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TROPICAL STREAMS

The influence of geology and season on
macroinvertebrates in Belizean streams:
implications for tropical bioassessment
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Abstract: Considerable attention has been paid to the potentially confounding effects of geological and seasonal
variation on outputs from bioassessments in temperate streams, but our understanding about these influences
is limited for many tropical systems. We explored variation in macroinvertebrate assemblage composition and
the environmental characteristics of 3™- to 5™-order streams in a geologically heterogeneous tropical landscape
in the wet and dry seasons. Study streams drained catchments with land cover ranging from predominantly for-
ested to agricultural land, but data indicated that distinct water-chemistry and substratum conditions associated
with predominantly calcareous and silicate geologies were key determinants of macroinvertebrate assemblage com-
position. Most notably, calcareous streams were characterized by a relatively abundant noninsect fauna, particularly a
pachychilid gastropod snail. The association between geological variation and assemblage composition was appar-
ent during both seasons, but significant temporal variation in compositional characteristics was detected only in
calcareous streams, possibly because of limited statistical power to detect change at silicate sites, or the limited
extent of our temporal data. We discuss the implications of our findings for tropical bioassessment programs.
Our key findings suggest that geology can be an important determinant of macroinvertebrate assemblages in tropi-
cal streams and that geological heterogeneity may influence the scale of temporal response in characteristic mac-
roinvertebrate assemblages.
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In response to growing human pressure on the world’s
freshwater systems, bioassessment has become an inte-
gral component of stream management across the globe
(Dolédec and Statzner 2010). The response of macroin-
vertebrate taxa to anthropogenic stress has been incor-
porated into policy and practice for water resource man-
agement in countries on every inhabited continent (e.g.,
ANZECC 2000, Council of the European Communities
2000, Dickens and Graham 2002, Barbour et al. 2006,
Morse et al. 2007, Ministério do Meio Ambiente 2012).
Accurate measurement of the effects of anthropogenic
stress on macroinvertebrate assemblages requires a bio-
logically meaningful reference against which potentially
impaired assemblages can be compared (Hawkins et al.
2010). However, streams are influenced by numerous en-
vironmental factors that result in considerable natural het-

erogeneity in macroinvertebrate composition (e.g., Van-
note et al. 1980, Townsend and Hildrew 1994). Controlling
for this variation is a prerequisite of bioassessment (Bailey
et al. 2004).

Geology and season are 2 of the most important envi-
ronmental factors producing heterogeneity in macroinver-
tebrate assemblage composition and bioassessment output
in temperate streams (Munné and Prat 2011, Neff and Jack-
son 2011). Geological effects on macroinvertebrates have
been related to variation in water chemistry (Olson 2012),
food resources (Mosher and Findlay 2011), stream flow
(Jin and Ward 2007), and water flow pathways (Barquin
and Death 2006). Geology also influences habitat charac-
teristics that are of direct significance to macroinverte-
brate assemblages (Minshall 1984). Seasonal variation has
been linked to life-history strategies and food availability
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(Johnson et al. 2012). Temperature and hydrology also can
change with season and can be linked to geomorphological
controls (Poff et al. 2006, Webb et al. 2008). Consequently,
geological (e.g., alkalinity, proportion of calcareous bed-
rock) and seasonal (e.g., wet/dry, spring/autumn) variables
often are incorporated in typological and site-specific pre-
dictive approaches to bioassessment that attempt to con-
trol for naturally occurring variation in temperate streams
(e.g., Council of the European Communities 2000, Snelder
et al. 2004).

