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Abstract
Multi-decadal increase in shell removal by tourists, a process that may accelerate degradation o f natural habitats, was 
quantified via tw o series o f m onthly surveys, conducted th irty  years apart (1978-1981 and 2008-2010) in one small 
embayment on the Mediterranean coast o f the Iberian Peninsula. Over the last three decades, the local tourist arrivals have 
increased almost three-fold (2.74), while the area has remained unaffected by urban encroachment and commercial 
fisheries. During the same tim e interval the abundance o f mollusk shells along the shoreline decreased by a comparable 
factor (2.62) and was significantly and negatively correlated w ith tourist arrivals (r = —0.52). The strength o f the correlation 
increased when data were restricted to months w ith  high tourist arrivals ( r = — 0.72). In contrast, the maximum m onthly 
wave energy (an indirect proxy for changes in rate o f onshore shell transport) was not significantly correlated w ith shell 
abundance (r = 0.10). Similarly, rank dominance o f common species, drilling predation intensity, and body size-frequency 
d istribution patterns have all remained stable over recent decades. A four-fold increase in global tourist arrivals over the last 
30 years may have induced a comparable worldw ide acceleration in shell removal from  marine shorelines, resulting in 
multiple, currently unquantifiable, habitat changes such as increased beach erosion, changes in calcium carbonate 
recycling, and declines in diversity and abundance o f organisms, which are dependent on shell availability.
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Introduction

Local an d  global environm ental im pacts o f tourism  [1,2,3,4] are 
intensifying due to rapidly expanding hum an  populations [5], 
M arine  shorelines are particularly  vulnerable because of the 
massive residential shift tow ard  coastlines [6] an d  the fact that 
seashores rem ain  am ong the m ost alluring tourist destinations 
[7,8], Tourists and  single-day visitors sensu [9] affect beaches in 
diverse direct ways, including tram pling, vehicle use, cam ping, 
shellfish harvesting, beach  groom ing, and  m any o ther factors
[10,11,12]. H ow ever, long-term  studies m easuring hum an  impacts 
on  shoreline habitats are scant and  fragm entary [10,13]. In 
particular, the rem oval o f dead shell rem ains by tourists represents 
one o f the m ost understudied  and  least understood processes 
associated with hu m an  activities along m arine  shorelines.

R igorous assessments o f shell rem oval by  tourists are needed 
because skeletal m aterials left beh ind  by dead  organism s perform  
m any im portan t environm ental an d  ecosystem services. In  pristine 
coastal habitats shells can occur in great abundance [14,15] and  
serve multiple functions, from  beach  stabilization [16] to building 
m aterials for b ird  nests [17]. Also, shells m ay be interm ittently 
subm erged or transported  into subtidal settings w here they can 
provide various ecosystem services, including shelter for diverse 
endobiolithic algae [18], substrate for seagrass m eadows [19], 
colonization sites for encrusting organism s [20], or a rm ored

protection  for herm it crabs an d  fish [21,22,23]. Shell m aterial is 
also continuously dissolved [24] in m ost coastal areas resulting in 
elem ental recycling back into the global m arine reservoir. T he 
tourism -related rem oval o f shell m aterial from  shorelines m ay thus 
have diverse environm ental consequences.

Diverse processes can  induce seasonal or decadal changes in 
shell abundance along shorelines and  m ultiple hypotheses can  be 
postulated a priori to explain variation  in shell abundance through 
time. First, changes in local hydrodynam ics m ay alter the 
m agnitude o f onshore transport o f shell m aterial [25,26], This 
m odel predicts a  significant correlation betw een proxy m easures o f 
onshore transport (e.g., wave energy) an d  shell abundance. 
Second, changes in ecosystem structure an d  population  dynamics 
(especially spawning and  m ortality  patterns) m ay induce variation 
in local shell accum ulation rates, w hich m ay be partly  controlled 
by input o f newly dead  specimens [27]. This m odel predicts 
seasonal o r decadal-scale correlations betw een tem poral ecosystem 
changes and  trends in shell abundance and  also implies possible 
changes in rank  abundance o f dom inant species o r other 
ecological proxies (e.g., frequency o f p redation  events and  per- 
species size-frequency distributions). Finally, as postulated here, 
changes in tourism  activities an d  tourism -related beach  m anage­
m ent practices m ay be responsible for changes in shell abundance.
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This last m odel predicts an  inverse seasonal (or decadal) 
correlation betw een shell abundance and  tourist arrivals.

