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1 Introduction

Critical conservation decisionsoften have to be madefrom widely scatteredlocal datathat
mayshow whatappearsto becontradictorytrends.Traditionally, eachtrendwasexaminedinde-
pendentlyto determineif they show statisticallysignificantresults.Thisapproach–determiningthe
proportionof studiesindividually exhibiting statisticalsignificancein theprescribeddirection–is
known as“vote counting” in the meta-analysisliterature,and is inherentlyflawed (Hedgesand
Olkin 1985). HedgesandOlkin (1980)showedthatasthenumberof studiesbecomeslarge, the
proportionof studiesyielding significantresultsis approximatelytheaveragepowerof thetest.

Herewesuggestanimprovedapproach.Ourgoalis to obtainthemostpowerful estimates,and
still modelthevariationamongsites.

2 A Mixed Model Approach

Webegin with thesimplestof models.Let Xit betheestimateof abundanceof nestingfemales
at eachsite i in yeart. We will examinethesimplestpossibledynamicmodelfor eachsite,given
thateachsitebeganwith aninitial numberof nestingfemalesin thefirst yearof thestudy, i.e. at
t � 0 eachsitehadxi0 nestingfemales.If eachpopulationis changingat a constantrateover the
periodof timeof thecensuses,wehave

Xit
� Xi0er it

� εit

wherer i is theinstantaneousrateof populationchange,Xi0 is theinitial populationsizeof the ith
population,andεit is theerrorin theestimateof abundanceanddeviationsfrom theassumedmodel
(sometimescalled“processerror”).

It is unlikely that all the nestsiteswill have exactly the samerateof change,so we will in-
vestigatea simplemixedeffect modelwherewe assumethatr i � N

�
µr � σ2

r � , whereµr is themean
instantaneousrateof changein populationsizefor thenestingsitesandσ2

r is thevarianceamong
populations.

We will investigatetwo approachesto theabovemodel: (1) we log transformthedataanduse
a linearmixedmodeland(2) wewill usetheraw countsanduseageneralizedlinearmixedmodel.
thesecondapproachis moreflexible, andcanhandleyearsin which no turtleswereobserved,but
thefirst is easierto implementandunderstand.

3 A Linear Mixed Model

First,wecanlog transformtheabovemodel.Let xit
� logXit, thenwehave

xit
� xi0 � r it � εit �
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Now r i canbe interpretedasa slope,andxi0 canbe interpretedasan intercept.The initial pop-
ulation numberis also observed with error so that it is clearerif we definethe true initial log
abundanceto beaparameter, θi

� truexi0, whichwewill estimate.Theaboveequationbecomes

xit
� θi � r it � εit �

The nestingsitesvary in sizeandsuitability for nesting,andthesepropertiescanbe thoughtof
asintrinsic to eachsite,andunrelatedto any othersite. Sincethe interceptfor eachnestingsite
determinesthe initial density, we treat the interceptsas site-specificfixed effects. The rate of
changeof thepopulationateachnestingsite,however, mayreflectlarger-scalephenomenasuchas
climateor managementpolicies. Thereforewe modeltheslopefor eachnestingsiteasa random
effect.

We usedrestrictedmaximumlikelihood(REML) to fit the linear mixedmodels. REML can
be thoughtof asanadjustmentto thedegreesof freedomaccountingfor thefixedeffects,giving
unbiasedvarianceestimates(Searleetal. 1992).Thelikelihoodratiotest(lrt) wasusedto compare
thefit of differentmodels.

We estimatedtheparametersof this modelundertwo differentassumptionsfor εit . First, we
assumedthat the varianceof εit is the samefor all sites. That is, we assumethat εit � N

�
0� σ2 � ,

whereσ2 is estimatedfrom thedata. An alternative approachis to assumethat thevariancesare
primarily dueto factorsunrelatedto samplesize,andestimateaseparatevariance,σi for eachsite.

