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Abstract

Based on a Ross—Macdonald type model with a number of identical patches, we study
the role of the movement of humans and/or mosquitoes on the persistence of malaria
and many other vector-borne diseases. By using a theorem on line-sum symmetric
matrices, we establish an eigenvalue inequality on the product of a class of nonneg-
ative matrices and then apply it to prove that the basic reproduction number of the
multipatch model is always greater than or equal to that of the single patch model.
Biologically, this means that habitat fragmentation or patchiness promotes disease
outbreaks and intensifies disease persistence. The risk of infection is minimized when
the distribution of mosquitoes is proportional to that of humans. Numerical examples
for the two-patch submodel are given to investigate how the multipatch reproduction
number varies with human and/or mosquito movement. The reproduction number can
surpass any given value whenever an appropriate travel pattern is chosen. Fast human
and/or mosquito movement decreases the infection risk, but may increase the total
number of infected humans.

Keywords Vector-borne disease - Basic reproduction number - Human movement -
Disease persistence - Line-sum symmetric matrix - Habitat fragmentation

DG was supported by in part NSFC (11601336), Program for Professor of Special Appointment (Eastern
Scholar) at Shanghai Institutions of Higher Learning (TP2015050), Shanghai Gaofeng Project for
University Academic Development Program, and NIH/NIGMS (U01GMO087728). PvdD was partially
supported by an NSERC Discovery Grant. CC was supported in part by National Science Foundation
(DMS-1514752).

B Chris Cosner
gcc@math.miami.edu

Daozhou Gao
dzgao@shnu.edu.cn

P. van den Driessche
pvdd@uvic.math.ca
Mathematics and Science College, Shanghai Normal University, Shanghai 200234, China

Department of Mathematics and Statistics, University of Victoria, Victoria, BC V8W 2Y2,
Canada

3 Department of Mathematics, University of Miami, Coral Gables, FL 33146, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00285-019-01428-2&domain=pdf
http://orcid.org/0000-0003-3991-569X
http://orcid.org/0000-0001-5194-160X

2256 D.Gaoetal.

Mathematics Subject Classification 92D30 - 91D25 - 34K60 - 15B48

1 Introduction

Vector-borne diseases are illness caused by pathogens, which are transmitted to
humans or animals by the bites of infected vectors such as mosquitoes (e.g., malaria,
dengue fever, Rift Valley fever, and Zika virus disease), ticks (e.g., Lyme disease and
babesiosis), aquatic snails (e.g., schistosomiasis), fleas (e.g., plague), bugs (e.g., Cha-
gas disease), and sandflies (e.g., onchocerciasis). They are responsible for over 17%
of the estimated global burden of all infectious diseases (World Health Organization
2017). For example, malaria alone caused an estimated 219 million cases and approx-
imately 435,000 deaths worldwide in 2017, though the mortality rates have reduced
by about 60% since 2000 (World Health Organization 2018). Rift Valley fever results
in significant economic costs through human morbidity and loss of livestock. The
2015-16 Zika virus outbreak caused up to one million suspected cases and thou-
sands of confirmed microcephaly cases in Brazil (Pan American Health Organization
2017).

Mathematical modeling and analysis of vector-borne diseases, with a long history
of development and application, have attracted considerable attention among gov-
ernmental agencies and institutional researchers (Mandal et al. 2011; Reiner et al.
2013). The original mathematical model for malaria transmission was proposed by
Ross (1911) and later extended by Macdonald (1957) in the 1950s. In this seminal
work, the malaria transmission cycle is depicted in Fig. 1.

Both humans and mosquitoes are either susceptible or infectious and their respective
total population sizes, H and V, are constant. The rates of change of the number of
infectious humans and infectious mosquitoes, /(¢) and v(t), are described by a system
of two ordinary differential equations as follows:

Humans H-—h h

h
v ac—(V —v) n
Mosquitoes [V —v a v e
u(V —w)

Fig. 1 Flowchart of the Ross—Macdonald model for malaria. The variables and parameters are defined in
the text
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b hy— i

ah _ b X (H —hy— i,

dt H Y (1
dv _ h % )

7 —acH V) — UV,

where H — h and V — v are respectively the number of susceptible humans and
susceptible mosquitoes, a is the rate of biting on humans by a single mosquito, y is
the rate at which infectious humans recover, p is the birth rate and the mortality rate
of mosquitoes, b and c are the transmission probabilities from an infectious mosquito
to a susceptible human and from an infectious human to a susceptible mosquito per
bite, respectively. The reader may refer to the paper by Smith and McKenzie (2004)
for a detailed derivation and some results on the model.

Obviously the origin is the disease-free equilibrium of the so called Ross—
Macdonald model (1). We can use the next generation matrix method (Diekmann et al.
1990; van den Driessche and Watmough 2002) to define a basic reproduction number
for the average number of secondary infections produced by a typical infectious indi-
vidual (human or mosquito) during the entire infectious period provided that everyone
else of both populations is susceptible. The disease will disappear if the reproduction
number is less than or equal to unity and will eventually stabilize at an endemic equi-
librium if the reproduction number is greater than one. The Ross—Macdonald model
reflects the essential feature of the malaria transmission process, namely, the trans-
mission from infected mosquitoes to susceptible humans and from infected humans
to susceptible mosquitoes. The model and its threshold quantity play a critical role in
the World Health Organization’s Global Malaria Eradication Programme (1955-1969)
(Smith et al. 2012). It is now widely accepted as a solid framework for the study of
the transmission dynamics of malaria and many other mosquito-borne or vector-borne
diseases like West Nile virus (Bowman et al. 2005; Chen et al. 2016), dengue fever
(Abdelrazec et al. 2016; Feng and Velasco-Herndandez 1997), yellow fever (Codego
et al. 2007), and Zika (Gao et al. 2016; Kucharski et al. 2016). Interestingly, Ross
received a Nobel Prize in Physiology or Medicine for his discovery of the life cycle
of the malarial parasite in 1902, but he considered his epidemiological mathematics
as his greatest contribution.

