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The optimal design of a connected nature reserve network
WANG Yicheng*

College of Resources and Environment, Qingdao Agricultural University, Qingdao 266109, China

Abstract; Habitat fragmentation is considered one of the critical reasons for the biodiversity loss. Establishing a connected
reserve network which accommodates the free movement of protected species in the reserve is an effective way to reduce
habit fragmentation. One possible method to ensure a connected reserve is to convert a whole large area to a conservation
reserve. However, the resources devoted to conservation effort have always been scarce, and it is important that these
resources are allocated in an optimal way. The optimal design of a reserve network which is effective both ecologically and
economically has become an important research topic in the reserve design literature. The problem of optimal selection of a
subset from a larger group of potential habitat sites is often solved using either heuristic or formal optimization methods. The
heuristic methods, although flexible and computationally fast, can not guarantee the solution is optimal therefore may lead to
scarce resources being used in an ineffective way. The formal optimization methods, on the other hand, guarantees that the
solution is optimal. But it has been argued that it would be difficult to model site selection process using optimization
models, especially when spatial attributes of the reserve have to be taken into account. This paper presents a linear integer
programming model for the design of a minimal connected reserve network. Dantzig cut approach is employed to prevent
loops that may occur in the solution to ensure the selected sites assemble a connected tree, corresponding to a connected
reserve. Computational performance of the model is tested using datasets randomly generated by the software GAMS. Results
show that the model can solve a connected reserve design problem which includes 100 potential sites and 30 species in a

reasonable period of time, and the model significantly outperforms the representative method in the literature in terms of
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computational efficiency. As the number of potential sites increases, the processing time needed to solve the problem is
expected to grow up quickly. As an empirical study, the model is applied to the protection of endangered and threatened
bird species in the Cache River basin area in Illinois, USA. 11 bird species and 56 potential sites are included in the
empirical study. Two minimal connected reserve networks are designed. One is to protect each species at least once and the
other twice where applicable. The model presented in this paper is deterministic in terms of the occurrence of species in
potential sites, and static in terms of the time when selection decision is made. More studies are needed to combine
uncertainty and dynamics into the optimization model. The successful application of any site selection model has to be based
on complete and accurate data. However, the data itself may have some associated problems such as incompleteness, out-of-
date, inaccurate, etc. Data issue is critical for a successful design of an effective reserve network and it should get more

attention especially in China.

Key Words: nature conservation reserve; connected; optimization; Dantzig-cut; Illinois; endangered/threatened birds

BT F AR PR DR TG — S S (Rl DA o Rt R rp e W — S A i [ AR OR3P X7 ol T A A FR e,
AT B B D B B 4 (B AR ) S — ZH A i DR B T 45 0 R A S B S AT RE 2 1)
i CERIAR) PR AR S PR SR 3 PRI B 23 Bk W 14 566 B2 55 7)1 ( Set Covering Problem, fAjFR
SCP)” %ﬂ“ﬁ%jﬁ%%rﬂ%ﬁ( Maximal Covering Problem Tai B MCP)”, SCP #1 MCP HIHE Sk B E%%[u] JHA
B TR 25 5 AR X e B ) f e 47

1LGE1 SCP Fl MCP H 2% JEM) R [ 47 5 P PR ] T 50 25 ) SR, 5 B0 vh i) My B AR e ST AR BE AR, 12
RIXHE I i e 20 A DX s U Pl 2B 5 BB . B SR A ) SRR R R I BRI 22— A&
PR A —Be s (AR FE N 28 | BB DR D3 45 I e BTN A5 8 . Bt oA & [ R R Y
ARG X AR 2 BIR 2 06

