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Executive Summary

Due to an extremely favorable natural environmental settirjo | ao Bay i s one of
desirablecoastal areaswith some coral reefs valued aver 10 million dollars per square

kilometer based upon a recent economic studylowever, in recent timed.aola®d s
environmenal integrity h a s been declining, | eadi ng CNMI 0 s
agencies to prioritizémproved management for the bay\rmed with management plans and
strategies, the CNMI Division of Environmental Quality applied for and received funding from

the American Recovery and Reinvestment Act (ARRAronduct thd.aolao BayfiRoad and

Coastal Management Improvement p r. Byjiedlyc the project includes road construction and
drainageimprovementn the western portion of the bdlyat will decreasdand-based pollution

being washed into the bay during storm eveni®he project also includemulti-year, re-
vegetationefforts tha aim to replant barreeavannatuplands with native trees and shrubs.

association with these activities, ecological and water quality monitoring are being conducted by

the Pacific Marine Resources Institute (PMRIDn  c ol | abor at i o moniadringh CNMI
program (comprised of member froBivision of Environmental Quality (DEQand Coastal

Reources ManagemerfCRM) dfices) to evaluatethe current ecological and environmental
conditions, and their expected improvement due to project activities.

The currenmonitoringdesignwasbased upon histiwal surveysonducted in 1991hat provide

a robust set of baseline dataplace modern ecological assemblages into cont&xtotal of six
stations were restablished throughout Laolao, with trandeased data collected in two key
habitats: 1) the outer reef flat, and 2) the reef slope &b 8lepth. In addition, one new station

was established further south of existing sites in order to evaluate the watershed drainage
associated with the San Vite access road, a major component of constructibinitees.
Benthic, coral population, fish, and macroinvertebrate data were collected using standardized
protocols. In addition, water quality profiling activities were conducted.

Reef flat assemblages Reef flat benthic substrates wateminated by macroalgae. The most
abundant werdhe seasonal brown alga&argassum polycystynand several persistent red
algae,Laurenciaand Palisada While red algal were prolific throughout Laolao, the relative
abundances of individual species varied between sites, and even between transects within a site.
Comparative analysdsetween 199Jand present indicate sifjecant increases of macroalgae,
mainly comprised opersistentred algaeput alsoin seasonabargassumgrowth The largest
increases in macroalgae were found at sites adjacent to road improvement activities suggesting
that improved water quality expected from construction efforts should eventually have a direct,
positive influence upon these assergbk Multivariate dgal richnessdata support these
findings; highlighting the greatest influerscef controllable laneébased pollutionis evident in

western Laolao.Macroinvertebrates on the reef flats consisted mainly of three species of sea
cucumbersHolothuria atra Holothuria leucospilotaandActinopyga echinites H. atra were

most abundant, reaching densities of over 50 individuals per 1@® some sites. There were

no clear relationships between sea cucumber densities and algal assembiagese there any
ubiquitouschanges since 1991

Water quality profiles. Water quality profiles conducted in the shallow waters outside the reef
margin showedlifferential trends in freshwater discharge acrb&shkay. During a full moon



period when mathly tidal exchange was maximahe easternmost section of the Hhagd
relatively low salinity levels It appears thi:atural gradient in salinity is an artifact of greater
connectivity with the island aquifer, as freshwater seepage through the reef mmathe
proposed mechanisms of delivery during large, negative tide events associated with full and new
moon periods In contrast, the opposite trends were seen dwipgriodof consistent rainfall

and limited tidal exchange to promote connagtiwith the aquifer During this time period,
surface discharge was highest in the western portion of thewlagte the largest volcanic
watesheds exist.

Reef slope assemblages.Benthic surveyseportediower coral coverage ithe eastern portion
of Laolao, where turf algaglominated the substrateThese findings are consistemith water
quality profiling datawhereby lower coral and higher turf algal abundance are associated with
suspecgroundwater influence. Beyond coverage, the composition of assaimblage wasso
significantly differat between the two regions. Where groundwater influence was, rootexd
assemblages were mainly comprised of smé&llanites Leptorig Favia, andGalaxeacolonies,
genera that provide for reduced thdimensiomlity compared with other sitesvhere
Montipora, Porites and severalbranchingcorals were more commonOverall, auniversal
increase incoral population density has become evidantoss theentire bay, as colony sizes
have significantly diminished The nature of these trends, defined in the main repoggestd
high partial mortality of large colonies over the years, famdings are consistent withstudies
reporing increasing pollution aridr decreasing herbivory gsrobable causes Notably, two
stations hadtoralassemblages contrary to the main findingisere colony sizes and assemblage
evenness remained more similar through tiamel arediscussed

Reef slope fish assemblages were dominated by $modied acanthurids (i.e., herbivorous
surgeonfishes) with a near absencestivoreandbenthivore consumerbserved. Mean foed
fish biomass observed during easthtionary point countvas less than Rg. One site showed
contrastingtrends similarly noted above ashere coral and dnthic assemblages héie least
amount of negative change through tin@verall the low abundance and drgay of foodfish
assemblagesre characteristic of high fishing pressumad reduced ecological functional
redundancy In support, there have ée significant declines in food fish amlances and
diversity since 1991whereby functionally diverse assemblages have beglaced mainly by
small acanthuridthat grow and reach reproductive maturity over much shorter time periods.

Macroinvertebrate ssemblages on the nearshore reef slopes were expectedly dominated by
grazing Echinometraand Echinothrix sea urchins. Echinometraurchins were found in high
densities (~40 per 10Ginat all sitesbut ong wherecompromised reef condition was noted
throughtime. The larger, blaclspinedEchinothrixurchins have been slowly increasing through
time, however current densities are less than 10 individuals per 4 @ethbelowEchinometra
abundances.In light of the contemporary doctrinthis study does naduggest compromised
grazing rates of urchins exiatrossfor 5m reef slope assemblagesnsidered across the entire

bay.