Stream bioassessment is being implemented with in-
creasing frequency in tropical developing countries (Jacob-
sen et al. 2008), where stratification to control for natural
variation often focuses on factors related to longitudinal
position or catchment size (e.g., altitude and stream order)
(e.g., Baptista et al. 2007, Oliveira et al. 2011). With few
exceptions (Moya et al. 2011, Dudgeon 2012), the poten-
tially confounding effects of geology on macroinverte-
brate distribution are seldom considered, despite the con-
siderable geological variation that exists in many tropical
catchments (Ramos-Escobedo and Vazquez 2001, Esselman
et al. 2006). Furthermore, several investigators have exam-
ined macroinvertebrate seasonality in tropical streams, but
a common pattern has not emerged (Jacobsen et al. 2008).
Weak or absent seasonal signals have been observed in
benthic and drift studies (Melo and Froehlich 2001, Ramirez
and Pringle 2001), whereas distinct patterns in others have
been attributed, in isolation and combination, to thermal,
chemical, and hydrologic regimes (Flecker and Feifarek
1994, Jacobsen 1998, Ramirez et al. 2006, Rios-Touma et al.
2012).

In this context, we examined the relative importance
of geology, season, and human disturbance on macroin-
vertebrate assemblage composition in streams in south-
ern Belize. In this region, the macroinvertebrate fauna
is poorly known and descriptions of environmental rela-
tionships have not been published. Nevertheless, we hy-
pothesized that macroinvertebrate assemblages would be
influenced by geology and season, as they are in temper-
ate streams (Munné and Prat 2011, Neff and Jackson 2011),
and we expected this influence to overwhelm influence
related to catchment position and the relatively low lev-
els of human disturbance that occur in southern Belize.

METHODS
Study area

We conducted our study in ~2600 km” of semidecidu-
ous upland and coastal-plain broadleaf rainforest and pine
savanna known locally as the Maya Mountain Marine Cor-
ridor (MMMC). The MMMC is drained by tributaries
of the Rio Grande, Golden Stream, Deep River, and Mon-
key River systems into the Port Honduras Marine Reserve
in southern Belize (Fig. 1). The streams drain small-to-
medium-sized catchments that can receive >4000 mm of
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Figure 1. Sites sampled during 2010 and 2012 in southern
Belize and their underlying geological characteristics. Rio Grande,
Golden Stream, and Deep River are the southern catchments.
The inset map shows the location of Belize in Central America
and the locations of the studied catchments, which form the
Maya Mountain Marine Corridor, in Belize.

precipitation per year, mostly during a distinct wet season
(June—October). The region is geologically diverse (Fig. 1).
The Monkey River system comprises 3 branches: the Swasey
and Trio Rivers drain predominantly metamorphosed sed-
iments of the Santa Rosa Group (SRG), and these rivers
are affected by local intrusions of granite and contact meta-
morphism. The Bladen Branch is primarily influenced by
the extrusive volcanic rocks of the Bladen Volcanic Mem-
ber (BVM), and by extensive Cretaceous limestone before
it flows, like the Swasey and Trio, through Pleistocene allu-
vium and deposits of calcareous sand and mud (Bateson
and Hall 1977). Headwaters of the remaining systems drain
Cretaceous limestone, which is characterized by karst to-
pography typified by sinkholes, springs, caves, and under-
ground streams, before reaching the coastal plain, which
is composed of a series of shales, turbidites, calcareous and
noncalcareous sandstones, conglomerates, and mudstones
known as the Toledo Beds formation (Dixon 1956). The
area is sparsely populated (<7 people/km?), with low lev-
els of infrastructural or urban development. Subsistence
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farming, small-scale and commercial selective logging, cat-
tle ranching, citrus and banana cultivation, and in-stream
sand and gravel mining are the main sources of anthropo-
genic stress.

Our main assessment was undertaken using data col-
lected between March and May (end dry season) and Oc-
tober and December (beginning dry season) in 2010. Twenty
sites were randomly selected using RivEx+ software (ver-
sion 6.9; RivEx, Southampton, UK) on stream sections
below 125 m elevation in a sampling network stratified
by 4 underlying broad surficial geological categories: 1)
limestone = Cretaceous limestones, 2) Toledo Beds = the
Toledo Beds formation, 3) volcanics = the metamorphic
and volcanic rocks of the Santa Rosa Group (SRG) and
Bladen Volcanic Member (BVM), and 4) alluvium = Pleis-
tocene alluvium deposits (Fig. 1, Table 1). We wanted
to assess whether effects of geology could be detected re-
gardless of human activity, so we stratified our sampling
network by disturbance (forested/best available, disturbed).

