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The importance of habitat quality for marine
reserve — fishery linkages

Lynda D. Rodwell, Edward B. Barbier, Callum M. Roberts,
and Tim R. McClanahan

Abstract: We model marine reserve — fishery linkages to evaluate the potential contribution of habitat-quality improve
ments inside a marine reserve to fish productivity and fishery catches. Data from Mombasa Marine National Park,
Kenya, and the adjacent fishery are used. Marine reserves increase total fish biomass directly by providing refuge from
exploitation and indirectly by improving fish habitat in the reserve. As natural mortality of the fish stock decreases in
response to habitat enhancement in the reserve, catches increase by up to 2.6 tonnéy¢arkrand total fish bie

mass by up to 36 t-kmd However, if habitat-quality improvement reduces the propensity of fish to move out of the
reserve, catches may fall by up to 0.9 tRmear®. Our results indicate that habitat protection in reserves can underpin
fish productivity and, depending on its effects on fish movements, augment catches.

Résumé :La modélisation des liens entre une réserve marine et une péche commerciale nous a permis d'évaluer la
contribution potentielle de I'amélioration de la qualité de I'habitat dans la réserve a la productivité des poissons et a la
récolte. Des données provenant du parc national marin de Mombasa, au Kenya, et des péches commerciales de la
région ont servi a démontrer que les réserves marines accroissent la biomasse totale des poissons directement, en
procurant des refuges contre I'exploitation, et indirectement, en améliorant la qualité de I'habitat dans la réserve. A
mesure que la mortalité naturelle du stock de poissons diminue a la suite de I'amélioration de I'habitat dans la réserve,
augmentation des prises peut atteindre 2,6 tonnes (tf-km’ et celle de la biomasse totale des poissons 367t-km.
Cependant, si 'amélioration de la qualité de I'habitat réduit la tendance des poissons a quitter la réserve, la réduction
des prises peut atteindre 0,9 t#marrl. Nos résultats indiquent que la protection de I'habitat dans les réserves peut
soutenir la productivité des poissons et, selon son effet sur les déplacements, augmenter les prises.

[Traduit par la Rédaction]

