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ABSTRACT: M arine protected areas (MPAs) are heavily prom oted as a panacea for m arine conserva
tion, but lagging and sometimes idiosyncratic protection effects bring their overall effectiveness into 
question. In Kenyan lagoons, seagrass overgrazing by the sea urchin Tripneustes gratilla has been 
linked to rem oval of predators, but overgrazing has also been observed w ithin w ell-protected MPAs. 
In this study w e investigated the effectiveness of Kenyan MPAs in facilitating predation control over 
sea urchins, particularly T. gratilla, in relation to system (seagrass or coral reef), distance to reefs, and 
seagrass presence. A strong protection effect on urchin densities on reefs and a negative correlation 
betw een T. gratilla density and predation pressure (from sea stars, fish and gastropods) in seagrass 
beds (r2 = 0.345) confirmed the im portance of top-down control. Yet there w ere no clear effects of pro
tection or distance to reefs in seagrass beds, most likely due to (1) low predator densities in the 
recently established M om basa MPA; (2) 'spill-in' of aggregated  T. gratilla into the older W atamu 
MPA (potentially facilitated by low predation pressure on the large urchins and nutrient enrichment); 
and (3) a potential buffering effect of seagrass canopies on predation, regardless of distance to reefs. 
Effects of seagrass presence differed betw een areas, but indicated that overgrazing in some areas 
could be self-regulated by inducing higher urchin mortality. As MPA effects appear to be system-, 
time- and site-specific, m anagers should also assess other more holistic approaches (e.g. banned  fish
ing of urchin predators and reduced nutrient input from land runoff) to protect seagrasses.
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INTRODUCTION

Coastal fisheries supply a crucial food source for h u 
mans, but have frequently been found to drive depletion 
of target and non-target species, w eaken  trophic cas
cades, and indirectly cause community shifts associated 
with reduced ecosystem functioning (Jennings & Kaiser 
1998, Pinnegar et al. 2000, Jackson et al. 2001). Conse
quently, im plem entation of m arine protected areas 
(MPAs) has becom e heavily prom oted as a global m an

agem ent 'panacea ' (e.g. Kelleher & Kenchington 1992, 
Agardy 1994, NRC 2001). MPAs can indeed provide a 
num ber of benefits, e.g. protection of target stocks (Polu- 
nin & Roberts 1993), 'spill-over' to adjacent fisheries (Mc
C lanahan & Mangi 2000) and strengthening trophic cas
cades (McClanahan & Shafir 1990, Guidetti & Sala 2007). 
At the same time, however, protection effects can be spa
tially idiosyncratic (Guidetti & Sala 2007), show consid
erable time lags (M cClanahan & Graham 2005, Guidetti 
& Sala 2007), and w hen poorly designed and m anaged
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conflict w ith local livelihoods (Sale et al. 2005). This 
m akes it im perative to investigate in closer detail under 
w hat circum stances MPAs produce the benefits with 
which they are so often associated (e.g. Sale et al. 2005).

Seagrasses are rhizomatous marine angiosperm s that 
form inter- and sub-tidal beds in coastal areas around the 
world (Green & Short 2003). By supplying a range of 
ecosystem services to society (e.g. fisheries production 
and nutrient filtering), seagrass beds are one of the most 
valuable coastal ecosystems (Costanza et al. 1997). The 
'bottom -up' paradigm  (i.e. that resources limit produc
tion) has dom inated seagrass ecology and m anagem ent, 
but is currently questioned by accumulating evidence of 
the im portance of 'top-down' (consumer) control over 
seagrasses and associated macroalgae (see V alentine & 
Duffy 2006 for review). As m any seagrass communities 
display features that generally promote cascading ef
fects of top predators, e.g. strong interactions betw een 
few keystone species or functional groups at each 
trophic level (Valentine & Duffy 2006, M oksnes et al. 
2008), it has been suggested that overharvest of top 
predators could be a major driver behind seagrass loss 
(Heck & V alentine 2007, M oksnes et al. 2008). At the 
same time, however, many seagrass systems demon-

a)

strate features that normally buffer cascading effects 
(Borer et al. 2005) — e.g. feeding on multiple trophic lev
els (Heck et al. 2000), and buffering effects of habitat 
structural complexity and prey size (Heck & Valentine 
1995, Farina et al. 2009) — that can override protection 
effects (Prado et al. 2008).

In East Africa, seagrass beds constitute diverse and 
productive ecosystems (Ochieng & Erftemeijer 2003) 
that are highly im portant fishing grounds (de la Torre- 
Castro & Rönnbäck 2004). Grazing by parrotfish and 
sea urchins is a common natural disturbance in most 
areas (Alcoverro & M ariani 2004), known to enhance 
seagrass production (Eklöf et al. 2008). Over the last 
decades, however, highly dense aggregations of the 
urchin Tripneustes gratilla has overgrazed entire beds 
of the dom inating seagrass Thalassodendron ciliatum  
(Fig. la) in a num ber of areas along the Kenyan coast 
(Eklöf et al. 2008). On adjacent coral reefs, protection 
of sea urchin predators (primarily the triggerfish Bal
istapus undulatus and the w rasse Cheilinus undulatus) 
indirectly reduces densities of sea urchins (M cClana
han & M uthiga 1989, M cClanahan & Shafir 1990). It 
has therefore been suggested that coral reef fisheries 
could contribute to high densities of urchins in sea-
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Fig. 1. (a) Thalassodendron  cilia tum  seag ra ss  b eds. Left panel: h e a lth y  b e d  w ith  low  u rc h in  density. R ight p anel: o v erg razed  b e d  
in  W atam u M arine  P ark  w ith  ag g reg a tio n  of th e  herb iv o ro u s sea  u rc h in  T ripneustes gratilla. Photos: Alaria A sp lu n d  a n d  A n n ik a  
Lindvall. (b) H ypo th esized  effects of p ro tec tio n  on  p re d a tio n  on  u rch ins, u rc h in  densities, a n d  u rc h in  g raz in g  on seag rasses. 
(c) H ypo th esized  effects of d istan ce  to coral reefs  on  p re d a tio n  ra te s  on u rch in s (solid lines: p ro tec te d  areas; d a sh e d  lines: fished  

areas), (d) H ypo th esized  se lf-reg u la ted  se a  u rc h in  o v erg raz in g  in  p ro tec te d  b u t n o t in  fish ed  a rea s
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grass beds as well (Alcoverro & M ariani 2004). At the 
same time, several of the overgrazing events have 
occurred w ithin old and w ell-protected MPAs (Alcov
erro & M ariani 2002, Zanre & Kithi 2004). Conse
quently, there is an obvious need  to investigate to w hat 
extent these MPAs actually facilitate predation on sea- 
grass-residing sea urchins and thereby control their 
grazing pressure on seagrasses (Fig. lb).

In m any tropical areas seagrass beds subsidize ad ja
cent coral reef food webs, as m any reef-associated p re 
dators (often large finfish) feed on seagrass-associated 
grazers and other primary consumers (Heck et al. 2008). 
In East Africa, such feeding migrations seem to be re 
stricted to seagrass areas closest to reefs (Dorenbosch et 
al. 2005). Consequently, if reef-associated predators con
trol sea urchins close to reefs, urchin densities should 
increase w ith increasing distance from reefs, at least in 
areas w here reef predators are abundant (Fig. le).