For loggerheads,we were interestedin if the populationgrowth rate haschangedafter the
introductionof TEDsin 1989.We thusfit thepiecewiselinearmixedmodel:

Xit
� Xi0er it

�
r �i t � � εit

wheret 	�
 0 if t 
 1990andt 	 � t � 1989otherwise,andr 	i is thedifferencein theinstantaneous
rateof populationchangebeforeandafterTEDswereintroduced.

4 A Generalized Linear Mixed Model

In order to test the robustnessof our approachwe investigatedalternative model formula-
tions. Alternatively, we assumedthat the residualvariationin theabove modelwasdescribedby
a gamma,asopposedto a lognormal,distribution. For this model,we useda generalizedlinear
mixedmodelwith a log link anda gammaerrordistribution. Thevariationof r amongsiteswas
still consideredGaussian.Theseparameterswereestimatedusing the generalizedlinear mixed
modelmethodsdevelopedby WolfingerandO’Connell(1993).

5 Obtaining an overall estimate of population changes

Theabove modeldoesnot provide anestimateof thetotal populationchangeover time. One
approachcanbeusedif trenddatais availablefor all sites,thoughat somesitesvery limited data
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might be available. In this casewe canincludeall reliabledataandobtainpredictions(BLUP)
from amixedmodelfor eachsiteandyear.

6 Data

6.1 Loggerheads

We useddatafrom beachsurveys of nesting.We have limited our analysisto beacheswhere
we believe the effort hasbeenrelatively constantover time by including only the yearswhere
consistentlengthof beachwassurveyed andsurvey startdatesweresimilar (within a two week
time period). However, for Georgia this information was not available and the assumptionof
consistenteffort may not always be true, particularly for the early years. We view this as the
greatestuncertaintyin theanalysis.Theloggerheadnestingdatahasbeendividedinto two groups,
thenorthernsubpopulationandthesouthernsubpopulation.Thenorthernsubpopulationincludes
thebeachesin NorthCarolina,SouthCarolina,Georgia,andnorthernFlorida.Wecombinedresults
for two differenttime periods:1979-1999and1989-1999.We believe thatthedatafrom themore
recentperiodaremoreconsistent.Thefollowing tableshows thebeachesthatareincludedin the
analysis.
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Subpopulation State Beach Distancesurveyed Dateof first survey
northern NorthCarolina CapeLookoutNationalSeashore ? ?
northern NorthCarolina Bald HeadIslandConservancy 15miles 5/15
northern NorthCarolina HammocksBeachStatePark 3 miles 5/15
northern NorthCarolina CampLejeuneMarineBase 6.8miles 5/24

northern SouthCarolina CapeIsland ? ?

northern Georgia BlackbeardIsland ? ?
northern Georgia CumberlandIsland ? ?
northern Georgia Jekyll Island ? ?
northern Georgia Little CumberlandIsland ? ?
northern Georgia Little St. SimonsIsland ? ?
northern Georgia TybeeIsland ? ?
northern Georgia Ossabaw Island ? ?
northern Georgia PineIsland ? ?
northern Georgia SapeloIsland ? ?
northern Georgia St. Catherine’s Island ? ?
northern Georgia SeaIsland ? ?
northern Georgia St. SimonsIsland ? ?
northern Georgia Wassaw Island ? ?

northern Florida FlaglerCo. 24.1km 4/25-5/1
northern Florida WashingtonOaks 1.1-1.2km 5/1
northern Florida AnastasiaSRA 7.2km 5/1
northern Florida Fort MantanzasNM 11.2-11.3km 5/14-5/27
northern Florida PonteVedraS 23.6km 4/28-5/10
northern Florida GuanaRiverSP 6.7-6.8km 5/1-5/15
northern Florida Amelia Island 14.4-14.5km 5/1
northern Florida Ft ClinchSP 3.7km 5/1

southern Florida HutchinsonIsland 36.5km 4/10-4/24
southern Florida BrowardCo. Beaches 34.7km 3/1
southern Florida J.U.Lloyd SRA 3.9km 4/20-4/30
southern Florida BocaRatonBeaches 8.0km 3/1
southern Florida MacArthurSP 2.9km 3/1-3/10
southern Florida Casey Key 11.8km 5/1
southern Florida SiestaKey 9.0km 5/1