Algal assemblages on the reef slope had gredatkn-site variability as compad with the reef
flat, suggestinghey maybelessdesirable indicators of changing water quality through tane,
are better indicators of other environmental regimes. Howauere water quality trends being



collected during phase Il of the projewatll provide a better context for reef slope algal
assemblages

Conclusions This study provides quantitative, measurable data that describe the current
condition of Laolao bayds cor al r e e f-robass s e mb |
manner. While these data provide sound guidance for gedtinlogical targets for ongoing
conservation planning activities, their main purpose are to provide a baseline upon which
(positive) change can be detected due to ARRdject activities. The footprint of construction
activities is centered upon the west portion of Laolao Bay, where access road and drainage
crossing improvements are ongoing. While ecological assemblages are formed through the time
integrated responses of individual species to driving environmental regimes, the time required
for detecable responses may be longer than the project timeline allows forre@h#at algal
assemblages represent tfastest growingecological indicatorsof project success While
reductions in persistent red algal biomass are expeastedater quality immves theassociated
ecological response may require several years before becoming ewdatar quality data will

be the first and immediate measure of project success. Water quality monigocimgently
ongoing and will be the major focus of thesed phase of collaborative monitoring.



Introduction:

Throughoutthe past decadéhe Commonwealth of the Northern Mariana Islands (CNbHy-

term marine monitoring prograims documentedeclining compromisedgcoral reefcondition
throughoutLaodlao Bay (http://www.cnmicoralreef.net/monitoring.hfntHouk and van Woesik

2010. These trends haveorroboratedp u bl i ¢ opi ni on and insight
management agenci€ENMI CRI 2009. Negative changes inde a lack of coral growth and
overallecosystemecovery in the years following high populationsAmfanthaster plancfcoral
predator starfish while sites elsewhere continue to shpuwsitive recovery trendsL a ol ao 6 s
compromised coralassemblagedave previously been attributed to increasing ldvased
pollution discharging into Laolao during storm evefitdouk and van Woesik 2010gand
corroborated with decreased herbivory as a result of unsustainable fishing pralkttisesell

known that togetherpoor water quality and reduced herbivory provide advantage for
macroalgae to outcompete corals for space on the raetsthrough time resultin less
architecture to suppodesirablepiologically diverse assemblagémith et al. 2001Lapointe et

al. 2004 Burkepile and Hay 20Q06Viork et al. 2009. Thenegative trendshat haveemerged

from Laolao bay over the past 10 years forradackbone for generating management plans and
strategies to mitigate against further negative chg@divil CRI2009.

Building uponmanagement plarsnd strategies, the CNMI Division of Environmental Quality
(DEQ) applied for and received funding from the American Recovery and Reinvestment Act
( ARRA) t o ¢ ondu cRoadtahdeCoastal dManagemeBtdnyproviérmentpr oj ect .
Other documents descrilibe project in greater detail, but briefly, the project includes road
construction and drainage improvement to decrease the sediment load being washed into the bay
during storm events. The project also includegagetation activities to replapbrtionsof the

denuded watershadslith native trees and shrubs reduce soil erosion and provide habitat for a
healthy forest fauna.

In association with the ARRA project, ecological and water quality monitoring are being
conductedyy the Pacific Marine Resowes Institute (PMRI)Division of Environmental Quality
(DEQ), andCoastal Reources Management Office (CRM) evaluate currentcological and
environmentalkonditions, andheir expectedmprovement due to project activities. Here, we
summarize finding$rom initial ecological surveys and water quality monitoring activitiége
utilize an extensive dataset developed in 1&9part of thé.aolaoBay golf course construction
(Cheenis PacificCompany 199Pto evaluate the magnitude of negative chaimgkaolao Bay
over the past two decadedslistorical data regarding fish, coral, macroinvertebrate, and algal
assemblages, as well as water quality, provide a rarely available context ugbnnddern
ecological assemblages are characterizEdmbining historic and modern datasetss study
provides unique insight intoreef conditionat high spatial resolutionapprgriate to assess
patterns and changes fodividual subwatersheds

Laolao baymarine environment
Modern reef assemblagasLaolao Bay are influenced by environmentgimes that naturally

occur and must be introduced prior t@ssessing conditionpr change over time The
environmental differencethat areexpectedto be most influential to coral reef assemblages


http://www.cnmicoralreef.net/monitoring.htm

throughout the bayre related to watershed geology.art limestone bedrock exists in the
easternmost portion of the bay, while progressing westwatdanic soilsand bedrockecome
evident(Cloud 1959. As a consequencsignificantly greater connectivity with thifeeshwater
aquifer in the eastern sidef the bayis expected due teéhe presence okarst bedrock.
Elsewhere, the thick soils and volcanic basement arectegh to reduce percolatioand
facilitate the transfer ofjreater surface water discharge during storm evebifferences in the
nature offreshwaterdeliveryto the nearshore marine environméaive consequences fooral
reef assemblagesvhich grow in response to environmental conditions through tinguch
differences in watershed geology have previously been showdictate the modern coral
assemblages that exist throughout the CNMibuk and Starmer@®.0, Houk and van Woesik
2010). Thus, when ealuating resourceondition and change over timee first stratify our
statistical designehenappropriate

The degree of wave exposure also chanigerighout the bayReefs in the esiernmospart of

the bay are more protectedom northeast, tradewthgeneratedwaves thatare common
throughout the yearMoving westwardwave exposure gradually increase§Vave energy has
previouslybeen showrto structure coral reedssemblages the CNMI, based upon lorterm
marine monitoring surveys conducted at8 1 10 m depth (Houk and van Woesik 20)0
However,the influences of wave energy diminish wibkpth. Generally, shallower depths are
associated with more vigorous coral growth due to increased light availability, irtfieasseng
from wave energy, and greater metabolic rafesorals subjected to these conditigBgkeland
1997 Yentsch et al. 2002 These conditions are expected to redtite magnitude and
potentially alter the nature of negative changes from local stre&3eeth and Fabricius 2010
For example negative changes over tinage expected tbe more substantial at greater depths
(Fabricius 2005 a notionsupported byC N M1 longrterm monitoring data(8 i 10 m) that
highlightreduced, and nearly halteglcovery inthe western part dfaolao since the mi@ 0 0,0 6 s
when high predator starfish abundances were evidébbninued collection of longterm
monitoring progranmdatawill augment th@resent studyand aformal analysiss planned fothe
upcoming fiscal yearHere, wefocus efforts ordescribingthe current condition of Laolao Bay
coral reef ecosystems; therebyopiding a robusecological baseline to detect change over time
with respect to the Laab ARRA construction activities

Study Design and Data Collection Methods:

Samplingdesigns were based upbistorical surveys conducted in 1994 total of six stabns

were established throughout Laolao as part of an ecological assessmentciumstnection of

Laolao Bay Golf Coursé€Figurel). Here we revisitedall stationghroughout the bgycollecting

data from two key habitats whergbust datasets were aadble: 1) the outer reef flatand 2)the

reef slope at@ 3i5 m depth In addition, one nevstation was established further south of
existing sites in order to evaluate the watershed drainage associated with the San Vicente access
road, a major componermf construction activitiegStation D1, Figure )l Only reef slope
assemblages were examined from the latter station as no reef flat habitat lexisly, in both
instances surveys were conducted during October, in the midst of the rainy seasest, to b
account for as much of the inherent variation in seasonal algae growth as possible.