Since the Ross—Macdonald model is the earliest and simplest malaria model, it
inevitably has some major limitations due to failure to take many ecological and
epidemiological factors into account. Over the last few decades, a large number of
studies on mathematical models of malaria have been done by adding factors such
as superinfection, age structure (children are more susceptible than adults), acquired
immunity and vital dynamics in humans, extrinsic incubation period of malaria para-
sites in mosquitoes (10 days or longer), environmental factors (temperature, humidity
and rain are important for the survival of mosquitoes and the development of par-
asites), treatment and drug resistance, a hypothetical vaccine to the model (Mandal
et al. 2011; Reiner et al. 2013; Smith et al. 2012). Among these extensions, a few
efforts have been made to incorporate spatial heterogeneity in discrete or continuous
space (Arino et al. 2012; Auger et al. 2008; Bai et al. 2018; Cosner et al. 2009; Gao
and Ruan 2012; Lou and Zhao 2011). Both observation data and theoretical research
suggest that human movement may strengthen the spread and persistence of malaria
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around the world (Cosner et al. 2009; Gao and Ruan 2012; Khuu et al. 2017). We
refer the readers to two review articles by Cosner (2015) and Gao and Ruan (2014).

In this paper, we will study the effect of human and/or mosquito movement on the
persistence of malaria in a fragmented environment with identical patches, i.e., there
is no epidemiological or demographic difference among patches in case they are iso-
lated. Such a tough restriction enables us to exclusively focus on the movement itself
with no interference from spatial heterogeneities. In the next section, we present a gen-
eralized Ross—Macdonald model where population dispersal among identical patches
is considered and we summarize the global stability result on it. Section 3 is devoted
to the main results and their proofs for comparing the basic reproduction numbers of
the single patch model and the multipatch model. Some numerical examples are given
in Sect. 4. Finally we discuss the biological meaning of our results, their relevance to
other studies, and future research questions.

2 Model Formulation

We begin by formulating a simple multipatch malaria model where the model of each
patch in isolation is exactly the same as the Ross—Macdonald model (1) and humans
and mosquitoes move between n identical patches. In patch i, let H;(¢) and V;(t) be
the total human and mosquito populations at time ¢, respectively; 4; (¢) and v; () be
the numbers of infectious humans and infectious mosquitoes at time ¢, respectively.
Then the multipatch Ross—Macdonald model takes the form

dH; n .
7 :ZjZICinj, 1<i<n,

dV; n .

d—tl = ijl dijVjs 1<i<n,

dh,' Vi . (2)
I:abE(H,— ]/I’l +Z Cl/ /,l<l§}’l,

dv; h; .
d_tl =acﬁ:(V V) — Uv; —|—Z d,]vj, 1 <i<n,

with nonnegative initial conditions
(H] (0)’ MR Hn(o)a V] (O)’ AR Vn(())’ hl(O)v MR hl’l(o)a V] (0)7 ) Un(o))

satisfying  '_, Hi(0) = H > 0and > ;_, V;(0) =V > 0.

The parameters ¢;; > 0 and d;; > 0 are the movement rate of humans and
mosquitoes from patch j to patch i for i # j, respectively; —c¢;; = Z;f:], i Cji
and —d;; = Z’}‘:l, i dj; are the emigration rates of humans and mosquitoes in patch
i, respectively. Thus the human and mosquito travel rate matrices C = (¢;j)nxn
and D = (d;j)nxn are Laplacian matrices. Unless otherwise indicated, we assume
throughout this paper that C and D are irreducible such that n patches cannot be sepa-
rated into two disconnected parts. A square matrix is called quasi-positive, Metzler or
essentially nonnegative if all its off-diagonal entries are nonnegative. The assumptions

@ Springer



Habitat fragmentation promotes malaria persistence 2259

on the signs of ¢;; and d;; for i # j mean that matrices C and D are quasi-positive,
and the assumptions on ¢;; and d;; mean that C and D have zero column sums. The
following lemma is part of Corollary 4.3.2 in Smith (1995) and Theorem 6.2.7 in
Berman and Plemmons (1979). It guarantees the existence and uniqueness of positive
equilibrium for the human and mosquito movement models and the validity of the
definition of the multipatch basic reproduction number.

Lemmal Let C = (cij)uxn be an irreducible quasi-positive matrix satisfying
Yo ycij=0forj=1,....,nand € = (8;j¥i)nxn—C withy; > Ofori =1,...,n.
Here §;j is the Kronecker delta, i.e., 1 when i = j and O otherwise. Then C has a
simple positive right eigenvector corresponding to the eigenvalue zero; €~ exists
and is positive.

The equations for the total human and mosquito populations in model (2) are decou-
pled from the remaining equations. It follows from Lemma 1 that the model (2) has a
unique disease-free equilibrium

Eo=(Hf,...,H V..., V*0,...,0,0,...,0),

n

where (Hf, ..., H) and (V}', ..., V;¥) are the unique positive solutions to

n n n
ZC,‘jszo,iZI,...,n, ZHiZZHi(O)ZH’
Jj=1 i=1 i=1
and
n n n
YdyVi=0.i=1....n Y Vi=> Vi0) =V,
Jj=1 i=1 i=1

respectively; see Lemma 1 in Cosner et al. (2009). It is worth noting that
(Hf, ..., H)T and v, ... V)T are respectively the positive right eigenvectors
of C and D corresponding to the zero eigenvalue. Indeed, they are respectively a
positive multiple of the positive vectors

(=" C1, ..., Co)T and (—1)""N(Dyy, ..., D),

normalized by the total human and mosquito population sizes, where C;; and D;;
denote the (7, i) cofactor of C and D, respectively (Gao and Dong 2019). Explicit
expressions for C;; and D;; can be obtained through Kirchhoff’s Matrix Tree Theorem
(see Moon 1970).

Using the next generation matrix method (Diekmann et al. 1990; van den Driessche
and Watmough 2002), the new infection and disease transition matrices of the model

(2) are respectively
0 ¢ 0
F:({@ O) and V=(0 _@),
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where &/ = abl,, B = ac($;; V' /H )pxn, € =yl — C,and 9 = ul, — D. The
n x n identity matrix is denoted by I,,. It follows from Proposition 2.1 in Iggidr et al.
(2016) that the next generation matrix

o 0 A D!
Fv _<<@<5—‘ 0

is irreducible if and only if &2~ ' %%~ and B¢ '/ 27" are irreducible. By
Lemma 1, the irreducibilities of C and D imply that both ! and 2! exist and
are positive. Thus, o7 2~ %% " and B¢ o7 2" are positive and irreducible. The
basic reproduction number of the n-patch model (2) is

_ -1y — 0 A7 N\_ Tge—1
Ro(n) = p(FV )—p(%%_l 0 =Vp(A D RBE), 3)
where p is the spectral radius of a square matrix. In particular, if » = 1 then the basic
reproduction number of the single patch model (1) is

a’bcV

. “)
wH

Ro(1) =

By the theory of monotone dynamical systems (Smith 1995), it is shown that the
disease dynamics of system (2) are completely determined by its basic reproduction
number even if the model parameters a, b, ¢, y and p are location-dependent.