In  this study, local changes in shell abundance observed over the 
last 30 years w ere evaluated for one M ed iterranean  beach  using 
two quantitative datasets from  the same em baym ent, one collected 
m ore th an  30 years ago and  one collected in recent years. D uring 
a  tim e interval o f  three  years (7 /1978  - 7 /1981), quantitative 
surveys o f  shell m aterial were conducted  m onthly along L larga 
Beach Salou, C atalonia  [28], T h e  same shoreline transects were 
resurveyed 30 years later (2008-2010). Because the sam pled beach 
has not been a ltered  considerably over the last 30 years, the 
resulting com parative da ta  should be particularly  suitable for 
testing the hypothesis that an  increase in local tourism  leads to the 
accelerated shell rem oval. Specifically, we evaluated the three 
models outlined above regarding changes in shell abundance in a 
local shoreline habitat. W e tested for correlatives betw een the 
intensity o f local tourism  and  shell abundance a t two tem poral 
scales: in tra-annual/seasonal and  m ulti-decadal. W ith in  the same 
reference tim efram e, we evaluated putative roles o f o ther causative 
processes unrela ted  to tourism  that could have led  to shifts in  shell 
abundance, either seasonally o r th rough  tim e, and  explored global 
implications o f the tourism -related rem oval o f shells from  coastal 
environm ents.

O u r focus on rem oval o f  em pty shells due to tourism  in an  area  
that has rem ained  relatively unchanged differs in goals from 
studies targeting regions th a t experienced substantial ecosystem 
degradation  th rough  tim e [29]. Also, previous projects aim ed at 
assessing the im pact o f hu m an  activities on  live shellfish, including 
subsistence and  recreational harvesting [30,31], collecting for 
curio trade  [32], ba it collecting [33], or inadvertent tram pling  of 
live organism s [33]. Instead, we focused here on  activities th a t m ay 
be intuitively perceived as least harm ful: the im pact o f beach­
com bing (leisurely collecting, inadvertent tram pling, use o f 
recreational vehicles, etc.) on  em pty seashells scattered along 
m arine shorelines.

Materials and M ethods

Ethics S ta tem en t
T h e  L larga Beach is no t included on  the list o f  sites o f natural 

interest pro tected  by law and  the endangered  m ollusk taxa 
(Lithophaga lithophaga (Linnaeus 1758) and  Pinna nobilis L innaeus 
1758) have no t been  reported  at the sam pled locality. C onse­
quently, the field study did not involve endangered  or pro tected  
species. Live specimens were no t collected in this study and  
perm its were no t requ ired  to collect m odern  shell m aterial for 
scientific research in the study a rea  [34], Shell da ta  used in this 
study have been archived as a  PLoS O n e  online-access appendix 
(Table SI).

Study Area
Llarga Beach (Platja Llarga) is a  sandy beach  ~ 6 0 0  m  in length 

and  ~ 2 5  m  in width. It is b o u nded  by a Jurassic lim estone to the 
west and  delineated by Pleistocene eolian sandstone outcrops in 
the central an d  eastern p a rt o f the beach  (Fig. 1). N one of those 
rock units contribute shells that could be confused w ith m odern  
shell m aterial. T h e  fossil record  of the Jurassic lim estone in the 
area  is represented  by  scarce belem nite guards, am m onites molds, 
and  fragm ents o f oyster shells. T h e  Pleistocene sandstone contains 
small gastropods and  bivalves readily distinguishable from  m odern  
m aterials based b o th  on  taxonom ic and  taphonom ic (i.e., 
alterations due to fossilization processes) criteria [28],

T h e  satellite images indicated that beach  topography, its aerial 
extent, and  vegetation have rem ained  virtually unchanged (Fig. 1)

Figure 1. The study area, (a) A location m ap of the  Catalonia 
Province; (b) A physiographic m ap of the  Catalonia Province (non­
copyrighted m ap, courtesy o f Marine G eosciences Group, University of 
Barcelona); (c) A close-up m ap of th e  Llarga Beach (indicated with a 
blue arrow) and ad jacent areas (image genera ted  from an open  access 
website: h ttp ://w w w .openstreetm ap .org /); (d) an aerial pho tog raph  of 
Llarga Beach (flight #  10173, March 1, 1976; ©Cartographic Institute of 
Catalonia; reproduced with perm ission of th e  Cartographic Institute of 
Catalonia); (e) an aerial p h o to g rap h  of Llarga Beach (flight #  
2011072000290012, February 18, 2011; ©Cartographic Institute of 
Catalonia; reproduced with perm ission of th e  Cartographic Institute of 
Catalonia).
doi:10.1371/journal.pone.0083615.g001

over the 30 years that separated the two intervals o f m onthly 
surveys reported  here. Also, the em baym ent has no t been altered 
by direct u rb an  encroachm ent, com m ercial activities, fisheries, 
and  shellfish harvesting, w hich all concentrate in o ther areas o f the 
M ed iterranean  coast o f Spain. Shellfish fishery that could affect 
locally com m on bivalves such as Chamelea gallina (Linnaeus, 1758) 
and  Donax trunculus (Linnaeus, 1758) has been in term ittent and  
mostly concentrated  in o ther areas located  m uch  farther south 
(90 km) or m uch further n o rth  (260 km) from  the study area  
(Gastello, F., 2012, pers. comm).