Benthic substrates



In 1991 benthic substrate abundaneesre estimatedalong each transect by haphazardly tossing
five, 1 x 1m quadratsit termeter intervals. Bwhic substrate wererecorded under each of 16
intersectingcrosslines within the quadratusing the highest taxonomic resolution possible,
typically at thegenusor species level Turf andcrustose coralline algae weseparatedwhile
rubble and sandiere combined into a single categofihese methods yielded a total of 80 data
points per transect, and three transect to generate statistical estimates at the statiCnrierel.
effort usedthe same number of transects, and transect placementdoeased the level of
replication to improve statistical confidenc&ifty, 0.5 x 0.5m quadratswvere placed atl m
intervak. On the shallow reef flatsubstrate was recorded under each afitérsecting cross
lines within the quadrat using the high&stonomic resolution possible, typically at the generic
level. On the reef slopes a digital photograph was taken at each 1m interval, and the benthos
under each of five random points were assigned -@@iiaed category usintdpe freely available
compute software, Coral Point CoufiKohler and Gill 2006 These metbhds yielded a total of
250 (reef slope) 0B0O (reef flat) data points per transect, and three transect to gersenanel
statistical estimates at the station lefldbuk andvan Woesik 2006 The benthic categories
chosen for analysis were corals (to genus level), turf algae (less ttm)) Bhacroalgae (greater
than Zm, to genus level if abundantjleshy coralline algae known to overgrow coral
(Peyssonnelia, PneophyllgrtKeats et al. 1997Antonius 19992001, crustosecoralline algae,
sand, anather invertebrates (genus level if abundant). Means, standard deviations, and standard
errors were alculated based on the threenb@eplicates, with n = 300 individual points per
transect, n = 900 data points per $itethe reef flat, and n = 250 pddnper transect, n= 750 data
points per site for the reef slape

Corals

For both survey periods coral population data were collected in a similar manner. In each
instance, replicate 1 x 1 m quadrats were tossed al iedgivals along the three, 50 transect

lines. In 1991 fifteen replicate quadrats were sampled while the present surveys used ten
following an initial inspection of the data showisgfficient statistical power to meet survey
demands as well as species saturatioansiderations Within each quadrat all corals were
identified to the species level, the maximum diameter and the diameter perpendicular to the
maximum were recorded. From these measurements, surface arealowetedconsidering
colonieswere circular in nature.

Macroalgae

Algal occurrence and richnedgatawere collectedby haphazardly tossing 18, 1 xm quadrats
along the three 5f transect lines at ~@ intervals. Within each quadrgtresence/absence data
were collected forll algal specieshat were visually distguishable In the event that species
names were uncertain, collections were made anthiguefield names wereecorded Beyond
replicated,quadratbased presence/absence ditase methods also provided foequencies of
occurrencéy pooling datdrom the individual quadrats to the site level.

Macroinvertebrates



For both survey periodsiacroinvertebrate abundances were collected udemgical methods.

All conspicuous macroinvertebrates that were oleskralong 50 x 2n belt transects were
identified to the species level and recordéttatistical estimates were calculated based upon the
three replicate transects surveyed for each station.

Fish data

For both survey periodfish population data were collected in a similar mannéiwelve

staionarypointc ount s ( SPCds) were conducted at equal

station(Bohnsack 1986 During each SPC the observer recorttedname and size afl food

fish within a 5 m circular diameter at varying xanomic resolution based upon functional
similanty (i.e., largebodied acanthurgl largebodied scaridsNaso unicornis N. lituratus
smaltbodied acanthurids, ejc. Largebodiedfish were defined aspecies that have a mean
reproductive size 25 cm, while snall-bodied were defined below 2%n. Statistical estimates
were calculated based upon t imd99¥ne size egiirhaies at e
were recorded, so historical comparisons arsetbaupon population densitjesvhile the
contemporary baseline includes biomass estimates as weike at maturity estimates and
lengthto-biomass coefficients were collected from fishbase (www.fishbase.org).

Water quality data

For thepresent studywater qualitydata reporting is limited to pntihg activities Phase llof

the studywill provide an assessmentsibrmwater and reef flat water sampling datee hey
become available Profile data were collectedsing a YSI 6600 ED$strument. In order to
generate spatial dataseds,auxiliary bilge pump system was fastened to a small bogeterate

a continuous flow of nearshore marine waters (~1ft. in depth) through the YSI sensor casing
system. The boat was driven slowly along the reef line following adgeéned track that was
confirmed with GPS locational data collected at 10 second interVals.Y Sl instrument was set

to collect salinity, conductivity, turbidity, chlorophyt, and temperature datt similar 10
second intervalswhile moving slowlyacross the bay The two eventgresented here were
intentionally collected during varying lunar phases and periods of raiofathderstand natural
characteristics of freshwater delivery to the .bayne set of data was collected during a dry
period (i.e., no substantial raini 7.0 dg/s prior to the survey), associated with a full moon (i.e.,
monthly maximum tidal exchange and highegpected connectivity with groundwaterThe
second dataset was collected during a period of high rainfall, with limited tidal exchange (i.e.,
half-moon).