A negative correlationwasfoundbetweenabundanceanddateof first nestfor CapeHatteras
NationalSeashore,NorthCarolinaandPeaIslandNationalWildlife Refuge,NorthCarolina.These
beacheswereleft outof theanalysis.CapeLookoutNationalSeashore,NorthCarolinais believed
to bestandardizedafter1990sothisbeachwasincludedeventhoughthereis nodistancesurveyed
or first dateof survey. For oneof theGeorgia beaches,Little CumberlandIsland,therehasbeena
largeamountof beacherosion.We decidedto keepthis beachin theanalysisbecausethis repre-
sentsnaturalvariationamongbeaches,andtheturtlesfrom thatbeachprobablynestedelsewhere
in the region. A secondanalysiswasperformedfor the northernsubpopulationleaving out the
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Georgia beachesbecausethereliability of thatinformationis not known at this time.

6.2 Leatherbacks

Distanceof beachcoveredandsurvey startdatewereknown for someof thebeachesobserved
for leatherbacknesting.Again, we tried to useonly theyearswith consistentcoverage.Thedata
wereseparatedinto threeareasfor analysisbecausetheoverall trendsdifferedfor thesethreeareas.
Theseareasare:SouthAmerica,St. Croix (US Virgin Islands),andFlorida. For Floridawe have
limited our analysisto beacheswherewe believe theeffort hasbeenrelatively constantover time
by includingonly theyearswhereconsistentlengthof beachwassurveyedandsurvey startdates
weresimilar (within a two weektime period). However, for SouthAmericaandthe US Virgin
Islandsthis informationwasnot availableandtheassumptionof consistenteffort maynot always
betrue,particularlyfor theearlyyears.Thefollowing tableshowsthebeachesthatareincluded.

Area Beach Distancesurveyed Dateof first survey
Florida HutchinsonIsland 36.5km 4/8-4/18
Florida Jupiter/JunoBeach 9.6km 2/15-3/1
Florida JupiterIsland 13.7km 3/1-3/3
Florida MacArthurSP 2.9km 3/1
Florida HighlandBeach 4.8km 4/1-4/15
Florida BrowardCo. Beaches 34.7km 3/1
Florida S BrevardBeaches 40.5km 4/26-5/8

S.America Yalimapo,FrenchGuiana ? ?
S.America Galibi, Suriname ? ?
S.America Matapica,Suriname ? ?

US Virgin Islands St. Croix ? ?

7 Results

Wefit avarietyof modelsto eachdataset:with lognormal,gamma,or extra-Poissonvariability
in theobservationerror, with separateerrorvariancesfor eachbeach,andwith andwithoutoutliers.
We found that therewasrelatively little differenceamongthesemodelsfits, but that theseparate
errorvariancewasusuallyneeded.For simplicity wewill reportthelognormalerrorwith separate
errorvariancesasour primaryestimates.

7.1 Loggerheads

7.1.1 Georgia

As an example,we first considerthe beachesin Georgia individually from 1979-1999.The
estimatesof theslopeif eachnestingsiteis fit individually by OLSregressionare:
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Nesting Parameter Standard T for H0:

Site Estimate Error Parameter=0 Prob > |T|

BKB 0.005577 0.01366527 0.408 0.6878

CUM 0.007004 0.01254062 0.559 0.5860

JEK 0.015879 0.01160858 1.368 0.1903

LCI -0.092834 0.00900179 -10.313 0.0001

LSI 0.041901 0.03072965 1.364 0.2026

OSS 0.017643 0.01747988 1.009 0.3270

PIN -0.011962 0.03620422 -0.330 0.7473

SAP 0.057755 0.02783523 2.075 0.0622

SCI -0.011230 0.01948592 -0.576 0.5760

SEA 0.073510 0.04804723 1.530 0.1604

SSI -0.192613 0.06439019 -2.991 0.0152

TYB -0.001411 0.08965388 -0.016 0.9878

WAS 0.024396 0.01453494 1.678 0.1096

Note that therearetwo nominally significantdeclines(LCI andSSI), but 8 of the 13 slopesare
positive.