Theorem 1 (Cosner et al. 2009) For system (2), if Ro(n) < 1 then the disease-free
equilibrium, Ey, is globally stable among nonnegative solutions; if Ro(n) > 1 then
there is a unique positive equilibrium which is globally stable among positive solutions.

In order to eradicate malaria, it follows that we need to reduce Rq(n) to be less than
one by implementing suitable control measures such as vector control and insecticide-
treated bednets that increase or decrease certain parameter values. Obviously, R¢(n)
is monotone increasing in terms of a, b and ¢, and monotone decreasing with respect
to ¥ and w. The classification of the relationship between Ro(n) and travel rate c;;
or d;; is a challenging question. We will investigate the effect of population dispersal
or patchiness on disease persistence by comparing the basic reproduction numbers of
the single patch model (1) and the n-patch model (2), i.e., Ro(1) versus Ro(n).

For model (2) with two identical patches connected by human movement, Gao and
Ruan (2014) explicitly solved R((2) and showed that Ro(2) > Ro(1). This implies
that human movement always facilitates malaria transmission in an environment with
two identical patches. However, solving Ro(n) or the spectral radius of the n x n
matrix o7 ' 8%~ becomes extremely difficult or even impossible when three or
more identical patches are concerned. In what follows, we show that the inequality
Ro(n) = Ro(1) still holds for the multipatch Ross—Macdonald model with an arbitrary
number of patches connected by movement of humans, mosquitoes or both.
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3 Main results

Before stating the main results and their proofs, we prove a lemma and establish a
general result on the spectral radius of a class of nonnegative matrices.

A square matrix A = (a;;)nxn is called line-sum-symmetric if forevery 1 <i < n,
the sum of the entries in the ith row of A equals the sum of the entries in the ith column
of A ie., 32 jaij = 3 aji for 1 <i < n.The following result will be used to
prove the second lemma below.

Lemma 2 (Eaves etal. 1985) Let A = (a;j)nxn be an n x n nonnegative matrix. Then
A is line-sum-symmetric if and only if

Xi
)y aij— = > a

i,j=1 i,j=1

forall xi > 0and 1 < i < n. Moreover, if A is irreducible and line-sum-symmetric,
equality holds if and only if all the coordinates of x = (x1, ..., x,) coincide, i.e.,
Xi=xjforanyl1 <i,j<n.

Lemma3 Let A = (aij)uxn be an irreducible quasi-positive matrix satisfying
Yoiyaij =0forj=1,....n; (wi,..., w,)! be a right positive eigenvector of
A corresponding to the eigenvalue zero; w = % i, wi, the average of wy, ..., Wy,
M = diag{wi, ..., wy}and N =rl, — Awithr > 0. Assume thatx = (x1, ... ,xn)T
andy = (y1,...,yn)! are two positive vectors, and ) is a positive constant. The fol-
lowing statements are valid:

1 n .
() f M'N"'x =1y thenh > — Y X vith equality if and only if
nrw ;=i i

x; 1 X, 1
==y and = — == =k ®)
Y1 wi Yn Wy

n

1
(2) if MN~'x = Ay then . > —— Z —w with equality if and only if

nrw —1 )i
X X
y_12:...:y_nz and _lwl_ .—lwn_r)\' (6)
wy wy V1 Yn

1 n .
B3) ifN"'M~'x = Ay thenr > — il with equality if and only if
nrw ;= i

1 |
o JAL W SR )

wi Wn y1 wi Yn Wp
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1 1y
@) if N"'Mx =1y thenr > — 3 ﬁwlz with equality if and only if

nrw ;=i i
X X
ﬂzzy_n and—lw1=-~=—nwn=rk. (8)
w1 Wn Y1 Yn

Proof The first equation M ! N~!x = Ay is equivalent to — %x = —NMy, orexplic-
itly,

X wp - 0 ajpwy e AWy 1

= o i o
Xn 0 e Wy aplwy -+ AupupWp Yn

Since both the row sums and column sums of AM = (a;;jw ), x, are zero, adding k1,

with k sufficiently large to that matrix gives a nonnegative irreducible and line-sum-
symmetric matrix. The ith row of (9) can then be written as

1 n

— ity = —rwiyi + Z;(aijwj +8ijk)y;
j:

or

1 x; - Yi
__t +k+rwl=Z(aljw]+8Uk)_]’ (10)
Xyi iz Yi

fori =1, ..., n.It follows from Lemma 2 that summing (10) over i gives
1 n x[ n n y]
——Z—+nk+r2wi= Z(aijwj+8ijk)—
AT i=1 ij=1 Yi

n n n
> Z (aijw; + 8;k) = Z ajjw;j + Z dijk = nk.

i,j=1 i,j=1 i,j=1

So
~ nrw = Vi
with equality if and only if y; = --- = y,. But then (10) gives

1 x; -

_Xy_l +k+rw; = Z(aijwj +é8ijk) =k,
i ,

j=1
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which is impossible unless

B 1 A T - an

Y1 wi Yn Wn

On the other hand, (11) implies that

1 n
2= rAw;) = —— w:—nw—k
o> S = 2 S = 2

i=

proving the equality case and completing the proof of part (1).
The three equations

MN 'x = Ay, N'M~x = Ay, and N~ 'Mx = Ay
can be rewritten respectively as
M7'N's =1y, MT'N“'s =), and M~'N'x =AY,
where

¥=x,5y=M72y, s=M'x, y=M"'y, ¥ =Mx, andy=M"y.