Data analyses

Historical data from the 199%cological assessment of Laolao bay were owdylable inprinted
format, as appendicas the submitted reportCombined efforts from PMRI, DEQ, and CRM
transcribed thee baseline data into electronic foats, neededor processing and analysis.
However,in some instances data summaries in lieu of raw data themselvepreseated This
artifactintroducedsomelimitations for our ability to conducstatisticalexaminations of change
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over time Described belowthe analysesconductedrepresentthe best useof all existing
information

For exampleraw data pertaining to historicebralcolony sizedistributionswerenot available

In lieu, this study utilized thesite-andspeciedevel data summaries tgeneraterandomized
truncated log-normal distributiondo estimate historical colony size dqfreston 1980 For
eachsite the knownmears, standard deviatia and numbeof colonies observederved as
inputs toestimatehistorical size frequency datasing the freely available software (R Core
DevelopmeniTeam 2008 We performedLO0Oiterationsof this process and representative of
the most frequentistribution(i.e., the covergentdistribution) was seleted for use. In order to
test the accuracy of this assumption, the same process was conducted for the 2010 colony size
datasets, and pairwise KolmogofSmirnov (KS) tests revealed no significant differences
between the generated distributions and tikedata. To compare coral colpsize distribution
between 199%&nd 2010 similar KS tests were conducbedween colomgize distributions at
each site between years

Coral colony data were also assessed in multivariate space,sitsteyel summarystaistics.
Bray-Curtis similarity distances were calculated between eaahof sites, for both timeframes,
and resultant relationships were visualizeanulti-dimensional scaling (MDSplots Anderson

et al. 2008. Tests of significance were conducted to exantiteechange in coral assemblages
through time, and across Laolao bay due to gradients in water quHlityultivariate data had
similar data dispersion amonghe a priori groups being investigatéde., time frame and
geographical separation due to salinity differenogsasured by a PERMDISP test, Anderson et
al. 2008), parametric multivariate testing was condu¢(RERMANOVA test3. If dispersion
was signifcantly different, norparametric tests were used to examine separation (ANOSIM
tests).

No historical data provideaeplicate measures of algal richness or frequency of occurrence, thus,
detailed insight regarding algal assemblages are based upon & fanegngs Algal diversity

data were assessed in multivariate space, usingesiksummaries from quadrat surveys.
Initially, presence/absence simple matchgngilarities were calculated between each pair of
sites and these measures of multivagidifferences were visualized MDS plots @Anderson et

al. 2009. Subsequently, tests sfgnificance were conducted to determihalgal assemblages
differed acrosghe bay Described abovestatistical testing included initial tests to determine
multivariate normality (PERMDISP). If the withigite variance significantly differed, data were
transformed into rankased numbers, and ANOSIM tests were conducted for pairwis
examination. Else, PERMANOVA pairwise testing was conducted.

Fish population density data were similarly examined in multivariate space to deténmine
extent and nature démporal trends.Bray-Curtis similarity distanes were calculated between
everypair of S P G fosboth timeframes, and resultant relationships were visualizegMDS
plots Tests of significance were conducted to examine the change in fish assentiyaggs t
time, and across Laolao bay due to gradients in water quadityescribed above.

For remaining datasettandardized pairwise tests were condudietiveen timeframewhile
first grouping data across all sites within Laolao Bay, and subsequgnglyamining change at
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each individual site.In all instances of pairwise comparisonsifial homogeneity of variance
tests were conducted to ensure that dependent variables met assumptions of nandalidya
transformations were conducted as necgskaralidate assumptiondf data were not normal,
nontparametric testing was conducted to examine for differences.

Results and Discussion
Reef flatassemblages

Benthic data collected from the reef flat habgiadwed three dominant categoreeserel ~90%

of the substratebrown, red, and turf algaéFigure 3. Brown algal growth was comprised
mainly of Sargassum polycystyra seasonal algae common to reef flats of the Mari@fasla
2003. Other notable contributions Bfadina tenuisvere alscevidentin a spatidly inconsistent
manner (Figur@). Red algal growth was comprised mainlyLaelurenciaspp.andPalisadasp,
more persistently growing algae, known to proliferate where poor water quiadlityealuced
herbivory exist(Burkepile and Hay 20Q9%Houk and Camacho 2010 While red algaevere
prolific throughoutLaolao, the relative abundancgindividual species varied between sites, and
even between transects within a site. The dalsé speciesandgenuslevel spatial variance
reman unknown, butarethought to be linked with reef flat topography, proximity to intermittent
stream discharge, ampdoximity to channks that flush reef flat waters.

Comparative analyses between 128®d present indicate significant increases of macroalgae on
Laolao reef flats (P<0.05, pairwisaest for all sites grouped). Largest increases were found for
persisent red algae, described above, however increases in se@aogedsungrowth were also
evident (Figure 4). The largest increases in macroalgae were found at sites adjacent to road
improvement activities (sites Q1C9), suggesting that improved wataratjty expected from
construction efforts should eventually have a direct, positive influence upon these assemblages.

Across Laolaoreef flats the mostpersistentalgae found within 50% ofall quadrat surveys
included Gelidiella acerosaJania capillaceaPalisada perforataand Sargassum polycystum
Comparatively, the algal assemblage at site B1 was urfRp&tatistic> 0.45 for all but one
pairwise comparisonsP<005, ANOSIM, Figure 5, where assemblages comprised relatively
high abundances of smaelids (i.e., red turf algaeBoodlea(i.e., filamentous green algae), and
lessLaurenciaand Palisada(SIMPER species that accounted for the top 30% of differgnces
Continuously forcing mvironmentakegimes such as submarine groundwater dischéoged to

be highest in this section of Laolaare thought to contribute to the persistence of unique algal
assemblages in easternmost Laoléo general thedegree to which species abundance patterns
betweenreplicatemeasures are different, or withsite heterogeneitygan bea usefulindicator

of environmentalinfluence (Houk and van Woesik 2010).This study found the lowest
heterogeneity at sites B1, B4, and C7, where influences from continuous groundveataclor

of channels promoting water exchangn the reef #ts, respectively, were evider?<0.05,
PERMDISP, pairwise comparison between lowest and highest heterogeneityFigjtes, 6.
Elsewhere, wheréargescale, continuous environmental drivers are absmerage, species
richness and owveall heterogeneity were higher, and thoutghbe better indicators of lafzhsed
pollution. In support richnesand heterogeneity weheghest at site C4vhere watershed size is
largest and lanthased pollutiorthought to be greatestased upon watersthesize (Figure 6.
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These findings agree that the absence of r@strictive naturalenvironmental settinghe noted
measures of algal assemblagesrease with increasing pollutioandbr reduced herbivory
(Boyer et al. 2004Fabricius et al. 2005 Therefore, the present findings facilitate a hypothesis
that landbased pollution mayave greatest affinities with assemblagesCat Finally, it is
noteworthythatthe common and persistent red alg@alisadaperforate was dominant at all
sites excepB1, occurring within72-94% of the quadratst each site.