Llarga Beach has no t changed notably in term s of local w eather 
and  hydrodynam ics (Fig. 2): neither average m onthly tem perature  
(Fig. 2A) nor wave height (Fig. 2B) changed substantially over 
those 30 years. In  contrast, the a rea  has seen a nearly three-fold 
increase in tourist arrivals across all m onths (see below  for data  
sources). A m edian num ber o f local tourist arrivals increased by a 
factor o f 2.74 over the last 30 years, while relative m onthly 
changes in tourist arrivals have rem ained  virtually identical 
(Fig. 2G).
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Figure 2. Local tem perature, wave height and tourist arrival data for the studied tim e intervals, (a) Median m onthly air tem pera tu re  
recorded a t th e  Meteorological Station o f Reus Airport (data provided by Servei M eteorologie de Catalunya); (b) Median maximum m onthly wave 
height m easured a t a buoy (Simar-44 [2057048]) located proximally to  th e  study area (publicly available da ta  ob tained  from http ://w w w .puertos.es; 
Puertos del Estado, Ministerio de  Fomento); (c) A log-linear plot of m onthly tourist arrivals for the  1978-1981 and 2008-2010 tim e intervals (see text 
for data  sources).
doi:10.1371/journal.pone.0083615.g002

In  sum m ary, over the last three  decades, a  small coastal a rea  
represented  by  L larga Beach has experienced a considerable 
increase in tourist arrivals, bu t has rem ained relatively static 
otherwise and  should provide a useful m odel system for assessing 
the localized im pact o f tourists on abundance of shells in coastal 
environm ents.

Shell assem blages
Prim ary  da ta  w ere derived by systematic transect sam pling of 

mollusk m aterial present on  the surface of shoreface zone. 
Qualitative visual surveys o f faunal com position were perform ed 
continuously th roughout the field work. T hese qualitative assess­
m ents indicated consistently that three species o f bivalves (Chamelea 
gallina, Donax trunculus, an d  Donax semistriatus Poli, 1795) dom inated  
local beach  assemblages th roughout the sam pled tim e interval. 
Consequently, their com bined abundance should represent a 
robust proxy for abundance o f all shell m aterial along the 
shoreline. O nly those three  species have been  targeted  in 
quantitative analyses reported  here. All o ther species observed 
during  sam pling were present interm ittently, an d  only three  were 
present occasionally in  notable quantities: Spisula subtruncata (da 
Costa, 1778), Mactra stultorum (Linnaeus, 1758), and  Acanthocardia 
tuberculata (Linnaeus, 1758). O th er bivalve species observed 
occasionally included Glycymeris insubrica (Brocchi, 1714), Chlamys 
varia (Linnaeus, 1758), Tellina planata L innaeus, 1758, Scrobicularia 
plana (Da Costa, 1778) and  Ensis ensis (Linnaeus, 1758).

T h e  three dom inant species included C. gallina, w hich is 
restricted to the M ed iterranean  and  Black Seas, D. semistriatus, 
w hich also appears on  Atlantic coasts o f the Iberian  peninsula, and  
D. trunculus, w hich is know n from  littoral habitats from  the G reat 
Britain to Senegal. In  the M editerranean , all three species occur in

shoreface sand com m unities (SFC sensu [35]). Both donacid  species 
occur together exclusively in this habitat, w hereas C. gallina is also 
present in subtidal sands dow n to 20 m  dep th  (SFBC com m unity 
sensu [35]). C. gallina is a  m obile suspension feeder an d  the 
reproductive cycle o f this com m ercially im portan t species has been 
studied extensively in the M ed iterranean  [36,37]. C. gallina appears 
to reproduce prim arily  in the sum m er (or b o th  spring and  
summer), w ith one or two peaks o f gam ete emission [36]. D. 
trunculus and  D. semistriatus are detritivorous species. D. trunculus, the 
larger and  m ore abu n d an t o f the two species, spawns from  M arch- 
April to O ctober in unpolluted areas o f  the southern M editerra­
n ean  littoral [38,39].

Both C. gallina an d  D. trunculus are a  food source for carnivorous 
gastropods, especially naticid  gastropods, as dem onstra ted  by  the 
ubiquitous presence o f valves w ith drillholes characterized  by a 
countersunk shelf (Oichnus paraboloides Bromley, 1981). Shells o f  the 
com m on drilling p redato r (Natica hebraea M artyn , (1784)) have 
been  collected sporadically on L larga Beach.