Introduction ecology and fish habitat function (e.g., Dayton et al. 1995),
less research has focused on the implications of damage to
The deterioration of marine habitats and the depletion of fisthabitat for demersal fishes. Habitat is known to profoundly
stocks worldwide are of major concern to fisheries manageraffect the productivity of a fish stock and is therefore- be
and conservationists (Agardy 2000). It is believed that habitaieved to be fundamentally important to fishery production
loss is the single greatest cause of the worldwide decline i{Dayton et al. 1995). For example, studies on the impact of
biodiversity (Wilcove et al. 1998) and has serious implicationdoss of mangroves, often the result of deforestation and-aqua
for ecosystem functioning and integrity (Walters and Wetheyculture expansion (Spalding et al. 1997), indicate that the
1996). Some of the most threatened habitats include coastlsses to the fishery may be considerable because mangrove
estuarine habitat (such as mangroves) and coral reefs. forests act as nursery grounds for the fishery (Barbier 2000).
Fishing with destructive fishing gears is a major cause oHowever, the direct impact of the degradation of coral reef
habitat deterioration in many temperate and tropical regionshabitat on fisheries is as yet uncertain.
Seabed habitat has been greatly degraded and even destroyedrisheries management tools such as taxes, quotas,-and li
by the direct effects of dredging, trawling, long-lining, and censes fail to protect essential habitats such as coral reefs
dynamite fishing (Dayton et al. 1995; Roberts 1995).- De because habitat loss or degradation can occur at even low
spite this, it is only recently that research has focused on thievels of fishing effort (National Research Council 2000).
effects of fishing on habitat structure and the potential impli Many researchers have pointed out the necessity of habitat
cations for associated faunal communities (Jennings angrotection for sustainable marine resource exploitation (e.g.,
Kaiser 1998; Turner et al. 1999). Though some ecologistiRoberts 199; Benaka 1999). In response, marine-protected
have worked on the relationship between benthic communitareas have increasingly been established to tackle the prob
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lems of biodiversity loss and habitat deterioration and morecover and fish biomass have increased significantly inside
recently have gained support as a fisheries management tomlombasa MNP since its establishment (McClanahan and
that can help to enhance fish stocks (Lauck et al. 1998Kaunda-Arara 1996; Rodwell 2001). Though the exact-rela
Conover et al. 2000; Roberts et al. 2001). Reserves appear timnship between fish biomass and habitat quality is uncer
be the best management tool for the restoration and presetain, improved habitat quality could provide more food and
vation of the structure and functioning of entire ecosystemsefuge for fish, thereby reducing natural mortality levels
on which fisheries depend (Conover et al. 2000). They carfDayton et al. 1995; Walters and Wethey 1996). This effect
also ease problems of by-catch, which can perturb eeosy®f habitat quality on natural mortality alone we term the
tems at local and regional levels (Collins et al. 2000). Areassingle habitat-quality effect”. We test three relationships
protected from fishing invariably support higher levels of between natural mortality and habitat quality: logarithmic,
fish biomass and diversity (for review, see Halpern (2003))linear, and polynomial.
However, although new results indicate that the reserve con The habitat-quality effect on the movement of fish is diffi
cept is sound (Roberts et al. 2001), the fishery benefits o€ult to determine in the field and is likely to vary among spe
reserve establishment are still being debated and the eontigies. We consider a “double habitat-quality effect” in which
bution of habitat protection to catches has yet to be fully deboth the natural mortality of the fish stock declines in re
termined. sponse to habitat-quality improvements and the habitat-quality
Despite wide recognition that marine reserves allow thegradient between the reserve and fishing grounds slows the
recovery of degraded marine habitat (e.g., Koenig et al. 2000-ate of fish movement out of the reserve. This could have neg
Roberts 2008), models of marine reserves fail to consider ative implications for fishery catches if the spillover from re
explicitly the contribution of habitat quality to the fishery serves to fishing grounds is significantly reduced.
(e.g., Holland and Brazee 1996; Hannesson 1998; Sanchirico In the following section we describe the model of marine
and Wilen 2001). In this paper we add to these studies by inreserve — fishery linkages. We then apply the model to a case
vestigating the ecosystem value of marine reserves, evaluagtudy, Mombasa MNP and its adjacent fishery. We carry out
ing the specific contribution of habitat-quality improvements sensitivity analysis to determine the implications of various
inside a marine reserve to fish productivity and fishery catchhabitat quality effects on the fishery in terms of catch, total
in adjacent fishing grounds. We focus on a tropical marindfish biomass, and the exploitation rate at which it becomes
reserve that protects a coral reef habitat. We extend thprofitable to establish a reserve. Results indicate that habitat-
model in Rodwell et al. (2002), which focused on the pro-quality improvements are likely to make a significant contri-
cesses of fish and larval movement patterns between reserbetion to the fishery.
and fishing ground, optimal reserve size, and exploitation
rates, by including an explicit habitat-quality ner— a live
coral cover proxy. Rugosity (a measure of the roughness ofhe model
the substrate) could also be used as a habitat-quality proxy. _ . o ) ) .
In a model investigating the effects of seafloor habitat on ju- This deterministic and discrete-time model describes the
venile cod survivorship, Lindholm et al. (2001) use verticaldynamics of a fish stock subdivided between a fully pro-
relief as a measure of habitat complexity. Rodwell et altécted marine reserve and adjacent fishing grounds. The
(2002) found that under almost all movement conditions (nof€'m fully protected refers to protection from fishing only.
a closed system), a reserve could enhance catches in a mo‘Epuns@ activities such as diving and snorkelling can still tak_e
erately to heavily exploited fisherg@0% exploitation rate). place inside the reserve. The total stock comprises two dis
They assume spatial homogeneity in the marine managemefict substocksX; and X, that occupy the reserve and the
area, acknowledging that this as an oversimplification. InfiShing grounds, respectively. The reserve habitat quadjfy (
this study, we consider two processes that may be affected dependent on time since reserve establishmgnt €., q;
by habitat-quality improvements in the marine reserve. The d(f). The habitat quality of the fishing grounds is repre
first is the decrease in natural mortality of the fish stock inSented byd,. In reality, o is likely to decline over time if
response to habitat enhancement in the reserve. This positifPloitation continues. In this model we take a constant base
relationship between habitat complexity and survivorship of€vel of habitat quality in the fishing grounds to give a eon
coral reef fishes has been supported by many field studiegervative estimate of the habitat-quality gra@ent between re
(e.g., Roberts and Ormond 1987; McClanahan 1994). Theerve ano_l fishing gro_unds. As the reserve is fuIIy_prqtected
second process considered is the restriction of movement ¢fom fishing, there is only catchH) from the fishing
fish from the reserve to the fishing grounds as habitat qualitgfounds. The dynamics between the reserve and the fishing
improves inside the reserve. We consider habitat selectiofifounds are described by the transfer of recruits resulting
(discussed by MacColl (1990)) in two ways) {nitially we from larval dispersal®) and the movement of fish\). Both
assume the simplified case of fish moving in a density-fish and larval movement are explicitly modelled by employ
dependent fashion irrespective of habitat quality, aijctifen 1" @ spawner—recruit relat|onsh|p. The difference equation
we consider a behavioural response of fish to the habitaSyStemdescribing the dynamics of the reserve and fishing
quality gradient between reserve and fishing grounds by redroundstocks is given by egs. 1 and 2:
stricting movement. This is similar to the movement patterns
described by MacCall (1990) in which immigration and emi (1) Xyer = (1 =py(ag )Xy + R(Xpy)
gration are affected by gradients in quality of local habitat. — M(X, Xy 0,0 )
We use Mombasa Marine National Park (MNP) and adja Lo 220 @0 Qe G
cent fishing grounds as the case study site. Both live coral - T(Ryy» Ry, 01, 0)
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(2) Xoper = (L —pp)Xo — H(X;p) + R(Xy9) time since protection up until the coral bleaching event of
+ M(X, Xprs 0,0, Q1 Cb) March 1998 when live coral cover fell dramatically
Lo 2n T AL R (McClanahan and Kaunda-Arara 1996; Rodwell 2001; T.R.
+ T(Ryy Ry, 0,6) McClanahan, unpublished data). Episodic impacts such as

X1 denotes the biomass of the fish stock in the reserve a(EoraI bleaching are beyond the scope of this study; therefore,

timet, andX,, represents the biomass of the fish stock in theonIy data from 1987 to 1997 are used to estimate the *habi

fishing grounds at time. In this study we do not consider a tat quality over time since protection” function for the model

I > . Fig. 1).
articular species but an aggregated fish stock because of ttﬁe - . .
IF;ck of compplete species-s?p?eci?ic catch datga, ) andy, In the fishing grounds adjacent to Mombasa MNP, habitat

e the average naura morlty esimales easured o<1 15 eManed fay consan, snce resene seablen
proportion of fish biomass levelX; and X,, respectively. : ’ X quality

The natural mortality of the fish stock in the reserve variesSigmﬁCantly over time. The habitat-quality diﬁergnt!a‘]‘tx be-
with the level of habitat quality, i.epy , = u(dy ). G = C/A tween Mombasa MNP and the unprotected fishing grounds
for i = 1, 2, whereC, is the area of live coral cover df |_ncr?a?ed bgtw?]enl 1987.7;1( 1) ?nd 1.997..Thebbest “rgax

: LA - 2 Y tic” fit for g is the logarithmic function given by eq. 3.