456 T A [AAFIERY SCP A MCP [R) 204 WMk a8 A U i e Au 5k . 3 kU0 i s Bk
[F] 80 ) 2 R | 7T 25 ) ML 25 A A ) 118 28 TR RRAIE 22 SR M0 ELH AR08 fa , RO A 4 DXt e 328 43¢ 1) AT (0 7
BoES LTk S RS LR SUL A IR TR AR A IR T 2 A
1R % 3 1 K589 SR AN RE BRIIE A2 SR ), R NS R & U TR O DX ek 4% 7T g
BOM BRI AR 5% . S OUAT R B0 D0 b U0 2 2 M R B (LIP) | PRIEARAT 1) ik 2 Foe 0 ik DA T i85 A Bk B¢
IR AAL 3 BC (0GR R , WA AR LR A D2 [ AR 5 S TR e M A, S 5 ok A
PR RIS 1 — L3 (AR A REALL (TS ARCRAT S i AR AL S o I FH R 2T, 7 22 01 5 S ) rh i H S pLis 15
BUNSHAARREIRAH AR L BT A B SR AR L (4 Ay i AT AT Bk

A SCHEIE I Dantzig 57 PI7E HEN, — DAY | B LA R A R LA X — AN 2k 1) B
RO X, R I TSGR T SOk P B R . ISR EB AT Cache YT B0 G 5 28 47 X
AR TZ I BN
1 FrikmnEs
1.1 J7ik

e — F X3 R 73 — L BAT JUT AR B /INX S, /NXSRAR O e - A4 st b o — 28y Fh S IO oy
RE , BERE PR —ER 40 N H AR DO —ZH R AT R B, b BRZ PSRBT, B — b P Bl 25 e e 4% K
TRAPIX B —FB I3, sl AR AR AR XA — 70, X BB R IE T B CRZEUE O F 28 [ & 21X
L) HIX A G R I T B U R KO B 2 i .

PLX S Je ol SEatia i — k8, A DR LA — S 3R, P HUR AR — S A W BATTAR SR . XS AR
RGBSR A ) 28 LSRR HE P A AR i AR R DU T fil— A P U RSIRZ 20 1Y
P DR D] A e R Y s R IR A 18T, T A 2, I IR A 7 [l 1) X REAR AR 55 i 1 j

http ; //www. ecologica. cn



17 M FEA e e BT S0 H AR R X 5035

Z IR HRERIAT P2, — AR M i GRE AR BT j (R0 | 05— FR X P LT T R S (DA, j /B2 8 25 T a5 0) o
— AR AR MR B BE 2% BEAS TP B AR 4G T AT I ME A& , BEE—A 1, P — 3 T i
AR AR S B ARTGARIE B LAl DI, 2 RN 4 — IR T 7 ) PR DO S

HTPEE R R (ISR ) 19 58 70 i B R A 2 I BORE 25 T i R0 08 1 HANAEAEAR 3R, i3 ih

A2 Dantzig 35 V)%, 1954 4F Dantzig 55 A8 4 87 U115 T D 35 44 19 B2 BR 48 [A] B ( Traveling Salesman
Problem, or TSP) "™ | fibfi] 53R A TSP A b m) R, BP AR UE SRR T 205 — RS R RAR IR . Qi i rh
ANEIR(—ADEEA) UINAARZE X (BRI 55017 ) 24830, FOCRAE . BRI E 2 b JCIRE il
B —SRIELL M SRR A TRR R 2K . Dantzig 89 )75 & TSP [n) UK g 5 ik 0 5 RS0 . (4598 1 (942, TSP (1]
Hh B U5 A IR RO S HAL R TS 4 E 1Y TR P4 DX st bR e 456 ) RS 35 v b B g e R R DRI T A X A2
EALRA A P e (R REIME R KT TSP )

B B — A E BRI A SRR AT — R R — AN n A IR R SR
AR R (i, B b THE SCRYDIRER ) RS20 A d A4S X, b (d-1) A4S XK st e R T, 75
— AN DX P T D R 2 A 8 T B X, A DX S R AR R (AR O S D) o XA
A B AR LA R L — ZRNP A 1 15 i 52 SO 4 P A Fh sk 2 D i B O 0 i SR A B T X

TR R L 2R3 U, B R TxT I, Hor 15 ANk (E TR ) B R B S
TRAP X, W B IR A D T2 B . B MR — A 3R DA 1) AR A 5 i Sk A QSRR X 2
IRERZH N T — A8 W B — 2 R IX

K2 BRI A A, B 9 Al (R RHBIEA 5 A (IR o T3 MU i T #9322 23 5
DUHIZE FIANZE RN EATT— R AH B A S R0 A — 2R S Rl — 2034

1 2 3 T 4 5 6 7

8 9 10 11 12 13 14
_.