Structural habitat complexity can m ediate p red a to r- 
prey interactions, e.g. betw een predatory fish and sea 
urchins (Hereu et al. 2005), and even override pro tec
tion effects (Guidetti & Sala 2007). As seagrass leaves 
form dense canopies that can shelter invertebrates 
(e.g. Heck et al. 2003) and seagrass protection seems to 
'buffer' predation on sea urchins (Heck & Valentine 
1995, Farina et al. 2009), it has been  suggested that 
urchin overgrazing could be self-regulated, since loss 
of the protective canopy should increase predation 
pressure on urchins (Heck & V alentine 1995). How
ever, if predation is the im portant controlling factor, 
this feedback should only be present w here predators 
are abundant enough (Fig. Id).

H ere we report on a study investigating the relative 
and interactive effects of protection, system, distance 
to coral reefs, and seagrass presence on sea urchins in 
seagrass beds and coral reefs in Kenyan lagoons. We 
used multiple techniques in multiple habitats to test 
the hypotheses that (1) there is a negative relationship 
betw een predation pressure and densities of the sea
grass herbivore Tripneustes gratilla-, (2) protected 
areas display higher predation control and lower d en 
sities of urchins than fished areas; (3) seagrass sites 
close to reefs (at least in MPAs) display higher p red a
tion pressure and lower densities of urchins than  sites 
far away; and (4) sites w ith seagrasses (at least in 
MPAs) dem onstrate lower predation pressure and 
higher densities of urchins than those without.

MATERIALS AND METHODS

Study area. The Kenyan coastline (600 km from 1 to 
5° S) is characterized by inter-and subtidal lagoons and 
a fringing coral reef located 0.5 to 3 km from the shore. 
Tides are sem i-diurnal with am plitudes ranging from

1.5 to 4 m, and surface w ater tem perature ranges from 
25 to 31°C (Obura 2001). Seagrass beds are a dom inat
ing feature of the lagoons, w ith 12 species encountered 
in mixed and monospecific beds (Ochieng & Erftemei- 
je r 2003). The dom inant seagrass is Thalassodendron 
ciliatum  L., found subtidally from the shore to the reef 
flats (Obura 2001) in densities of -700 shoots n r 2 and 
with leaf biomass of -150 g DW n r 2 (Uku & Bjork 2005).

Survey 1. S u rvey  design: Effects of protection and 
area on sea urchins on coral reefs w ere estim ated du r
ing low w ater spring tides in Feb to M arch 2006 by 
sam pling in 4 fished and 4 protected coral reef areas 
along a 200 km stretch of the southern Kenyan coast 
(Fig. 2). The 4 MPAs (from north to south) w ere Ma- 
lindi, Watamu, M om basa and Kisite M arine National 
Parks, gazetted  in 1968, 1971, 1991 (fully protected in 
1995) and 1978, respectively (Obura 2001). In these 
parks fishing and extraction of other natural resources 
(e.g. invertebrate collection) is banned, resulting in 
higher diversity, density and biomass of predatory fish 
inside than outside parks (e.g. Obura 2001, M cClana
han & G raham  2005). The 4 fished areas w ere (from 
north to south) Vipingo, Kanamai, Ras Iwatine and 
Diani, w here fisherm en use a combination of trad i
tional traps ('materna'), hook-and-lines, and drag nets 
(M cClanahan & M angi 2004). In addition, gastropods, 
sea cucumber, and sea stars are collected as part of the 
ornam ental tourist and export trade (M cClanahan
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Fig. 2. K enyan  coastline, w ith  8 sam p lin g  a reas h ig h ligh ted . 
A= P ro tec ted  (M arine N a tional Parks), •  = fish ed  (including

reserves)
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2002). In each area, sea urchin density (to species 
level) was estim ated on reef flats by counting all 
urchins w ithin 10 m2 circular plots (n = 9).

Data analysis: The effects of protection and area on 
density of (1) all urchins and (2) Tripneustes gratilla 
alone w ere analyzed using nested  2-way ANOVAs 
with 'Protection' (fixed, 2 levels: Fished and Protected) 
and 'A rea' (random, 4 levels, nested in Protection) as 
factors. The assum ption of hom ogenous variances was 
tested using Cochran's C-test. As m any 0-values m ade 
it impossible to appropriately transform the data, the 
transformations yielding the lowest C (log2[x+2] and 
log[x+l], respectively) w ere applied. Significant main 
effects w ere further analyzed using Tukey's HSD post 
hoc test. Significance levels were set at a  = 0.05, and all 
analyses w ere run using the G eneralised Linear Model 
(GLM) module in STATISTICA v. 7.1 (StatSoft©).

Survey 2. Experim ental design: To investigate the 
effects and interactions of protection, distance to reefs 
and seagrass presence on sea urchins in seagrass beds, 
a field survey was conducted in 2 of the protected 
(Watamu and Mombasa) and 2 of the fished areas (Ras 
Iwatine and Diani, Fig. 1) during spring tides betw een 
October and Novem ber 2006. The effect of distance to 
the coral reef was investigated by sampling in 2 Tha- 
lassondendron ciliatum -dom inated sites (100 x 100 m) 
within each area; site 'Close' (17 to 134 m from the 
reef) and site 'Far' (>500 m shorew ard from the sea- 
grass-reef transition zone). To investigate the effects of 
seagrass presence, an 'U nvegetated' site (100 x 100 m, 
<10% vegetation cover, placed >100 m from the Far 
site and 570 to 1200 m from the reef) was also sampled 
and com pared w ith site Far. The sites w ere character
ized by estim ating the percent benthic cover of sea
grass (to species level), m acroalgae, poriferans, asci- 
dians, coral rubble, stone and sand (to nearest 5%) 
within 0.25 m2 frames (n = 15). The average benthic 
substrate composition can be found in Table 1.

Predation rates and preda tor types: Tethering of 
urchins is frequently used to assess relative predation 
potential (e.g. M cClanahan & M uthiga 1989, Sala & 
Zabala 1996, Guidetti 2006). This m ethod has been crit
icized for potential artifacts that may interact w ith trea t
ment effects (Peterson & Black 1994), but was chosen b e 
cause (1) we w anted to com pare our results w ith those 
from previous studies (all using tethering) in the area 
(e.g. M cClanahan 1998), and (2) it is the simplest and 
least time-consuming method available to assess relative 
predation pressure (Aronson & Heck 1995). T. gratilla 
randomly collected w ithin each study area (23 to 89 mm 
test diameter) w ere tethered using a 2 x 80 mm hypoder
mic needle through the arboreal ventral region, and tied 
using a 0.5 m nylon monofilament line (0.5 mm). An 
aquaria trial showed 6 % tethering-induced mortality af
ter 3 d (n = 16), w hich was regarded  as being acceptably 
low. Five tethered  urchins w ere tied every 1.2 m along a 
7 m transect line (5 mm nylon rope). Because these 5 
urchins are dependent, each transect line was treated as 
a replicate. Replicated transects (n = 8) w ere randomly 
placed w ithin sites (5 m from each other and edges to 
other substratum  categories), anchored using w ooden 
poles (0  = 2 cm, length = 40 cm), and revisited every 24 h 
over 3 consecutive days to check for predation. Three 
transects (2 in Diani U nvegetated and 1 in M ombasa 
Close; 3 % of total) w ere lost due to strong currents and/ 
or fishing. A relative Predation Index (PI = (3 -  S) /  3) was 
then calculated, w here S is the average survival of the 
urchins in days and the num ber 3 represents the total 
length of the experim ent or the maximum possible sur
vival in days. Values range from 0 to 1, w here 0 indicates 
100 % survival over 3 d and 1 indicates that 0 % survived 
the first day (M cClanahan 1998). The reason for using 
the PI was to allow for comparison with earlier studies in 
the areas (M cClanahan 1998). Since there was a small 
difference in T. gratilla test diam eter betw een areas (see 
'Results'), we assessed w hether size could have affected