We now considerthe mixed model results. The estimatefor the meaninstantaneousrateof
change,µ, was � 0� 003(s.e.= 0.015).Thestandarddeviation of r amongsites,σr , wasestimated
to be0.04,andthestandarddeviation of theerror, σ, wasestimatedto be0.43.

If we allowedseparateerrorvariancesfor eachsite,µ is estimatedto beslightly positive (µ̂ �
0� 002,s.e.= 0.01),andwith lessvariationamongsites(σ̂r

� 0� 03).
Similar resultswereobtainedfor thetime periodfrom 1989to 1999whenthenestingdatais

believedto bemorereliable,i.e. therewasno evidenceof anoverall changein thepopulationsin
Georgia.

7.1.2 Northern US population

In thisanalysiswefit thedatafrom 1978-1989with one“r” andthedataafterwith asecond“r”
(r 	 ) usinga piecewiselinearmodel. In theresultsbelow, the“r” for theearlyperiodis estimated,
thenthechangein “r” is addedon,all in thesamemixedmodel.

error separate year estimate sepred df
error
variance

lognormal no  1978 r ��� 0� 026 0.015 25
lognormal no  1989 r ��� 0� 054 0.022 18

lognormal yes  1978 r ��� 0� 030 0.012 25
lognormal yes  1989 r � � 0� 059 0.017 18
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The effect of the mixed modelanalysisfor the northernUS loggerheadpopulationsis clear
whenexaminingthedata(Fig. 1). Eachpoint in theplot representsthenumberof log transformed
nests.Notethatwhenthereareoutliers,themixedmodelfits downweighttheseoutliers.

• • • • • • •
• •

1980 1985 1990 1995 2000

0

2

4

6

Cape Lookout National Seashore
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

•
• • • •

•
• •

•
•

• • • •

•

•

•
• •

•

•

1980 1985 1990 1995 2000

0

2

4

6

Hammock’s Beach State Park

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• •
•

•
•

•
• •

•
• •

• •
•

•
•

•
•

•

• •

1980 1985 1990 1995 2000

0

2

4

6

Camp Lejeune Marine Base
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• • •
• • •

•
• • •

• • •
•

• • • • • •

1980 1985 1990 1995 2000

0

2

4

6

Bald Head Island Conservancy

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

•
• • •

•
•

•
•

• • •
• • •

•
• •

1980 1985 1990 1995 2000

0

2

4

6

Cape Island
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• • • •
•

•
•

• •

•

1980 1985 1990 1995 2000

0

2

4

6

Tybee Island
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• •
• • • • •

•
•

• • • • •

•

• •
•

• •
•

1980 1985 1990 1995 2000

0

2

4

6

Wassaw Island
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• •
•

•

•
•

•

•

•
•

•
•

•

1980 1985 1990 1995 2000

0

2

4

6

Pine Island

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

234



•
• • • • • •

•
•

• • •
•

•
•

•
•

•
•

1980 1985 1990 1995 2000

0

2

4

6

Ossabaw Island
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

•
• •

• •
•

•

• • • • •
•

1980 1985 1990 1995 2000

0

2

4

6

St. Catherine’s Island
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

•
• • •

•

• • •
• • •

• • •

•

•
•

•
•

• •

1980 1985 1990 1995 2000

0

2

4

6

Blackbeard Island

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• • • • •
•

•

• • •
•

•
•

1980 1985 1990 1995 2000

0

2

4

6

Sapelo Island
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

•

•
•

•
•

• •
• •

• •

1980 1985 1990 1995 2000

0

2

4

6

Sea Island
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• •
•

• •

•

• • • • • •

1980 1985 1990 1995 2000

0

2

4

6

Little St. Simons Island

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

•
• •

• •

•
•

• •

•

1980 1985 1990 1995 2000

0

2

4

6

St. Simons Island
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• • • • •
•

