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Supplementary A

Effects of patch availability and connectivity on average patch cluster size
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Figure S1. Effects of patch availability (s) and connectivity (gss) on average patch cluster
size (average =SD of 100 replicates) in fragmented landscapes with a square lattice of size
L>_=100>100 cells. In each replicate, the landscape is regenerated with the same properties (i.e.,
keeping s and gys constant). Left panel (a): average patch cluster size by varying gy at fixed s
(=0.3, 0.5, 0.7); and right panel (b): average patch cluster size by varying s at fixed qgs (=0.1, 0.5,
0.9). Again, the range of patch connectivity shrinks with increasing patch availability (see

equation (1)).
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Supplementary B
Deriving the dynamics of q,,, and q,,

According to the definition of local density, we have @, =p,/p, and q,,=p,/p . By

differentiation, we thus obtain

%: 1dp, ql/l% (B1)
dt  p dt p dt

and

da,, _ 1dpy _ Qundp (B2)

dt p dt  p dt
To completely construct the dynamics of ¢, , we first derive the dynamics of p,; as

1

d z-1
—(';11 =2C,pq (E +Tq1/slj_ 2y (el t HanPro /pl) ’ (B3)

where the first term is the state transition from the pair s-1 (or 1-s) to 1-1 via local dispersal
(s-empty suitable patches, and 1-suitable patches occupied by species 1), in which the pairs s-1
and 1-s are distinguished though their pair densities are equal. This change can be achieved by
one of the two pathways: the colonization of the s-patch from the 1-patch in an s-1 pair or the

colonization of this s-patch from one of its (z-1) other neighbours. The latter pathway should be
multiplied by ¢, , which is the conditional probability that another 1-patch neighbours the

s-patch in a s-1 pair (using the von Neumann neighbourhood with z=4). The second term

represents the loss of the pairs 1-1->1-s (or s-1), due to intrinsic extinction or top-down
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predation. As predator species 2 with global dispersal can randomly establish only in the suitable

patches with prey species 1, we can directly adopt the ratio p,, / p, to represent the proportion

of prey species that may go extinct due to the top-down predation.

Similarly, we can construct the dynamics of p,, as follows

d Pu

z-1
dt =CPq 5 Qysu — Pu (el T Hn P /pl) ' (B4)

in which the first term on the right side denotes the transition rate of s-u—>1-u by colonizing the
empty s-patch in a s-u pair from one of its z-1 other neighbours, and the factor ¢, isthe

conditional probability that a 1-patch is the neighbour of a s-patch in the s-u pair. The second

term is the loss of the pairs 1-u—>s-u because of intrinsic extinction or top-down predation.

In view of the pair approximation principle, we obtain the following constraints

Ui/ = G/
Qg =1=0u1 = O , (B5)
Qus = /1 (1_ Qun — q1/1) [d-u-p,)
Psy =UQg,, = U(l— Qv — Alun / U)
In a fragmented landscape, we have
u+s=1
1-2s+sq,. , B6
Qi zl_qs/u :—qS/S ( )

1-s

where patch availability s and patch connectivity ggs here are constant for a given landscape,

including the already occupied s-patches.
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58  Combining equations (B1-B6) with (2a), we thus obtain the dynamics of q,,, and q,, as

59 dt 2 2 S—p
da,, 3 5—50ys — P10
un o | 227 s T A (1-
T i o | (1= Qs

60

d 1 3 1-q,-
m:q(l_qm_qm)( P Pl Y

- qu_ O (el T U1 Pra /pl)

- qm)

(B7)