T able  1. B enthic su b s tra te  com position  (percen t cover, to  n e a re s t 5 %) in  p ro tec te d  a n d  fish ed  a reas, a n d  a t 3 sites w ith in  each  
a re a  (C: seag rass Close; F: seag rass Far; U: U nv eg eta ted ) a long  th e  K enyan  coast (m ean ± SE, n  = 15)

C ateg o ry IV. T P  Ai v i r  j - \ FÍSI16Q
W atam u M om basa Ras Iw atine D iani

C F u C F U C F U C F U

Thalassodendron  cilia tum 75 ±5 90±2 5± 2 70±11 85 ±4 _ 75 ±6 60±7 _ 30±8 60±9 _

Thalassia hem prich ii - - 6± 2 5 ± 3 - <5 <5 10±3 <5 10±5 <5 <5
H alophila  d ecip ien s - - - - - <5 - - <5 - - <5
S yrin g o d iu m  isoetifo lium - - - 10±6 - <5 - - - - -

C ym odocea  spp. - - - - - - - - <5 - - -

M acro a lg ae - <5 5±1 <5 5 ±3 <5 5 ± 3 <5 - <5 - -

Porifera - - - - - - - <5 - <1 - -

A scidea - - - - <5 - - 10±2 - - - -

C oral ru b b le - - 5± 3 - - 5±1 - - - 10±3 - -

Stone - - 15 ±6 - - - - - - - - -

Sand 25 ±5 10±2 65 ±6 15 ±6 10±3 95 ±2 20±5 2 0 ± 4 95 ±2 55 ±7 40±9 95 ±2
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predation. The lack of a difference in size betw een 
urchins that w ere predated  or not (t-test; p = 0.9, n = 130 
per group) suggested that the difference in size had little 
overall effect.

The predators responsible for predation w ere identi
fied by exam ining predation wounds on the rem aining 
tests (following M cClanahan & M uthiga 1989). The 
categories used — including all the major predators 
that have been  previously identified— w ere (1) trig- 
gerfish (Balistidae): broken tests w ithout the Aristotle's 
lantern; (2) w rasse (Labridae): broken test w ith intact 
Aristotle's lantern; (3) snail (Gastropoda): tests w ith a 
single perforation wound on the test; and (4) sea star 
(Asteroidea): intact test and Aristotle's lantern but 
missing spines. In addition, urchins dying of other 
causes ('unknown') or lost during the experim ent 
('missing') w ere noted.

Urchin density  and size  frequency  distribution: Sea 
urchin density w as estim ated by identifying and count
ing all urchins in 10 m2 circular plots (n = 15). The 
m ethod w as chosen to allow for comparisons w ith p re 
vious surveys (M cClanahan 1998, Alcoverro & M ariani 
2004), but could have underestim ated the densities of 
juvenile urchins, as we did not sieve sedim ents or coral 
rubble, or excavate and search through rhizome mats, 
(Farina et al. 2009). A potential underestim ation should, 
however, affect all areas and sites similarly. Finally, size 
frequency distribution of Tripneustes gratilla was esti
m ated w ithin Close and Far sites (because few urchins 
w ere encountered in U nvegetated sites) by m easuring 
test diam eter of urchins (n = 40) w ith callipers (0.5 mm 
accuracy).

Urchin grazing: To estim ate effects on sea urchin 
grazing pressure, a herbivory assay using natural 
shoots of the 2 most common species (Thalassodendron 
ciliatum  and Thalassia hemprichii) was used (see 
Alcoverro & M ariani 2004). Shoots (n = 20 per site) 
w ere collected in Close and Far sites, presence/ 
absence of urchin bite marks was noted for each leaf, 
and grazing pressure was expressed as proportion of 
leaves with bite m arks (per shoot). Prior to analysis, the 
data w as arcsin-transform ed (Quinn & Keough 2002).

Data analysis: To investigate to w hat extent top- 
down control actually regulates Tripneustes gratilla 
densities, we first tested if there w as a negative corre
lation betw een relative predation pressure on and 
density of T. gratilla. Since these 2 variables w ere not 
sam pled at the exact same points, we conducted a 
Pearson correlation analysis using site m eans (n = 12).

The main and interactive effects of 'Protection', 'D is
tance' (to reefs) and 'Seagrass' w ere investigated using 
mixed-model nested  ANOVAs (Quinn & Keough 
2002). Since a comparison of Close and U nvegetated 
sites would be confounded by seagrass presence/ 
absence and the distance to reefs, data was separated

into 2 groups of analyses. The first, 'Protection and Dis
tance' (comparing Close and Far sites), tested effects of 
protection and distance to patch reefs on all variables 
using an ANOVA model w ith 'Protection' (fixed, 2 lev
els: Protected vs. Fished), 'A rea' (random, 4 levels, 
nested  under Protection), 'D istance' (fixed, 2 levels: 
Close vs. Far) as m ain factors, and 'Protection x Dis
tance' and 'D istance x Area(Protection)' as interaction 
terms. The second, 'Protection and Seagrass' (compar
ing Far and U nvegetated sites), tested  effects of p ro
tection and seagrass presence on sea urchin density 
and predation rates using a similar ANOVA design, 
but w ith 'Seagrass' (fixed, 2 levels: Far vs. U nvege
tated) replacing 'D istance' and respective interaction 
terms. W hen factor(s) w ere non-significant at a  > 0.25, 
they w ere pooled and the analysis was run  again 
(Quinn & Keough 2002). Significant main effects w ere 
tested as described above. Before the analyses, the 
assum ption of hom ogeneity of variances was tested 
using Cochran's C-test, and w hen necessary, data 
w ere appropriately transformed. For some variables 
the large num ber of treatm ent groups and replicates 
resulted in unavoidable violations of the assumption. 
In these cases, the analysis was run on data  w ith the 
transform ation resulting in the lowest Ccalculated, and 
the violation w as reported. In figures and tables, non
transform ed data is p resen ted  for all variables.

RESULTS 

Survey 1: Effects of protection and area on sea 
urchins in coral reefs

Nine sea urchin species w ere encountered in the 
8 coral reef areas (Table 2). Echinometra m athei dom i
nated  (80% of all urchins encountered), particularly in 
the fished areas (23 to 99%); it was followed by Dia
dema savigny  (5.8%), Echinostrephus molaris (4.6%) 
and Tripneustes gratilla (3.2%).