15 16 17 18 19 20 21
@

2 23 24 25 26 27 28

29 30 sy | 2 33 34 35

X '
36 37 38 39 40 41 4
o< —e< o<
43 44 45 46l 47 481 49

B1 HMERTHEARPE B2 REMXEE
Fig. 1 Graphic representation of a reserve Fig. 2 Primal and dual graphs

K3 i 7 A () 6 SRR AL, Tk 2 IR HCE: 25 T r Bl 17 (B AR 22, X 02 1th Tk
o d.e FIEIERL T —ME3E , AARIHERIEE , W S R

@ “BYERHE R AR AR A . — DR R o NIRRT MO T — AR, BT (n- 1) AT — R, S I B R R
T SRS AR

http ; //www. ecologica. cn



5036 2 R

2
He

Eild 31 &

1.2 A O

AR R A A T A T
N — RS AL T RE . T T A B AL B — A J
FHE/ IS A T PR ) 3 S g X O e
b f
Min Y, ¢,U, (1)
[ H3 SaERNEEERIAR

Fig.3 A disconnected reserve containing a loop

2.8,U =k, XA YR s e S (2)

Xp+ X, S U RFAIE L), is (3)
X, 4 X, S U MBTERL(L), ig 4)
XX, SU O MBARI=1, 0,0 (5)
DX, =20 -1 (6)
Y z,=1 MEFA k=1, -, d-1 (7)
Xy + X, + Zyy + Zy, =1 XETAT A A IR 9100 (8)
5

.erijﬁns -1 (9)

(T ELLp

i, j RJEET Y () sn S R SRR s YIRS 5 S IR o, IEREAT i TRk, LR
XHE G T 5 d S SRR 8si K B8 U L PR s I, 8si =1, I 8si =0, ko S RPIX P
HYFh s BB DB (RAEAAD TR EERE 0 1 5k 2 BUE L) U, —onAR i AR R Bl o
DAY —#0 W U, = 1,650 U, =0, X, = Je8 s & il 7 9k (i, ) e b s B i — &8 23, U X,
=1, 850 X, =0, Z, ZJo78, WEARXMEIE bl BIRER AL maRgesikr , W 2, =1, 60 Z,=0, N 25
B 5 — MR8 5, n G R S AR

FIARERE (1) X B IME, TR (2) SRR 2R, R (R s 13 2004, R XA 2=
R kA HBOZ RSB R I IIRE . (1) F1(2) S TRAFIIFLSE SCP A1,

AFIEAF(3) ((4) M) FERIIREL AL, (3) F1(4) BUE , ARt ¢ AR (B OR3P IX) 19— 23 (U
=0) , JUTCIRE N & B TCIRR A T2 WA j,X,=0 HLX,=0) o MR AT i Bk 8 moh (R4 X — 40
(U;=1) WA — 4Rl SR80 j 2 (X, =1 8L X, = 1) IR T MR i 4R 1 A (X, = 1) il
(X, =1) , MIARSR A j I A2 £ (U= 1) o 2R (3) FI(4) ZXFRI, IRZ R 2 i<y IARAR SUE
SRR PR AR R Oy R AR . ZITRARE(5) FUE , AR A IRBIE R (U, =0) , I JEHRZR I s (% oir
A j,X;=0) IS BRI X —3 58 (U, = 1) W2 — SRR N K g — S, 2
WIRAF(5) TSR TUAR A AL B AR i R B T LU S A 03