Using these, parts (2)—(4) can be deduced from part (1). O
Theorem2 Fork = 1,..., p, let Ax = (Gijk)nxn be an irreducible quasi-positive
matrix satisfying Z?:l ajjk =0for j =1,...,n; (Wi, ..., wnk)T be a right pos-
itive eigenvector of Ay corresponding to the eigenvalue zero; wy = %Z?:l Wik,
the average of Wik, ..., Wk, My = diag{wlk, oo, Wkt and Ny = ril, — Ay with
re > 0; W = M,:lNk or N, 'M, "M, Then
o Wi ) = =
k=1 k=1 "KWk
with equality if and only if wiyy = --- = wuk for k = 1,..., p, or equivalently,

Z;'»Zlaijk=0f0ri= l,....,nandk=1,...,p
Additionally, ile = MlNl_l oer_lMl, and Wy = MZ_INZ_1 0;'N2_1M2_1 , then
we have

p(WiWa) = p(Wa W) > ——
rirawy

with equality if and only if

(1) wi/wiz = -+ = wy1/we2, or equivalently, the right positive eigenvectors
associated wnh the elgenvalue zero of A and Aj are proportional, provzded that
Wi = MiN; " and Wy = Ny "My or Wy = N7 My and Wy = My NS
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(1) wig =+ = wpg fork =1, 2,~or equivalently, Z'}Zl ajjk =0 fori =1, S n
and k = 1,2, provided that W, = M{N; ' and W, = M;'N;', or Wi =
Ny "My and Wy = Ny ' Myt

Proof Since (wig, ..., wnr)! and N,:l are positive by Lemma 1, it follows that Wy
is positive and the pn x pn matrix

o wW; 0 0 0
0 0O W, O 0
W= : : : : - :
0 0 0 0 - W,
W, 0 o o - 0

is nonnegative and irreducible (Iggidr et al. 2016). By the Perron—Frobenius theorem
(Horn and Johnson 2013), the spectral radius of matrix W is a simple eigenvalue
of matrix W associated with a positive eigenvector v = (vlT, e, vIT,)T with vy =

IV vnk)T fork =1,..., p. Thatis,
Wv=2iv and A= p(W),
or explicitly,
Wivg1 = Avg, fork =1,..., p, where v, = ;. (12)
Thus
p 14 14
(H Wk> v = (l_[ Wk> vpr1 =APv; and p (l_[ Wk) =P,
k=1 k=1 k=1

Since by assumption Wy = Mk_lNk_1 or Nk_le_l, it follows from part (1) or (3)
of Lemma 3 that (12) implies

n

3> 1 Z Vi(k+1)
Tonngwg i vik

with equality if and only if

Uik Unk

Vg =" =1Upk OF —— =+ = ) (13)
Wik Wnk
and
v 1 v 1
G N ) N (14)
Uik Wik Unk  Wnk
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fork =1, ..., p. Therefore, by a generalized Holder inequality (Evans 1998),

=] (nrklu';k 2:: Ui(k-+1)) _ (1‘[ nrkwk> ﬁ (2": v,<k+1>>

Vik

P
- (11 i(%x...xmx...xvixm)””
oy ek )\ i Vik Vi(p—1)  Vip
P p
= 1 1/p — nP =
<k=1 ”rkwk) (Z( ) ) <H nrkwk> l_[ Frwg

k=1 k=1

proving the inequality statement of the theorem. The second inequality above is an

equality if and only if there exist positive constants m1, ..., m, such that
V2 Vi(k+1) Vip Vil
Mi— = =Mp——— = =Mp_| =mp—, (15)
Vil Vik Vi(p—1) Vip
fori =1,...,n.

Suppose that AP = ]_[k 1 rkwk . Then (13)—(15) hold. We claim that

Vg ="+ = Uy, fork=1,...,p
and hence it follows from (14) that wiy = -+ = wyx = wi fork =1, ..., p, which
means that 1 = (1, ..., 1) is aright eigenvector of A;, associated with the eigenvalue

zero. In fact, assume from (13) that

Ulkg Unkg

= ... = 0 (16)
W1k Wnk,
for some kg € {1, ..., p}, then (15) gives
v Miy—1 Vi
ikotD _ BTho=l Fiko g 0 with mo = m, and vy = v,
Viko My Vi(kg—1)
implying from (14) that
Mig—1 Vi L mgg—1 Ungg ]
Mgy Vikg—1) Wik My VUn(kg—1) Wnko
and hence by (16), vik,—1) = -+ = Unky—1)- The proof is complete if vix/wiy
= .-+ = Upx/wyi holds for all k. Otherwise, without loss of generality, suppose that
v =---=vp and p > 3. If v13 = - - - = v,3, then by (15),
V2 Vi3 .
m—=mpy—, i=1,...,n
Vi1 V2
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implies that viy = --- = v,»; else by (13), viz/wiz = -+ = v,3/wy3 and by (16),
this also implies that vip = - - - = vy2. The case p = 2 can be similarly proved.

On the other hand, ifZ’}zl ajjk =0fori =1,...,nandk =1,..., p, then1is
a right eigenvector of matrices Ay and Ny corresponding to the eigenvalues zero and
rk, respectively, and My = wyI,. Thus,

()= )= (1) (1)

{2 ) 1)) 29

() (7))

which means that ,z)(]_[f=1 W) = ]_[,‘f:1 ﬁ, completing the equality statement.
Now consider the case p = 2. If Wl = Mlel or NflMl, and W, = M{lN{]
or Ny ! My ! then using the same approach as above and Lemma 3,

|

1 " v,z 2 1 " Vi1
A > - Z (w;j1)* and A > - —_,
nriwi o Vil nraw? iz Vi2

which imply that

n
- <nr1w1 (
i=1
vi2 " v
i il
= —wz21 Z
n2r rwy iy — Vi

~ n? r1r2w1w2

n
V2 Uzl
) (wll)
Vi1 nryw; Vi2

i=1

1 _ w1
= 2— Z wi1 = ﬁ(”wl) = —
ncrirawiw; - ncrirpwiw?i rirpwy

by the Cauchy—Schwarz inequality. The equality conditions are proved in the following
two cases.