Patterns observed resulted in an imbalance of sites
among the most influential geologies and were potentially
confounded by spatial effects (e.g., sites influenced pre-
dominantly by volcanics were in the Monkey River catch-
ment). Therefore, we compared end-of-dry-season 2010
biological data with biological samples collected from
45 sites at the end of the dry season in 2012 (10 of which
were the same as those visited in 2010 [highlighted in
Table 1]) in a sampling network more evenly stratified
by volcanic and limestone influence. Four of the 45 sites
were influenced by a mixture of limestone and volcanic
rocks, and 1 site on a tributary of the Monkey River sys-
tem drained predominantly limestone in contrast to the
remaining Monkey River sites which were influenced pre-
dominately by volcanic rocks (Fig. 1). The collection, lab-
oratory, and nonmetric multidimensional scaling (NMDS)
ordination methods described in the following sections were
identical for samples taken during both survey years.

Biological sampling and identification

We sampled sites for macroinvertebrates during both
seasons in 2010 and at the beginning of the dry season
in 2012. Sampling was based on the Assessment System
for the Ecological Quality of Streams and Rivers through-
out Europe using Benthic Macroinvertebrates (AQEM)
project methods (AQEM Consortium 2002) using a kick
net (30- x 25-cm frame, 500-um mesh) and manual sam-
pling to enable a multihabitat approach. Multihabitat sam-
pling is a standard way to deal with intrasite variability
in habitat occurrence in bioassessment (e.g., Barbour et al.
2006), and we used it because of variability in habitats pres-
ent among sites. We sampled 20 units (30 x 30 ¢cm) in mi-
crohabitats proportionally to their cover at each site. We
defined microhabitats as a combination of substrate and
flow type with coverage of >5% in a sampling reach ~2x

the average channel width. We established microhabitats
based on manual mapping and visual estimation at each
site. We fixed samples in the field with 10% neutral buf-
fered formalin. In a departure from AQEM methods, and
because few macroinvertebrate records exist for the study
streams, we sorted specimens from all residue in the labo-
ratory rather than from subsamples. We preserved speci-
mens in 70% ethanol and used regional keys where avail-
able (Brown et al. 2009, Springer et al. 2010) and resources
from North America (Merritt et al. 2008, Thorp and Covich
2009) for identification to family taxonomic level. We iden-
tified Ostracoda, Oligochaeta, Polychaeta, and Collembola
to order and Brachyura to infraorder. When specimens
could not be identified reliably to family because of dam-
age or immaturity they were counted to order.

Measurement of environmental variables

We measured physicochemical variables during both
seasons in 2010 simultaneously with benthic sampling.
Triplicate measurements of stream-water temperature, dis-
solved O, (DO), pH, and electrical conductance (EC) were
made in situ using hand-held probes (YSI 55; Yellow Springs
Instruments, Yellow Springs, Ohio; Oakton PCSTestr 35;
Eutech Instruments, Vernon Hills, Illinois). We measured
SiO, with the Hach DR890 following the silicomolyb-
date method (Hach Company, Loveland, Colorado).