(in km?) and A, is the area of (in k). M(Xy(, Xz, 0, O, though power, cubic, and quadratic functions fit the data

, is the net movement of fish between the reserv
?ége;h)l) and the fishing grounds (area 2) in time petiod better over the 10 years of_data, when extrapolated over the
30 years, they gave unrealistic ranges.

where the density of stodkis given byX; , = X; /A, i =1, 2.
o is the proportion of management area protected, e,  (3) g, = gy, — Oy = &It + a,

A/A, whereA represents the total management aces. the ’ '

mobility coefficient of fish. The net fish movement can be Wherea; = 14.8 anda, = 0.67. This gave af? estimate of
positive or negative depending on the comparative stock.79 andp = 0.003. Despite this higR?, this function may
densities. If the stock density within the reserve is greatenot accurately portray the trend @ over time. It is likely
than the stock density in the fishing grounds, the net fisithatd; will level off rather than continue to increase. By us-
movement is positive (i.e., outward from the reserve to théng this function in the model simulations, the habitat-
fishing grounds) and vice versa. Similarly, the transfer of re-quality effect on natural mortality may be overstated. How-
cruits resulting from larval dispersal(R;;, Ry, 0, 6) can be  ever, the relationship was extrapolated over 30 years for the
positive or negativeR(X, ) andR(X;,) represent recruit pro- Simulations and the range @ was 0%< ¢, < 51% from
duction for stocksX; andX,, respectively at tim¢. 8is the timet=1tot = 30, respectively. This seems highly plausi-
proportion of larvae retained. The remaining larvae disperseble because the differential observed in the field reached ap-
Catch is treated simply as a function of fish biomass in theproximately 40% after less than 10 years (Rodwell 2001).

fishing grounds i.e.H; = H(X,,). The habitat-quality gradient between the reserve and fish-
' ing grounds tends to a factor of §;(q, ~ 0.55/0.11) and so

Functional forms the inverse gradient, which influences the rate of fish move-
_ _ _ ment, tends to 0.206/g; = 0.11/0.55). The greater the dif-

Habitat quality over time ference in habitat quality of the two areas, the greater the

Habitat quality can be influenced by many factors such agffect on fish movement.
time since protection, pollution, tourist visitation, fishing effort,
and effects such as coral bleaching. However, in Mombas#alatural mortality vs. habitat quality
MNP and the adjacent fishing grounds, pollution is not a Natural mortality of fish inside the reserve is a variable
significant problem (Mwangi et al. 2001). If pollution affects dependent on reserve habitat quality, ig(Q;,). The empir
the area at all, we assume that it does so evenly and so doi&al data from Mombasa could not confirm the exact tela
not contribute to a habitat-quality gradient between the retionship between habitat quality and fish biomass or natural
serve and the fishing grounds. Furthermore, damage resultnortality rates, though fish biomass was positively associ
ing from tourist activities such as diving and snorkelling is ated with live coral cover (Rodwell 2001). Three functions
limited (Muthiga and McClanahan 1997). By far the mostare explored in the model simulations to simply illustrate
significant factor in determining habitat quality is the sub possible contrasting changes in natural mortality resulting
strate’s complexity, which is closely correlated to live coralfrom habitat-quality improvements (Fig. 2). In each case,
cover (Rodwell 2001; T.R. McClanahan, unpublished data)natural mortality is assumed to be negatively related to-habi
Highly complex substrate provides refuge for fish, therebytat quality, i.e.n'(g;) < 0. In the polynomial function, mer
reducing mortality rates and increasing fish abundance. Imality falls at an increasing ratgs” (q;) > 0. In the linear
Kenya, high catch intensity in fishing grounds has reducedunction, it falls at a constant ratg, (¢;) = 0. In the loga
the number of sea urchin predators, allowing the populatiomithmic function, it falls at a decreasing rat€,(q;) < 0. The
of sea urchins to burgeon. In turn sea urchins scrape the conatural mortality rate in each case is assumed to stabilise af
als, reducing diversity and complexity (McClanahan 1994)ter 30 years. This time acts as a threshold beyond which nat
In this paper we focus our analysis on the case in which proural mortality does not fall any further. Rodwell (2001) found
tection allows habitat quality to gradually improve (i.e., live an exponential relationship between fish biomass and the
coral cover to increase) inside the marine reserve. “reserve effect” (i.e., the presence of the reserve). This im

Reserve habitat quality is treated as a variable dependepties that the logarithmic function may be the most appropri
on time since protection. The data from Mombasa MNP in ate fit for the fish biomass and natural mortality relationship
dicate a positive relationship between live coral cover andassuming an inverse relationship exists between fish