If32 = 0 in (5)-(8) gives
w w w w
_ll — .. = nl :rlrzA,z:_—l@Mle_lz__lIn. (17)
w12 W2 wy wy
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(i) Let Wy = M{N; " and Wo = Ny "M or Wy = N7 "My and Wy = My "N L

Suppose that w;1 /wijp = wi/wy fori = 1,...,n. Then w; = (wi1, ..., wWy1) i
aright eigenvector of matrices A1, Az, N and N, associated with the eigenvalues
zero, zero, ry, and rp, respectlvely It follows from N N2 w1 = ﬁwl and
(17) that A2 = ,0(W1 Wr) = m
(ii) Let Wy = M, N Vand W, = M5 Nz_l. Then the equality A> = rmw implies
v v v v
D= and By == 220, =0, (189)
wi; wi V11 Unl
v 1 v 1
vp=- =y and L — =...= 2 = (18b)
V12 W12 Up2 Wp2
v; v; vi1 1 m
m—wd =m— & L — = [ZLi=1 (18¢)
Vi1 V2 V2 Wil my
The first equations in (18a) and (18b) give
vit L o
vi2 wi, Un2 Wy
which implies w; = = wy1 by (18c) and therefore by the second equations
in (18a) and (18b) wiy = = wnz

Let W = N; 'M; and Wz N2 M. Then by (17),

W1/ (r1r2W2) = A2 = p(W1 Ws) = p(NflMlNz’lMZ*l)
= p(MiN; "My N = (1 /) p (Mo Ny MTNT

implies that p(MzNz_lMl_lNl_l) = wy/(r1rowi). This case can then proceed as

above.
On the other hand suppose that w;y = wg fori = 1, ,nand k = 1,2; it
follows from N, N2 1= —1 that A2 = ,0(W1 Wy) = rlrzwz

]

Now let us return to the multipatch Ross—Macdonald model (2) in an environment
with n identical patches formulated in Sect. 2, using the notation and definition of
Ro(n) and Ro(1) given there in (3) and (4).

Theorem 3 Consider model (2) with n identical patches connected by human and
mosquito movement, i.e., C = (¢;ij)uxn and D = (d;j)nxn are irreducible. Then the
basic reproduction number Ry(n) for the n-patch model (2) can be estimated against
the basic reproduction number Ro(1) for the single patch model (1) according to

Ro(n) > Ro(1)

with equality if and only if the mosquito to human ratio in each patch remains the
same under movement, i.e., V' /H* =V /H fori =1, ..., n, or equivalently, human
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and mosquito movement rate matrices C and D have the same eigenspace associated
with the eigenvalue zero.

Proof With the irreducibilities of travel rate matrices C and D, we have
R(n) = a’be - p(27' %1%, ¢,
where 21 = (6; V! )uxn, B2 = (8ij H \nxn,» € = yI, — C,and 9 = ul, — D.
Take W = N; "M and Wa = M, ' Ny ! where My = B, N1 = 9, Ma = %,
and Ny = ¢. Then by Theorem 2 for p = 2,

V/n _azch
yuH/n  yuH

R3(n) = a*bc - p(WyWa) > a’be - =R3().
The equality case is immediately proved by using the second case of (i) in Theorem 2.
O

Remark 1 The equalities Hl.* = H/n and Vl* = V/nforl < i < n hold if and
only if the human and mosquito travel rate matrices C and D are line-sum symmetric.
A square matrix is line-sum symmetric if it is symmetric, but not vice versa. Thus
Ro(n) = Ro(1) whenever both C and D are symmetric.

In what follows, we show that the estimation Rg(n) > R¢(1) remains valid when
only humans or mosquitoes move between patches.

Corollary 1 For model (2), the following statements are valid:

(1) If the n identical patches are connected by human movement (i.e., C = (Cij)nxn
is irreducible and D = (d;j)nxn = Onxn) and mosquitoes are initially present in
all patches (i.e., Vi(0) > 0 fori =1,...,n), then

Ro(n) = Ro(1)

with equality if and only if (V1(0), ..., V,(O)T is a right positive eigenvector of
C associated with the zero eigenvalue.

(2) If the n identical patches are connected by mosquito movement (i.e., C =
(€ij)axn = Ouxn and D = (d;j)uxn is irreducible) and humans are initially
present in all patches (i.e., H;(0) > 0 fori =1,...,n), then

Ro(n) = Ro(1)

with equality if and only if (H1(0), ..., H,(O)T is a right positive eigenvector
of D associated with the zero eigenvalue.

Proof Suppose only humans move. It follows 2 = ul,, %1 = (6;;Vi(0))yx, and
P = (8ijH)nxn and hence

R3(n) = p(S D' BE™") = a’be/ - p(B1%, ' €71).
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By the Perron—Frobenius theorem, the positive matrix %%, 1%~ has a positive right
eigenvector, denoted by w, corresponding to the spectral radius p (% %, le—1,ie.,

BBy ¢ w=p(B B Cw e By C w=p(1%; €A w.

Using the first part of Lemma 3, we have
1 i wi V
y Yo HY & wi/Vi0) — yH

=1

p(B By '€ =

with equality if and only if

w1 Wy Vl (0) Vn(o)
nd == —

- = - .= = yo(%B % ¢ ).
Vi) v, " THr gy~

Now suppose only mosquitoes move. If follows ¢’ = y I,,, Z1 = (§;; Vl.*)nxn and
#>r = (8;jH;(0)),x, and hence

RE(n) = p(A D' BE™") = d*bely - 0( P BB ).

Again by the Perron-Frobenius theorem, the positive matrix 2%, By ! has a

positive right eigenvector, denoted by w, corresponding to the spectral radius
p(@”%l%’;l), ie.,

27 %%, 'w = 97" B1(%, ' w) = p( 77 81 %5 Hw.

Applying the fourth part of Lemma 3 and the Cauchy—Schwarz inequality, we obtain

n n *
_ _ w; /H;(0) 2 Yiz Vi v
P77 %18, = (Vi ==t
? wy i Vi ; wi ' w iy Hi(0)  pH
with equality if and only if
w1 Wy w1/ H(0) wy /Hy (0) —1 —1
—=..=—oad ——Vf=...= ——V'= D B1KB, ).
Vi v wy ! wyn P 1%,7)

The proofs for the estimation Ro(n) > Ro(l) and the condition for equality are
complete. O

Remark 2 The lower bound of Rg(n) is always achievable. In fact, given a positive
vector x = (xq, ..., xn)T, there exist some travel rate matrices, e.g.,
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X1 X[ -+ X] —xl_l xz_l 0 --- 0
n X2 X2 - X2 0 —x2_1x3_1~-~ 0
_inln"f‘ .. . and . . .. . s
Y oo : : L
Xn Xp *+° Xn xl_l 0 0 —X 1

having x as its right eigenvector corresponding to the eigenvalue zero.