Macroinvertebrates on the reef flats consisted mainly of three species of sea cucumbers:
Holothuria atra Holothuria leucospilota and Actinopyga echinites H. atra were most
abundant, reaching dsities of over 50 individuals per 100 mt some sites (Figure).7 There

were no clear relationships between sea cucumber densities and algal assemblages, nor were
there any substaat changes since 199Figure §. The sole exception is for site Blwhere a

major declinan H. leucospilotaabundances became evident. Given these findings, there are no
expectations for change in sea cucumber abundances in relation to the present mitigation
activities.

Water Quality Profiling

Initial water quality pré@ling activities clearly define inherent differences in ambient conditions
across Laolao bayProfiling activities conducted during full moon periods with no rainfall found
comparativelyfower salinity levelsn the eastern portion of the bay where kesirock exists in

the watershefFigure @). Thus, it appears the natural gradient in salinity is an artifact of greater
connetivity with the island aquiferas freshwater seepage through the reef matrix is the
proposed mechanisms of delivery duringgigrnegative tide events associated with full and new
moan periods(Corbett et al. 1999Umezawa et al. 20QHouk et al. 2005Houk and Starmer
2010. In contrast, the opposite trends were seen during periods of consistent rainfall and limited
tidal exchange to proote connectivity with the aquifer (Figure 9b). Surface discharge was
highest in the western portion of the bay, where the largest volcanic watersheds exist.

Reef slope assemblages

Benthicsurveysreportediower coral coverage ithe groundwater influemt, eastern portion of
Laolao, where turf algae dominatede substratgpairwise ttest for coral and turf algae
abundances at site B8 compared with others, P<0.05 in both instanEegire 10and 1).
These sptial delineations are consistenith the water quality profiling datéFigure 8a) and
thus a probable consequencegodundwater influenceln support, numerous studies have found
reduced coral rad increased algae in associatiovith enhanced groundwater influence
(Umezawa et al. 2002 apointe et al. 2004Houk et al. 201)) and highlight reduced cal
growth rates and increased pesttlement mortality as threechanisms leading to these changes
(van Woesik 2002Houk and van Woesik 2010 Beyond coverage, the composition of coral
assemblage was significantly different between the two regiand through timeas well
(PERMANOVA, FStatistic >3.5, P<0.05, for both comparisoRggure 1). Additionally, trere
was a significant interactive effect -@tatistic = 4.29, P<0.Q1Figure 1) highlighting that
greater chages occurred through time in the eastern part of the bay, wbesmkassemblages
were mainly comprised of smallBorites Leptorig Favia, andGalaxeacolonies Thesegenera
createreducedarchitecture in the reef matrix, dhreedimensionality compared with other
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stations ElsewheregncrustingMontipora massivePorites corymboseAcroporag Pocillopora,

and Stylophora and anincreased richess of corals were found in greater abundance
Comparisons with historical benthic substrate data showsigmificant changes in coral
coverage when grouping all stations together, however site2B2$howed ananomalous
increase in coral coverage sirk®al (Figure 11, discussed below.

Comparisons through timeevealed a miversal increase in population denséyall stations,
especially in the western portion of the b&x0.05, grouped and pairwisdessts,Figure 13.
EncrustingMontipora, massie Porites Leptastrea andFavia corals have all shown significant
increases inpopulation density, and were drivers of these trefigures 13 and 14).
Cumulatively, these changes suggest that although there were localized arefagefvhere
coral pgulation structure showed minimal change (BZ5and C287, Figure 13), throughout
the baythe mean colony size has decreased, along awthifting composition Cumulatively,
the currentcondition of benthic and coral assemblages are consistent pultished reports
describingecological stateander the influence diigh sediment loads, enhanced nutrients, and
decreased herbivorfRogers 1990Fabricius 2005Dikou and van Woesik 20Q61ouk et al.
2010.

Dominant macrdgaethat were foundn more than half o&ll survey quadratsn the reef slopes
included Amansia glomerata Amphiroa fragilissima and Dictyota friabilis.  Pairwise
examinations of sitéevel differences across the bay were mainly-sgmificant, especially in
comparison to the reef flat algakssemblageghat showed the opposite trendsThe only
exceptionwas a significant pairwise difference between the algal assemblages at sites B19 and
D1 (R-Statistic >0.45, P<0.05ANOSIM, Figure 15). Site B19 is associated with high
groundwater influencenoted above as a driver of numasaecological trends reportedastly, a

unique algal assemblage appeared to exist at site D1 compared to other, driven mainly by high
abundances of gelids (i.e., turf red alg@sgtyota friabilis, Dictyosphaeria verslsii, Amphiroa
fragilissima andJania decussatodichotonfgigure 15).

Although most pairwise comparisons alfjal presence/absence trends revealedsignificant
differencespooling the data to examirieequencies of occurrence highlighted twotidist site
groupings B19, C19, and C22 all had steeper slopes associated with their cumulative
dominance curves (Figure 16), suggestimaf greatesimilarities existed between each replicate
guadratas compared with others sites (P>0.05 for pairwise caispas between these three
sites, while P<0.05 for the majority of pairwise comparisons with others, PERMDISP, Figure
16). In contrast, macroalgal assemblages were most evenly distributed at D1, C25, and B22. No
hypothesized explanations are offered &biference in macroalgal heterogeneity, however,
future water quality datmay provide insight In summarywhen pooling data at the site level to
determine frequencies of occurrentmv macroalgalheterogeneity aB19, C19, and C2%as
reported Howeve, when examining algal presence/absencectimepositionwas more uniform
across the bay

Reef slope fish assemblages were dominated by 4rodied acanthurids (i.e., herbivorous
surgeonfishes) with aear absence gfiscivoreandbenthivore consumebservedFigure 17)