•
•

• • •
•

• • • • • •

1980 1985 1990 1995 2000

0

2

4

6

Jekyll Island
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

235



• •
• • • • • •

• • •
• •

• •
•

•
• • • •

1980 1985 1990 1995 2000

0

2

4

6

Little Cumberland Island

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• • • • •
• • •

•

• • • • • •

1980 1985 1990 1995 2000

0

2

4

6

Cumberland Island
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts •

•

• •

•
• • •

•
•

1980 1985 1990 1995 2000

0

2

4

6

Ft Clinch SP - Nassau County

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

•

• • •

•

•
•

•
•

• •

1980 1985 1990 1995 2000

0

2

4

6

Amelia Island - Nassau County
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• •

•
•

•
•

•

• •
• •

• •

1980 1985 1990 1995 2000

0

2

4

6

Guana River SP - St. John’s County
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• • •
•

• •
•

1980 1985 1990 1995 2000

0

2

4

6

Ponte Vedra S - St. John’s County

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

•

•

•

• • • •
•

•

• •

1980 1985 1990 1995 2000

0

2

4

6

Anastasia SRA - Flagler County
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

•

•

•
•

•

•

1980 1985 1990 1995 2000

0

2

4

6

Fort Mantanzas NM - St. John’s County

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

236



•

• •
•

•

• •

•
• • •

1980 1985 1990 1995 2000

0

2

4

6

Washington Oaks - Flagler County
�

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

• •
• • •

1980 1985 1990 1995 2000

0

2

4

6

Flagler Co. Beaches - Flagler County

Year
�

Lo
g 

N
um

be
r 

of
 N

es
ts

Figure1: Plotsof log transformednestcountsfor thebeachesin thenorthernUSsubpopulationof loggerheadturtles.
Eachpoint is anobservation,thesolid line is theordinaryleastsquaresfit, andthedashedline is theBLUP from the
mixedmodel. Themixedmodelfits comefrom a modelthatassumesa separateerrorvariancefor eachbeach.The
verticaldashedline markstheyearthatTEDswerefirst employed.

Theupshotis: eitherno changeor a decreasefrom 1978to 1989(dependingon which model
you consider),and a probableincreasefrom 1989 to 1999. The magnitudeand statisticalsig-
nificanceof the increasedependsuponthe exact implementationof the model,but the effect is
suggestive in all analyses.

237



7.1.3 Northern US population - Georgia not included

Oneproblemwith theanalysisof thenorthernUS populationis that the reliablity of thedata
from Georgia is not known. Theothersiteshadbothdistanceof beachsurveyedandthestartdate
of thesurvey, informationthatwasmissingfrom theGeorgia data.To assesstherobustnessof the
previousresultswe fit thesamemodelasbefore,but this time omittedtheGeorgia sitesfrom the
analysis.

error separate year estimate sepred df
error
variance

lognormal no  1978 r ��� 0� 002 0.026 12
lognormal no  1989 r ��� 0� 049 0.034 7

lognormal yes  1978 r ��� 0� 011 0.019 12
lognormal yes  1989 r ��� 0� 048 0.028 7

WhenGeorgia is left outof theanalysistheparameterestimatesobtainedaresimilar, resulting
in similar trends,but theseresultsareno longerstatisticallysignificant.

