid Z(mt my) K (it — me), % D (i — my) Ko (g — m»)
t=1

+ op(1).

One applies lemma A.2 to conclude the proof.

(d) Proof of corollary 4.7

The result is a consequence of theorem 4.1 and of lemmas A.8 and A .4 in appendix A.

Set A, 1= éTDT and A, = CTIADT. Using lemma A.8 in appendix A, we have éT — Cr=op(1)
and from the proof of theorem 3.5, we know that Dr—Dr= op(1) and both Dr and D, L are o).
We then easily conclude that An — Ay =op(1).

Let us also define B, := WCTET if T/n=0(1) and B,:=0if T/n=o0(1). Once again, using
lemma A.8, it is easy to show that B,—B,= op(1) where B, := /T/nCrEr if T/n=0O(1) and B, :=
0if T/n=o0(1). Setting W, = VnT(H —6), we already know from theorem 4.1 that A,W, — B, =
N2(0, I). Moreover, using the decomposition

Zn = AnWy — By = AWy — By + (Ay — A)A; N (An Wy — By)
+ (AnAt = L)By + By — By,
we conclude from lemma A.8 that Z,, = N>(0, I2). The result is now a consequence of lemma A 4.
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Appendix A

This appendix states and proves several technical lemmas used to prove our main results. Lemma
A.1shows that assumption A3 leads to a lower bound for the population mean and the population
variance. It also shows that small values of the sample mean and sample variance occur with very
small probability if n is large, as noted at the beginning of the proofs in §7.

Lemma A.1. Suppose that assumption A3 holds, i.e. that there exists some § > 0 such that

p(8):= }n{IP’(XU >8)>0 and q(8):= }n{IP’(|X1/t —Xpt| >8)>0.
> >

Then
(i) there exists s > 0 such that infy=1 ¢ > s and infy=1 atz >s.
(i) Let 0 < € <min(8p(8), 82q(8)/4). Then there exists L > 0 such that for all n > 2,

sup max{P(i; <€), ]P’(&tz <€)} <exp(—Ln).
t>1
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Proof of lemma A.1. To prove point (i), we use the inequality x' > §'1y>s) for any x>0 and
i=1,2, which leads to the lower bounds

wt = 8P(Xq > 8) = 8p(8)

and

2_1 2 O i
of = SE(X1t = Xo49) = S P(1X, = X241 2 8) = ().

To prove point (ii), we observe that fi; > (§/n) Z}Ll 1x;,>s- Then, setting Z;; :=1x,,>s — P(Xj; >
8),

1 n
P(jif <€) <P (n Z}Z;ts % —P(5)) ‘
j=

Using Hoeffding’s exponential inequality [54, inequality (2.6)], we conclude that sup;.; P(/it <
€) <exp(—nL’) for some L' > 0. L' can be taken here as (¢/8 — p(8))?. To control the probability of
small values of the empirical variance, we use an immediate consequence of Lagrange’s identity:

. 1
&t = 2 D X=X
1 1<i#j<n

This leads to the lower bound 67 > (8%/21%) 31 _i i<y Lix;,— ;=5 Next, set ZE,? =X, X155 —
P(1X; — Xj,t| > §). Then

P(6f <e) <P (n(n_l)

2
® 2n“e _
> Zjs Zn(n—1) ”7(5)) ’

1<i#j<n
Since 2n%/(n(n — 1)) < 4 for every n > 2, an application of Hoeffding’s inequality for U-statistics
[54, bound (5.7)] leads to

IP’(&t2 <e)<exp (—2 [g] hz) ;

where [11/2] denotes the integer-part of 11/2 and h = g(§) — (4¢ /82). It is then always possible to get
the conclusion of the lemma for a suitably chosen constant L € (0,L). |

Lemma A.2. Suppose that assumption A1 holds true and for any j > 1, the variables X; 1, ..., X;r are
mutually independent. Let {J; : t € N} be a family of 2 x 2 matrices such that sup,q |J¢| < co. Suppose that

SUp;.q EX‘;’(}H) < oo for some k € (0,1). Then

T T
1 . S 1
T ;m — m) Jeine = me) = — ; Tr(Ji Var(Y1,))