Mean foodfish biomassper SPCwas lesstian2 kg. One site showed differences from these
generalized trends, B257, noted above as where coral and benthic assemblages have had non
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significant chage through time. Elsewheré¢he low abundance andiversity of foodfish
assemblageare characteristic of high fishing pressaral reduced ecological functi¢dennings
et al. 1995Bellwood et al. 2003EImqvist et al. 2008 In support, theredvebeen significant
declines in food fish abundancesand diversity since 1991(Figures 18 and 19 whereby
functionally diverse assemblagkave beeneplacedmainly by small acanthurids While low
herbivory levels areorroborated wittdeclining r e e f alandteeaddedhfldence ofland
based pollutionmay representa synergisticcombination Existing studies showhat both
stressors armdeeddriversof negative changéut their synergistic interactiomay be strongst
(Littler et al. 2006 Soka and Hay 2009Houk et al. 2010 The extent nature and
consequencesf reduced fish stocks in Laolarethe subjec of continued investigation, and
arebeing approached in conjunction wehhancedvatershed andiater quality data

Macroinvertebrate assemblages on the nearshore reef slopes \wertedly dominated by
grazingEchinometraand Echinothrixsea urchins (Figure 20 Echinometraurchins were found

in high densities (~40 per 108t all sites except C181, where relatively strong, negative
changes in reef status were noted. In suppustorical data show a major reduction in
Echinometraat C1921, from over 100 individuals per 100°mo appraimately 10 (Figures 21

and 23. The larger, blackpinedEchinothrixurchins havencreasedhrough time nean of 0.8
compared to 3.per 100m?, MannWhitney Utest, P<0.0% however current densities are less

than 10 individuals per 100%mwell belowEchinometraabundances. Urchins obviously have

key functional roles on Laol aods 1(Edmuhdsanddocum
Carpenter 2001Mork et al. 2009, and despite the localized decline at €19 this study does

not suggest comprased grazing rates of urchins exikir 5 m reef slope assemblages
However, reef fish also have key functional roles of grazing algae, andotveabundance and
functional diversity was noted abav®ther trends in macroinvertebrate abundances ineaode
increase in sea cucumber densities in the calmer, eastern side of Laolao, where northeast
tradewind generated waves have less influence, and sandy bottoms are more prevalent. Here, the
increase in sea cucumber density has been accompanied by a dbiftinance froniHolothuria

edulisto Stichopus chloronotud=igures 20 and 22 No contemporaryscientific evidence exists

to corroborate if compositional shifis sea cucumbengflect changing reef integrity, however

the increase in abundance of seauwmbers (grouped) suggests more detritus materiakensis
compared to 199kupporting enhanced nutrient and sediment delivery.

Conclusions and Future Activities
Summary of findings

Since the inception of CNMI 6 m®m 2000 nuanérousocale f I ni
scientists and resource managers have been a
environment showsiegativesigns of human influence. However, this study is the first to

provide scientific evidence and quantitative, meaisie data that describe tharrentcondition

and mechanisms of ecologicahange. Throughthis studywe havegeneratedh secongdrobust

snapshot in time to describe the ecological assemblages in Lawidochange since 1991

While these data provideound guidance for setting ecological targets for ongoamgervation

planning activities, theimain purposewasto provide a baseline upon which (positive) change

can be detectepending the completion @bnstruction and xegetatioractivities
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The collective rsults highlight that negatvec hanges to Laol aodsandcor al
fisheries have becomevident over the past 20 yearsand compromisedecological states
currently exist Both land-based pollution and unsustainable fisharg corroboratedhrough
comparisons with published literature frotime CNMI and elsewhereyet, continued water
guality and watershedata collection will facilitate a more formal analysiBoth compromised
ecological status and negative change through tiraee spatially dependent withithe bay.
Two stations, B227 and C287 showed less change througlnte with respect to theicoral
and benthic assemblagesdwereregarded akaving arelatively highreefcondition A review
of satellite imagery shaswthese stations to have less hydrodynanoicnectivty with reef flat
waters,and thus a perceivedredudion in thedelivery of watershed drainageunoff. This is
visually noted by a lack of channelst into the reef matrix thdicilitate the flushing ofinshore
waters Thus, t appears thabcalizedoceanographic conditiormeay facilitate improved water
guality, in turn favoringcoral recruitment, growthand species richnessFurther comparisons
between thee sitesrevealed that reef condition was better at 2Z5compared to C237
(Figures 16013), in accordance witish assemblageatternsthat shoved higherabundances of
numeroudargebodied herbivorouish (PERMDISPtest Pseudo FStatistic = 7.43P<0.05)

While herbivoryor landbased pollution alone apausibledrivers ofcompromisecssemblages
in Laolaqg the greatest negative changes were evidertere reduced herbivoryand
hypothesized lower water qualigxised Publishedevidence likking reduced herbivory and
water qualityto compromisececological statesupport these findingd.ittler et al. 2006 Sotka
and Hay 2009Houk et al. 201p Clearlyit is imperative to examine how much of the statistical
variance in benthic and coral assemblages can be explained by water quality,rizedsiam
interaction of the two, in order to prioritize themerous management targetSurrent efforts
remain ongoingo improve our understanding of watershed and water qualitgps, and will
serve to addregbese pertinerjuestions

Phase Il of this projeawill continue tocollect water quality datdrom runoff waters during

storm events, and on the reef flats where runoff dischaigm®pling activitiesareongoingand

will provide aquantitative contexto improve oureventualunderstandingf change For the
purposes of this projectyrtherinvestigatiors arefocused upordocumenting(positive) charge

in water quality and nearshore assemblagesa result ofrestoration activitieswithin the
timeframe of the ARRA projectA collaborative effort betwee@ NMI 6 s moni toring
and PMRIaimsto further address theaus¢s) of ecologicalchangewith respect to herbivory

and water qualityover longer time periogsand build statistical models summarize findings

and predict future scenarios
Project-specificconsiderations

The footprint ofconstruction activitiess centered upon the westeporion of Laolao Bay,
where access road and drainage crossing improvements are ongaomgtruction activities
includethe paving and improved drainagé LaoLao Bay Drive the road entering Laolao from
San Vicente, andhe reconstruction ofnumerousstrean crossing to reduce the transport of
sediments to the ocean from these key locatiowthile ecological assemblages are formed
throughthetime-integrated responses of individual species to driving environmental regimaes,
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time required fordetectableresponsge may be longer than the project timelinallows for
(Connell et al. 1997/Nystréom et al. 2000Brown et al. 2002Mumby et al. 2005 especially on

the coraldominated reef slopesThe fastest growing benthic assemblatied are expected to
improve in intgrity from construction activities are the algal assemblages on the reef flats
(Schaffelke et al. 20053Houk and Camacho 2010 While reductions in persistent red algal
biomass are expectgiven improved water qualiffthe ecological response may require several
yeas before becoming evidentor mayproceed slower than expected with@ttoncomitant
increase in herbivorous fish biomass

