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Abstract

Family-level biotic metrics were originally designed to rapidly assess grgasio pollution effects, but came to be
regarded as general measures of streagradation. Improvements invater quality in developed countrieave
reignited debate about thimitations of familylevel taxonomy to detect subtle changedis resultingin a shift

back towards generic and spediegel analysis to assesmallereffects Although the scalef pollution
characterizingast condition of streams in developed countries persists in maelppigg regions, some areas are
still considered to be only moderatelisturbed We sampled streams in Belize to investigate the ability of family
level macroiwertebrate metrics to detect change in streatothments where less than 36%orest had been
cleared. Where disturbance did notwesy with natural gradients of changand in areas characterized by low
intensity activities, none of the metrics testidected significant change, despite evidence of environmental
impacts. We highlight the need for further research to clarify the resporsstrids to disturbance over a broader
study area that allows replication for confounding sources of naturatigar We alssecommend research to
developmore detailed understanding of the taxonomy and ecology of Neotropicainvactebrates to improve the

robustness of metric use.
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Introduction

Biotic metrics were first developed in Europe during the earfyGéntury as ameans of using invertebrate
assemblages to assess stream water quality, specifically organiopdbuy. Kolkwitz & Marsson 1909,
Woodiwiss 1964) These metrics were subsequently modified to reflect faleitgl tolerances allowing rapid
stream assessmdptrmitageet al, 1983, Dickens &Graham2002) They have since been pivotal for monitoring
organic stream pollution in mamyf the more devebed regionsincludingthe United States, parts of Europe and
Australia where they underpin sophisticated-BEsessment prograrf&right, 2000, Poquett al, 2009) and have
come to be regarded as general measures of stream conditionhatimeasuesof stressor specific stream

degradatiorfWyzga et al, 2013)

Wide-scale abatement of gross organic pollution and improvements imstrager quality in developed
countrieshavereignited discussions centred on lingitations of family-level tolerance metrics to detect changes in
stream faunéTaylor et al., 1997Smithet al, 1999) to the extent thariberget al.(2011)consider they are
becoming obsolete. In particular, the ability of faméyel information to distinguish variatiossociated with
low-level effects including diffuse sediment inputs and mild eutrophicdtambeen questionédrmitageet al,

1983, Hilsenhoff1988, Jone2008) Although subsequent investigations have yielded mixed réblatgkinset
al., 2000, Waiteet al, 2004, Metzelinget al, 2006) there has been a shift in lagsessment research back towards
generic and specidsvel analysis to assess and diagnose subtle and often diffuse @ffgditonk et al, 2012,

Buendiaet al, 2013, Muphy et al, 2013)

Despite these concernanfily-level metricsstill present a valuable assessment tool in many developing
regionsbecause urbanization is rapidly increasamgl sanitation and sewerage systems tend to bg@apps et al.,
2016) estimates suggeshat up to90 percenbf wastavaterin developing countrieis discharged untreatednd
environmental guidelinesnd water governanege inadequater weakly enforceqWWAP, 2015) Furthermore,
implications for fauna in tropical streammay be greater than in temperate systems: higher temperatures reduce the
capacity of stream water to hold dissolved oxygen, potentiallyrgakem more vulnerable tocreased oxygen
demandinked toorganic pollution(Jacobsen1998, Lewis 2008), altiough this was not found to be the case in the

Australian Wet Tropics (Connolly et a2004)



In contrast teextensive knowledge abotgmperate streamihere exists relatively little information about
the response of tropical stream ecosystems to human activities, orrtiiy igied environmental characteristics of

the speciebelonging tahe macroinvertebrate families traditionally used to classifiperate strean{dacobseet
al., 2008 Alonso-EguiaLis et al.2014. Knowledge is increasing in some aréag, Buss &Sdles, 2007 (Brazil),

Tomanova &Tedescp2007 (Bolivia) RiosTouma et al., 2018Peru & Ecuadqr yet relatively few developing
tropical countries have developed biotic metrics based on knowledigeatfaunaenvironmental relationships
(Jacobsewet al, 2008) Frequently, evaluation has been made by extrapolating from nieased largely on the
oxygen requirements of temperate stream macroinvertebrate fajgd@e€hang et al., 20&hdreferences thein),
which may not reflect the requirements of macroinvertebrates in alagtieams. While some question the validity
of this approach because of species and gspesific tolerancefResh 2007) family-level tolerance metrics like

the Biological Monitoring Working PartygMWP) score, first developed for use in the UK and often incorporating
local modifications for application elsewhere, have been used aldrie eambination with additional metrics to
detect largescale impacts in the developing Ameri¢dacobsenl 998, Knee& Encalada2013) the Caribbean