The density of all sea urchin species pooled, as well 
as that of Tripneustes gratilla alone (Fig. 3), w ere 14 
and 127 times higher in fished than in protected coral 
reef areas; 88.5 vs. 5.8, and 3.25 vs. 0.02 ind 10 n r 2, 
respectively (Table 3, Tukey's, p < 0.001 for both com 
parisons). There w ere also differences betw een  areas 
w ithin each level of protection (Table 3). In the pro
tected M om basa area, densities of all urchins pooled 
w ere higher than in M alindi and Watamu, and in 
M alindi and Kisite, densities w ere higher than in 
W atamu (p < 0.05 for all comparisons; Table 3). For 
T. gratilla densities, however, there w ere no differ
ences betw een the 4 protected areas (p > 0.05 for all 
comparisons). In the fished Diani and Kanamai areas, 
the total urchin density w as higher than  in Ras Iwatine



88 M ar Ecol P rog  Ser 384: 8 3 -9 6 , 2009

T able  2. D ensities of sea  u rch in s (m ean 10 n r 2 ± SE) in  8 coral re e f  a rea s (4 p ro tec te d  a n d  4 fished; n  = 9, excep t for W atam u an d  
Ras Iw atine , w h e re  n  = 12) a lo n g  th e  K enyan  coast. Species lis ted  in  d e c reas in g  o rder acco rd in g  to p e rce n t con tribu tion  to to ta l

den sity  (across all areas)

M alindi Watamu Mombasa Kisite Vipingo K anam ai Ras Iw atine D iani

Echinom etra  m a th e i 1.8±0.55 0.1±0.09 2.0±0.71 0.11±0.12 19±3.3 89.5±14.8 7.6±1.8 186 ±27.3
D iadem a sa v ig n y - - 0.56±0.26 0.22±0.16 5.1±1.4 3 .89±0.74 12.2 ±4.4 0.33 ±0.35
E ch inostrephus m olaris 1.89±0.8 0.58±0.37 8.22±1.54 6.0±2.54 - - 0.67 ±0.27 -

T ripneustes gratilla - 0.08±0.09 - - 4.0±1.27 1.56±0.92 5.83 ±3.42 0.78 ±0.29
D iadem a se to su m - - - - 4.33 ±1.43 3.44±1.13 1.83 ±0.99 -

E chino thrix  d iadem a - - 2.11±0.41 0.78±0.61 - 0.11±0.12 3.5 ±0.8 0.22 ±0.24
T oxo p n eu stes p ileo lus - - 0.22 ±0.24 - - - 0.58±0.27 -

E chino thrix  calam aris - - 0.11±0.12 - - - 0.25 ±0.19 -

S to m o p n eu stes  variolaris 0.11±0.12 - - - - - 0 .08±0.09 -
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Fig. 3. S ea  u rch ins. D ensities in  4 p ro tec te d  an d  4 fish ed  K enyan  coral re e f  a reas 
(m ean  10 n r 2 ± 1 SE; n  = 9 -12)

T able  3. Sum m ary  of m ixed-m odel n e s te d  ANOVAs on effects 
an d  in te rac tio n s of 'P ro tection ' (fixed, 2 levels) a n d  'A rea ' 
(random , 4 levels, n e s te d  in  Protection) on d ensity  of (1) all 
u rc h in  spec ies po o led  a n d  (2) Tripneustes gratilla  alone, in  
K enyan  coral reefs. Bold v a lu es in d ica te  significant m ain  

effects (a  = 0.05)

Source df MS F P

1. D ensity of all urchin species
Pro tection 1 601.5 77.8 0.005
A rea(P rotection) 6 7.8 20.04 <0.001
Error 70 0.38

2. D ensity of T ripneustes g ra tilla
Pro tection 1 34.15 15.12 0.008
A rea(P rotection) 6 2.27 3.27 0.007
Error 70 0.69

and Vipingo (p < 0.05 for all comparisons). For 
T. gratilla alone, however, densities in Vipingo w ere 
higher than in Diani and Kanamai (p = 0.014 and 0.44, 
respectively).

Survey 2: Effects of protection, dis
tance to reefs and seagrass presence

Relationship between predation 
pressure on and densities of T. gratilla.
The relationship betw een m ean densi
ties of Tripneustes gratilla and m ean 
relative PI is presented in Fig. 4. A 
Pearson correlation showed a signifi
cant negative relationship (p = 0.045), 
indicating that predation explained 
34.5% of variation in T. gratilla density.

Predation rate and predator type. Pre
dation rates (PI), ranging from 0.016 (in 
Diani Far) to 0.39 (in W atamu Close), 
w ere w ithin the range of those previ
ously observed on adjacent coral reefs 
(M cClanahan 1998).

The 'Protection and Distance' analysis showed no 
effects of 'Protection' or 'D istance' to the reef, but a 
clear 'Area(Protection)' effect (Fig. 5a, Table 4); p red a
tion rates in W atamu M arine Park w ere 2.5, 3.5 and 
6 times higher than in M ombasa, Ras Iwatine and 
Diani, respectively (Tukey's, p < 0.05 for all com par
isons).

The 'Protection and Seagrass' analysis showed that 
predation rates in protected areas w ere 3 times higher 
than in fished (Fig. 5a, Table 4) areas and that there 
was a 'Seagrass x Area(Protection)' interaction: sea
grass presence (Far vs. Unvegetated) decreased p re 
dation pressure in M om basa w ith -50 % (p = 0.012) but 
had no effect in Watamu, Ras Iwatine and Diani (p > 
0.05 for all comparisons).

Inspection of urchin carcasses indicated that sea 
stars (Asteroidea) w ere the most im portant predators 
(Table 5), w ith 44 and 18 urchins preyed upon in 
W atamu and M om basa MPAs, respectively (69 to 
100% and 45 to 100% of total predation, respectively). 
In the fished areas Ras Iwatine and Diani, 14 and 4 sea
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da tion  p re ssu re  (PI) a n d  d ensity  (no. of ind. 10 n r 2; n  = 12; 

m ean s for each  site)

urchins w ere eaten  by sea stars, respectively (83 to 
100% of total predation). Visual observations of ongo
ing predation suggested that the main species was Pro
toreaster linki (Oreasteridae). Fish (triggerfish Balisti
dae and w rasse Labridae) was num erically the second 
most im portant predator group in protected areas, with 
1 and 6 urchins preyed upon in W atamu and M om
basa, respectively (Table 5). In the M ombasa, 5 w ere 
preyed upon in the U nvegetated site. In the 2 fished 
areas, however, only 1 out of the 230 te thered  urchins 
was eaten  by a fish (a Balistid). Gastropods, the third 
most im portant group, preyed upon 3 and 4 urchins in 
protected and fished areas, respectively. Urchin 
mortality was also caused by unknow n factors: in Diani 
Far and Unvegetated, 8 (20%) and 28 (94%) of the 
tethered  urchins died, respectively, and 13 urchins d is
appeared  (Missing) in all the 12 sites.