While future positiveecologicaltrendsover the next 2 yearsare expectedt is suggested that
water qualitydata will be the fist andimmediatemeasure of project succes¥Vater quality
monitoring consists of stormwater sampling during rain events at 10 logassociated with
construction activities, as well as nearshore reef flat marine water sampling on monthly intervals
recardless of raifall (Figure ). The parameters being investigated are temperature, pH, salinity,
total suspended sediments, turbidity, and basic nutrient constituents (nitrates, nitrites,
phosphates, total N and PRRhase Il ofour reporting will be focsed upon a formal analysis of
these data, and their integration watlhecologicalsurveys

Finally, it is noted that reregetationefforts associated with this project acenteredupon a
large semibarren savannah in the eastern portion of Laol@bvious improvements in
vegetation cover areecomingevident, and eventuallyhroughfollowing annual revegetation
plans, are expected to improve the qualityurfoff waters. However,the majordriver of tainted
water quality discharge into the eastdéray isGabgab road, thenpavedaccess road to Laolao
from Kagman. Given the current situatiove do not expect immediate changeshe nearshore
waters of the eastern hayAdditional insight into planting success is available through other
projectrelated reporting and collectively, the eastern portion of Laslalee topic of ontinued
management planning

17



References

Anderson M, Gorley R, Clarke K (2008) PERMANOVA+ for PRIMER: Guide to Software and
Statistical Methods. Plyouth, UK, 214pp PRIMEHRE, Plymouth, UK, 214pp

Antonius A (1999) Metapeyssonnelia corallepida, a new ¢dltadg red alga on Caribbean
Reefs. Coral Reefs 18:3(BD1

Antonius A (2001) Pneophyllum conicum, a coralline red alga causing coralaatf in
Mauritius. Coral Reefs 19:414818

Bellwood DR, Hoey AS, Choat JH (2003) Limited functional redundancy in high diversity
systems: resilience and ecosystem function on coral reefs. Ecology Letter285281

Birkeland C (1997) Life and Death of Coral Reefsa@inan and Hall, New York,(1997)

Bohnsack JABannerotSP (1986) A stationary visual census technique for quantatively
assessing community structure of coral reef fishes. National Oceanic and Atmospheric
Administration Technical Report

Boyer KE, Fong PArmitage AR Cohen, RA(2004).Elevated nutrient content of tropical
macroalgae increases rates of herbivory in coral, seagrass, and mangrove habitats. Coral
Reefs23: 530-538.

Brown BE, Clarke KR, Warwick RM (2002) Serial patterns of biodiversity changerais
across shallow reef flats in Ko Phuket, Thailand, due to the effects of local
(sedimentation) and regional (climatic) perturbations. Marine Biology 142921

Burkepile DE, Hay ME (2006) Herbivore vs. nutrient control of marine primary producers:
Context-dependent effects. Ecology 87:312839

Burkepile DE, Hay ME (2009) Nutrient versus herbivore control of macroalgal community
development and coral growth on a Caribbean reef. Marine Ecology Progress Series
389:7184

Cloud Jr PE (1959) Geology of Saip Mariana Islands; Submarine topography and shoalwater
ecology. Geological Survey Professional Paper&63

Company CP (1992) Quantitative marine baseline survey. Biological resources and water
guality. Bahia Laulau and Unai Laulau Kattan areas, Salariana Islands. In: Office
CCRM (ed), Saipan, MP.

Connell JH, Hughes TP, Wallace CC (1997) Aygar study of coral abundance, recruitment,
and disturbance at several scales in space and time. Ecological Monographsi88:461

Corbett DR, Chanton J, Burt&V, Dillon K, Rutkowski C, Fourqurean JW (1999) Patterns of
groundwater discharge into Florida Bay. Limnology And Oceanography 44155

De'ath G, Fabricius K (2010) Water quality as a regional driver of coral biodiversity and
macroalgae on the Grearrier Reef. Ecological Applications 20:8860

Dikou A, van Woesik R (2006) Survival under chronic stress from sediment load: Spatial
patterns of hard coral communities in the southern islands of Singapore. Marine Pollution
Bulletin 52:721

Edmunds PJ, &penter RC (2001) Recovery of Diadema antillarum reduces macroalgal cover
and increases abundance of juvenile corals on a Caribbean reef. Proceedings of the
National Academy of Sciences of the United States of America 9850V

Elmqvist T, Folke C, Nysom M, Peterson G, Bengtsson J, Walker B, Norberg J (2003)
Response diversity, ecosystem change, and resilience. Front Ecol Enviroi#94488

Fabricius KE (2005) Effects of terrestrial runoff on the ecology of corals and coral reefs: review
and synthesisVarine Pollution Bulletin 50:12846

18



Fabricius K, De'ath G, McCook L, Turak E, Williams DMB (20@)anges in algal, coral and
fish assemblages along water quality gradients on the inshore Great Barrier Reef. Marine
Pollution Bulletin51: 384-398.