Sampling M ethods
M onthly  surveys were conducted  during  two tim e intervals: (1) 

1978-1981 and  (2) 2008-2010. D uring  the first tim e interval the 
surveys were conducted  every m on th  from  Ju ly  1978 th rough  Ju ly  
1981 (37 m onthly transects total). D ue to tim e an d  funding 
constraints, surveys conducted  during  the second tim e interval 
were m ore lim ited and  included transects conducted  m onthly from 
August 2008 th rough  O ctober 2008 and  from  Ju ly  2009 through 
Ju n e  2010 (15 m onthly transects total). For bo th  tim e intervals, 
every calendar m onth  was represented  by at least one transect. 
Samples collected during  those surveys were re ta ined  an d  are 
currently  housed at the Lhiiversity o f Barcelona.
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In  bo th  tim e intervals, m onthly surveys w ere carried  early in  the 
m orn ing  on weekdays n ear the end  o f each m on th  along the 
3 0 0 x 1 0  m  (3000 m 2) shoreline transect with its endpoints defined 
by a carbonate  cliff a t the west end of the beach  and  a sandstone 
outcrop located centrally (Fig. 1). All transects w ere conducted  
along a 10 m  wide swath m ost proxim al to the waterline. Because 
o f m icrotidal regim e, daily tidal oscillations in the region do not 
exceed 10 cm  an d  show a m inim al annual variation [40]. T hus, 
tidal variation  resulted in m inim al lateral shifts from  one survey to 
ano ther, w hen using w ater line as a  reference system.

Q uantitative surveys focused on the three  dom inan t species used 
as a  proxy for the overall quantity  o f  coarse biogenic m aterial 
p resent on the beach  (see above). T h e  surveys were carried  ou t by 
exhaustive sam pling of all specimens found on the surface within 
the transect area. No subsurface m aterial was counted  o r collected. 
Species identity an d  evidence o f p redation  (i.e., p resence/absence 
o f drill holes) were recorded for each specim en. In  addition, shell 
length was m easured using digital calipers for specimens of C. 
gallina for each August transect available for each tim e interval. 
T h e  resulting variables (relative abundance o f dom inan t species, 
drilling frequency, and  body size-frequency distributions) provided 
proxies o f ecological processes for local benth ic com m unities. This 
approach  is justified here by growing evidence th a t shell 
assemblages can approxim ate local benth ic ecosystems with high 
fidelity [41,42]. Even intertidal shell assemblages, including beach 
m aterials, can effectively capture  inform ation on local biodiversity 
[43,44],

T ourist arrivals were estim ated using data  available from  town 
haii publications and  unpublished counts (S. A ntón 2013, 
U niversity o f  Barcelona, pers. comm.) for lodging facilities direcüy 
adjacen t to L larga Beach. T h e  arrival estimates were com piled to 
assess seasonal changes in tourism , including m onthly estimates, 
seasonal estim ates (“ high season” represented  by sum m er m onths 
and  “ low season” represented  by non-sum m er m onths), and  
annual estimates. All local facilities existed th roughout bo th  of the 
studied tim e intervals. T h e  only exception was the cam pground, 
w hich was active in 1978-1981 tim e interval b u t closed 
perm anendy  before the second sam pling tim e interval. T he 
cam pground  has been replaced by  a private recreational a rea  
with a  low density o f occupation. T h e  num ber o f arrivals is likely 
an  underestim ate o f the actual num ber o f tourists visiting L larga 
Beach because sam e-day visitors were no t accounted  for by the 
m etric used here. How ever, estimates o f tourist arrivals were used 
here only as a  relative m etric o f changes in intensity o f tourism  
across seasons an d  th rough  time.

Analytical M ethods
T o test the three  models postulated above, repeated  sam pling 

surveys o f  the same transect were conducted  m onthly across 
seasons for two tim e intervals ~ 3 0  years apart. T his approach  
generated  a  series o f shell abundance estim ates th a t can  be 
assessed for correlatives against parallel datasets representing 
potential controlling factors, including corresponding trends in 
tourist activities, local physical characteristics, and  indirect 
ecological proxies. W hereas additional spatial control for the 
same tim e interval (ideally derived from  com parable habitats 
inaccessible to tourists) w ould have strengthened the research 
design, such da ta  were no t available. C onsequendy, all causal 
interpretations proposed below are tentative an d  should be viewed 
as initial hypotheses th a t require further testing in o ther settings.