(Naranjo Lépezt al, 2005) Asia(Boonsoonget al, 2009, and Africa(Kobingi et al, 2009)

While the adaptation of these metrics can be valuatdssitmeshe environments to be assessed are
suffering gross organia dargescale impacts. However, many developing tropical aaeastill minimally or only
moderately disturbed. For example, in eight Latin American countrie&ymrcenif the national population is
concentrated in the largest c{i@ohen 2006) and according to the 281Global Forest Resource Assessmexier
half of Central America’s land aréacovered by forest or other woody vegetatidmless populated areas,
particularly where stream headwaters pi@ected stressors affectingireamscan be mild and diffuse. Given
concerns about the efficacy with which fardigvel metrics discriminate subtle impacts in the regions for which

they were intended, there is a need to assess their ability to discrimindéyéb effectselsewhere

We investigate family-level macroinvertebrateetric responsto environmental change in a tropical
landscape that is only moderately disturbed. We selected four catchmenithars@elize wherthe population
densitywas low (< 7 people/kmiin 2012, $atistical Institute oBelize, 2016), andless than 3@ercentof the forest
had been converted to other lamsesCherringtoret al, 2010) We hypothesized that family metrics would vary

in relation to decreasing foresteohdition along a gradieritom subsistnce/non mechanized farmingrasidential
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activities tocommercial agriculture. Our study catchments were environmentallypbeterousGarrieet al, 2015
andsince environmental and subsequent biological change can be associateatwdt as well as anthropogenic
gradientgNeff & Jackson2011) we expected to observe a response to both gradiabthty to detect
anthropogenic environmental change can be confounded by natural wapatiticularly where disturbance effects
are suble andnatural variabilitjarge(Hawkinset al, 2000, Metzelinget al, 2006),sowe controlled foiseason,
stream order and altitude alotated our treatment categorsparately within streams of different geological types
(i.e., treatment group was nested within categories reflecting upstrealoggcal influence). Due to logistical
constraints imposed by natural patterns of disturbance, we acknowlet#géiad issues associated with collinearity
between disturbance and longiinal position of the site on the stream, and attempted to quantify thisrio# as a
confounding parameter. A secondary objective therefore, was to cobgidessessment in circumstances where

logistical constraints limit sample design.

Materials and M ethods

Study Area

We selected 46itesbelow 130 m asl across fo8f to 5" order stream systems that drain 2606 &fsemi
deciduous upland and coaspdain broadleaf rainforest and pine savan(tag. 1). The headwaters of all but one
streamwere contained within forested reseraesl littleinfrastructural or urban development was present. Sites
wereevenly distributedicrosscalcareousind silicategeologies Swidden agriculture (hereaftégrmedmilpa’),
residential activities, cattle pastures and citrus plantatioosrredacross the study areBanana cultivation and
sand and gravehining occurred only in silicate catchments. Five sites at least 1 km apart were sele@ed a pr
within each offour treatment categoriegl) forest;(2) milpa; (3) residential activities; and (4) commercial
agriculturein each stream type using local knowledge, aerial photographyeodnaissanceAccess limitations

preventedsanpling of oneof the five forested calcareous sites, meaning we sampled a total of 39 sites

To confirm allocation of sites to treatment categories, information alimodi activities was recorded at
the 20 transects following Peck et al. (2006). Adaptations were tmdwgnan activity categories to reflect
activities present in the study area. The presence-gbmg or recent neamechanized rotational farming in the

riparian zone was summed for milpa; the presence of banana, citrusefzast/or cattle and assat€d equipment



(e.g, abstraction pipes, cattle fencing) was used as evidence of commercial aggj@utdence of residential
activities including bathing and laundry and community buildings wasdedas residential us&orested reaches
had littleor no evidence adjacent to the stream of recent anthropogenic disturdossgvations were weighted
according to proximity to the stream channel, and summed to produce@si#telsscribing the different categories
of human activity following Kaufmanat al. (1999). Comparison of scores confirmed treatment groups to be
dissimilar to the others (p<0.05), except commercial agriculture ardergial activities in silicate stream sections
(Tukeys testp=0.472). Furthermore, all silicate agricultural and residential sies influenced by Hstream sand
and gravel mining. Thus silicate stream treatment categories were revikgdgt’, ‘milpa’ and ‘multiple

stressors’, where multiple stressors represented a combination wiecoia agriculture, i@dential and mining

activities.