Sea urchin density and size. Tripneustes gratilla was 
the most common urchin species of the 9 encountered

T able  4. S um m ary  of 3 -w ay  m ixed-m odel A NOVAs on effects 
of 'P ro tection ' (fixed, 2 levels), 'A rea ' (random , 2 levels, 
n e s te d  in  Protection) a n d  (1) 'D istance ' to  reefs  (fixed, 2 lev 
els) or (2) 'S eag rass ' (fixed, 2 levels) on  re la tiv e  p re d a tio n  
p re ssu re  on Tripneustes gratilla in  K enyan  seag ra ss  b e d s  (n = 
8). Bold v a lu es in d ica te  sign ifican t m ain  effects (a  = 0.05)

Source  df M S F P

1. Protection and distance
Protection: P 1 0.29 3.01 0.22
A rea(P rotection): A(P) 2 0.096 6.93 0.002
D istance: D 1 <0.01 0.11 0.77
P x D  1 <0.01 <0.01 0.99
A(P) x D 2 0.04 2.9 0.06
E rror 56 0.01

2. Protection and seagrass
Protection: P 1 0.36 19.6 0.047
A rea(P rotection): A(P) 2 0.018 1.8 0.18
Seagrass: S 1 <0.01 <0.01 0.99
P x S 1 <0.01 0.06 0.83
A(P) x S 2 0.12 11.4 <0.001
E rror 53 0.01

(Table 6; 0.1 to 8.4 ind. 10 n r 2; 73% of all urchins e n 
countered), followed by Echinometra m athaei (12%) 
and Diadema setosum  (10%).

The 'Protection and Distance' analysis on total sea 
urchin density showed no significant effects of any fac
tors, w hereas the analysis on Tripneustes gratilla d en 
sities alone showed a significant 'Area(Protection) x 
Distance' interaction (Fig. 5b,c, Table 7). This was most 
likely caused by higher density of T. gratilla in Ras 
Iwatine Far than  Close (Tukey's, p = 0.08), as there 
w ere no differences in any other areas (p »  0.05 for all 
comparisons).

The 'Protection and Seagrass' analyses revealed 
slightly different patterns. For densities of all urchins 
as well as of Tripneustes gratilla alone, there w ere no

T able  5. M orta lity  (total ind.) a n d  p re d a to r ty p es d e te rm in e d  by  u rc h in  te s t conditions a fte r te th e rin g  exp erim en t in  p ro tec ted  
(W atam u a n d  M om basa) a n d  f ished  (Ras Iw atine  a n d  Diani) a reas, a n d  a t 3 sites w ith in  a rea s (C: seag rass Close; F: seag rass  Far; 
U: U nvegetated). F igures in  b racke ts a re  p e rcen t contribution to th e  total n u m b er of u rch ins p rey ed  upon , excep t for 'total p redation ,' 
'u n k n o w n  m ortality ,' 'm issing ' an d  'su rv ival,' w h e re  figu res in  b rack e ts  a re  p e rce n t con tribu tion  to  to ta l n u m b er of te th e re d  u rch ins

----------------------------  P ro tec ted      F is h e d -
W atam u M om basa  Ras Iw atine  D iani

C F U  C F U  C F U C F U

T eth ere d  u rch in s (n) 40 40 40 40 40 35 40 40 40 40 40 30
Total p re d a tio n 16 (40) 21 (53) 12 (30) 12 (30) 6(15) 9 (26) 6(15) 4(10) 5(13) 3(8) 4(10) 1(3)
A ste ro id ea 11 (69) 21 (100) 12 (100) 12 (100) 4 (68) 4 (44) 5 (83) 4 (100) 5 (100) 3 (100) - 1 (100)
G astropod 2 (13) - - - 1(16) - 1 (16.5) - - - 3(75) -

B alistidae 1(6) - - - - 1 (11) - - - - 1(25) -

L abridae - - - - 1(16) 3 (33) - - - - - -

B alistidae /L abridae - - - - 1 (11) - - - - - -

U nknow n p red a to r 2 (13) - - - - - - - - - - -

U nknow n m orta lity 4(10) 5(12) 5(12) - - 1(3) - - - 1(2) 8 (20) 28 (94)
M issing 1(2) - - - 2(5) 9 (25) - - - 1(2) - -

Survival 19 (47) 14 (35) 23 (57) 28 (70) 32 (80) 16 (45) 34 (85) 36 (90) 35 (87) 35 (87) 28 (70) 1(3)
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T able  6. D ensities of s ea  u rch in s (m ean 10 n r 2 ± SE) in  4 seag rass  a rea s  (2 p ro tec te d  a n d  2 fished), a n d  at 3 sites w ith in  eac h  a rea  
(C: seag ra ss  Close; F: seag rass  Far; U: U nv eg eta ted ; n  = 15) a long  th e  K enyan  coast. Species lis ted  in  d e c reas in g  o rder acco rd ing

to p e rce n t con tribu tion  to to ta l density  (across all areas)

Mombasa
F

TV
C F U C U C F U C F U

T ripneustes gra tilla 1.8 ± 5 .9 0.2 ±0.4 6.3±5.2 2.3±7.1 CD 1+ bo © 1+ o CO 5.1±9.2 8.7±7.4  2 .9± 7 .9 8.4 ±10 8.5 ±17 -
Echinom etra  m a th a e i - - 0.5±1.8 - - - - 0.1±0.3 - 2 .6±4 5.1±10 -
D iadem a se to su m  - - - - - - 6.6±14 0.1±0.3 - - -
E chino thrix  d iadem a - - - - 0.1±0.3 - - 1.4 ±1.9 - - -
T oxo p n eu stes p ileo lu s  0.1±0.3 - - - 0.1±0.3 - - - - 0.5±1.2 0.1±0.5  -
D iadem a sa v ig n y i - - - - - - - 0.1±0.3 - 0 .2±0 .8 0.1±0.5  -
S to m o p n eu stes  variolaris - - - - - - - - - - 0 .3± 0 .8  -
Salm acis bicolor - - - - 0.1±0.3 - - - - - -
Salm aciacella  dussum ieri - - - - 0.1±0.3 - - - - - -

T able  7. S um m ary  of m ixed-m odel ANOVAs on  effects a n d  in te r
actions of 'P ro tection ' (fixed, 2 levels), 'A rea ' (random , 2 levels, 
n e s te d  in  'P ro tection ') a n d  (1) 'D istance ' to th e  re e f  (fixed, 2 lev 
els), a n d  (2) 'S eag rass ' (fixed, 2 levels) on (A) to ta l u rc h in  density, 
(B) d ensity  of Tripneustes gratilla, a n d  (C) m ea n  tes t size of 
T. gratilla  in  K enyan  seag rass  b eds. V alues in  bold  in d ica te  signifi

can t m ain  effects (a  = 0.05)

df MS F P I) ..... P p o o l

1. Protection and distance
(A) D ensity all urchin species
Protection: P 1 44.78 13.4 0.17
A rea(P rotection): A(P) 2 3.34 2.71 0.07 2.74 0.068
D istance: D 1 0.86 0.23 0.67
P x D  1 0.26 0.07 0.81
A(P) x D 2 3.61 2.93 0.57 2.96 0.055
Error 112 1.22
Pool 114 1.219
(B) D ensity Tripneustes g ra tilla
Protection: P 1 21.11 8.06 0.10
A rea(P rotection): A(P) 2 2.62 2.40 0.09 2.40 0.09
D istance: D 1 1.70 0.25 0.66
P x D  1 0.04 0.006 0.94
A(P) x D 2 6.62 6.06 0.003 6.08 0.003
Error 112 1.09
Pool 114 1.087
(C) Size Tripneustes g ra tilla
Protection: P 1 2118 2.6 0.25
A rea(P rotection): A(P) 2 824.4 14.1 <0.001
D istance: D 1 395.9 3.1 0.22
P x D  1 0.64 0.01 0.95
A(P) x D 2 127 2.2 0.11
Error 312 58.7