T h e  da ta  (Table SI) resulting from  the repeated  surveys were 
analyzed by  tim e interval and  seasonally w ithin each tim e interval. 
Seasonal changes w ere estim ated by averaging m onthly or 
b im onthly da ta  w ithin each tim e interval (e.g., a  bim onthly

Jan uary -F ebruary  estim ate for the 2008-2010 tim e interval was 
com puted  as an  arithm etic m ean  based on  all available 2008-2010 
Ja n u a ry  and  February  transects). D a ta  were also grouped into 
non-tourist (Septem ber-M ay) and  tourist June-A ugust) m onths. 
B im onthly averages were used in some analyses to increase sample 
size because, for certain  m onths, only one transect was available in 
a  given tim e-interval (e.g., only one February  transect for 20 0 8 - 
2010 tim e interval). T h e  resulting tim e series were analyzed using 
raw  values. In  addition, first differencing was applied in o rder to 
d etrend  tim e series.

N on-param etric  rank-based m ethods (Spearm an rank  correla­
tion) and  perm utation  tests were used as a  prim ary  tool in 
statistical testing. T hese m ethods were selected because some of 
the analyzed variables (e.g., wave energy, tourist arrivals) 
represented  notably skewed distributions, sam ple sizes w ere small 
in some cases, and  groups varied in sample size. T h e  param etric  
approach  (2-Way U nbalanced  ANOVA) was applied in one case 
to evaluate differences in m ean shell size for m onthly an d  decadal 
d a ta  groups. This approach  was deem ed appropria te  because 
groups h ad  com parable dispersions (standard deviation ranged 
from  2.45 to 5.07 mm), all distributions were unim odal and  did 
no t display p ronounced  departures from  norm ality  (absolute 
values o f  skewness and  kurtosis were < 2  in  all cases), and  sample 
sizes were relatively large (see Results section below) further 
m inim izing the effect o f  slight non-norm ality  th a t m ay have 
affected the data. How ever, because o f notable variation in sample 
size across groups, an  unbalanced A N O V A  was em ployed (GLM  
procedure, SAS).

A significance level o f a lpha = 0.05 was used for hypothesis 
testing and  B onferroni correction for m ultiple tests was applied 
w hen appropria te . As used here, significance values (p) denote 
probability  o f T ype I E rro r an d  should no t be m isconstrued as 
indicating likelihood estim ates in support o f a  given null 
hypotheses. SAS software, PA ST freeware, and  S A S /IM L  
program m ing  language were used in all statistical analyses.

Results

A com parison of 1978-1981 an d  2008-2010 surveys indicated 
th a t shells a t the shoreline o f  L larga Beach (Fig. 3) were alm ost 
three  times m ore ab u n d an t three  decades ago: on average, 1506.5 
specimens were recovered pe r transect in 1978-1981 com pared to 
only 578.3 specimens in 2008-2010. T he decline in shell 
abundance was com parable in m agnitude for the tourist season 
July-A ugust) (70.1%) an d  for o ther m onths (60.0%). W hen  1978— 
1981 and  2008-2010 transect estimates were b inned  bim onthly 
(due to small num ber o f transects for some o f the w inter m onths, 
m onthly bins were inadequate), there was a rem arkable congru­
ence in  seasonal changes in shell abundance with notable declines 
in shell quantity  observed in the late spring, sum m er, an d  the late 
fall (Fig. 3B). O ne notable difference betw een the two time- 
intervals was a  m uch steeper decline in average specim en 
abundance, w hich was observed only for the July-A ugust m onths 
for the 2008-2010  sam pling interval (Fig. 3B).

T h e  m axim um  m onthly wave energy [M M W E] for 1978-1981 
and  2008-2010  was no t correlated  significandy with shell 
abundance [SA] (Spearm an r= 0 .1 0 , = 0.46) and  the pa tte rn
persisted for first differences (m onth-to-m onth changes) [Asa] 
(r=  —0.18, = 0.21). W hen  M M W E  values w ere downw eighted
by the length o f a  tim e lag  betw een the last day in w hich wave 
height was a t m onthly m axim um  and  the day o f sam pling 
[M M W E* = M M W E /^ d a y s] , correlations rem ained  non-signifi­
cant: (SA: r= 0 .2 6 , = 0.06 and  A s a : r= — 0.23, p = 0A 0,
respectively). All correlation coefficients were low (r<0.3), the first
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Figure 3. Seasonal changes in abundance of common bivalve species based on transects conducted along the shoreline of the 
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differences [Asa] yielded correlation coefficients w ith an  opposite 
sign relative to the raw  correlations [SA], and  none o f the tests was 
significant. W hen  da ta  were subdivided by season, tim e-interval, 
or both, correlation coefficients either rem ained  low or were non­
in terpretable due to excessively small sample sizes.