Macroinvertebrates

Macroinvertebrates were sampled between March and May(2@di2iry seasoripllowing Assessment System for
the EcologicaRQuality of Streams and Rivers through&iutrope using Benthi acroinvertebrateAQEM) project
methodqgAQEM Consortium2002) Sampling was limited to one season to control for the potentially confogndi
effects of seasonality on macroinvertebrate assemblages observediyhareams previously (Carrie et al.,
2015), and thadthers have linked to temporal variation in metric scores in other lowksstdopical streams
(Helson and Williams, 2013). Sampling was timed to occur during low offlmageonditions becauseuman
impacts are likely to be more pronounced and becsitesEms are more accessibleventy units (30 x 30 cm) were
sampled in microhabitats proportional to their cover at each sitey adiick net (30 x 25 cm frame, 500 pm mesh)
and manual samplingMicrohabitats were defined asmbinatiors of substrate and flowypes with coverage of at
least fivepercentn a sampling reacapproximately2x the average channel widttll reachesontainediffle -pool
sections Samples wre fixedin situusing 10 percemeutral buffered formalin and spe®ns sorted from residue

in the laboatory before preservation in 70 percetitanol.ln a departurérom AQEM methodologyspecimens

were sorted from all residuggther tharfrom subsamples. Regional keys were ug8dringeret al, 2010) along
with resources from North and South Amerib&erritt et al, 2008 Mugnaiet al, 2010 to enumerate whole
samples to family taxonomic level. Brachyura, Ostracoda, Oligocha#yahBeta and Collembola were identified

to order.



We selected four sictural metrics commonlysedto evaluate stream condition in tropical streams: (1)
family richness; (2) the number of families in orders EphemerofRézapptera, and Trichoptera (EPT richness); (3)
a version of the BMWP scof@rmitageet al.1983)adapted for Costa Rican streams (BMMUR) (seeOnline
Resources for scoring familiey and (4) the Average Score Per Taxon (ASER) that is derived frorthe
BMWP-CR index by dividing BMWP values by the number of contributory (@&mitageet al, 1983. We
expected scores to decrease in response to disturhiiaedso selected seven functional metdossidered
sensitive to change in the environmental characteristics most variablestudy streams (sedimentation and
riparian land cover see reglts) (e.g.Bensteackt al, 2003 Sutherlanckt al, 2012, Buendiat al, 2013) The
proportion of the total fauna (by abundance) within thraait (clinger (CL), burrower (BU), swimmer (SW)) and
four feeding (collectoegatherers (CG), collectdilterers (CF), scrapers (SC), shredders (SH)) groups was calculated
following Tomanoveet al.(2008) Tomanova and Ussegheolatera (2007)Merritt et al.(2008 and our own
observations for taxa nbsted (Table Online Resources.2Following Moyaet al.(2011) allocations were
weighted by the strength of affinity for more than one feedirtzabittrait. We expected that CG and BU would
increase in relative abundance in response to disturbance and that SC, SW, &g, SL would decrease (Merritt
et al, 2008, Tomanovat al, 2008), alhough where perturbation is lownonlinear response to nutrient and light

subsidies may be evident in some fimral and taxonomic metrics (Odum et &B79, Bojsen &acobser2003).

Environmental variables

Triplicate measurements of water temperature, dissolved oxygen BiOand electrical conductance (EC) were
made using hand hefifobes (YSI 55YSI, Yellow Springs, OH, LB A, Oakton PCSTestr 3&kutech Instruments,
Vernon Hills, IL, USA). Analysis of nitrate (N@N) andsoluble reactive phosphate (Fpwas made in situ in
triplicate from filtered samples taken métteam (Whatmanpellulose acetatmembrane filters (0.45 pm)) usithge
Hach DR890 colorimetdiHachCompany, Loveland, CO,.8A) andthe cadmium reduction and ascorbic acid

methods respectively

Channel substrates, embeddedness, water depth and width, and dpadpy wereneasured following
the quantitative methodsf Pecket al.(2006)along 20 transectdaced evenlypvera distance equal to 40x the mean
stream width.Riparian forest widtlwas estimated at the same 20 poiStseam condition was assesseihgshe

Stream Visual Assessment Protocol (SVARatural Resources Conservation Seryicd8)adapted foBelize
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(Esselman2001). This method qualitatively ranks features describingipalattributesd.g.water appearance,
bank stability etc.) from 1 to 10. The average of the scores assigned feaactprovides an overall site score

ranging from degraded (1) to reference condition (10).