2. Protection and seagrass
(A) D ensity all urchin species
Protection: P 1 2.08 0.63 0.51
A rea(P rotection): A(P) 2 3.31 4.32 0.015
Seagrass: S 1 13.93 0.87 0.45
P x S  1 22.42 1.41 0.35
A(P) x S 2 15.93 20.79 <0.001
Error 112 0.76
(B) D ensity Tripneustes g ra tilla
Protection: P 1 0.89 0.188 0.70
A rea(P rotection): A(P) 2 4.75 6.17 0.002
Seagrass: S 1 7.92 0.61 0.51
P x S  1 14.88 1.14 0.39
A(P) x S 2 13.01 16.9 <0.001
Error 112 0.76

'Protection' effects but significant 'Area(Protection)' 
effects and, most importantly, significant 'Area(Pro- 
tection) X  Seagrass' interactions (Fig. 5b,c, Table 7). 
These w ere caused by higher densities of all 
urchins and those of T. gratilla alone in Far than in 
U nvegetated sites in M ombasa, Diani and Ras Iw a
tine, but lower densities in the Far than the U nveg
etated  site in W atamu (p < 0.05 for all comparisons).

The size (test diameter) of Tripneustes gratilla 
ranged from 16.5 to 94.5 mm (across areas and 
sites), and 97% of all individuals w ere larger than 
50 mm. All 8 populations (4 areas x 2 sites) showed 
a normally distributed size-frequency distribution 
(Fig. 6). There w ere no effects of 'Protection' or 'Dis
tance', but an 'Area(Protection)' effect; urchins in 
W atamu w ere 9 to 13% larger than in the three 
other areas (Table 7; p < 0.001 for all comparisons).

Sea urchin grazing pressure. The Thalassoden
dron ciliatum  leaf grazing assays (Fig. 5d) showed no 
effect of 'Protection' or 'D istance', but a significant 
'Distance x Area(Protection)' interaction (Table 8); 
in Ras Iwatine the grazing pressure was twice as high 
in the Close as in the Far site (p < 0.001), but there 
w ere no such effects in Watamu, M om basa and 
Diani (p > 0.05 for all comparisons).

Also for Thalassia hem prichii leaf assays (Fig. 5e) 
only the 'D istance x Area(Protection)' interaction 
was significant (Table 8). This was caused by a 
3 times higher grazing pressure in W atamu Far than 
Close (p = 0.018) but a lack of effect in the three 
other areas (p > 0.05 for all comparisons).

DISCUSSION 

Predation on Tripneustes gratilla

Results from research on the causes of intense sea 
urchin consumption of 'founder' species like p e ren 
nial m acroalgae and hard  corals gradually resulted
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in an 'overfishing paradigm ' in the early 1980s, identi
fying rem oval of predators as the main driving factor 
(see Einer & Vadas 1990 for overview). This paradigm  
has since received considerable critique for simplifying 
the complexity of marine food webs, ignoring the 
obvious roles of other factors (e.g. pollution, tem pera
ture, disease) and lacking adequate experim ental test
ing (Einer & Vadas 1990, Sala et al. 1998). In Kenyan 
coral reefs, however, long-term  surveys and experi
m ents provide compelling evidence that overfishing of
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T able  8. Sum m ary  of 3 -w ay  m ixed-m odel ANOVAs on effects an d  
in te rac tions of 'P ro tection ' (fixed, 2 levels), 'A rea ' (random , 2 lev 
els, n e s te d  in  'P ro tection ') a n d  'D istance ' to reefs  (fixed, 2 levels) 
on sea  u rc h in  g raz in g  p re ssu re  (% of leav es w ith  b ite  m arks) on 
shoots of (A) Thalassodendron  cilia tum  a n d  (B) Thalassia h e m 
prich ii  in  K enyan  seag rass  b eds. Bold va lu es in d ica te  significant 

d ifferences (a  = 0.05)

Source df MS F P F p o o l P p o o l

(A) Sea urchin grazing on  T halassodendron  ciliatum
Protection: P 1 0.04 1.16 0.39
A rea(P rotection): A(P) 2 0.04 1.10 0.34
D istance: D 1 0.28 1.45 0.35
P x D  1 0.14 0.73 0.48
A(F) x D 2 0.19 6.01 <0.001
Error 152 0.03

(B) Sea urchin grazing on Thalassia h em prich ii
Protection: P 1 0.81 3.73 0.19
A rea(P rotection): A(P) 2 0.22 2.96 0.06 2.85 0.06
D istance: D 1 0.56 2.02 0.29
P x D  1 0.04 0.13 0.75
A(F) x D 2 0.28 3.82 0.02 3.67 0.03
Error 152 0.07
Pool 154 0.08

predators is indeed a major driver behind high sea 
urchin densities (e.g. M cClanahan & M uthiga 1989, 
M cClanahan & Shafir 1990). To test if lack of predation 
explains high densities of sea urchins that have been 
shown to overgraze seagrasses, we first of all hypo
thesized that there should be a negative correlation 
betw een predation pressure on and densities of T. 
gratilla. An observed significant relationship (r2 = 
0.345, Fig. 4) — very similar to that previously found in 
adjacent coral reefs (M cClanahan 1998)— indicates 
that predation is at least a contributing factor to the 
distribution of T. gratilla. This is the first study to 
dem onstrate such a relationship in seagrass ecosys
tems, w hich strengthens the hypothesis that lack of 
predation contributes to seagrass overgrazing (Eklöf et 
al. 2008).

The main predator type seem ed to be sea stars (pri
marily Protoreaster linki), w hich at first glance may 
seem striking since fish are usually the major urchin 
predators in protected hard-bottom  areas (M cClana
han & M uthiga 1989, Sala & Zabala 1996, Shears & 
Babcock 2002). Results from a recent study, however, 
indicate that predatory sea stars can play a key role by 
controlling sea urchins also within reserves (Bonaviri 
et al. 2009). Based on our survey, we cannot exclude 
that tethering overestim ated the relative im portance of 
these slow-moving predators (M cClanahan & M uthiga 
1989, Aronson & Heck 1995). However, recent obser
vations in the study area of predation on untethered 
urchins also confirm that P. linki, as well as 2 other sea 
star species (Culcita schmideliana  and Pentaceraster 
mammillatus), prey upon juvenile and adult Tripneu

stes gratilla (J. Eklöf unpubl. data). These large 
predatory sea stars are exploited for ornam ental 
trade (Gossling et al. 2004) and for use as fish bait 
(Jiddawi & Ohm an 2002), and in the Caribbean, 
densities of the closely related  sea urchin predator 
Oreaster reticulatus are reduced by collection 
(Guzman & G uevara 2002). Ongoing surveys of 
sea star densities in fished and protected Kenyan 
seagrass beds and coral reefs will undoubtedly 
shed more light on this interesting issue.