It follows from Theorem 3 and Corollary 1 that habitat fragmentation, e.g., a large
area of habitat split into some patches, may intensify malaria persistence and promote
disease outbreaks. The assumption that humans and mosquitoes are homogeneously
mixed or evenly distributed could underestimate the basic reproduction number. In
other words, the habitat connectivity of isolated identical patches with the same initial
number of humans and mosquitoes tends to increase the risk of infection. It is worth
pointing out that Dye and Hasibeder (1986) and Hasibeder and Dye (1988) established
similar results based on a spatial malaria model using a Lagrangian approach (mim-
icking commuting behavior) instead of an Eulerian approach (mimicking migration)
(Bichara and Castillo-Chavez 2016; Cosner et al. 2009).

The inequality Ro(n) > Ro(1) may fail when the incidence rates are not standard,
or some patches are host free (Auger et al. 2008), or the travel rates of the susceptible
and the infectious humans are not the same (see “Appendix”), or the model structure
is more complicated, or a directly transmitted disease is considered. More specifically,
Gao and Ruan (2012) proposed a multipatch malaria model with SEIRS structure for
humans and SEI structure for mosquitoes and presented a numerical example where
human movement leads to disease extinction in all identical patches, even though
the disease persists in each isolated patch. For an SIS patch model with standard
incidence, Gao and Ruan (201 1) proved that the multipatch basic reproduction number
is between the maximum and minimum of the basic reproduction numbers of all
patches in isolation. Thus, the single patch and multipatch basic reproduction numbers
for the SIS model are equal when all patches are identical.

Remark 3 Consider a malaria model with n identical patches similar to (2), but with
bilinear incidence o (H; — h;)v; and B(V; — v;)h; (see e.g., Gao et al. 2013) instead
of normalized incidence ab(H; — h;)v;/H; and ac(V; — v;)h;/ H;, respectively. The
basic reproduction numbers of this new multipatch model and the corresponding single
patch model are respectively

Ro(n) =/ p(/ 7' %€ ") and Ro(1) = VaBVH/(y ),

where o7 = Gijoc H ) pen, B = i BV Inxns ¢ = yI,—C,and 9 = ul, — D.For
an example with two patches, settinga =B=y=pnu=H=V=1cn= dry =1
and cp1 = dyp = 2, it follows that Ry(2) = 0.2073 < Ro(1) = 1.

Remark 4 Consider model (2) with 2 identical patches connected by human movement

and the second patch is vector free (i.e., Vl* =V and V2* = 0, all vectors are confined
in the first patch), then
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a*beV (c1z + c2)(y + c12)
yuH cin(y +cia+ o)

R5(2) = > R3(1) = .

However, if 2 identical patches are connected by mosquito movement and the second
patch is host free (i.e., H{' = H and H} = 0), then

a’bcV dip( + dy2)
yuH (dip +doy)(n +diz + day)

a’bcV

REQ2) = <R3 = i

Thus, the impact of habitat fragmentation on disease spread becomes complicated
when hosts and/or vectors are not present in some patches.

So far, we have established a lower bound for the basic reproduction number of
model (2). An upper bound that depends on the maximal ratio of mosquitoes to humans
in each patch can be obtained as follows.

Proposition 1 Consider model (2) with n identical patches connected by human and
mosquito movement, i.e., C = (¢jj)nxn and D = (d;j)nxn are irreducible. Then

2 * 2 *
abec |V a“bc V.
yu 1=i=n H; Yy l<i=n H;

Proof Similar to the proof of Theorem 3.1 in Gao (2019), without loss of generality,
assume that V{*/H" < ... < V*/HY. Then

Vi 1 _Va
H_]*In = @1%2 = H_’:Tln
Vi Vr

oL g < B e ' 97 < LeTlgT!
H; Hy

n

=p V—fk%—l.@—l _ < p(B B ' 97
H yuH; = ?
<o (Yigrg) = Vi
Hy Y wHf
due to the fact that p(€~'271) = 1/(y ). o

To what extent would human and/or mosquito movement increase the multipatch
basic reproduction number? In particular, does there exist an upper bound of Rq(n)
that is independent of travel rate matrices C and D? We will consider this point in the
next section.

4 Numerical examples

In this section, we perform some numerical simulations for the model (2) with two
identical patches to explore how human and/or mosquito movement affects the basic
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reproduction number Ro(2) and disease prevalence. For illustration, the choice of
parameter values does not strictly follow the epidemiology and ecology of malaria.

Example 1 Bound of the reproduction number. To see whether the multipatch repro-
duction number has a uniform bound from above for any travel pattern, we consider
a two-patch case where all parameters are set to one except human and mosquito
movement rates. Then

Ro(2) = \/p(%%gl%—@—l) and Ro(1) = 1,

where 1 = (8;; V" )ax2, %2 = (8ijH)2x2, € = I — (cij)2x2, P = I — (dij)2x2
and
c12 . 21 ‘ dy2 ¥ d1

H=—"2 pmgr=—"2 yr=_ 2 yx_ 2
c12 + c21 c12 + c21 di2 + day dia + da

Case 1 We choose the travel rates as follows: cjo = 1,¢21 = ¢,d;2 = 1 and
dr1 = ¥ with (¢, ¥) € IntR%. Denote I" = ¢ (1 + ) + ¢ (4 + 3¢ + ¥2). The basic
reproduction number of model (2) is

me_Jﬂ+@UWwﬁQ—%Q+¢WQ+wD>1
"= 202+ )1+ N2+ -

with equality if and only if ¢ = /. Denote Iy, = 4 + 3% + 2. Direct calculations
yield

Too+ T2 =402+ 9)
20+ )2+ )

)

lim Rp(2) =400 and lim Rp(2) = \/
¢—0+ ¢——+00
and

242¢ . _ 1+9
o and I//1_1)1}_100730(2) = —¢(2+¢).