We measured environmental variables at the begin-
ning of the dry season only. Information about channel
substratum, water depth and width, and riparian charac-
teristics was collected following methods outlined by Peck
et al. (2006) along 21 transects placed evenly to cover a
distance equal to 40% the mean stream width. Current
velocity was measured along 1 transect at 0.6x stream
depth using the Valeport Braystoke flow meter (Valeport,
Devon, UK) from which stream discharge was estimated
following the cross-sectional-area procedure. We assessed
stream condition with a version of the Stream Visual As-
sessment Protocol (SVAP) (Natural Resources Conser-
vation Service 1998) adapted for Belizean streams (Esselman
2001). This method qualitatively ranks features describ-
ing the following physical attributes from 1 to 10 (chan-
nel condition, hydrologic alteration, riparian zone, water
appearance, bank stability, nutrient enrichment, barriers
to fish movement, in-stream fish cover, pools, insect/in-
vertebrate cover, fishing pressure, riffle embeddedness, and
manure presence). The average of the sum of these features
provides an overall site score ranging from degraded (1) to
reference condition (10). We recorded information about
11 types of disturbances (row-crop agriculture, subsistence
agriculture, pasture, logging, laundry points, roads, mining,
buildings, channel modifications, trash, and pipes) on both
banks at each of the 20 transects following the methods
of Peck et al. (2006) and summed these data to produce
the human impact score (W1_Hall metric) as described by
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Kaufmann et al. (1999). We made adaptations to the dis-
turbance categories outlined by Peck et al. (2006) to re-
flect the activities present in our study area (we replaced
parks and lawns, which were not present, with subsistence
farming, and pavements by laundry points). We weighted
observations according to their proximity from the stream
channel (on the bank or in the channel [x 1.5]), within
10-m of the bank and 10-m either side of the transect
(x1.0), and present beyond the 10-m plot (x0.667) (Kauf-
mann et al. 1999).

We obtained geographical, geological, and hydromor-
phological information with ArcGIS (version 9.2; Envi-
ronmental Systems Research Institute, Redlands, California)
and topographic maps (1:50,000). To compute the geo-
logical data, we calculated proportions of volcanics, lime-
stone, Toledo Beds, and alluvium within the upstream
subcatchment by intersecting geological information with
coverage area. We used catchment geology rather than un-
derlying geology to account for the cumulative effects on
water chemistry and substrate material of upstream and un-
derlying geology at a location, rather than localized effects
related only to the geology underlying the sampled site.

Statistical analysis

Prior to analysis, we summarized environmental and bi-
ological data sets separately for each season and year. We
explored patterns in environmental and biological data by
using ordination techniques to identify sites with similar
characteristics. We used principal components analysis (PCA)
to summarize variation in the 27 environmental variables
and to visualize the relationship between the 20 sites sam-
pled during 2010. We used steepness of slope in the associ-
ated scree plot (assessed by presence of an ‘elbow’) and
consideration of the variance explained to select the num-
ber of components to retain for further analysis. We used
a varimax rotation to facilitate interpretation of the PCA
components. Prior to PCA, we transformed data where
necessary to reduce skewness because it can influence the
PCA solution (Jolliffe 2002) (see Table 2 for transforma-
tions applied). We used NMDS based on Bray—Curtis sim-
ilarity on log(x + 1)-transformed abundance data separately
for the 2010 and 2012 biological data sets to summarize
multidimensional patterns in macroinvertebrate assem-
blage structure and group samples by similarity. We re-
tained 2-dimensional solutions because stress values were
<0.2 in all cases (Clarke and Warwick 2001). We used the
indicator value method (IndVal) (Dufréne and Legendre
1997) to identify taxa that discriminated among groups of
sites. The indicator value of a taxon varies from 0 to 100, and
it attains maximum value when all individuals of a taxon
occur at all sites of a single group.

We used distance-based redundancy analysis (DistLM)
(Anderson et al. 2008) to explore relationships among the