Predation by fish, the second most im portant 
group, seem ed to be relatively more common in 
protected than in fished areas (Table 5). Protection 
is known to benefit Kenyan reef-associated popu
lations of urchin predators such as triggerfish and 
wrasse, that at least w eakly control Tripneustes 
gratilla on reefs (M cClanahan 1998). The seem 
ingly lower levels of predation by fish than seastars 
(Table 5) w as most likely due to the size of the 
urchins (97 % >50 mm), as fish predation pressure 
is m uch lower on adult than juvenile T. gratilla 
(Dafni & Tobol 1987) and other urchins (e.g. Sala & 
Zabala 1996, Guidetti 2006). Dominance of one 

age cohort (as reported  here) is common and can be 
caused by sporadic extrem e recruitm ent success and/ 
or ontogenetic habitat shifts (Fernandez et al. 2001). 
However, while Kenyan T. gratilla populations seem  to 
have continuous reproduction (M uthiga 2005) they 
appear to have been dom inated by adults for the past 
decade (Alcoverro & M ariani 2002, M uthiga 2005). In 
the nearby Red Sea, T. gratilla juveniles hide in 
crevices and beneath  boulders until they reach a size 
that protects them  from predation (Dafni & Tobol 
1987). Since our urchin survey did not include such 
detailed sampling, we cannot rule out the possibility 
that we (and others before) underestim ated juvenile 
densities and that protection effects on juveniles may 
be stronger. It is therefore crucial that future studies 
specifically target recruit and juvenile distribution 
using more fine-scale sam pling (e.g. larval collectors, 
sedim ent sieving, searching in crevices and beneath  
boulders) in various habitats and seasons. However, in 
support of our results, recent studies from M editer
ranean  seagrass beds indicate a lack protection effects 
on juvenile urchins as well (Prado et al. 2008), partly 
because of the sheltering effect from seagrass leaves 
and rhizomes (Farina et al. 2009).

The least im portant predator group, gastropods, can 
be major predators on seagrass-residing sea urchins 
(Hughes & H ughes 1971, Keller 1983) and anecdotes 
suggest that intense gastropod collection for ornam en
tal trade has contributed to urchin outbreaks in East 
Africa (Richmond & R abesandratana 1997). We, how 
ever, could not show any major protection effects on 
predation pressure from these species, most likely
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because intense collection outside parks is counterbal
anced by predation inside parks (M cClanahan 2002).

Are protection effects system-, site- and 
time-dependent?

We hypothesized that MPAs should display higher 
predation control and lower densities of sea urchins 
than fished areas by harboring higher densities of 
predators. In coral reefs (Survey 1) densities of sea 
urchins, including Tripneustes gratilla, w ere indeed 
m uch lower in protected areas. This pattern, almost 
identical to those previously found in the study area 
(M cClanahan & M uthiga 1989, M cClanahan & Shafir 
1990), indicates that T. gratilla are controlled by highly 
abundant reef predators and, consequently, that over
fishing reduces predation control (see also Alcoverro & 
M ariani 2004). As m any urchins, including T. gratilla, 
show ontogenetic migrations from hard-bottom  reefs 
to seagrass beds in search of food (Ogden et al. 1973, 
Dafni & Tobol 1987, Fernandez et al. 2001), it is poss
ible that overfishing of coral reef-associated urchin 
predators could induce overgrazing of adjacent sea
grass beds. Such 'cross-system ' cascades have been 
previously observed in linked oceanic-nearshore sys
tems (Estes et al. 1998), but must be studied in closer 
detail before taken  as a fact (e.g. V alentine et al. 2008).

In contrast, we found no protection effects on any of 
the investigated variables in the seagrass beds (Survey 
2). A survey design with more than  2 areas per level of 
protection would undoubtedly have had  higher statis
tical pow er (Quinn & Keough 2002), but a study con
ducted in the same areas in 1997 (with 3 areas per 
level) also failed to dem onstrate a protection effect on 
urchins (Alcoverro & M ariani 2004). Based on the h is
tory of the 2 investigated m arine parks (Mombasa and 
Watamu), we propose 3 separate but potentially in ter
acting m echanism s explaining the lack of protection 
effects.

(1) Insufficient time of protection. While full recovery 
of Kenyan keystone urchin predator populations takes 
30 to 40 yr (M cClanahan & G raham  2005), the M om
basa MPA has been  protected only since 1995 (Obura 
2001) and lacks predation control (M cClanahan & 
G raham  2005). This is supported by relatively high 
densities of sea urchins on the M om basa coral reefs 
com pared to the 3 other parks (Fig. 3), as well as docu
m ented seagrass overgrazing by hyperabundant Trip
neustes gratilla in the park (Alcoverro & M ariani 2002, 
2004). Similar tim e-lagged protection effects, which 
have been  observed in M editerranean rocky reefs, are 
generally caused by non-linear p red a to r-p rey  re la 
tionships (Guidetti & Sala 2007) and must be consid
ered  w hen assessing MPA effects.

(2) 'Spill-in' effects. The other MPA (Watamu) was, 
on the other hand, gazetted  in 1971 and harbors highly 
abundant reef-associated predators (M cClanahan & 
G raham  2005) that appear to control Tripneustes gra
tilla on the coral reefs (Table 2). The predation rates on 
urchins in the 2 seagrass areas (Close and Far) w ere 
also higher than  in M ombasa, Ras Iwatine and Diani 
(Table 4). In the U nvegetated W atamu site, however, 
the pattern  was strikingly different from that in the 
other areas; predation rates w ere very low, while 
T. gratilla density (6.3 ind. 10 n r 2) was com parable to 
those in the 2 fished areas (Table 2, Fig. 5). This is sur
prising given the long time of protection (-38 yr), but is 
probably explained by the fact that the U nvegetated 
site consisted of a previously overgrazed Thalassoden
dron ciliatum  bed (-10%  seagrass cover, see Table 1). 
Historical notes show that in 2001, large aggregations 
of T. gratilla (up to 37 ind. n r 2) formed and overgrazed 
seagrasses in the fished reserve surrounding the 
W atamu m arine park  (Zanre & Kithi 2004). Contrary to 
w hat was expected the aggregations grew  in size over 
time and progressively invaded the m arine park and 
overgrazed several T. ciliatum  beds. Removal of 66 000 
urchins 2 yr later (2003) decreased grazing pressure in 
the short term  (Zanre & Kithi 2004), but several agg re
gations w ere still present at the time of this study 
(2006). This interesting chain of events, w hich we label 
a 'spill-in effect', is most likely explained by a com bi
nation of the low predation pressure from fish (see 
Table 5 and discussion above) caused by the large size 
of the urchins (Fig. 6); the aggregation behavior of the 
urchins, w hich is known to reduce predation pressure 
(e.g. Bernstein et al. 1981); and the high structural 
complexity of the bottom (consisting of dead  rhizome 
mats and exposed gravel and boulders), which offers 
protection from predation.