Covariation between environmentaltdidance and natural vatian

We controled for confounding natural variation by stratifying our survey network bydarfgeology and
restrictingsites to lowland streams of similsiream orderHowever, the mosipacted areas in the studied silicate
streams occurred only on tw# Brder main stemsWe were logistically unable to widen the study asea,
impacted and unimpacted sites were selected on the same watercoursesnitidiolirability to replicatesites
within treatment categories to reduce covariation between disturbance aitadioadjposition on the strearrig.

1). To account for longitudinal position, the distance of each site from #s&t w@s calculated from a digitized
drainage ma|j1:50000) using ArcGis (Version 9.2, ESRI, Redlands, California) folldwing Ligeiro et al.

(2013), a continuous stream size metric was calculated by mirtiglye mean values for stream width and depth.

Statistical analyses

Uncorrelated composite vabies explaining variation in the original dataset were extracted usirggaiin
components analysis (PCA) with varimax rotation on 14 environmermiablesconsideredndicative of stream
impairmen (Tables 1 &) andtwo variables describing longitudinal positiofihe number of components to retain
was determined followingonsideration of variance explained and scree plagationamong treatment groups in
PCA site scores was tested using-oray ANOVA followed when significant f=<0.05),by pairwise comparisons
(Tukeys tes) separately for calcareous and silicate streams. Welch's ANOVA and &Gtomedl posthoc tests

were used where Levene's tests indicted heterogeneous variances.

To examine patterns of variation and tests§emblageomposition differed among calcareous and silicate
streams we used nanetric multidimensional scaling (hnMDS) and permutational multataranalysis of variance
(PERMANOVA) (Andersoret al. 2008)onlog;o(x+1)-transformed data with Bra@urtis dissimilarity as the
distance measui@ray & Curtis 1957) To test variability in biotic metrics among treatment groups we used one
way ANOVA, followed by pairwise comparisonsukeys tes) when significantf=<0.05), separately f@ach

stream type Levene’s tests for thesmmparisonproduced a nosignificant result (p8.05), confirming variance
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across groups was equivalent despitesthalldifferencesin sample sizeamong some of the treatment groups
investigate the possibility that model outputs were driven by spatialaatetation we visually assessed residuals of
models that gave gignificant result Variation in taxonomic attributes among treatment groups was alsoresch
using nMDS and PERRANOVA separately for each stream type, followed by pairwise comparisbesav
significant effect was foundThe indicator value method (INDVALPufréne &Legendre1997)was used to

identify taxon discriminating between treatment groups when a sigmifeffect was found. The indicator value of a
taxon varies from 0 to 100, aradtains maximum value when all individuals of a taxon occur at all sitesiofjie

treatment.

nMDS and PERMANOVA were performed using PririefClarke & Gorley, 2006)with the
PERMANOVA+ (Andersonet al., 2008)addon. All other tests and plots were done ust§reewargR
Development Core Tegra008) Two-dimensional nMDS solutions were retained because stress values were <0.2
(Clarke &Warwick, 2001)andp-values for the test statistic (pseugwalue) in PERMANOVA were based on
9999 permutations. Data were checked for distribution assumptions and s§@amndpercentagelatawerearcsine

transformedorior to analysis.

Results

Environmentaktharacteristics

Three principal components deibed 76.7 percerdf variation in environmental characteristics in silicate streams.
PC1 accounted fot6.1 percenfTablel) andwas loaded with variables describing covarying anthropogenic and
natural gradints.It was positively correlated with the distance of the sampled sitetiie seaDO, SVAP, pH and
riparian width and negatively correlated with the proportion offisands and embeddedness and water turbidity.
PCL1 site scores varied significandlgnong treatment groupB%£17.96,p<0.00L), and highlighted that disturbance
was confounded by the natural longitudinal gradient. Pairwise companishiceted that riparian forest alongside
downstream sections in areas subject to multiple stressors wasegoadetl, that substrates were more embedded
with sand and fines, and water more turbid and acidic than in upstreasmadrforestd<0.001) and milpa land
(p=0.008). These characteristics also varied among milpa and foresteg=sX€21). Theravas no significant

variation among treatment groups in the environmental characteristicslted by PCs 2 and 3 (Talile



Five prircipal components described 78.7 peredntariation in environmental characteristins
calcareous streanasd PC1 accounted for 27p@ércentof this(Table2). It was positively related to SVAP, N®,
riparian width and>O and negatively related to substratum embeddedness afd Rontrast to silicate streams,
variables describing longitudinal position of the sitrevstrongly loaded on PC2, rather than PC1. Thus PC1 was
considered to represent a disturbance gradient less confounded by this padentmlof natural variation. PC1
varied among treatment groups=(7.89,p=0.002). Pairwise comparisons indicate@am substrates were more
embedded at sites in all treatment groups, riparian forest was more degtestd water PO lower andDO
higherthan atsites in forested areas (forest:mifpe0.038, forest:residenti@k-0.023, forest:agricultune=0.001).
There was no significant variation among treatment groups in the envintadrobaracteristicsescribed by PCs 2
4 (Table2). Mean values for environmental characteristics are providegbfdr treatment group (Table Online

Resource8 & 4).