(B8)
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Supplementary C

Source code - EPDM model for a simple food chain in fragmented landscapes

function y=islandsystem(t,x)

global c1 c2 c3 pel gelel el e2 e3 u21 u32

y=zeros(5,1);

y(1)=c1*x(1)*(1-x(4)-x(5))-e1*x(1)-u21*x(2);
Y(2)=c2*x(2)*(x(1)-x(2))*gelel-e2*x(2)-e1*X(2)-u21*x(2)-u32*x(3);
V(3)=c3*x(3)*(x(2)-x(3))-(el+e2+e3+u21+u32)*x(3);
y(4)=c1*(1-x(4)-X(5))*(0.5+1.5*x(1)*(1-x(4)-x(5))/(pel-x(1))-x(4))-x(4)*(e1+u21*x(2)/x(1));
y(5)=(0.75*c1*(1-pel)*((1-x(1)*x(5)/(1-pel)-(1-2*pel+pel*gelel)/(1-pel))/(pel-x(1)))-c1*x(5))*(1-x(4
)-X(5));

clear

global c1 c2 c3 pel gelel el e2 e3 u21 u32

cl=1; c2=1; c3=1;%species colonization rate

e1=0.05; e2=0.05; e3=0.05;%species intrinsic mortality rate

u21=0.025; u32=0.025;%top-down extinction rate

tn=[0,10000]; y0=[0.01 0.005 0.0025 0.08 0.0005]; %Initial parameter values
axispel1=0.01:0.01:0.99; axisqele1=0.01:0.01:0.99; % range of patch availability and connectivity

[X,Y]=meshgrid(axispel,axisqelel);%pel-patch availability and gelel-patch connectivity
[nn,mm]=size(X);%nn — connectivity of unsuitable patches and mm - patch loss
RDensity=zeros(nn,mm)-1; %resource
CDensity=zeros(nn,mm)-1;%consumer
PDensity=zeros(nn,mm)-1;%predator
RRDensity=zeros(nn,mm)-1;%]local density of resource species
REDensity=zeros(nn,mm)-1;%conditional probability qu:
Periodicarea=zeros(nn,mm)-1;% test system oscillation or whether system reaches stability

for n1=1:nn
for n2=1:mm
pel=axispel(n2);gelel=axisgelel(nl);
if (pel<0.5)||(pel>=0.5&&qelel>2-1/pel) % constraint for patch availability and connectivity
[t,y]=0ded5(‘islandsystem’,tn,y0); %algorithm of EPDM equations
if max(y(end-100:end,1))>mean(y(end-100:end,1))+0.0005
Periodicarea(nl,n2)=1;
else
Periodicarea(nl,n2)=0;
end

RDensity(n1,n2)=mean(y(end-100:end,1));
RRDensity(n1,n2)=mean(y(end-100:end,4));
REDensity(n1,n2)=mean(y(end-100:end,5));
CDensity(n1,n2)=mean(y(end-100:end,2));
PDensity(n1,n2)=mean(y(end-100:end,3));
else

RDensity(n1,n2)=NaN;
RRDensity(n1,n2)=NaN;
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109  REDensity(n1,n2)=NaN;
110  CDensity(n1,n2)=NaN;
111 PDensity(n1,n2)=NaN;

112 end
113 end

114 end

115

116 RDensityi=find(RDensity<0.0001);%extinction threshold of resource

117 RDensity(RDensityi)=0;

118 CDensityi=find(CDensity<0.0001);%extinction threshold of consumer

119 CDensity(CDensityi)=0;

120 PDensityi=find(PDensity<0.0001);%extinction threshold of predator

121 PDensity(PDensityi)=0;

122

123 figure,surf(X,Y,Periodicarea),view(0,90),colorbar

124  xlabel('pel’),ylabel('gelel’)

125  figure,surf(X,Y,RDensity),view(0,90),colorbar

126 xlabel('pel’),ylabel('qelel")

127 figure,surf(X,Y,CDensity),view(0,90),colorbar

128  xlabel('pel’),ylabel('gelel’)

129  figure,surf(X,Y,PDensity),view(0,90),colorbar

130  xlabel('pel’),ylabel('qelel")

131

132 Z=RDensity;

133 ii0=find(RDensity<0.0001);%resource does not exist

134 iil=find((RDensity>0.0001)&(CDensity<0.0001));%resource exists but consumer goes extinct
135  ii2=find((RDensity>0.0001)&(CDensity>0.0001)&(PDensity<0.0001));%resource & consumer coexist
136  but predator goes extinct

137  ii3=find((RDensity>0.0001)&(CDensity>0.0001)&(PDensity>0.0001));%All species coexistence
138 Z(ii0)=0; Z(ii1)=1; Z(ii2)=2; Z(ii3)=3;