7.1.4 South Florida Loggerheads

Theresultsfor thesouthFloridaloggerheadsare:

error separate year estimate sepred df
error
variance

lognormal no  1978 r � 0� 054 0.022 6
lognormal no  1989 r ����� 0� 011 0.028 1

lognormal yes  1978 r � 0� 055 0.014 6
lognormal yes  1989 r ����� 0� 015 0.021 1

In summary, for southFloridathemodelwith theseparateerrorvariancesfor eachbeach,the
populationhasbeengrowing with a r̂ � 0� 054(s.e.0.022)since1979.Whenanadditionaltermis
addedfor theperiodsince1989,thereis notasignificantchange(r 	 is estimatedto be-0.011(s.e.
0.028)).Notethatthedirectionof changeis theoppositesignasfor thenorthernpopulation.
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Figure2: Plotsof log transformednestcountsfor thebeachesin thesouthernUSsubpopulationof loggerheadturtles.
Eachpoint is anobservation,thesolid line is theordinaryleastsquaresfit, andthedashedline is theBLUP from the
mixedmodel.Themixedmodelfits comefrom a modelthatassumesa commonerrorvarianceamongbeaches.The
verticaldashedline markstheyearthatTEDswerefirst employed.

We alsodisplaytheestimatedtotal numberfor thenorthernandsouthernpopulationsof log-
gerheadfor the surveyed beaches(Fig. 3). In theseplots, we summedthe predictednumbersin
theindividualregressionsandthemixedmodelsestimatesto estimatethetotalnumberin theareas
surveyed.
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Figure3: Plotsof predictednestcountsfor thebeachesin thenorthernandsouthernUSsubpopulationof loggerhead
turtles.Theindividual estimatesarefrom thesumof theindividual OLS regressions,andthemixedmodelestimates
arefrom thesumof theBestLinearUnbiasedPredictorsfor eachbeach.

7.2 Leatherbacks

For leatherbackswe treatedthe datafrom the Virgin Islands,SouthAmerica,andFlorida as
separategroups,or populations.For theVirgin IslandsandFloridawe examineddatafrom 1979
on,but useddatafrom 1987on for SouthAmericabecauseof changesin local fishingpolicy.

For theUS Virgin Islandsite,wecarriedout asimplelinearregressionon thelog transformed
neststo estimatetheinstantaneousrateof populationchange.Theestimatewas0.078(s.e.=0.014).
For theFloridasites,
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error separate estimate sepred df
error
variance

lognormal no r � 0� 118 0.056 6
lognormal yes r � 0� 109 0.019 6
Poisson no r � 0� 095 0.049 6
Poisson yes r � 0� 107 0.059 6
gamma no r � 0� 122 0.053 6
gamma yes r � 0� 117 0.052 6
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Figure4: Plotsof log transformednestcountsfor thebeachesin theFloridapopulationof leatherbackturtles.Each
point is anobservation,thesolid line is theordinaryleastsquaresfit, andthedashedline is theBLUP from themixed
model.Themixedmodelfits comefrom a modelthatassumesa commonerrorvarianceamongbeaches.
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For SouthAmerica,

error separate estimate sepred df
error
variance

lognormal no r ��� 0� 190 0.060 2
lognormal yes r ��� 0� 163 0.041 2
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Figure5: Plotsof log transformednestcountsfor the beachesin the SouthAmericanpopulationof leatherback
turtles. Eachpoint is anobservation,thesolid line is theordinaryleastsquaresfit, andthedashedline is theBLUP
from the mixed model. The mixed model fits comefrom a model that assumesa commonerror varianceamong
beaches.
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We alsodisplaytheestimatedtotal numberfor thenorthernandsouthernpopulationsof log-
gerheadfor the surveyed beaches(Fig. 6). In theseplots, we summedthe predictednumbersin
theindividualregressionsandthemixedmodelsestimatesto estimatethetotalnumberin theareas
surveyed.
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Figure 6: Plots of predictednest countsfor the beachesin the Florida and South America subpopulationof
leatherbackturtles. The individual estimatesare from the sum of the individual OLS regressions,and the mixed
modelestimatesarefrom thesumof theBestLinearUnbiasedPredictorsfor eachbeach.

7.3 Limitations of the analysis

This studywaslimited by theinability to accesstheraw datato assessdayby daycountsand
effort. Futureanalyseswouldbemuchmorereliableif suchdatawasmadeavailable.
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