Case 2 We choose the travel rates as follows: cjp = 1,¢21 = ¢,d12 = ¢ and
dy1 = 1 with (¢, V) € IntRi. Denote A = 1 + ¢ (1 + ¥)2. The basic reproduction
number of model (2) now becomes

lim RpQ2) =
Wl)n(}+ 0

me_/a+@m+¢ﬁ—¢a+@w@+w>>l
"= $2+ P +NC+Y) -

with equality if and only if ¢y = 1. Again direct calculations yield

I+ +J/A+v) v+ )
(1+v)Q2+y)

)

lim Rp(2) =+oc0 and lim Rp(2) =\/
¢—0+ ¢——+o0
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Fig. 2 The contour plot of the logarithm of the basic reproduction number, In(R(2)), with respect to ¢
and v for Case 1 and Case 2. The black dashed curve is the contour of In(Rg(2)) =0

and

1+¢ 2+42¢

Iim Rop(2) =
S 0(2)

The changes of Ro(2) versus relative travel rates ¢ and ¢ for Case 1 and Case 2 are
plotted in Fig. 2. It is initially decreasing and then increasing in both ¢ and ¥. Both
analytical and numerical analyses show that R((2) can surpass any given positive
number under appropriate human and mosquito movements such that the maximum
of Ro(2) does not exist. Interestingly, although the limiting processes ¢ — 0+ and
¢ — +o00 both result in the number of humans approaching H = 1 in one patch and
zero in the other patch, the limits are completely different even if the movement rate
matrix for mosquitoes is symmetric (1 = 1) or there is no mosquito movement.

Example 2 Higher diffusion rates. By changing the travel rate matrices C and D tody C
and dy D, respectively, we consider the relation between the basic reproduction number
Ro(2) and the diffusion coefficients of humans and mosquitoes, dy and dy . The travel
related parameters are set as c;p = 0.01, ¢31 = 0.05, d12 = 0.01, d»1 = 0.02, other
parameters are fixed at one. Clearly, the ratios of mosquitoes to humans in patches 1
and 2 at the disease-free equilibrium are respectively 2 and 0.8 which are independent
of the diffusion coefficients. The dependence of R¢(2) on dg and dy is illustrated in
Fig. 3. Both numerical and analytical approaches demonstrate that R (2) is monotone
decreasing in both dy and dy if Ro(2) # Ro(1). Namely, faster diffusion leads
to lower risk of infection when only two identical patches are considered. Further,
this result remains valid for an environment with an arbitrary number of identical or
nonidentical patches connected by either human or mosquito movement (Gao 2019;
Gao and Dong 2019). In addition, the limits of Ro(2) as dy and dy go to zero and
infinity are respectively
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dyy

Fig.3 The contour plot of the basic reproduction number R (2) in terms of d and dy

lim Ro(2) = @bVE o lim Ro() = Ro(l
a0+ 0()_11151?5)(2 THl.*an dim 0 02 =Tl

dy—0+
and
. y(ciada1 — c21d12)?
lim Ro(2) =Ro(1),/1+ > Ro(1),
dy—00 \/ cae21(dia + da)*(y + (12 + ca1)dn)

which again suggest that the effects of human and mosquito movements on malaria
spread are different.

For the same parameter setting, however, Fig. 4a indicates that the model (2) with
diffusion may constantly incur a larger number of infected humans than that without
diffusion (dy — 04 and dy — 0+). The disease prevalence in humans over two
patches could be monotone or nonmonotone in dy and dy. There are inconsistent
consequences between the risk of infection and the disease prevalence as the diffusion
coefficients dy and dy vary. When we change the travel rates to cjo = 0.01, ¢p; =
0.009, d12 = 0.01 and d2; = 0.04, there is a dashed curve passing through the origin
as shown in Fig. 4b above which diffusion causes more infections and below which
diffusion causes less infections.

5 Discussion

It is well known that population dispersal can intensify or weaken disease spread like
diffusion-driven population persistence or extinction in population ecology. Wang
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Fig. 4 The contour plot of the difference of the overall disease prevalence in humans with and without
diffusion in terms of d and dy under two travel patterns

and Zhao (2004) considered an SIS multipatch model with bilinear incidence and
gave two numerical examples: one showed that suitable dispersal rates lead to either
disease spread or disease extinction in both patches when a low transmission patch and
a high transmission patch are concerned, the other found that population dispersal can
result in the spread of disease in both patches even though the disease cannot spread
in each isolated patch. Jin and Wang (2005) further studied the model and showed
that population dispersal may result in disease extinction even though it cannot be
eradicated in each isolated patch. Wang and Mulone (2003) proposed a two-patch SIS
model with standard incidence and showed that the disease remains extinct/persistent
in both patches when population dispersal occurs if it disappears/spreads in each
isolated patch. Gao and Ruan (2011) drew the same conclusion for an n-patch SIS
model incorporating the impact of media coverage. Based on an SIS model with
two patches, Salmani and van den Driessche (2006) found that small and large travel
rates could aid disease persistence whereas intermediate rates stabilize the disease-free
equilibrium. Gao and Ruan (2012) considered a complicated multipatch malaria model
and numerically showed that human movement can help malaria become extinct or
persistent in two identical patches, even though the disease persists or dies out in each
isolated patch. Hsieh et al. (2007) proposed an SEIRP patch model and performed
numerical simulations under various travel policies.

In this paper, we considered a Ross—Macdonald type model with  identical patches
to address the impact of human and/or mosquito movement on malaria persistence.
We first proved a generalized eigenvalue inequality and used it to estimate the spectral
radius of the product of a class of nonnegative matrices. Then we showed that the basic
reproduction number of the multipatch Ross—Macdonald model is no less than that of
the single patch model. Biologically speaking, habitat fragmentation strengthens the
persistence of the disease. Ignorance of spatial structure could substantially underes-
timate the basic reproduction number such that more efforts are required to achieve
disease elimination or eradication. A similar result associated with the Lagrangian
approach was previously obtained by Dye and Hasibeder (1986) and Hasibeder and
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Dye (1988). The findings are in accordance with a recent study on pathogen dynamics
by White et al. (2018) using an individual-based model integrated with movement ecol-
ogy approaches. The multipatch basic reproduction number equals that of the single
patch model if and only if all connected patches have the same ratio of mosquitoes to
humans at the disease-free equilibrium. The human population acts as a blood source
for mosquitoes. In other words, once the distribution of humans is determined, the basic
reproduction number is minimized when the movement of the mosquito population
follows a strategy for which the resulting distribution of mosquitoes is proportional to
that of humans. A similar result holds if the distribution of the mosquito population is
fixed. This diffusion strategy is somewhat linked to the concept of the ideal free distri-
bution (IFD) in ecology, which states that the distribution of organisms should match
the distribution of resources (Cantrell et al. 2012a; Fretwell and Lucas 1969). Malaria
persistence is minimized when the distribution of mosquitoes obeys IFD. However, in
reality, mosquitoes are unevenly distributed due to their limited mobility. For example,
an urban area with dense human population has less mosquitoes while a rural area with
sparse human population has more mosquitoes. To reduce the disease persistence, a
control strategy that makes the geographic distribution of hosts and vectors nearly
uniform may be desirable.