rotated components and biological data. This analysis was
undertaken only on the beginning-of-the-dry-season 2010
data set because the complete suite of environmental var-
iables was not measured at the end of the dry season. In
all cases, the 2"%-order corrected Akaike information cri-
terion (AICc), a modification of the AIC specially designed
for small numbers of samples (<40), was used to rank com-
binations of principal components (PCs) (Burnham and An-
derson 2002). First, marginal tests were done to assess the
significance (from 9999 permutations) of the relationship be-
tween each principal component and the biological similar-
ity matrix. Then the ‘best’ model-selection routine was used
to identify parsimonious combinations of components that
provided the lowest AICc value after adding the variables
in a forward, backward, and stepwise fashion. Comparisons
between models were based on differences in AICc values.
Competing models fit the data similarly (a number of mod-
els had an AICc score within 2 points of the minimum AICc
score), so we calculated an AICc weight as described by
Burnham and Anderson (2002). This weight reflected the
relative likelihood of each model being the best-fitting
model among those considered, and allowed calculation of
the relative importance of each component as the sum of
model AICc weights over the subset of models within
which each component occurred (Burnham and Anderson
2002). The higher the summed weights, the more impor-
tant the component is. To avoid biasing relative impor-
tance values (i.e., by under or over representing any one
component), we conducted this analysis over the entire
model set (Burnham and Anderson 2002).

One-way permutational multivariate analysis of vari-
ance (PERMANOVA) tests were undertaken to compare
seasonality in macroinvertebrate assemblages and water
chemistry. We also assessed the temporal similarity of sites
based on assemblage composition using the Procrustean
randomization test PROTEST (Jackson 1995), to scale, ro-
tate, dilate, and superimpose the 2010 end-of-dry-season
NMDS ordination plot on the ordination produced for the
2010 beginning-of-the-dry-season data, before assessing the
statistical fit using 1000 random permutations. Procrus-
tean fitting is based on the least-squares criterion that min-
imizes the sum of the squared residuals (#°) between the
2 configurations. The m* statistic provides a measure of
concordance between the 2 ordinations. Assemblage com-
position varied among Monkey River system and southern
catchment sites, so we also carried out 1-way PERMANOVA
and PROTEST analyses separately for these groups of
sites. When a significant seasonal effect was observed,
we used IndVal to identify taxa discriminating between
seasons.

The uneven sample size that resulted from the com-
positional patterns (Monkey River 6 sites, southern catch-
ments: Rio Grande, Golden Stream, and Deep River 14 sites;
see Table 1) could have contributed to the different sea-
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Table 2. Rotated principal component analysis (PCA) matrix detailing measured environmental variables (and
transformations applied) at sites surveyed at the beginning of the dry season 2010 in streams of the Maya
Mountain Marine Corridor, southern Belize. Variables weighted most strongly on each component are high-
lighted in bold. WI_Hall = human impact score. SVAP = Stream Visual Assessment Protocol.

Variable PC1 PC2 PC3 PC4 PC5
Eigenvalue 8.04 6.13 3.77 2.44 1.58
% variation 29.8 22.7 13.9 9.0 5.8
Variable (transformation)

% limestone (arcsine) 0.958 -0.102 0.069 -0.054 0.119
SiO, -0.843 -0.284 0.219 -0.186 -0.068
% volcanic (arcsine) -0.841 0.075 -0.497 0.099 -0.039
Electrical conductivity 0.809 0.031 0.501 0.010 -0.087
% sand (arcsine) -0.652 0.220 -0.164 -0.402 0.444
Temperature an) -0.572 -0.275 -0.189 0.400 -0.427
% bedrock (arcsine) 0.562 0.199 0.531 0.541 -0.027
Catchment size -0.020 0.947 0.120 -0.041 0.084
Discharge (log;o) 0.203 0.935 0.030 0.131 0.035
Wetted width -0.226 0.852 -0.136 -0.236 0.142
W1_Hall -0.079 0.677 0.151 -0.448 -0.332
Depth 0.361 0.676 0.375 -0.062 0.105
SVAP 0.405 -0.528 -0.485 0.347 0.106
% bank canopy (arcsine) 0.404 -0.494 0.436 0.231 0.265
Turbidity 0.013 0.056 0.852 -0.141 0.180
Dissolved O, -0.336 0.217 -0.800 0.093 -0.128
Altitude -0.027 -0.458 -0.773 0.088 -0.001
% Toledo beds (arcsine) 0.211 0.059 0.716 0.058 -0.608
% coarse gravel (arcsine) -0.265 -0.523 -0.530 -0.135 -0.145
Substrate diameter (log;o) 0.079 ~0.213 ~0.096 0.890 ~0.175
% boulders (arcsine) -0.057 -0.159 -0.124 0.861 -0.068
% embeddedness (arcsine) -0.239 0.047 -0.310 -0.823 0.173
% fines (arcsine) 0.352 0.280 0.369 -0.710 0.117
% fine gravel (arcsine) 0.442 -0.455 0.092 -0.537 -0.064
% cobbles (arcsine) -0.274 -0.325 -0.469 0.507 -0.258
pH 0.074 0.111 -0.020 0.441 0.074
% alluvium (arcsine) 0.138 0.076 0.325 -0.153 0.807