Grahan NAJ, Nash KL, Kool JT (in press) Coral reef recovery dynamics in a changing world.
Coral Reefs

Houk P, Van Woesik R (2006) Coral reef benthic video surveys facilitatetdomgmonitoring
in the commonwealth of the Northern Mariana Islands: Toward amalpsampling
strategy. Pac Sci 60:17189

Houk P, van Woesik R (2010) Coral assemblages and reef growth in the Commonwealth of the
Northern Mariana Islands (Western Pacific Ocean). Marine Ecaadyvolutionary
Perspective 31:31829

Houk P, Camacho R2010) Dynamics of seagrass and macroalgal assemblages in Saipan
Lagoon, Western Pacific Ocean: disturbances, pollution, and seasonal cycles. Botanica
Marina 53:208212

Houk P, Starmer J (2010) Constraints on the diversity and distribution ofreefalsemblages
in the volcanic Northern Mariana Islands. Coral Reefs 29(59

Houk P, Musburger C, Wiles P (2010) Water quality and herbivory interactively drivereefal
recovery patterns in American Samoa. PLOSONE 5:€13913

Houk P, Didonato G, Iguel J, Van Wsik R (2005) Assessing the effects of pmint source
pollution on American Samoa's coral reef communities. Environ Monit Assess 4277:11

Initiative CCR (2009) Laolao Bay Conservation Action Plan. In: Agencies CNRM (ed), Saipan,
MP.

Jennings S, GrandcdlEM, Polunin N (1995) The effects of fishing on the diversity, biomass
and trophic structure of Seychelles' reef fish communities. Coral Reefs 12B325

Keats DW, Chamberlain YM, Baba M (1997) Pneophyllum conicum (Dawson) comb nov
(Rhodophyta, Corallinseae), a widespread IndRacific nongeniculate coralline alga
that overgrows and kills live coral. Botanica Marina 40:269

Kohler KE, Gill SM (2006) Coral Point Count with Excel extensions (CPCe): A Visual Basic
program for the determination of coraldasubstrate coverage using random point count
methodology. Computers & Geosciences 32:12869

Lapointe BE, Barile PJ, Yentsch CS, Littler MM, Littler DS, Kakuk B (2004) The relative
importance of nutrient enrichment and herbivory on macroalgal comesingiar
Norman's Pond Cay, Exumas Cays, Bahamas: a "natural" enrichment experiment. Journal
Of Experimental Marine Biology And Ecology 298:2381

Littler MM, Littler DS, Brooks BL (2006) Harmful algae on tropical coral reefs: bottgm
eutrophication antbp-down herbivory. Harmful algae 5:5&85

Mork E, Sjoo GL, Kautsky N, McClanahan TR (2009) Tagwn and bottorup regulation of
macroalgal community structure on a Kenyan reef. Estuarine Coastal and Shelf Science
84:331336

Mumby PJ, Foster NL, Fahy EA@O005) Patch dynamics of coral reef macroalgae under chronic
and acute disturbance. Coral Reefs 24:682

Nystrom M, Folke C, Moberg F (2000) Coral reef disturbance and resilience in a-human
dominated environment. Trends in Ecology & Evolution 15:413

Preston FW (1980) Noncanonical distributions of commonness and rarity. Ecology961:88

19



Rogers CS (1990) Responses of coral reefs and reef organisms to sedimentation. Marine ecology
progress series Oldendorf 62:1882

Schaffelke B, Mellors J, Duke NC (2BpWater quality in the Great Barrier Reef region:
responses of mangrove, seagrass and macroalgal communities. Marine Pollution Bulletin
51:279296

Smith JE, Smith CM, Hunter CL (2001) An experimental analysis of the effects of herbivory and
nutrient enribment on benthic community dynamics on a Hawaiian reef. Coral Reefs
19:332342

Sotka E, Hay M (2009) Effects of herbivores, nutrient enrichment, and their interactions on
macroalgal proliferation and coral growth. Coral Reefs 28555

Team RDC (2008) RA language and environment for statistical computing. R foundation for
statistical computing, Vienna, Austriattp://wwwR-projectorg

Tsuda RT (2003) Checklist and bibliography of the marine benthic algae from tle&la
Islands (Guam and CNMI). University of Guam Marine Laboratory

Umezawa Y, Miyajima T, Kayanne H, Koike | (2002) Significance of groundwater nitrogen
discharge into coral reefs at Ishigaki Island, southwest of Japan. Coral Reefs336346

Van Woesik R2002) Processes regulating coral communities. Comments on Theoretical
Biology 7:201214

Yentsch CS, Yentsch CM, Cullen JJ, Lapointe B, Phinney DA, Yentsch SW (2002) Sunlight and
water transparency: cornerstones in coral research. Journal Of Experikfeirite
Biology And Ecology 268:17-183

20


http://wwwr-projectorg/

Figures:

Monitoring in Laolao

@  Nearshore water sampling

Ecological transects
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Figure 1. A satellite image of Laolao bay showing major watershed delineations, intermittent
streams, water quality sampling locations, and ecological transects surveyed.
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Figure 2. Benthic substratabundances on Laolao reef flats. Algae are grouped by phylum
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Figure 3 Macroalgaktomposition on Laolao reef flats. Algae are grouped by gevitispnly
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(spearman correlation coefficiert$).5).
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Figure 6. Cumulative dominance plots for reef flat algal assemblages based upon replicated,
presence/absence, quadrat survege (eétodyg. The species saturation curves on the bottom

(C4 and B7) indicate that macroalgal assemblages were not dominated by one, or a few, species.
Rather, these assemblages had many species that contributed to the overall macroalgal
occurrences, relativi@ other sites, and thus, a greater heterogeneity between replicate quadrats
(P<0.05, PERMDISP, pairwise comparisons between sites associated with the top and bottom
curves). The opposite patterns are associated with curves on the top; whereby thefdegree
similarity between replicate quadrats was highest.
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Figure 7. Mean seaucumber densities on Laolao reef flats. Only two dominant genera,
ActinopygaandHolothuria are shown as all others were rarely encountered.
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Figure 8. Change in sea cucumber density on Laolao bay reef flats since 1991. The only
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Monitoring in Laolao
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Figure 9ab. Satellite image of Laolao bay with water quality and ecological monitoring stations
shown, as well as thaitial results of water quality profiling to understand natural characteristics
of Laolao discharge patterns. Salinity profile shows a greater influence of freshwater (i.e., lower
salinity) in the eastern portion of the bay (Fig. 8a), a probable coersegof limestone bedrock

in the watershed promoting enhanced connectivity with the aquifer during full moon, maximal
tidal exchange periods. During minimal tidal exchange periods and high rainfall, the opposite
pattern was found (Fig. 8b), as freshwatelivery was more proportional to watershed size

where vdcanic bedrock and soils exist.
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