No dram atic changes in indirect ecological proxies m easurable 
from  shell assemblages could be dem onstrated  across seasons or 
th rough  time. W hereas the absolute abundance o f specimens per 
transect decreased notably over the last 30 years (Fig. 4), the rank 
abundance o f the three dom inant species rem ained  unchanged 
regardless o f the season, with C. gallina being the dom inant species 
and  D. semistriatus the least abundan t species (Fig. 4). Similarly, 
drilling frequency, a proxy for p redator-prey  interactions betw een 
carnivorous gastropods and  bivalves, showed consistent patterns 
th rough  tim e. C. gallina was drilled frequently in bo th  tim e intervals 
(48.3% o f drilled valves in 1978-1981 and  41.7%  o f drilled valves 
in 2008-2010, respectively), D. semistriatus was drilled infrequently 
(8.2% for 1978-1981 an d  8.9%  for 2008-2010), and  D. trunculus 
was drilled rarely (1.3% for 1978-1981 and  4.3%  for 2008-2010). 
Seasonal changes in drilling frequency also persisted th rough  time. 
For bo th  tim e intervals and  for each species, drilling frequencies 
were notably lower during sum m er m onths. Finally, com parison of 
size frequency distributions for specimens o f C. gallina obtained for 
August transects did not suggest any dram atic shifts in body size 
betw een the two tim e intervals (Fig. 5). T h e  m onthly m edian  
values for valve length varied  in a com parable range for 1978— 
1980 August transects (« = 826, M 19 78 =  8.1 1, « =  205,
M 197 9 = 12.48, « = 452, M 1980= 12.30) and  2008-2010 transects 
(« = 259, M 2oo8= 10.69, « = 46, M 20o8 =  9.99). M oreover, the 
variation  in m edian  shell size was m ore variable betw een the 
transects w ithin the 1978—1980 time interval th an  across the two 
tim e intervals. T he  m axim um  difference in m edians for 1978— 
1980 was 3.19 m m  (M 1980 vs. M 1979), w hereas the m axim um

difference in m edians observed betw een the two tim e intervals was 
2.58 m m  (M 1978 vs M 20o8)- W hen  data  were g rouped by both, 
time interval an d  m onth , the two time intervals did no t differ 
significantly from  one another, once am ong-transect variation 
w ithin time intervals was considered explicitly (U nbalanced 2-W ay 
A nova, d f=  1, M S = 40.27, F = 2 .8 5 , p = 0.09).

W hen  shell abundance estimates for each transect was 
com pared w ith corresponding local tourist arrivals, significant 
negative correlations were observed for m onthly da ta  (n = 51, 
r = —0.52, pCO.0001) and  for da ta  averaged by m on th  w ithin 
each tim e interval (n =  24, r =  —0.49, p = 0.015). Absolute values 
o f correlation coefficients were relatively m odest an d  the bivariate 
interrelation  was not strong w hen exam ined visually for data 
averaged by m on th  (Fig. 6A). How ever, the tourist arrivals were 
distinctly bim odal (note a gap along x-axis o f Fig. 6A). W hen  data 
were restricted to m onths w hen tourist arrivals had  been high 
(>5000), a strong negative correlation was observed (Fig. 6B), 
w hether analyzed for m onthly da ta  (n = 32, r  =  —0.72, p< 0 .0001) 
or averaged by m on th  w ithin each time interval (n =  15, r  =  —0.84, 
p  =  0.0001). For restricted data, tourist arrivals were a reasonable 
p redictor o f shell abundance (r2 = 0.64, R educed  M ajor Axis 
Regression, p = 0.0008, Perm utation  Test). W hen  da ta  were 
analyzed separately for each tim e interval, correlation coefficients 
rem ained  negative, although not always significant (as m ay be 
expected given a loss o f statistical pow er associated w ith reduced 
sample size). C orrelations betw een first differences (m onth-to- 
m on th  change in shell abundance versus m onth-to -m onth  change 
in tourist arrivals) were also negative, bu t less p ronounced  and  
non-significant in m ost cases. Because adjacent transect estimates 
were separated  on average by 30 days, they did not represent 
directly adjacent tim e series datapoints w ith high potential for 
strong co-dependences. Consequently, detrending m ay be an 
overly conservative and  potentially m isleading corrective strategy.
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W hen  data were grouped by tourist arrivals, the strength of 
correlation increased as a function o f tourist arrivals (Fig. 7). T he 
Spearm an  correlation coefficient reached  the m ost negative value 
for data restricted to 28 m onths w ith the highest tourist arrivals 
and  fluctuated around  0 for m onths with the lowest tourist arrivals 
(Fig. 7).

Discussion

Causes of Decline in Shell A bundance
T h e  three models o f shell decline evaluated in this study include 

trends in hydrodynam ics resulting in changes in rates o f onshore 
transport o f shell m aterial; ecological shifts in population  dynamics 
and  ecosystem characteristics resulting in tim e-variant shell input; 
and  changes in tourism  activities and  tourism -related beach 
m anagem ent practices resulting in varying rates o f shell rem oval 
from  shoreline areas. W hereas these models do no t represent an 
exhaustive list o f causal explanations, m any  o ther obvious factors 
such as changes in beach geom orphology, u rb an  encroachm ent, or 
an  increase in com m ercial fisheries are unlikely to apply. O th er 
possible causal drivers are expected to be reflected in patterns 
evaluated by  the three postulated m odels (e.g., an  invasive species 
could alter rank  order o f dom inant species, thus supporting 
ecological changes th rough  time).