sonal signals among stream types, so we tested statistical
power by resampling data from the southern catchment
data set. We drew sample sizes of 6 and 12 fifty times
(trials) and used a 1-way PERMANOVA to test for dif-
ferences between seasons for each trial. The proportion of
significant (p < 0.05) outcomes of the 50 trials for each
sample size was the statistical power. We were unable to
test the consistency of the seasonal signal among Mon-
key River and southern catchment sites (the interaction)
using 2-way PERMANOVA tests for reasons of circular-
ity (i.e., we could not generate and test a hypothesis using
the same data set).

We undertook PCA, PROTEST, and IndVal tests with
R freeware (version 2.15.2, R Project for Statistical Com-

puting, Vienna, Austria). We ran all other analyses in
PRIMER with the add-on package PERMANOVA+ (ver-
sion 6; PRIMER-E Ltd., Ivybridge, UK).

RESULTS
Environmental variation

Visual inspection of the scree plot indicated that 5 PCs
should be retained because an elbow was evident in the
slope indicating the remaining PCs made a relatively small
contribution to the variance explained in environmental
characteristics (Fig. S1). Examination of the eigenvalues
revealed that these 5 components accounted for 81.2% of
variation in the environmental data, so they were retained
for further analysis (Table 2). PC1 was mainly related to
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geological characteristics and associated variation in wa-
ter chemistry and temperature. Increasing scores reflected
a gradient from volcanic- to limestone-dominated catch-
ments, low-to-high conductivity, and high-to-low SiO, and
temperature (Fig. 2A). Among riverbed features, bedrock-
and sand-dominated substratum also were weighted at op-
posite ends of this PC. PC2 was related to the longitudinal
position of the site within the catchment, with positive
scores representing a larger catchment, a wider and deeper
channel, and greater discharge. Bankside canopy density and
the WI1_Hall and SVAP metrics also were loaded on PC2,
highlighting the relationship between longitudinal position
and human disturbance in the study streams (Fig. 2A). PC3
also reflected catchment position, with negative loadings
representing higher-elevation sites and DO, whereas posi-
tive loadings indicated greater turbidity and the Toledo
Beds geological group that characterized the coastal plains
in the southern catchments (Table 2). PC4 described sub-
stratum characteristics and reflected a gradient in substra-
tum size and embeddedness, with high positive loadings
for % bedrock, boulders, and cobbles present in the sam-
pled reach and negative loadings for % fines and fine gravel.
PC5 was mainly related to % alluvium and the Toledo Beds
formation in the catchment.