LIRAAT(6) EIMA K 5 FECHAI R, BN S5 T S 80 1, O e i — 500 B T
TR IRERECRE A5 T O 1, X RTERS (RIEZE 1) B2 midE 7850 551

(7)) UL, BRI A B — SRR IR (W AT d BRAE, B Ry d ZERA g SRV RLT)
(8) B B 22 U JE AR B IA H A — SRRk . ALY (7) R (8) S i T LA IR . 7EA
SCHRHE IS IE T (A e O IE 58 ) AT AHAT Y 4 A 553594 FTREJE BUAG 0 (181 3) , A BY VIS BRIG R I
TIAME 4 A RUA T REFHE B ER , T RO A B ], XA 2 UGS IR 2 AT TR A (7) F1(8) )
AT AR A 14 D e/ B FR 4 NI E) 8 A, HARARAT RIS AR sl BT BRI AR ER , FHIE] 4 1]

http ; //www. ecologica. cn



17 M FEA e e BT S0 H AR R X 5037

Kl 4 RS AR R R A, a8 AN s B — MG L — > 4 X SR B
PEFR, JE A/ DT 8 ANATRRIE MU B, JF HAHSBPIAT S 47 i s AN ] BEJE BUE 2A , X R I 35 sk /b 17 24X
WECRE T[]

X HIRLEIE BAIE B Y A, IR i 55 1 gk, AN SE N (9) St X S8 s iy 8 U7, BV i 0o 200/ N T 8 45
FAUBCRI 1, A B YIS SRR AR, AR DA A 8IS AT B V) UK AR . R R 2 D IO
R, BIRfE T — AN, R — R 1 H AR ORI X
1.3 RALES

= R PN =Nl SR Bl 7 = WL . 8l Y,
IR B CPU & Pentium 4, NAF 1GB, i JH (1)
B GAMS 2,50 L R A5 Y (6 SR fige 25 FH A
W CPLEX 9.0, i B2 2 100 45 12 b e A
30 MFP 30 AP AR A5 HL B N Y 43 A B GAMS B
L3 W R Rt s R 11 (1

S — ik ik b SRV AR R Y B K
m, LLBEE o e o Ffow, RIS 25 2 LB il A7 7E )
PR RBE N m = 30x a, FFEES 608 b FE AL
— DAL m YR VR B AR R A E4 R ERHEE R
i, SR 30 DR Y BEHLIE BB Y R E A Fig. 4 Formation of loops in primal and dual graphs
IZHAFAE I Rl il an, X 28 — 28 AT — st 1o
VEAEAE B AR A S S R B 1 80% , BV a=0. 8, ik BAT — 5 e £ W A 30%0. 8 =24 Fpifh L7,
PSS B o KR 0.7, BIME— S 2 0 A 21 FiFpdese  IRIL2EHE, B2 )5 — 45l «=0.2, 1 xZ
A 6 A AP ILAE T — e, AT ARG | Bl ) Ah o0 A1 8k BT i, 5 B 1Y) b BRI s Ok B A e S B
EHRRPIFR A ORAT . PIRh oA AT RE X AR AT SRR R RS M, A X s e, X e 4 5CHE P A o3 A BEAIL S A
20 K., flan, XFER— A i 2 A7 24 FVIRIAFAE T — A MBS 8 76 58 — OB o A v M 1 T REAT S
YRS IR A b b 1 W AT REAR 10 NPFR A S IXFEREAIL AR 20 IR, BRUCERSK A%, B S 45 20 1K
THRGERAEE, e B B EPETR ] o, o 1, AR (L e B /D i b B R 7 AR 01X
NEDHEIH—K (k= 1), MEAREH RS Onal-Briers' " 19 77 5 L4, Onal-Briers 77 2513 [A)RE i 5%
s AR

1 WIRPAPEALE B RCRIIRT L, FTLUE R, X o 0BT AT BUE , 3 5L A 77 7 35 R B/ ek (] SR A% 1) L 1)
fife B ARCR R E R TR, o BN (BRI A SRR B, (R 3P XT3 T 2 i b ) s S RRxT e i 2, o
a=0.2 [, Onal-Briers 777 F42 IS 2 30 min, [ Dantzig 89 UJ7EAUHZ) 1 min,

N 1 B R, F kP 100 B, Onal-Briers #4157 690 7 2 458 A 048 i , A SO AL 57
753 IR 100 A orAS E, REEORRASEAY vy BB AR R B ACR A S (EOR L e T on A
B, Y MEBOR B B R T on AR A T AR SR A i R BEAE 4 SO Sl AR R R E
S RITFE SR R i [H] . ASCERR S Iy PR 3 2, (H 508 &t Onal-Briers BEY g 2/ | [ Iz 175
P, L TE TR IR T X —