Seasonal changes in wave energy m ay result in differential 
delivery o f shell m aterial to the beach [25,45] and  decadal-scale 
changes m ay consequently produce similar changes over longer 
tim e scales. Because wave energy has rem ained  relatively 
unchanged over the last 30 years and  shell abundance did not 
show any significant correlations w ith wave height regardless of 
data groupings and  tests, it is unlikely th a t changes in local 
hydrodynam ic played a notable role in the observed decline in 
shell abundance.

Population dynamics o f the three studied species m ay have 
varied seasonally or th rough  tim e, resulting in a variable input of 
new  shell m aterial to the beach. Because the initial shell inpu t into 
death  assemblages is expected to be prim arily  controlled by 
biological productivity  [46,47], including spawning patterns, 
m ortality  rates, and  related locally-controlled processes, seasonal 
and  m ulti-decadal changes in shell inpu t at L larga Beach cannot 
be evaluated directly (bivalve population  data for the study area 
w ere no t available). Flowever, over the last 30 years the same three 
species have dom inated  the local shell assemblages and  have 
shown com parable seasonal trends. It is, thus, unlikely th a t the 
observed decline in shell abundance in the last th ree  decades was 
driven by changes in population  dynamics. M oreover, for each of 
the three species size frequency distributions rem ained  com parable 
th rough  time, suggesting tem poral stability in m ortality  and 
recruitm ent patterns. Finally, patterns o f  drilling attacks by 
p redatory  snails (within and  across prey  species) did no t change 
notably betw een the two tim e intervals. Thus, all indirect 
ecological proxies m easurable from  the sam pled shell assemblages 
consistently suggested th a t no m ajor changes took place in local 
ecosystems over the last 30 years.

A  significant negative correlation was found betw een tourism  
and  shell abundance consistently at several levels: (1) over the last 
30 years, shell abundance declined almost three-fold (2.62), a value 
w hich is rem arkably close to the concurrent increase in local 
tourist arrivals (2.74); (2) seasonally, the substantial increase in 
sum m er tourism  was congruent w ith concurren t decline in shell 
abundance; and  (3) m onthly, negative correlation betw een shells 
and  tourist arrivals was observed, especially for m onths for which 
local tourist arrivals are high. T he  increase in strength o f the 
correlation w ith increase in tourist arrivals is particularly  
com pelling because it suggests th a t w hen tourist activity was high 
shell abundance decreased. Conversely, w hen local tourist arrivals 
w ere low, the tourism -associated shell loss was less im portan t than
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other processes that m ay have contributed  to variation in rates o f 
shell accum ulation and  shell removal.

Active collecting versus o ther  shell removal processes
T h e  tourism -related processes th a t contribute to shell rem oval 

are certainly not lim ited to shell collecting, although collecting is 
an  im portan t activity along m arine shorelines [48], as also 
dem onstra ted  by  hundreds o f published shell guides aim ed at 
leisurely and  avocational shell collectors. How ever, o ther processes 
m ay be also im portant, including tram pling  [10,33], recreational 
clam  harvesting [49], use o f recreational vehicles [12], sand 
dredging for beach  recovery [10], an d  o ther similar activities. In 
addition, beach  m aintenance, w hich can  be expected to correlate 
with tourism  intensity, often involves extensive cleaning and  
groom ing of beach  areas w ith heavy equipm ent [10,29,50,51]. 
This is the case for L larga Beach, w here m aintenance activities, 
using tractors w ith rakes, occurred  daily during  sum m er m onths o f 
2008-2010, bu t no t during the 1978-1981 sam pling interval.

These m aintenance activities m ay also explain the anom alously 
high decline observed for the 2008-2010 July-A ugust m onths 
w hen com paring  w ith the 1978-1981 tim e interval (Fig. 3B).

T h e  relative im portance of these various tourism -related 
processes is impossible to evaluate for L larga Beach due to lack 
o f relevant data. In  fact, we are no t aw are o f any published 
assessments addressing this issue for dead  shell m aterial (there exist 
num erous studies on  subtidal harvesting o f live mollusks for curio 
trad ing  [32,52] o r im pact o f o ther tourism -related processes on 
beach  an d  intertidal com m unities [10,11,12,50,51]). T he results 
reported  here suggest that an  increase in tourism  can trigger a 
m ajor decrease in shell abundance along shorelines thus providing 
justification for future studies exploring specific processes that 
contribute to rem oval o f shells from  beaches by  tourists.