PC1 and PC2 accounted for 52.5% of variation in the
original data and separated sites into 3 main groups (Ta-
ble 2, Fig. 2B). The 1** group consisted of 2 disturbed
5™ order sites that drained a large catchment area pre-
dominantly influenced by volcanic geology. The sites in

CatchmentSize Discharge

Bedrock

Volcanic

Limestone
Sio2

F.Gravel
Canopy

Altitude

C.Gravel

this group were in the Monkey River system, had high
SiO,, low conductivity, and a sandy substratum. Sites in
the remaining 2 groups were all on 3™ and 4™-order
streams. However, we found no clear pattern among sites
to differentiate between these 2 stream-order categories.
Rather, the 2™ group consisted of 6 sites that had high
SiO,. The wetted channel at these sites was narrower
than the 1** group of sites, shallower, and characterized by
coarser substratum. This group included the remaining
Monkey River catchment sites and 2 sites in the south-
ern catchments. The twelve 3" and 4™-order sites in the
final group were characterized by high conductivity and
low SiO, and tended to be dominated by fines or a bed-
rock substratum. They varied in characteristics, such as
catchment size, stream depth, and levels of disturbance,
but all were on streams that drained limestone headwaters
in the southern catchments.

Variation in biological characteristics

Environmental variation among sites generally was re-
flected by similar variation in biological characteristics: the
assemblage composition at sites influenced by volcanic ge-
ology (those in the Monkey River catchment) was clearly
distinguished from those more strongly influenced by lime-
stone (those in the southern catchments) (Fig. 3A, B).
Six taxa showed affinity for limestone-influenced southern
catchment streams (Table 3). Four, including the most
consistent indicator of this site grouping (Pachychilidae)
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Figure 2. A.—Environmental variation among sites sampled at the end of dry season 2012 summarized in a principal components
analysis (PCA) loading plot (PCs 1 and 2) for the 27 variables. Environmental variables are represented by lines that point in the
direction of influence. B.—Distribution of sites on rotated components 1 and 2. H_All = human impact score, EC = electrical conductiv-

ity, DO = dissolved O,, C.Gravel = coarse gravel, Temp = temperature,
gravel, SVAP = Stream Visual Assessment Protocol score.

SubDiameter = substrate particle diameter, F.Gravel = fine
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Figure 3. Nonmetric multidimensional scaling (NMDS) ordinations of the assemblage composition of macroinvertebrates sampled
at sites influenced by volcanic and limestone geology (A, B) in the Monkey River (MR) and southern catchments (SCs) (C, D) of the
Maya Mountain Marine Corridor in southern Belize at the beginning of the dry season 2010 (A, C) and the end of the dry season
2012 (B, D). Analysis based on log(x+1)-transformed Bray—Curtis similarity. Mix = sites influenced by volcanic and limestone

geology.

were noninsects. Fourteen taxa, all of which were insects,
were indicators of sites influenced by volcanic geology
(Tables 3, S1).

Disentangling stream size and geology

Because assemblage composition can vary with stream
size, the inclusion of 5™-order sites in the Monkey River
catchment may have confounded the patterns observed.
However, similar patterns of distribution were evident
among Monkey River and southern catchment streams
when we removed the influence of 5™-order assemblages
from our compositional data set (Fig. 3C, D, Fig. S2). Fur-
thermore, Monkey River and southern catchment sites
continued to be distinguished by similar insect and non-
insect taxa (Table S2). Ten of the 14 taxa indicative of
Monkey River streams when all sites were considered also
were characteristic when 5™-order communities were re-
moved, including taxa with adaptations to exploit con-
ditions in larger streams (e.g., filter-feeding apparatus in
Hydropsychidae, Simuliidae, and Philopotamidae) (Table S2).
Removal of the 5™-order assemblages reduced the impor-
tance of Chironomidae, Leptohyphidae, Crambidae, and
Staphylinidae, but Odontoceridae, Perlidae, Leptoceridae,

Calamoceratidae, Polycentropodidae, and Dryopidae re-
mained or became characteristic of Monkey River streams.