Macroinvertebrates

The primary determinant of macroinvertebrate assemblage compositiostneam type (PERMANOVA=14.47
p<0.0Q1) (Fig. 2) and, in silicate streams alone, treatment group (PERMANG®¥A,81p=0.004) (Fig.3). In
silicate streamsssemldge compositioat sites influenced by multiple stressors was significantly diffdrem
upstream forested sitets=1.42,p=0.013) and milpa site$51.38,p=0.017) and they were characterized by
Naucoridae and Thiaridae (Tal8¢. Compositionabifferences among forested and milpa sites were minimal
(t=1.15,p=0.167), although six taxa were significant indicators of foresited, and nine of milpa siteBhree were
common to both forest and milpa sites, consistent with their genbiglycompositional similarity. Perlidae was
the most distinctive indicator of upstream forested sites but wagpedsent, albeit in low abundances, in areas
subject ® multiple stressordn contrast, Odontoceridae and Athericidae were entirely absent frorovthstceam
sites. Athericidae also characterized milpa sitesJaldmoceratidaeas the most distinctive indicator and it was
also absent from downstream sites subject to multiple stressarsretdydrobiosidaeand Psychodidae.
Hydroptilidae, LimoniidaendCoenagrionidashowed affinity for milpa sites, but were recorded with less

frequency in downstream sections.

The only functional metric to vary significantly among treatment ggonsilicate streams was the

proportion of collectogatherersg=0.041). CGswere less important at downstream multiple stressor sites relative
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to forested [§=0.039) and milpa sitep£0.022). Mean values for most structural metrics were highest @ siies,
revealirg a nonlinear response (Fig). Family richness, EPfamily richness, BWMPCR and ASPTCR were all
significantly higher at milpa than multiple stressor sites, while ol4MB?-CR and ASPICR were significantly
higher at forest thamultiple stressor sites. Visual analysis of model residuals for BMDRBuggested sites may
not have been wholly independent. However, clear patterns were not revaakedpatial plots for nsb other

model residuals (Online Resourdgs

Although classification boundaries from remote geographic locati@msot be relialylused to assess
condition in the study aresatructural metric scores were high enough at all sites to demonstrateleonocevof
major impacts on the macroinvertebrate fauna. Nineteen of the 20 silicatasipgsdwould have been classified
as being of ‘excellent’ quality (BMWHER >120) using Costa Rican criteria, including those influenced by cattle,

banana cultivatin and instream mining (Online Resourc&s

In calcareous streams there was no evidence of consistent composéiwa#d v or evidence of
significant variation in structural or functional metrics among treatigexups. Fig.4). However, tolerance
metrics and family richness tended to be lower at agriculturaltb#@sothers, although variation within groups
reduced the significance of these differences. This is demonstrated bynilyeriizhness metric, for which the
lowest and highest values (17 and 36) were recorded at agricultural sttesgttedominated). Minimum EPT
richness (7) and BMWHER (82) scores were calcugat for samples taken from agricultural sites (cattle and citrus),
while maximum scores were recorded at sites subject to residential actERi€si¢hness: 15 and BMWER:
198). The minimum ASP-CR score (4.81) was recorded in an area of subsistemamfawhilst the maximum
score (5.91) was recorded in a forested reach. Sixteen of the 19 calcareoumpitx$ ashieved BMWIZR

scores of 120 or more, including those influenced by resadexttivities and cattléOnline Resources8).

Discussion

The efficacy with which familjlevel metrics can detect subtle environmental change is increasinglyogeesiiy
researchers temperate streangslawkinset al, 2000, Lenat &Resh 2001, Waiteet al, 2004, Heing2014)
Controlling where possiblgfor environmental heterogeneity atropical landscape where levels of distambe

were moderately low, we fourittle evidence that familevel metrics responded consistenthatthropogenic
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environmental changeSgnificant variation in metriscores wasnot observed among calcaredreatment groups
where the disturbance gradiempearedower than in silicate streamand where it did not correspond closely with
a gradient of longitudinal change. Although a significant response \sasveld in asemblage attributes measured
at our most disturbed silicate stream sections, disturbance wadystroltigear with the natural upstream
downstream gradient, making it impossible to separate the two. €ulisrare limited to dry season data only.
However, since it is probable that the influence of human activiie®re discernible at this time because flows are
lowest, aur resultshighlight threekey problems associated wittssessingnthropogenic effects using familgvel
metrics in tropical langtapes that are only moderately disturbed. Below we exah@se problems and consider

implicationsassociated witlour findings.