© 2003 NRC Canada
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Fig. 1. Habitat-quality (live coral cover) differential between Fig. 2. Three relationships modelled between natural mortality of
Mombasa Marine National Park and the adjacent fishing grounddish and habitat quality in the reserve: logarithmic, linear, and
(g, — gp) versus time since reserve establishment. polynomial (over 30 years of protection).
60 1 30 years
y = 14.8 In(x) + 0.67 _ 03 i
50 2 5
R®=0.79 =
=5 © 0.4 1\ Polynomial (u"(q) > 0)
RSN () © \
2 > 40+ X 2o
Q X X T 2 )
O O T &
= = X = 0.3 A
Ol o E
£ 5 307 X £ 3
o] —
oo S5
S q>) 20 - X X % 5 0.2 -
O = Z <
®© o kel N
T é £ _ _
10 s 0.1 1 Logarithmic (u"(q) < 0) _
o H
0 ' ' ' ' ' ' 0.0 . . . . —
o 2 4 6 8 10 12 00 01 02 03 04 05 06

Time (years) Habitat quality

(proportion of live coral cover)

biomass and natural mortality and the reserve effect includes

B?;'ﬁgﬂ:ﬁl'tybgggogﬁTﬁ;tli)fe\:\é?uggeéggﬁ:'sg%éalr;]g?:Sc’{gg;énd refuge. This can result in a lower proportion of fish bio-
y y 9 mass leaving the reserve, which may counter the density-

between 10 and 40% per annum) and fit the functions withirye oot movement effect. In their study, Lindholm et al.
these ranges. A proportion of the fivefold increase in fISh(2001) assume that the movement rate of juvenile cod from

biomass density resulting from reserve creation could be 4%n area is the inverse of the habitat complexity score for that

counted for by the increase in the natural survival rate fro : ; ; : -
60 to 90%. The details of the functions are given below. ngir\?sﬁ g;e fish movement function used in this model is

Polynomial functiony(q,) = —-dy(q,)? + d,g; + dg, where
d; =1.12,d, = 0.16, andd; = 0.34. For this relationship, the % 0
range ofy; was 0.13<u(g;) <0.34 for 30 years and, re- _ g T
mained constant at 0.34. Beyond 30 years= 0.13. 4) M =cAal-a) quXM _Xzig

Linear function:u(g,) = —¢,0; + ¢,, wherec; = 0.47 and nt g
¢, = 0.35. In this case, the range pf was 0.11<pu(qg,) <
0.35 for 30 years and, remained constant at 0.35. Beyond where O<so<1, 0<p <1, dW;/dp < 0 (i.e., ap increases, fish
30 yearsy, = 0.11. movement out of the reserve declines) amd,/d(q,,/q,) < O

Logarithmic function:u(g;) = —b;Ing; + b,, whereb; = (i.e., as the habitat quality inside the reserve improves, relative
0.066 andb, = 0.076 and the range of, was 0.12<u(qg;) £ to fishing ground habitat quality, fish movement out of the re
0.4 for 30 years and, remained constant at 0.4. Beyond 30 serve declines). ThereforeMgd(a,/a;) > 0. By substituting
years,u; = 0.12. X; = XyaA and X, = X,/(1 — a)A and cancelling through,

With these levels of natural mortality (0.4, 0.35, 0.34) in theeq. 4 can also be written as
fishing grounds, the exploitation range tested was<ui<0.6.

The simulations were run for 30 years. Beyond the 30- M; = o[(9/01)P (1 — o)Xy — aXyy]
year time period, the natural mortality of the reserve is as ] ) ]
sumed to stabilise. The functional forms used are to simplyf p = 0, there is no habitat effect on fish movement. We re
illustrate different response rates over the 30-year time pefer to this as the single habitat-quality effect, i.e., habitat

riod only. quality only affects natural mortality. If 0 g <1, then the
habitat-quality gradient slows down the movement of fish
Fish movement from the reserve to the fishing grounds, which we term the

The movement of fish is a function of the habitat-quality double habitat-quality effect because both natural mortality
gradient between the reserve and the fishing grounds. We irand fish movement are affected by habitat-quality changes.
clude the (inverse) habitat-quality gradient in the movementf p = 1, the restriction to movement could be strong depend
function, i.e.,M, = f(q,/q, 1, p), wherep represents the degree ing on the magnitude of the habitat-quality gradient between
to which the habitat-quality gradient slows down the move the reserve and fishing groundsrepresents the natural mo
ment process. A potential impact of habitat-quality improve bility coefficient of the fish stock, which is influenced life
ments is that the protected region will provide more foodhistory characteristics rather than by environmental factors.

© 2003 NRC Canada
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Other functional forms Steady-state equations
Other functional forms are the same as those used in The steady-state equations for the reserve and fishing ground
Rodwell et al. (2002), which are summarised below. stocks are given by eqgs. 9 and 10, respectively:

Catch (H) Eg O

In this model, we take catch levels to be privately deter (9)  —p,(d;)X; —oAa @ —a) 2 OX; - X530
mined in the fishery reflecting the property rights in place. @11 H E
The catch function used is a simple linear relation between

catch and biomass in the fishing grounds: . a(l—e)g 511(1‘ . 52(1_@1(2 B
(5)  Hi= Xy, haX: B Y260 9X; + BH
where wis a constant representing the exogenous exploita + eD 81X S: 0
tion rate as proportion of the exploitable fish biomass, w FLeXi + B

may reflect the rate at which marginal benefits equate with

marginal costs (optimal fishing policy in remaining fishing 0
grounds) or total revenues equate with total costs (open ag1g) - (4, + )X} + cAa(l _a)%&zgyf - x50

cess in remaining fishing grounds). This type of catch func @q{ E g
tion may also represent a linear total allowable catch quota O
system (such as that used by Conrad 1999). * *

ystem | g : sa-a@-g)p_ 80-dX; o
Recruit production (R; and Ry) WaX: + B Vo8(l- X5 +B, 5