T\ (/2)~(e/(1+0) 1 1
+Op *) + ,
n n2e/A+6) /nT \/ﬁ /nT

where Yy = (Xj, X].Z,t)/for 1<j<nand1<t<T.
Proof of lemma A.2. Setting Yj,t =Y; —EYj; and
1 T n 2 T
., _
A= = > Y Y JiYj; and B:= e > Y,
t=1 j=1 t=11<i<j<n

we have (1/7) ZtT:l(ﬁu — my)'Je(y — my) = A + B. It is straightforward to get E(A) = (1/nT) Zthl
Tr(J;Var(Y1,)). Moreover, setting p =1 + «k, one can apply lemma A.5 to get

1A — E(A)[], = O(n~ 1= &/ (A+0) T/ (46)),

84705707 181 ¥ 205§ 20ig edsy/jeuinof/bioBuiysigndiaposiefos



Downloaded from https://royal societypublishing.org/ on 26 November 2025

Then

T
4 - = 2n(n —1 —
EB) =Y Y BV, 0 < 2= qup 11 x sup B2(Ty ).
AT — T =1
t=11<i<j<n = =
Hence B = Op(1/(v/n+/nT)). [ |

Lemma A.3. Assume that (Zy)nen is a sequence of random vectors of R2 such that Z, = N0, I).
Then, for any sequence (uy),cn of deterministic vectors of R? such that |uy| =1, we have

w,Zn = N(,1).

Proof of lemma A.3. It is clear that the sequence (1),Z;)neny is bounded in probability (i.e.
tight). We simply have to show that any subsequence has a subsubsequence converging to the
distribution (0, 1). Let (u;)n Z¢,)neN be a given subsequence. Since the unit sphere is compact, one
can find a subsubsequence (iy,, )neny With vy, € {¢y : k € N} for all n € N and such that lim;,_, o0 11y, =
u for some u € R? such that |u| = 1. Since

uipnzw” = (M‘/fn - M)/Z‘Pn + M/an,

our assumption guarantees that u'Zy;, = N(0,1) and we also know that (uy, —u)'Zy, will
converge in probability to 0 as n — oo. From Slutsky’s lemma, we conclude that u:/,”Z]/,n =

N(@O,1). |

Lemma A.4. Suppose Z, =Aan — Bn = N> (0, Ip) with An a random real matrix of size 2 x 2, Wy,
a random real vector of R2 and Bn a random real vector of R2, Suppose furthermore that An — Ay =o0p(1),
with A, deterministic and such that A, = O(1) and A,;l =0(1). Setting Hy, := A;l(Agl)/ and my, =
A;lén, we have fori=1,2,
Wi (i) — mu(i)
Hi(i, 1)
Proof of lemma A.4. To show first that

= N(0,1).

A= AT =0p(D), @D
we write
AT = (A = (A = AT =3 0(AT (A = AFAL
k=0

which is bounded in probability because An — Ay — 0in probability. We then deduce that
At = AT =AM A - AAL T =0p(1),

which proves equation (A 1). Next, fori=1,2, we set ¥y, ; := (A, 1Y e;, where eq := (1,0),ep := (0, 1.
Define also vy :=(A; 1)’ ej,i=1,2. Since ¢;=A)v,; and A, =O(1), v,; cannot approximate 0.
Moreover, v,,; — v,,; = op(1). Using also that A, 1= O(1), vy ; is bounded and we deduce that

ljn,i _ Un,i —op(1)

|Un,i| |Un,i|
We then conclude that (0 ,Z/|0y,i]) — (v), ;Zu/|vy,i]) = 0p(1). Using lemma A.3, we know that
Ui’ Zn /vy, il = N(0,1). Since 0 . Z,/|0y,i| = (Wn (i) — m(i))/|0y,:|, we only have to show that |v,, ;| =
Hu(i, 1) to finish the proof. [ |

The following lemma is useful to bound moments of partial sums. It is a very special case of
the Burkholder inequality for martingales [55, Theorem 2.10].

Lemma A.5. If &,...,&, are independent random variables with O mean and a finite moment of order
p > 1, then there exists a constant C;, > 0 such that

Z &
i=1

e nl/vmaxlggn||si||,{,2 ifpe(1,2),
ST e maxacicn s ifp 2.
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Corollary A.6. Suppose that assumption Al is fulfilled and that for some k >4, sup;., E| Xy /¥ <
oo. Define for i=1,2,3,4, S;;:=(1/n) Z}Ll(X]’:,t — IE[X]’:J]). Suppose that for some integer d >1 and
i=1,...,4, k; is a positive real number, a; € {1,...,4} with Zflzl ajki <k.