Problems of cdinearity

Natural gradients influence the suitability of lawd &gricultureand othemuses making it problematic to attribute
variation in aquatic biotto stressor gradientsecause ofovariation in natural and human environmeetg (
Richardset al, 1997, Yates &Bailey, 2010. Our ability to assess the efficacy with which fardigvel metrics

could detect anthropogenic changesilicate streamw/as limited bycovariation between patternsdi§turbancen

the study landscapnd longitudinal position of the site on the stream. Like offeegsRichardset al, 1997,
Kratzeret al, 2006 Yates &Bailey, 2010, we were unable to relate biological change solely to anthropogenic
effects because environmental characteristics that can be important drizessmblageomposition and that may
reflect natural heterogeneity, including stiatum, flow dynamics and macrophyte abundance, varied as silicate

streams flowed downstream.

At downstream sitesiparian and depositional characteristics, particularly fine sediment atation,
were significantly altered from those measured as$ sipstream. Corresponding biolaglichange was explained
by the replacement of families considered intolerant of organic sergs®@ontoceridae, Calamoceratidae,
Athericidae) with taxa that have greater ability to recover from distwd eventse(g NaucoridaeThiaridae). The
compositional changes observed contributed to significant reductionsilyg énd EPT richness and BMWER
and ASPTCR scores at multiple stressor sites. This responseamssstent with that shown in other tropical
streans where the removal ¢éxa from sites subject to higbvels of anthropogenic stress resulted in a reduction of

metric scores that were originally designed to resgormtganic pollution (Thorne &Villiams, 1997, Raburet al,
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2009 Helson & Williams, P13), and with studies in temperate streams which found that sedimerdigtnificantly
influenced families intolerant of organic stress (Suttratét al, 2012) Given the nature of activities impacting
downstream locationsyhich have been related to changes in macroinvertebrate assemblages elsewherg ¢Hardin
al., 2000, Castillo et al2006, Schafeet al, 2007), it would be surprising if anthropogenic biological alteration had
not occurred. However, the extent to which bdiptal change corresponds with natural and/or anthropogenic

environmental changa the silicate streante@mains unclear.

Importance of effect size

Our results support the notion tlmasponse of familevel information can be robust to strong envinemal

gradients butan yieldambiguous patterrisr low-level effectfJones2008). Consistent withrevious conclusios
(Carrieet al, 2015, compositional data indicatezhvironmental variation associated with geology exerted stronger
influence than that associateith human activities (Fig2). The strength of geological influence is not surprising
given observations elsewhgfdeff & Jackson2011), especiallysince our data confirmeslr study streams were
only moderately disturbedO, pH and turbiditf{Online Resource3 & 4) were within the range stipulated in
Columbian (Decree 1594 of 1984), Costa Rican (Decree 33903 of 2007) and Mexiea fGED1-89) legislation

to safeguard aquatic life, and were similar to measurements made irafhyrammoderately disturbed streams

aaoss a number of tropical regiofiEhorne &Williams, 1997)

Nonetheless, significant variation in PC1 scores anadirigeatment categories indicated that human
activity had altered stream condition. Yietcalcareous streams there was little evide¢hatassociated
environmental change was strongly related to composition or biotic meticagricultural sitespean EPT and
ASPT-CR scores were reduced, suggesting a response in at least some intolerast fauhilaxa that were
frequently sampledt forested and milpa sites.§.Athericidee, Odontoceridae, Ecnomidad®grlidae) were not
consistently removed. Variation within the agricultural group mégathomogenization of pastoral and arable
sites, although this is not supported by the randamily richness at catldominated sites, nor would it explain
metric score variability within the more homogenous milpa andessal groys. We consider it more likely
reflects'noise’ resulting from natural biological variability maskiagy subtle anthropogenic effealgtectable at
family-level, and/orincomplete knowledge about the response of Neotropical macroinvertebrdistsitbance

effects €.g.Tomanova &Tedescp2007, Jacobseet al, 2008 AlonsoEguialLiset al., 2014
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Knowledgegars