TSI 7 AN SR A BRI S5 (6) F1(7) BRI Ss B Z M BY U)K A 38 I T8 A7 i ], AR SO
RN T BRGISA(6) F1(7) , W B FEAL TR G FR I AT REME . 4 o KT 0.2 BF  ARERUANTT L A G UT, BIAA
sl [ R ) i R A TE A B . o= 0.2 BHERPE T — WA, DA BT UIRAS T, X IR, Y 7 28 OB Y 1
P i R R 4P i 75 2T 2 R ik ORI

SRR GE TR S Y R PR I R B ()R AT T -k g, A 5% SRR B A B A

http ; //www. ecologica. cn



5038 A E = 314

AR/ P AE(290.004) | Ui B X BL AR 2 BRCRAE G TR X E 3 = T Onal-Briers #5570
— R BATEE AR 5 PR, B RS2 AR A 3 AR M O DX e AT B B R — A T 2 1)
PRYIX S BaRPIE 20 iz T P I BCR B 2 1, L R T35 1 BR i) HFREXME

F1 AMERR LB (FEHE =100, %1505 =30)

Table 1 Computational efficiency comparison of two models ( number of sites=100, number of species=30)

Onal-Briers(2006 ) 5% RSB
Onal-Briers(2006) model Present model
BRI B[] S HAR{E RERIF N B ] S HArME LAREL
Model size*  Time(s)" Nodes® Obj. value!  Model size*  Time(s)” Nodes® Obj. value! Cycles®
0.8 690 4.1 1147 2.60 753 0.9 64 2.60 0
0.7 458 5.7 1902 3.05 100 1.3 76 3.05 0
0.6 19.0 5293 3.90 3.1 230 3.90 0
0.5 47.4 13955 4.65 5.0 420 4.65 0
0.4 94.4 29804 6.00 11.4 937 6.00 0
0.3 366.0 128036 7.90 21.8 1816 7.90 0
0.2 1860.2 820125 11.20 62.0 5339 11.20 1

a. H—DROSARB P I RRECE 5 A RO oA A b ARRHRAL AR BT AT CPU SR () oo 703 RE S R 3 A9 39 87 1
{Hd. PR HBEEE I e, 20 YIBFTIRACREL o T IEAF T R — M B Wy b o5 1 ot 8 L)

11234 |5 |6]7 1123 (4|5 1|6 |7 ]8]9 |10
11|12 |13 |14 | 15| 16| 17 11 |12 |13 |14 |15 |16 |17 |18 |19 |20
21 (22 |23 | 24 | 25 | 26 | 27 21 |22 |23 |24 |25 |26 | 27| 28 (29 | 30
31 (323334 (3|36 37 31 |32 |33 (34 |35 |36 |37]38]|39 |40
41 |42 | 43 | 44 | 45| 46 | 47 41 49 |50
51 (52 |53 |54 55| 56| 57 51 59 | 60
6162 |63 |64 65| 66] 67| 68|69 | 70 61 69 |70
7L(72 |73 | 74|75 |76 77| 78| 79 | 80 71 79 |80
81 (82 |83 |84 |8 |8 | 87| 8|8 | % 81 89 |90
91 (92 |93 | 94 (95| 96| 97 ( 98| 99 | 100 91 99 [100

a =08
11 2)3|]4|5|6] 7| 8|9]10 1 9 |10
11 (12 |13 |14 | 15| 16| 17| 18|19 | 20 11 19 |20
29| 30 21 29 |30
39 | 40 31 39 |40
49 | 50 41 49 | 50
59 | 60 51 59 | 60
69 | 70 61 69 |70
79 | 80 71 79 |80

8182 |83 |84 |8 |8 | 87| 8|8 | 81 89 |90

91 (92 |93 | 94 [ 95| 96 | 97 98| 99 | 100 91 99 [100

B 5 ERMBEITE R (I XKE Y X)
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