Moreover, we numerically and analytically showed that the basic reproduction
number goes to infinity when one of the two human movement rates tends to zero and
the remaining one is fixed. The fact was observed by Auger et al. (2008) in case only
hosts migrate between patches. There is some inconsistency between the reproduction
number and the overall disease prevalence in response to increasing diffusion. That
is, fast host and/or vector diffusion decreases the disease transmission potential, but
may increase the number of infected humans. Dye and Hasibeder (1986) studied the
single patch case and they showed that the reproduction number is increasing in the
human population size H, but the number of infected hosts is initially increasing
then decreasing in H. The main conclusion that the multipatch basic reproduction
number is greater than or equal to the single patch reproduction number is generally
invalid if part of the model assumptions are not satisfied. Some mathematical results
like Lemma 3 and Theorem 2 are applicable to the proof of similar arguments for
multipatch epidemic models with different model structures or transmission modes.

Finally, we remark that current work can be extended in at least three possible ways.
The first is to study the malaria model in a temporal varying environment driven by
periodic human migration and seasonal changes in mosquito population and behavior.
The global dynamics for such a periodic multipatch malaria model established by Gao
et al. (2014) are a good first step. The second is to extend the multipatch ODE model
to the nonlocal model with integral kernel k(x, y) and diffusion-advection model
with diffusion rate d(x) and advection p(x) (Cosner 2015) where, for example, the
movement term Z?:] c¢ijHj(t) is replaced by

/ k(x, y)H(y, t)dy — (/ k(y,X)dy>H(x,t)
2 2

and

V- [d(x)VH — Hp(x)],
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respectively. Here 2 is a bounded subset of RV and x, y € £2.The continuous version
of Lemma 2 in terms of integrals to nonlocal diffusion established by Cantrell et al.
(2012b) should be helpful in comparing the reproduction numbers of the model with
and without diffusion. The impact of the distribution of humans on malaria risk in
a continuous space was partially observed by Lou and Zhao (2011). The third is to
consider similar questions for epidemic models with different structures (e.g., SEIR
for humans and SEI for mosquitoes) or different transmission modes (e.g., water-borne
diseases and sexually transmitted diseases). We leave these challenging problems for
future investigation.

Acknowledgements The authors would like to thank the two referees for careful reading and good com-
ments, and Drs. Linda Allen, Chao-Ping Dong, and Yang Kuang for helpful discussions.

Appendix: Unequal travel rates

Let S;, I;, Xi, and Y; be the numbers of susceptible and infectious humans, suscep-
tible and infectious mosquitoes, respectively. Denote the total human and mosquito
populations in the ith patch by H; = S; +1; and V; = X; 4 Y;, respectively. Assuming
unequal travel rates for susceptible and infectious humans, the model equations are

ds; Y; = .
o = —abESi +yI; —I—jzlciij, 1<i<n,
dX; I; “
d_tl = —acﬁxi + Y + Zd,-ij, 1 <i<n,
1 j:l
dl; Y; “ )
1 1 .
ar ZabESi —vii +jzlcij1ja l<i<n,
dy; I; -
l 1 N
W ZaCEXi — uY; +j2_;dinj, 1<i<n.

We assume that the travel rate matrices C = (Cij)nxn, C = (¢ij)nxn, and D =
(dij)nxn are irreducible. For any given nonnegative initial condition, the model (A)
has a unique disease-free equilibrium

Eo=(Hf,...,H* V" ..., V*0,...,0,0,...,0),

n?

where (H[', ..., Hy) and (V}', ..., V,¥) are respectively the unique positive solution
to

n n

n
> GjH;=0i=1,....n, Y Hy=Y Hi0)=H >0,

Jj=1 i=l1 i=1
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and
n n n
Jj=1 i=1 i=1

Following the next generation matrix method (Diekmann et al. 1990; van den
Driessche and Watmough 2002), we define the basic reproduction number of the

model (A) as
Ro(n) = p(d I8 ),

where o7 = abl,, B = ac(ij V¥ /H )nxn, é = yI, — C, and 9 = ul, — D. In
particular, the basic reproduction number of a single patch model is

a’bcV

Ro(1) = .
yuH

Claim: consider 7 identical patches connected by human movement (i.e., C and C
are irreducible, and D = 0,x,) and mosquitoes are initially evenly distributed (i.e.,
Vi(0) = --- = V,(0) = V /n), then th inequality Ro(n) > Ro(1) may fail.

Under the above assumptions we actually have

Ro(n) :m'm

with M = diag{1/H{",...,1/H}and N = y I, — C. Thus,
Ro(n) = Ro(1) & p(MN™") > n/(y H).
In particular, the above inequality for the two-patch case holds if and only if
e1 = (C12 — ¢21)(Cray — €21y + 2¢12¢21 — 2¢21012) > 0
or
2 = 12621 (G120 — 3821) + Ga1¢12(E21 — 3¢12) + ¥ (E12 — E21)* > 0.

However, even if a realistic restriction ¢;; > c¢;;j for i # j is introduced, y =
0.25,¢12 = 0.5 > ¢c;2 = 0.125 and ¢; = 1 > ¢ = 0.5 giving ¢ = —0.0625
and e, = —0.625, a counterexample. 3

Nevertheless, consider model (A) with D = 0,,«, and C = d;C with d; € (0, 1)
denoting the relative diffusion rate of infectious humans to susceptible humans, then
Ro(n) = Ro(1) still holds. Moreover, Ro(n) is strictly decreasing and strictly convex

in dy if Ro(n) # Ro(1), i.e., (V1(0), ..., V,(0) > 0 is not a right eigenvector of C
associated with the eigenvalue zero (Gao and Dong 2019). Therefore, the assumption
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that susceptible and infectious individuals have identical travel rates can underestimate
the risk of infection.
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