Non-significant trends eviderin structuraimetric response, includirdgcreases in ASRTR and EPT at calcareous
agricultural sitegnd patterns indicative of a subsislyess response moststructural metrics at silicate milpa
relative to forested sitesuggest more finely resolveéaxonomic informatiomight enable better discrimination of
low-level effects. Furthermorewefailed to detect significant or predictable chang&umrctionalmetrics, even
where effectsvere presumed to be great&stis may reflect our incomplete knowledge of taxon identity and
ecology, since patterns contrast with response to change in riparian antiafegdaharacteristics reported

elsewhere (Benstead al, 2003, Buendiat al, 2013)

Using generic level information, Lorion and Kennedy (20&honstrated considerable variation in
assemblageomposition and EPT richness among forested and pasture reachesiRiCasstreams, even when
pasturewas buffered by riparian foresdthers faveillustratedthe high discriminatory power thgenerie and
speciedevelinformation can providé€Dudgeon 2012, Monket al, 2012) even where the magnitude of disturbance
is small(Hawkinset al, 2000, Bensteadt al, 2003, Waiteet al, 2004, Buadiaet al, 2013) Some traitare
considered relatively stable among genera of many faniiliedecet al, 2000) Yet, the consolidation of trait
information tofamily-levelis questionabléecause of withirfiamily variation and behavioural plasticity
particularly in the feeding habits of Neotropical t§kamanoveet al, 2008) Weattempted to reflect behavioural
plasticity byassigninguzzy-coded trait{Moyaet al, 2011) Ultimately however, this was done usifagnily-level
data andraitsaggregated from knowledge w@ixainhabiting North anouth American streamsquivalent
information is not available for Ceat America Congeneric species with differing geographical distributiay
possess similar traits and show similar resporsesvironmental chang®olédecet al, 2000) However,
ambiguitiesdo arise at the familevel. In Kenyan streams for exampBnbsonet al.(2002)noted that some
Baetidaegenerally allocated to the grazaraperfeeding groupappeared to adoptshredding role. This example,
and otherge.g. Tomanoveet al, 2008) underscore that the traits we assigned may not correspond clogely wi

those oftaxa inhabitinghe study streams

Conclusions
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Overall, our findings correspond with others that have shown fdeil metrics can lack the sensitivity
required to distinguish subtle effe€kilsenhoff,1988, Hawkinget al, 2000, Waiteet al, 2004) Importantly our
study also highlighted a number of problems associated with the use gfkaweil metrics in contexts where the
implementation of ideal sampling strategiesonstrained. Givethesefindings we conclude with

recommendations for thErogresion of stream bi@ssessment undsimilar circumstances

Replication

Our findings imply familylevel structural metriggarticularly the ASPTCR and EPT scoremay have utility for
monitoring coarsescale effects in the study streams. However, analysis of environraedthlological
information over a larger study area that allows replication for longitudasitign is reommendedo separate
natural and anthropogenic effeasd to clarify the nature of metric response p&nding the study areeould
allow for replication ofites in independent catchments ammiild enable consideration of a wider rangéwihan
activities and landise In addition, a largr sample size would allouse ofstatistical techniques like mixezffect
modellingto helpaccount for spatial autoorrelation in sample design (Zuur et 2D09). Such approaches rebn
sample sizes that can accommodate fixed and random effeatsodetlinterceptsand in our studgampling effort

would have had to have beedoubled to achieve potentialigeaningful model outputs (AZuur, pers.comm).

Reducing the taxonoimand ecological knowledge gap

Our results imply a need to resolve fardidyel data to a finer taxonomic resolution and learn more about how
ecological and biological traits vary within families before we can beaigoin attempts tdescribe lowlevel
environmental change the stualy streams. We were unable to evaluate the similarifsrafly-level information
with analysisof the same datat finer taxonomic resolutiore(g.Buss & Vitoring 2010) because consistent
identification beyond family ismpossible giverknowledge abouthe Belizeanstream macroinvertebrate fauna
(Carrie & Kay, 2014. These uncertaintiesill be difficult to addressintil knowledge about the taxonomy,
ecological requirements and behaviours of species and genera presenggiotiie expanded Taxonomic work
in progress for BelizeGQarrie & Kay, 2014, recent advances knowledgeand continuing efforts ithe wider

region(e.g.Buss & Salles2007, Tomanova & Tedesc®007, Tomanova &JssegliePolatera2007, Roquet al,
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2008, Browret al, 2009, Springeet al, 2010 RiosTouma et al., 2014Alonso-EguiaLiset al., 201%, and DNA

sequence based approacfigsjibabaekt al, 2011,Stein et al., 20¥shouldgreatly facilitate this endeavour.
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Table 1. Summary of PCA information for disturbann silicate streams. The highest loading for each

environmental variable is given in bold. Variables describing longitudositipn are shaded in grey.