A proportion of biomass(is taken as a proxy for spawn 0 .0

ing stock biomass and so the Beverton—Holt recruit preduc -0 § Xy 0=
tion function for the reserve is FLeXi + B8
(6) Ry = &Xp/(ienXa + By) From these equations we deri%¢ and X} from which we

. . . . can determine total biomas¥j( + X5) and catch K* =
whereRy ; is the recruit production of the reserve fish stock wX3). The values of total biomass and catch with habitat-

in time periodt; X, is the reserve fish biomass in time pe- 4 3jity effects can then be compared with the values with no
riod t; y; andf; are recruitment parameter estimates for thehabitat-quality effect.

reserve stock for a given initial growth rate; aedis the
proportion of the reserve fish biomass that is reproductively

mature. Model application
For the fishing ground stock, the Beverton—Holt recruit pgefore using the model to determine the conditions in
production function is which reserve habitat-quality improvements augment fish bio-
_ mass and catch levels, we first apply the model using data
() Rot = &2(Xor = H)/lY,82(Xo — Hy) + By from Mombasa MNP and its adjacent fishery. Mombasa

- ; s .. MNP is a marine reserve on the Kenyan coast fully protected
wheree, is the proportion of the fishing ground stock thatis ¢, feing "It was officially established in 1987-1988 but

reproductively mature. We make two assumptions about re . : ;
cruit production in the fishing grounds) €, ande, are con did not achieve full enforcement until 1992 (McClanahan

stant over the time period. We take the mean values ahd ~ 2nd Kaunda-Arara 1996). The adjacent fishery is one of
£, over the time period from the Mombasa data. Alterna semisubsistence. Fish biomass and substrate data have been
ti%/ely &, ande, would vary over time. i) The only épawn collected using replicate visual transects and line transects at

r €1 2 .

o - ; ites inside and outside the reserve since 1987 by T.R.
ers are those remaining after catch, ig&(X, — H) in each S| .
time period (for discussion, see Rodwell et al. (2002)). McClanahan and colleagues at the Coral Reef Conservation

Project in Mombasa. Catch data have also been collected at

Recruit transfer (T) fish-landing sites adjacent to the marine reserve since 1991.
Larval movement patterns are described by the larval reTnese catch data are not complete because of various data
tention factor. The recruit transfer function is collection problems such as night fishing and fishers taking
home catches, which are therefore not recorded. However,
(8) Ti=(1-9[(1-aR,—0R,] for0<6=<1 they do provide an indication of catch trends. A full deserip

tion of data and the study site is given in Rodwell (2001).
where® is the proportion of larvae retained. This will depend The model simulations were run using STELEAwhich
on the relationship between dispersal distance, the reserie a simultaneous difference equation solver developed by
size (and shape) (Carr and Reed 1993), currents (Robertsigh Performance Systems (www.hps-inc.com).
1997a), tides, and the swimming capabilities of the larvae
(Warner et al. 2000). 18 = 0O, then there is no larval reten Parameter estimates

tion and the larvae disperse uniformly. 8= 1, then full We assume moderate levels of fish movement=(0.2)
retention of larvae occurs. This results in no transfer ef re equivalent to between 5 and 12% of the reserve stock-spill
cruits between the reserve and the fishing ground. ing over into the fishing grounds per annum (Rodwell et al.

© 2003 NRC Canada
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Fig. 3. A comparison of recorded (open circles) and predicted
(solid diamonds) catch per unit area for the Mombasa fishery
(60% exploitation) for the 12 years after reserve establishment.
The official time of reserve establishment is 1988; 1992 is the
time of full enforcement.

Fig. 4. A comparison of recorded (solid symbols) and predicted
(open symbols) fish biomass levels in the reserve (diamonds) and
fishing grounds (circles) in the Mombasa fishery (60% exploita
tion) for the first 12 years after reserve establishment.
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2002) and 50% larval retentio® € 0.5). The initial growth ~model predictions towards the end of the 13-year period are
rate of 85% was estimated from data on fish biomass growtNery close to the recorded data.
in Mombasa MNP (Rodwell 2001y, andy, were estimated

iven the values gfi; andy,. The remaining parameter esti- 151 biomass _
ﬁqates used in th%igimmﬁ%ions were as fg”%w§:: 0.1 to Fish biomass data were available from 1988 (McClanahan

0.4;, = 0.4 (logarithmic), 0.35 (linear), and 0.34 (polyno- 1994; McClanahan and Kaunda-Arara 1996; T.R. McClanahan,
mial); y; = 0.00548 (logarithmic), 0.00575 (linear), and unpublished data). For the years between 1988 and 1991,
0.00581 (polynomial)y, = 0.00234 (logarithmic), 0.00246 Mombasa MNP was only partially protected. The model pre-

(linear), and 0.00248 (polynomialfy, B, = 0.1; & = 0.7: dictions are very close for the fishing grounds case but the
g, = O_é.qlt =0.11 to 0.513q, = 0_11'. GZ: 0-3'F'> 2 0 to 1- reserve case was more variable, fluctuating about the pre

andw= 0 o 0.6. dicted values (Fig. 4). In the sensitivity analysis, we eom
pare the steady-state results (after 30 years).