Then

d
sup e | [ 1S,/ | =0 (n~ T smintt/21-ai/kl).
til i=1

Proof of corollary A.6. Setting p; :=k/(«;k;) for 1 <i <d, we have Z?:l 1/p; <1 and applying the
Holder inequality, we get

d d
E | JT1Setl | < [ TEYPiT1Sw /1.
i=1 i=1
The result then follows from lemma A.5. [ |

Lemma A.7. Given the assumptions of theorem 4.1, let I'r be the symmetric, non-negative definite
matrix

T
1 ,
Pri= = 3 Jo, (m)Var(Y, )], (m)'
t=1
where ]y, (my) denotes the Jacobian matrix of g at point my and my :=EY1 and Yj; := (X]-,t,X].zt)/. Let AT
be the smallest eigenvalue of I'r and At = (1/T) Zthl Jp ().

(i) There exists & > 0 such that At > & miny<¢<1 det[Vur(ert)]detz(AT).
(ii) Suppose that X1 follows a Poisson distribution with parameter p; = u(t/T) with w:[0,1] —
(0, 00) a continuous function. Then there exists { > 0 such that for T large enough, At > ¢.

Proof of lemma A.7.

(i) Let y; be the smallest eigenvalue of Var(Y1,) and pr the smallest eigenvalue of the matrix
ATAL Ifxe R?, then

T
1
X Iz o > g, (me)Var(Y1 )] g, (me) x
=1
1 T
= ra2 : / 2 .
=7 Yellge (1) x|° > min v Ar)” > min, VBT

det Var(Y14) det? Ar
> min . —.
1<t<T TrVar(Yy;) Zlgi,jsz [AT(i, f)l

The previous three lines assert five inequalities. The second and fourth inequalities are
based on the Courant-Fischer theorem. The third one is based on Jensen’s inequality.
The last inequality is a consequence of the inequality A > det(B)/Tr(B) for any (non-null)
non-negative definite matrix B with an eigenvalue A. The result announced follows from
the Courant-Fischer theorem and the fact that the assumptions of theorem 4.1 guarantee
that the coefficients of the matrices At and Var(Y1 ;) are bounded with respect to T and ¢,
respectively.

(ii) Since jut = o for the Poisson distribution, using the expressions of the first four moments
of the Poisson distribution, we get det Var(Y1 ;) = 2;Lt3. The assumption on the function p
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entails that inf;>1 ut > 0. Moreover,

1 T 1 1 T 1
( _Z_,Etlj Etlf)
AT =

1 T 1 1 T logpu,
—T 2i=1 (2+ ;) log it 12—

Then

1 1 1
lim det(Ar) = 2J BN J log 1¢(u1) du — 2J log ul) 4,
T—o00 o m(u) 0 o H(u)

One can show that the previous limit is positive, since from Jensen’s inequality applied
first to the probability measure P(du) =1 1)(u)du/(pe(u) f(l) u(v)~1dv) and then to the
uniform distribution over [0, 1],

' T log pu(u) 11 1
— <—log| —— | _
(Jo 112t du) Jo () du < —log Jo 11(at) du < JO og u(u) du

This proves the lemma. m

Lemma A.8. Suppose that all the assumptions of theorem 4.1 are valid, with or without the additional
condition on T /n given in point (i) or point (ii) of theorem 4.1. Set Xy := Var(Y1,) and

R 1 n L . 1 n ) 1 T . X
Y= E Z Yj,tY]/',t — Yn,tY;,t and Yn,t = E Z Yj,tr FT = T ZI% (mt)Et]% (mt)/,
j=1 j=1 t=1
where ], (my) denotes the Jacobian matrix of ¢y at point my and my :=EY1 s and Y;; := (X, ijt)’. Set
Gi = (Tr(V O, 5(1) £), TH(V D, 5 (tr) £1)).

Then, with I'r defined in the statement of lemma A.7,

ﬁT —It= O]P(].). (A2)
Moreover, if Ct := FT_l/Z and CT = 1:'7-_1/2, we have
. 1.
Cr—Cr=op(l) and T > (Gt = Gy) = op(1). (A3)
t=1

The proof of lemma A.8 is given in the electronic supplementary material.
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