PC1 PC2 PC3

Eigenvalue 7.38 3.38 1.51

Cumulative % variation 46.1 67.3 76.7

%Fines -0956  -0.038 -0.033
Distance Sea 0.898 -0.068  0.349
%Embeddedness -0.881 0.353 -0.043
Dissolved Oxygen 0.864 -0.028  -0.085
SVAP? 0.826 0.158 0.413
Turbidity -0.823 0.028 0.018
pH 0.757 0.129 0.421
Riparian Width 0.747 0.348 0.323
%Sand -0.720 -0.015 -0.234
Conductivity -0.336 -0.835 -0.159
Stream Size 0.519 -0814  -0.091
Temperature 0.161 0.779 0.093
%Gravel -0.084  0.742 -0.484
PO* 0.102 -0635  -0.240
Riparian Canopy 0.043 0.218 0.830

NOsN 0.368 0.044 0.728

aStreamVisual Assessment Protocol Score
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Table 2. Summary of PCA information for disturbance in calcareous stréeBmashighest loading for each

environmental variable is given in bold. Variables describing longitudostipn are shaded in grey.

PC1 PC2 PC3 PC4 PC5

Eigenvalue 4.43 3.29 2.06 1.71 1.10

Cumulative % variation 27.9 48.3 61.1 71.8 78.7

SVAP? 0.901 -0.111  -0.070 -0.067 -0.012
NOzN 0.766 0.343 0.060 0.140 0.065
%Embeddedness -0.733 -0.046 0.399 0.114 0.314
Riparian Width 0.635 -0.326 -0.464  -0.218 0.360
Dissolved Oxygen 0.533 0.505 0.020 0.221 -0.460
PO -0.518 0.162 0.292  -0.383 -0.078
Stream Size -0.239 0.902 0.063 0.013 0.041
Distance Sea 0.247 0.808 0.164 0.180 -0.306
pH -0.052 -0.790 0.194 0.202 -0.130
Turbidity -0.132 0.057 0.926 0.133 -0.133
%Fines -0.577 0.037 0.607 -0.160 0.175
Temperature -0.241  -0.445 0.594 -0.399  -0.026
%Sand -0.354  0.458  -0.466 0.391 0.291
Conductivity -0.123  0.156 0.174 0.883 0.230
%Gravel 0.092 -0.375  -0.272 0.645 -0.353
RiparianCanopy 0.012 0.012 -0.082 0.117 0.780

aStream Visual Assessment Protocol Score
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Table 3. Summary of indicator analysis for treatment group compansilicate streams. Shown are the families

with highest indicator values calculated based on the relative abundancecarah€y of occurrence of each

species among the a priori treatment categories

Family Indicator Value Indicator Value
Multiple Forest Multiple Milpa
Stressors Stressors

Thiaridae 63.8* 36.1

Naucoridae 61.5* 38.5

Perlidae 7.7 82.7**

Odontoceridae 0 66.7*

Athericidae 0 66.7** 0 60.0*

Psephenidae 11.0 62.7* 9.7 78.2*

Elmidae 40.6 59.4* 38.0 62.0*

Gerridae 0.01 58.8*

Calamoceratidae 0 80.0**

Hydroptilidae 13.6 75.4*

Limoniidae 19.0 71.4*

Coenagrionidae 24.6 68.4*

Hydrobiosidae 0 60.0*

Psychodidae 0 60.0*

** significant at p<0.01, * significant at p<0.05
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Figure Captions

Fig 1 Location of the study area and sites sampledithern Belize. Sites sampledtheRio Grande, Golden

Stream and Deep River systears considered to lmalcareousand the remainingites silicate.

Fig 2 Nonr-metric multidimensional scaling (hMDS) biplot showing Bf@yrtis similarity in community

composition of macroinvertebrate assemblages at silicate and calcaresus sit

Fig 3 Norr-metric multidimensional scaling (hnMDS) biplot showing similarity of cammity composition at sites

within each treatment group () silicate andb) calcareous streams

Fig 4 Variation in(a,b Family Richness(c,d EPT Richnesge,) BMWP Score andg,h) ASPT Scoreamong
treatment groupm silicate and calcareous streams. F = ForestMilpa, M St = Multiple Stressor, R = Residential
and A = Agriculture. Boxes are interquartile ranges, centre direemedians and error bars indicat® 86d &

percentiles
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