Results
The Mombasa case was best represented by the results f§
60% exploitation (the highest exploitation rate run with this |n this section, we explore the potential consequences of
model). Of the three habitat quality — natural mortality func habitat-quality changes on catches and total fish biomass
tional forms, the logarithmic form represented the data bestevels for different scenarios of habitat-quality effects; ex
with catches and fish biomass levels stabilising as they apploitation rates, and relationships between natural mortality
pear to be doing in Mombasa MNP and the fishing groundsand habitat quality.
For each functional form, the closest catch and biomass lev
els to the recorded data were achieved for the case when Methods
0, i.e.,, when there was only a single habitat-quality effect Firstly, we simulated the scenario of a reserve without a
and no effect on fish movement out of the reserve. habitat-quality effect. We then considered the single habitat-
quality effect p = 0). The results were compared with the
Fishery catch without habitat-quality effect scenario to determine the- per
The year of reserve establishment was taken as 1988ent increase or decrease in catch and total biomass levels
However, catch data were only available from 1991- on resulting from habitat-quality effects. We did this for each of
wards. The catch per unit area in 1992 was very high, 14.8he functional forms of natural mortality versus habitat qual
tonnes (t)-kr?-year?® (Fig. 3), but this may be attributable ity (logarithmic, linear, and polynomial).
to poaching in the reserve during that year. The end of 1992 We tested the double habitat-quality effect in which fish
may represent the time of true full enforcement of the parkmovement is also dependent on habitat quality. The absolute
(McClanahan and Kaunda-Arara 1996). This would explainvalues ofg, andq, are used in this case. This allowed for a
the difference in model results and recorded catch per unineaningful habitat-quality ratia = q,/d,, to be used for the
area over the 1988-1994 period (Fig. 3). However, theanovement functiong; = g, = 0.11 at timet = 0. q,(t) varied

ensitivity analysis

© 2003 NRC Canada



Rodwell et al. 177

as a logarithmic function with time, whereas remained Double habitat-quality effect
constant at 0.11 (the approximate proportion of live coral What if natural mortality declines and fish movement is
cover when the reserve was established in 1987-1988). Thendered in response to improving habitat quality in the re
sensitivity of results to the value @f was tested. We then serve?
compared these results with those of the without habitat- The results of the double habitat-quality effects (shown in
quality effect. Table 2) are again with respect to the without habitat-quality
To illustrate the potential impact of habitat-quality effects effect values. As for the single habitat-quality effect, the
on the optimal combination of reserve size and exploitatiorgreatest effect is when exploitation is most intense: (0.6)
rates, we compared the results of catch levels under differersind least effect when exploitation is lowo € 0.1). The re
scenarios: with no reserve; with a reserve without habitatsults of the moderate double habitat-quality effect (i.e., when
quality effect; with a single habitat-quality effect; and with p = 0.5) indicate small increases in catch between 1 and 15%
moderated = 0.5) and strongp(= 1) double habitat-quality (0.04—1 t-km?year?) for all functional forms and large in
effects. We used the scenario of logarithmic habitat-qualitycreases in biomass between 51 and 130% (9-51 % kesult
effect, 85% initial growth rate and 30% reserve size, tie=,  ing from the habitat-quality effects.

0.3 (based on the Mombasa case). In the case of a strong habitat-quality effect on movement
(P = 1), habitat quality limits fish movement so much that

Results catches can decline by between 3 and 12% (0.1-0.9%year?)
depending on the functional form and the exploitation rate.

Without habitat-quality effect However, the total fish biomass level is even higher than the

The results (given in Table 1) are steady-state levels of catchnoderate effect between 55 and 156% (9-61 tkibecause
and total fish biomass (30 years after reserve protection).-Highmore fish remain protected inside the reserve. The increase in
est total fish biomass levels were achieved when exploitatiofish biomass will be seen inside the reserve only because fish
was lowest and vice versa, ranging from 416 t (16 t%mt an  will stay inside the reserve, increase in individual size, and pro
exploitation rate of 60%w§= 0.6) to 1050 t (39 t-kmf) at an  duce more eggs. In fact, fish biomass in the fishing grounds
exploitation rate of 10%d) = 0.1) (for the logarithmic func- will decline because of the low “spillover” rate. This accounts
tion). The total management area is 26.75°kifhe highest for the fall in catch (by up to 12%).
catch levels (when the reserve covers & kifithe management The catch levels with single and double and without habitat-
area, 30%, i.e.a = 0.3) were achieved when the exploitation quality effects are similar whether the fishery is facing low
rate was 40% = 0.4) and the lowest when exploitation was or high exploitation, only the magnitudes differ (see Fig. 5).
10% @ = 0.1), ranging from 68 t-km (3.6 t-kn%year?) to  Catches are highest with the single habitat-quality effect be-
126 t-km? (6.7 t-knt?yeard)(for the logarithmic function). cause there is no effect on fish movement. Spillover into the
The single and double habitat-quality effects results are confishing grounds can therefore result in an increase in catches.
pared with these results in the following sections. Note that aThe lowest catches are seen when the movement effect is
the time of reserve establishment=0), the natural mortality ~strongestd@ = 1). In this case, the habitat quality gradient ef-

levels in the whole management area are equalpites 0) =  fect outweighs the density-dependent effect and the fish stay
Hq(t = 0) =p,(t = 0). inside the reserve. Even if this were the case, the fall in
catches would be small, between 3 and 12%. We can see
Single habitat-quality effect that even ifp = 0.8 (still a high restriction on fish move
What if natural mortality declines in response to habitat-ment), catches can be higher than without a habitat-quality
quality improvements? effect (Fig. 5).