As m entioned above, o ther hum an-rela ted  activities such as 
com m ercial fisheries are unlikely to have played a  significant role 
in the study area. A lthough C. gallina and  D. trunculus are 
com m ercial species, fisheries along this coast have been  operating
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over the last three decades in areas located far away from  Llarga 
Beach (Castelló, F., 2012, pers. comm).

Local Shell Removal as a Proxy for Global Trends
O ver the last 30 years, global tourism  has grown four-fold, from 

— 250 million tourist arrivals in 1980 to —billion arrivals in 2010 
(U N W T O  T ourism  H ighlights 2010 by the W orld T ourism  
O rganization). T he  nearly  three-fold increase in tourist arrivals at

Llarga Beach is thus no t unusual. G iven this increase in intensity 
and  diversity o f tourism -related processes in coastal habitats
[10,11,12], it is likely th a t shell abundance has decreased on m any 
m arine shorelines, paralleling shell losses due to curio trading 
[52,53], In  fact, some shell-rich countries th a t experience intense 
tourism  have already recognized the severity o f this problem  and 
explicitly regulate n o t only the type, b u t also the quantity, o f shell 
m aterial th a t visitors are allowed to export out o f the country (e.g.,
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the C om m onw ealth  o f Baham as). How ever, we lack assessments o f 
im pact o f  tourism  on shelly organism s over m ulti-decadal time 
scales [10] largely because o f the absence of m ethodologically 
com parative samples from  past decades [29]. Estim ates reported  
here m ay serve as a  starting p o in t tow ard  developing em pirical 
estim ates for shell loss due to tourism .

It is likely th a t the nearly  three-fold decline in shell abundance 
observed at L larga beach  is a  conservative estim ate com pared to 
o ther beaches visited by tourists. W hile a  popular tourist area, 
L larga Beach is no t a  highest-tier tourist destination and, as noted  
above, the increase in tourist arrivals observed for L larga Beach 
was well below  global estimates for the same tim e interval. L larga 
Beach provides shell m aterial dom inated  by  small, com m on 
bivalves th a t are neither attractive to professional shell collectors 
nor spectacular enough to a ttrac t a ttention  o f every casual 
beachcom ber. C om pared  to o ther beaches, w hich m ay harb o r 
esthetically appealing specimens, L larga Beach is unlikely to 
trigger enthusiastic collecting by tourists o r m otivate intense 
subtidal harvesting o f live fauna for curio trading. Finally, the 
negative effects o f collecting live specimens for subsistence and  
recreational shellfish harvesting [10,31,54] have been m inim al in 
the study a rea  com pared to m any  o ther m arine shorelines.

Eco-Environmental C onsequences
R em oval o f shell m aterial from  shorelines m ay trigger negative 

eco-environm ental changes. A m ong others, such changes m ay 
include physical, chem ical, and  biological alterations.

For exam ple, shell m aterial scattered along the shorelines m ay 
stabilize sediments by form ing pavem ents th a t ham per sediment 
m ovem ent [55], although eolian transport o f fine fraction m ay be 
enhanced  locally a round  coarse objects such as shells [56]. 
Selective rem oval o f m acroscopic shells m ay change the rates 
and  patterns o f sedim ent erosion along the shoreline.

Similarly, rem oval o f shells potentially changes calcium  
carbonate  budget. T h e  carbonate  skeletons o f m arine  m acro­
organism s such as echinoderm s an d  mollusks tend  to be 
overlooked in m odeling the global C a C 0 3 cycles in the oceans 
[57], although their role m ay be significant [58,59]. T he 
im portance of mollusks in carbon  cycle has been also acknowl­
edged by listing them  as a  potentially im portan t target for carbon 
sequestration [59]. As our understand ing  of the role o f mollusks in 
the global elem ental cycling continues to im prove, we will also 
need to account for the rem oval o f large quantities o f mollusk 
shells from  the natural cycle by tourism . I f  the rem oval o f shells 
due to tourism  along shorelines increased three-fold over the last 
three  decades, as this study potentially implies, the tourists m ay be 
significandy altering the C a C 0 3 cycling on our planet.

R em oval o r destruction o f shells, w hich serve variety o f 
ecosystem functions, m ay also negatively affect a  b ro ad  spectrum  
o f organisms. T h e  obvious exam ples include use o f  shells for 
anchoring  by seagrass [19], settling for diverse encrusting 
organism s [20,60,61], and  dwelling an d  m ining by endobiolithic 
algae [18] and  bioeroding sponges [62,63]. H erm it crabs an d  fish 
also rely heavily on  mollusk shells (mostly gastropods) and  are 
often lim ited by lack o f suitable shells [21,22,23]. Shells also serve 
as budding m aterials for variety o f  coastal organisms, bo th
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