139 figure,surf(X,Y,Z),view(0,90),colorbar

140  xlabel('pel’),ylabel('qelel")

141
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142 Supplementary D

143 Source code - CA simulation for a simple food chain in fragmented landscapes

144  function [Predator,Consume,resource,pp,pc,pr]=stept(A,Predator,Consume,resource)
145  cl=1; c2=1; c¢3=1; %species colonization rate

146  e1=0.025; €2=0.025; 3=0.025; %species intrinsic mortality rate

147  u21=0.05; u32=0.05; %Top-down extinction rate

148

149  %patch cluster reorganization

150  [n1,n2]=size(A);

151  output = bwconncomp(A,4); %based on 4-nearest neighbourship

152  CC=output. PixelldxList; % patch locations in the landscape

153  Npatches=output.NumObjects;%patch numbers

154

155  %cacluate the global density of Predator, Consumer, Resource
156 pp=0;pc=0;pr=0;pe2=0;

157 forii=1:n1

158 for jj=1:n2

159 if Predator(ii,jj)==2

160 pp=pp+1;

161 end

162 if Consume(ii,jj)==2

163 pc=pc+1;

164 end

165 if resource(ii,jj)==2

166 pr=pr+1;

167 end

168 if A(ii,jj)==0

169 pe2=pe2+1;

170 end

171 end

172 end

173 pp=pp/(n1*n2);pc=pc/(n1*n2);

174 pr=pr/(n1*n2); pe2=pe2/(n1*n2);

175

176 Consume2=Consume;

177 resource2=resource;

178 Predator2=Predator;

179

180 % %%%%%Top Predator

181 % state transition from 2 (predator) to 1(unoccupied by predator)
182 % and transition from 1(unoccupied by predator) to 2(predator)
183 for ii=1:n1

184 for jj=1:n2

185 if Predator2(ii,jj)==2

186 pl=rand(1); p2=rand(1); p3=rand(1); p4=rand(1); p5=rand(1);
187 if (pl<el)|(p2<e2)|(p3<e3)|(p4<u2l)|(p5<u32) %intrinsic mortality and top-down extinction
188 Predator(ii,jj)=1;

189 end
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end
if (Predator2(ii,jj)==1)&(Consume2(ii,jj)==2) &(resource2(ii,jj)==2)
pl=rand(1);
if p1<1-(1-0.0001)*(c3*pp*10000) %patch occupancy
Predator(ii,jj)=2;

end

end

end
end

%%%%%Intermediate consumer
% state transition from 2 (consumer) to 1(unoccupied by consumer)

forii=1:n1
for jj=1:n2
if Consume2(ii,jj)==2
pl=rand(1); p2=rand(1); p3=rand(1); p4=rand(1);
if (pl<e2)|(p2<el)|(p3<u2l)|(Predator2(ii,jj)==2 & p4<u32) %
Consume(ii,jj)=1;
end
end
end
end

% transition from 1(unoccupied by consumer) to 2(consumer)
for ii= 1:Npatches % Npatches is the patch cluster number
xylabel=CC{ii}; % the ii-th patch cluster location in the 2-D matrix or the 1-D matrix
[nvalue,nvalue2]=size(xylabel); % nvalue is the patch cluster size of patch cluster i
region_C=sum(Consume2(xylabel)-1);% region_C is the consumer number in the ii-th patch cluster
region_R=sum(resource2(xylabel)-1);% region_R is the resource number in the ii-th patch cluster
region_Rdensity=region_R/nvalue;% region_Rdensity is the local density in the ii-th patch cluster
region_Cdensity=region_C/nvalue;
for jj=1:nvalue
jj1=xylabel(jj);
if Consume2(jj1)==1 & resource2(jj1)==2
pl=rand(1);
if p1<1-(1-1/nvalue)”(c2*region_C)
Consume(jjl)=2;
end
end
end
end