The greatest habitat-quality effect for both catch and total Of the possible habitat-quality effects on catch (shown in
biomass was found when exploitation is the highest leveFig. 6), the scenario which best illustrated the Mombasa
(w= 0.6) and the least effect was noted when exploitation igase is that of a single habitat-quality effect. In this case,
the lowest level © = 0.1) (Table 2). This is consistent with catches will be greater with the 30% reserve than without
the findings of other studies (e.g., Holland and Brazee 1996ywhen the exploitation rate exceeds 20% of exploitable bio
Sladek-Nowlis and Roberts 1997). Catches were found-to inmass. This compares to approximately the 30% exploitation
crease by between 13 and 39% (0.5-2.6 thyear?). This  rate when there is no habitat-quality effect (Rodwell et al.
range is due to both different exploitation rates and func 2002). The strong double habitat-quality effect would result
tional relationships between habitat quality and natural-morin a higher level of exploitation at which it becomes prefera
tality. Total fish biomass increased by between 40 and 929%le to create a reserve (approximately 34%).

(7-36 t-knTd). The highest total fish biomass levels are reached when
Under our assumptions, improvements in habitat qualitthere is the highest movement effegt= 1 (see Fig. 7). The
always result in increased total fish biomass. The greatedpwest total fish biomass levels occur when habitat neither
habitat-quality effect in terms of both catch and total fishreduces natural habitat nor restricts movement out of the re

biomass was with the logarithmic functional relationship be serve, i.e., the case without a habitat-quality effect.

tween habitat quality and natural mortality. This can be ex

plained by the |mmed_|ate rapid decl!ne in natural mo_rtal'tyDiscussion

as a result of small improvements in habitat (see Fig. 2).

This may vary from species to species according to the de Most economic studies have failed to consider habitat-
gree of dependence on live coral cover and associated beguality improvement as an economic benefit of marine re
thic complexity. serves (but see Mangel (2000)). In this study, we have-high

© 2003 NRC Canada



178 Can. J. Fish. Aquat. Sci. Vol. 60, 2003

Table 1. Range of equilibrium catch and biomass levels without habitat-quality effects.

Catch Total biomass Catch/area Total biomass/area
Functional forms (tonnes-yeat) (tonnes) (tonnes-krm?-year?) (tonnes-kim?)
Logarithmic (1(0) = 0.4) 68 126 416 1050 3.6- 6.7 16 39
Linear (1(0) = 0.35) 74 135 450, 1150 3.9. 7.2 17 . 43
Polynomial (1(0) = 0.34) 76 137 455, 1170 41- 7.3 17 - 44

Table 2. Single and double habitat-quality effects on fishery catch and total fish biomass.

A catch/area A total biomass/area
Habitat-quality effect ~ Functional forms Catch (%A4) Total biomass (%) (tonnes-kr?-year?) (tonnes-kim)
Single Logarithmic +20- +39 +55 - +92 +0.7- +2.6 +9 - +36
Linear +16 - +31 +47 - +77 +0.6 - +2.2 +8 - +33
Polynomial +13- +25 +40 - +65 +0.5- +1.8 +7 - +29
Double p = 0.5) Logarithmic +7- +15 +74 - +130 +0.25- +1.0 +12 - +51
Linear +4 - +9 +63 - +110 +0.16- +0.65 +12- +47
Polynomial +1- +4 +51 - +91 +0.04- +0.29 +9- +40
Double p = 1) Logarithmic -3- -4 +86 - +156 -0.11- -0.27 +14- +61
Linear -4, -8 +70 » +131 -0.16- -0.58 +12- +56
Polynomial -4 -12 +55- +107 -0.16- —0.88 +9- +47