(3) Interactions w ith eutrophication. Not only low 
predation pressure but also eutrophication can stim u
late urchin grow th and recruitm ent (Sala et al. 1998, 
Eklöf et al. 2008). In the larger W atamu area, loads of 
land-derived sedim ents have increased for the past 
century due to runoff from coastal agriculture (Fleit- 
m ann et al. 2007). Consequently, increased sedim enta
tion and elevated nutrient levels (Ohowa 1996) have 
caused high coral mortality (van Katwijk et al. 1993) 
and induced grow th of large, leathery m acroalgae 
(M cClanahan et al. 2002). As nutrient addition is 
known to stimulate the grow th of Tripneustes gratilla 
at the individual (Dafni 1992) and population levels 
(M ergner 1982), eutrophication could be a contribut
ing factor to the observed sea urchin outbreaks. In 
strong support, experim ental short-term  (6 wk) nutri
ent enrichm ent increased the size of T. gratilla and 
their grazing impact on Thalassodendron ciliatum  
grow th (J. Eklöf unpubl. data).
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No effects of distance to patch reefs

We hypothesized that seagrass sites situated close to 
reefs should display higher predation pressure and 
lower densities of urchins than sites far away, at least 
in protected areas. We found no such 'D istance' or 
'Distance x Protection' effects, which could be due to 
several factors. First, the large size of the urchins could 
have reduced predation by reef-associated fish (see 
discussion above) and therefore dim inished any dis
tance-related  effects. In M ombasa, however, fish 
preyed upon 5 urchins in the U nvegetated site but only 
1 in the vegetated  Far site (Table 5 )— both situated 
>500 m from the reef. This dem onstrates that fish can 
consume urchins far away from reefs, but potentially 
only w hen shelter is lacking (see Heck & Valentine 
1995, Farina et al. 2009). In support, a study of rocky 
reef-seag rass interactions showed that the distance to 
reefs explained densities of invertivorous fish, w hereas 
the structural complexity of the seagrass beds ex 
plained predation rates on te thered  invertebrates 
(Vanderklift et al. 2007).

Importance of seagrasses as shelter

Finally, we hypothesized that sites w ith seagrasses 
should, by being more structurally complex, dem on
strate lower predation pressure and higher urchin d en 
sities than unvegetated  sites, at least in protected 
areas. Such 'buffering' effects of shelter have been 
observed elsew here (Heck & V alentine 1995, Farina et 
al. 2009) and could potentially buffer overgrazing 
(Fig. Id). We found no clear effects of 'Seagrass' or 
'Protection x Seagrass' interactions, partly because the 
patterns in W atamu w ere opposite to expected (with 
lower predation rate and higher density in the U nveg
etated  than in the Far site) and partly because of much 
lower urchin densities in U nvegetated than in Far sites 
in the 2 fished areas (Ras Iwatine and Diani; Fig. 5a-c). 
The unexpected pattern  in W atamu was most likely 
caused by the fact that the U nvegetated site was an 
overgrazed Thalassodendron ciliatum  bed with unn a t
urally high urchin densities and low predation p res
sure (see discussion above). The lower densities of 
urchins in U nvegetated than  Far sites in the 2 fished 
areas w ere equally unexpected, as shelter from sea
grass leaves (at least from predation) should be less 
im portant than  in protected areas. Even though p red a
tion rates w ere indeed very low, the overall mortality 
was higher in U nvegetated than Far sites, particularly 
in Diani (where 94 % of all te thered  urchins died from 
unknow n causes; Table 5). The cause (s) of this high 
mortality w ere not further investigated, but sea
grass presence may — depending on site-specific con

ditions— be im portant for other reasons than p red a
tion. Lack of food (seagrass or detritus) is unlikely to 
have an effect over such a short time span, but expo
sure to sunlight and high tem peratures are well- 
known and rapid stressors on Tripneustes gratilla 
(Lawrence & Agatsum a 2007). These m echanisms 
must undoubtedly be tested using m anipulations of 
seagrass cover (see e.g. Farina et al. 2009) in relation to 
predation, but the results clearly show that habitat 
characteristics exert strong influence on T. gratilla 
populations even w hen predation pressure is low.

Cascading effects from MPAs in seagrass beds?

A num ber of recent publications hypothesize that 
protection of top predators is crucial for seagrass eco
system functioning (e.g. V alentine & Duffy 2006, Heck 
& Valentine 2007, M oksnes et al. 2008). However, even 
though cascading effects from unexploited in term edi
ate predators have been dem onstrated on epiphytes 
(Moksnes et al. 2008) and seagrasses (Douglass et al. 
2007), and protection seems to increase densities of 
exploited grazers and their consum ption on seagrasses 
(Alcoverro & M ariani 2004, Prado et al. 2008), evidence 
for cascading effects from top predators to seagrasses 
(via sea urchins or other grazers) is so far lacking 
(Alcoverro & M ariani 2004, V alentine et al. 2007, 2008, 
Prado et al. 2008, present study). Proposed explana
tions include insufficient time of protection and/or the 
buffering capacity of seagrasses as shelter (Vanderklift 
et al. 2007, Prado et al. 2008). Undoubtedly, there 
is need for further studies including exploited top 
predators using e.g. correlations in time and space, 
enclosure/exclosure experim ents, and manipulations 
of habitat complexity in relation to time of protection 
(see e.g. M cClanahan & G raham  2005) to draw  safe 
conclusions about the 'primacy' of top predators (see 
Heck & V alentine 2007).

Implications for management

Even though predation rates partly explained densi
ties of Tripneustes gratilla and protection appears to 
have beneficiary cascading effect on coral reefs, the 
relatively large M om basa and W atamu MPAs appear 
to provide inadequate protection for seagrasses from 
sea urchin overgrazing (Alcoverro & M ariani 2002, 
Zanre & Kithi 2004, present study). Even though these 
results are striking, they are not unique; similar lack of 
protection effects on urchin populations have been  ob
served in seagrass beds in the w ell-protected Chum be 
Island Coral Park, Tanzania (F. Lanshammar pers. 
comm.) and in Spain (Prado et al. 2008). The explana-
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tion is probably complex and — at least in Kenya — 
most likely involves a combination of (1) insufficient 
time of protection in some areas; (2) 'spill-in' of ag g re
gated  urchins more or less protected from predation by 
their size; (3) interactions betw een  low predation p res
sure and nutrient enrichm ent from land runoff; and (4) 
the protection effect of seagrass leaves on urchins. As 
these factors act across ecosystem and MPA borders 
(Eklöf et al. 2008, present study), our results indicate 
the need  for more holistic and adaptive m anagem ent 
approaches. Most likely, site-specific combinations of 
MPAs, banned  fisheries on and collection of keystone 
predators, co-m anaged fishery reserves, and reduction 
of nutrient input from land runoff will be needed  to 
safeguard the future of seagrass ecosystems and the 
crucial services they provide.

A ck n o w led g e m e n ts .  We th a n k  th e  staff a t K enya M arine 
F isheries R esearch  Institu te  (KMFRI) a n d  K enya W ildlife S er
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assistance  w ith  te th e rin g ; M. L in d eg arth , P.-O. M oksnes an d  
2 anonym ous re fe re e s  for sta tistica l advice; a n d  N. K autsky, 
P. R önnbäck , A. N orström , T. A lcoverro, M. N yström , E. M örk, 
M. F. P e d e rsen  (Review Editor) an d  4 anonym ous re fe re e s  for 
com m ents g rea tly  im p rov ing  th is article . F inancia l su p p o rt 
w as p ro v id ed  b y  Stockholm  M arine  R esearch  C en tre  (SMF) to 
J.S .E ., b y  S ida th ro u g h  M inor F ie ld  S tudy  scholarsh ips to S.F., 
N.S. a n d  A .L., a n d  from  th e  W ildlife C onserva tion  Society 's 
C oral R eef C o n serv a tio n  Pro ject to T.R.M. This is a  p u b lic a 
tion  from  th e  re se a rc h  p ro jec t 'S eag rass  a n d  sea  u rc h in  in te r
actions: o v erg raz in g  a n d  re so u rce  u se  in  th e  W IO reg io n ' 
sp o n so red  by  M ASM A (M arine Science for M an agem en t).
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