%%%% %Resource

% transition from 1(unoccupied by resource) to 2(resource)

for ii=1:n1

for jj=1:n2

if ii==1&&jj==
x=[resource2(100,jj),resource2(ii+1,jj),resource2(ii,100),resource2(ii,jj+1)];
end
if ii==1&&jj==100
x=[resource2(100,jj),resource2(ii+1,jj),resource2(ii,jj-1),resource2(ii,1)];
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end
if ii==100&&jj==100
x=[resource2(ii-1,jj),resource2(1,jj),resource2(ii,jj-1),resource2(ii,1)];
end
if ii==100&&jj==1
x=[resource2(ii-1,jj),resource2(1,jj),resource2(ii,100),resource2(ii,jj+1)];
end
if ii==1&&(jj>1&&jj<100)
x=[resource2(100,jj),resource2(ii+1,jj),resource2(ii,jj-1),resource2(ii,jj+1)];
end
if ii==100&&(jj>1&&jj<100)
x=[resource2(ii-1,jj),resource2(1,jj),resource2(ii,jj-1),resource2(ii,jj+1)1;
end
if jj==100&&(ii>1&&ii<100)
x=[resource2(ii-1,jj),resource2(ii+1,jj),resource2(ii,jj-1),resource2(ii,1)];
end
if jj==1&&(ii>1&&ii<100)
x=[resource2(ii-1,jj),resource2(ii+1,jj),resource2(ii,100),resource2(ii,jj+1)];
end
if 11>1&&ii<100&&jj>1&&jj<100
x=[resource2(ii-1,jj),resource2(ii+1,jj),resource2(ii,jj-1),resource2(ii,jj+1)];
end
x1=0;
for kk=1:4

if x(kk)==2

x1=x1+1;% the number of occupied sites

end

end
if resource2(ii,jj)==1
pl=rand(1);
if p1< 1-(1-1/4)"(x1*cl)
resource(ii,jj)=2;
end
end
end
end

% transition from 2(resource) to 1(unoccupied by resource)
forii=1:n1
for jj=1:n2
if resource2(ii,jj)==2
pl=rand(1);p2=rand(1);
if (p1<el)|(Consume2(ii,jj)==2&p2<u2l)
resource(ii,jj)=1;
end
end
end
end

forii=1:nl
for jj=1:n2

10
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if resource(ii,jj)==1
Consume(ii,jj)=1;
Predator(ii,jj)=1;
end

if Consume(ii,jj)==1
Predator(ii,jj)=1;
end

end

end

a=load('data(0.5,0.5).txt");% Fragmented landscape by taking s=0.5 and gs/s=0.5 for example
%see landscape generation algorithm in Hiebeler 2000 (Ecology) and 2007 (J. Math. Biol.)
n1=100;n2=100;%lattice size
A= reshape(a,n1,n2);%
% The initial value of resource, consume, predator
resource=A;%resource value 0,1,2 respectively expresses non-habitat, suitable habitat but without
resource, and suitable site with resource
Consume=A;% Consume value 0,1,2 respectively denotes nonhabitat, suitable habitat but without
consumer, and suitable site with consumer
Predator=A;% Predator value 0,1,2respectively denotes nonhabitat, suitable habitat but without predator,
and suitable site with predator
P_initial_resource=0.5;%initial resource occupancy
P_initial_Consume=0.5;%initial consumer occupancy
P_initial_Predator=0.5;%initial predator occupancy
for ii=1:n1
for jj=1:n2
if A(ii jj)==1
pl=rand(1); p2=rand(1); p3=rand(1);
if P_initial_resource>pl
resource(ii,jj)=2;
end
if (P_initial_Consume>p2)&(resource(ii,jj)==2)
Consume(ii,jj)=2;
end
if (P_initial_Predator>p3)&(Consume(ii,jj)==2)
Predator(ii,jj)=2;
end
end
end
end

nn=100000;%time steps
Pdensity=zeros(1,nn);Cdensity=zeros(1,nn);rdensity=zeros(1,nn);
% predator, consumer, resource over time

for ii=1:nn
[Predator,Consume,resource,pp,pc,pr]=stept(A,Predator,Consume,resource);
Pdensity(ii)= pp; Cdensity(ii)=pc;rdensity(ii)=pr;

end

%average over the final 10000 time steps

11



Supplementary Information

343  mean(rdensity(90000:100000))
344  mean(Cdensity(90000:100000))
345  mean(Pdensity(90000:100000))
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