lighted the specific contribution of habitat improvements toverely damaged than its surrounding area. If the initial habitat-
the fishery by including an explicit habitat-quality function quality gradient is less than 1 (i.ey,/g, < 1), the improve-
in the marine reserve — fishery model. We have shown thaments in habitat quality in the reserve may leadgio(re-
habitat-quality improvements can augment fish biomass anderve habitat quality) tending towardp (fishing ground
catch levels. The degree to which catch or biomass can imabitat quality) or surpassing it. There is also a conservation
crease depends on the nature of the relationship betweemgument for protecting lower quality habitats. Protecting
natural mortality and habitat quality as well as whether thethese areas may assist their recovery from harmful fishing or
habitat-quality differential influences the rate of fish move- other activities. However, tourists are less likely to pay to
ment from the reserve to the fishing grounds. However, theisit these areas.
sensitivity analysis indicates that habitat-quality improve- Clearly some locations would benefit more from protection
ments from reserve protection are likely to benefit the fish-than others. For example, we found that heavily exploited fish-
ery wherever reserves are established. Only in the case whesgies will benefit more from habitat-quality improvements than
there is strong restriction to fish movememt £ 0.9) do  low exploitation fisheries. However, the absence of perfect
catches fall, and even then the loss in catch is small. Habitaknowledge of which locations these are should not prevent the
quality improvements inside marine reserves can also reduasstablishment of reserves to protect threatened habitats and fish
the exploitation rate at which it becomes profitable for thestocks. Marine reserves have shown significant ecological ben
fishery to establish a reserve. efits regardless of the characteristics of the habitat they protect
The greatest benefits to fishery catch from habitat-qualityConover et al. 2000; Roberts 20£)0
improvements in a marine reserve will be derived from lo  Mombasa MNP and the adjacent fishery appear to have all
cating the reserve where habitat can recover quickly oncef the right ingredients to benefit from habitat-quality -im
protected (an area that is not subject to other stresses such@evements. The results of the simulations are, however,
pollution or sedimentation) and where the fish species relimited by assumptions made, including 50% larval retention
spond quickly to these improvements (those with a logarithand moderate natural mobility of fistw (= 0.2). Larval ex
mic response rather than polynomial). The rate and extent gfort is thought to be the process by which tropical fisheries
fish biomass buildup or biodiversity in reserves can be hincan benefit most from marine reserves (Plan Development
dered by poor quality habitat (Roberts 2@D0OHigh quality  Team 1990). Other studies of marine reserves assume wide
habitats are likely to sustain the highest rates of recoveryiniform larval dispersal (e.g., Holland and Brazee 1996;
and eventually attain higher biomass or biodiversity thanPezzey et al. 2000). If this is the case, in reality, our findings
lower quality habitats. However, this has not yet been teste¢hay underestimate the true fishery catch benefits of reserves.
empirically. Though reserves placed in areas of higher-habiHowever, if fish mobility is zero (not moderate as assumed),
tat quality may perform better (Benaka 1999; Roberts 2000 the habitat-quality effect on fish movement would also be
some of these places may also be prime fishing grounds.ero and only the single habitat-quality effect should be-con
Conservation and fishing objectives may conflict in the shortsidered. Though Lindholm et al. (2001) do not directly in
term. vestigate the effects of habitat-quality improvement on catch
The fishery will also benefit if adult and juvenile fish levels, their finding that total juvenile survivorship increases
movement is not restricted severely by a habitat-quality grawith a reserve is consistent with the finding that catches may
dient. This may be consistent with the idea of protecting arbe enhanced. However, if fish move into a protected area be
area of lower habitat quality, e.g., one that has been mare seause of the improvement in habitat quality, as they suggest,
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Fig. 5. Catch levels with singlep(= 0; open circles), double (= Fig. 6. Steady-state catch levels (30 years) with no reserve (open
0.5, crosses), 0.8 (horizontal lines), and 1 (shaded triangles) andsquares), with singlep(= 0; open circles), doublep (= 0.5;
without (solid diamonds) habitat-quality effects) (east effect crosses), 1 (shaded triangles), and without (solid diamonds)
at low exploitation (10%); lf) greatest effect at high exploitation habitat-quality effects. The scenario is one of logarithmic habitat-
(60%). (Note different scales opaxes fora andb.) quality effect, 85% initial growth rate, 40% initial natural mor
tality (u = 0.4), and with reserve proportion of 0.3.
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120 As with any study of this nature, there are still many un-
100 - knowns. However, by modelling a case study site for which
some data are available and by simulating various plausible
80 A scenarios, we have attempted to ground our model in reality.
The findings support the potential of marine reserves as a
60 - valuable ecosystem-based tool that allows both the buildup
40 - of fish biomass (as a result of refuge from predation and the
increase in reproductive capacity) and habitats to recover
20 4 from destructive fishing practices or the consequences of
ecosystem shifts resulting from fishing. Habitat-quality- im
0 T T T T T T provement has been widely ignored in economic studies on
marine reserves despite there being much ecological data
0 5 10 15 20 25 30 suggesting that this is an important benefit of reserve estab
Years lishment. Though precise relationships between fish natural

mortality and habitat quality are unknown, our model results
indicate that habitat-quality effects should be added to the
there is likely to be a negative impact on catches. This resulist of economic, as well as ecological, benefits of marine
is wholly dependent on the assumption that movement ratgsrotection. Depending on the extent to which fish movement
are the inverse of the habitat complexity score. This mays hindered by the habitat-quality gradient between the reserve
well be a plausible assumption for vagile temperate speciesnd fishing grounds, these benefits may manifest themselves
but it is less likely to reflect the reality for more sedentaryin increases in both fishery catches and total fish biomass
tropical species. levels or simply higher fish biomass levels in the reserve. In
One simplification of this model is the use of aggregatedeither case, marine reserves appear to be useful tools in as
biomass. If complete age- or size-class catch and biomasairing the sustainability of the fishery through both the di
data were available, the model could have included more deaect protection of fish species, allowing them to increase in
tail on the effects of protection (fish and habitat) at variousindividual size (e.g., McClanahan and Kaunda-Arara 1996;
fish life stages. The use of aggregated biomass was appropiRuss and Alcala 1996) and become more fecund (Sadovy
ate for the data available. It was also used consistently anti996), and the indirect improvement of their essential habitat.
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Fig. 7. Total fish biomass levels with singl@ € O; open cir Carr, M.H., and Reed, D.C. 1993. Conceptual issues relevant to
cles), doubled = 0.5; crosses), 1 (shaded triangles), and without marine harvest refuges: examples from temperate reef fishes.
(solid diamonds) habitat-quality effectsa)(least effect at low Can. J. Fish. Aquat. Scb0: 2019-2028.
exploitation (10%); o) greatest effect at high exploitation (60%). Collins, M.R., Gordon-Rogers, S., Smith, T.1.J., and Moser, M.L.
(Note different scales oy axes fora andb.) 2000. Primary factors affecting sturgeon populations in the south
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