Macroinvertebrate-environment relationships

DistLM analysis indicated that the 5 rotated compo-
nents explained 53.6% of variation in the macroinvertebrate
data. PCs 1, 2, and 3 were significantly related to variation
in assemblage composition (PC1: p < 0.001, PCs 2 and 3:
p < 0.05), and a model containing these 3 components was
best able to explain the 53.6% of variation in macroin-
vertebrate data (Table 4). Eleven additional models con-
taining information described by different combinations
of the remaining components were also well supported
(Ai < 2). However, PC1 was the only PC included in all
of them, and it was a strong explanatory variable (0.79)
when relative variable importance weights were calculated
across the entire model set (Fig. S3). These findings indi-
cated that distinctive water-chemistry and substratum con-
ditions related to volcanic and limestone geology are impor-
tant drivers of macroinvertebrate assemblage composition
in the studied streams, in addition to factors that are more
commonly controlled for and assessed in biomonitoring
studies (e.g., disturbance and catchment position, as indi-
cated by PCs 2 and 3).
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Table 3. Mean (+1 SE) abundance of families that were significant indicators of southern
catchment (SC) and Monkey River (MR) sites. Families are ranked by the significance of

their indicator value considering all sites.

Family Indicates SC MR Indicator p
Pachychilidae SC 3151 £79.0 22+15 0.001
Helicopsychidae SC 9.8+3.2 20+15 0.008
Planariidae SC 12.7 £ 3.1 2.0+1.2 0.010
Sphaeriidae SC 29 +0.8 0 0.012
Ecnomidae SC 19+05 0 0.014
Palaemonidae SC 44 +14 03+0.2 0.027
Simuliidae MR 0 72.7 £ 56.6 0.001
Hydroptilidae MR 1.4+ 0.7 10.3 £ 5.0 0.001
Heptageniidae MR 1.6 £0.5 88+23 0.002
Dolichopodidae MR 01+0.1 1.5+04 0.002
Chironomidae MR 80.7 £ 14.7 341.8 £ 124.4 0.005
Veliidae MR 3818 137 £ 3.1 0.007
Philopotamidae MR 09 + 04 10.0 + 4.6 0.008
Hydropsychidae MR 10.1 £ 2.4 56.3 + 18.7 0.008
Calopterygidae MR 0.7+0.2 65+19 0.009
Corydalidae MR 1.1 +04 17.3 £ 8.0 0.011
Leptohyphidae MR 28579 155.5 + 44.1 0.012
Psychodidae MR 01+0.1 0.8+0.3 0.012
Staphylinidae MR 03+0.2 1.7 £ 0.6 0.016
Crambidae MR 28 +1.3 6.5+ 1.4 0.037

That variation in assemblage composition was strongly
related to catchment geology was supported by our 2012
data set because NMDS analysis corroborated the geologi-
cal patterns in assemblage composition observed in 2010.
Regardless of disturbance, longitudinal position, and river
catchment, sites heavily influenced by volcanic geology
were compositionally similar relative to those more heavily
influenced by limestone (Fig. 3A, B). Furthermore, assem-
blages influenced by limestone and volcanic geology were
more variable and showed compositional similarities to
assemblages characterizing both geological stream types
(Fig. 3A, B). These results affirm that geology was a key
driver of macroinvertebrate assemblage composition in
the study streams and indicate that the influence of as-
sociated water chemistry and substratum conditions var-
ied along a gradient of volcanic—limestone influence.

Temporal variation

Values for the suite of chemical variables measured dur-
ing both seasons were significantly different when all sites
were considered together (pseudo-F = 9.52, p = 0.0001),
and when Monkey River (pseudo-F = 8.95, p = 0.003) and
southern catchment sites (pseudo-F = 11.59, p = 0.0001)
were considered separately. DO tended to be lower at the

end of the dry season across all sites, and conductivity and
pH tended to be higher.

Significant temporal variability was detected in the as-
semblage composition sampled at southern catchment sites
(PERMANOVA, F = 1.76, p = 0.027). PROTEST analysis also
confirmed an absence of concordance among sites dis-
tributed in ordination space (any similarity in ordination
patterns was not statistically significant) (m* = 0.38, p =
0.25). However, assemblage composition showed only mi-
nor signs of seasonal differentiation when Monkey River
sites were considered (PERMANOVA, F = 1.58, p = 0.13;
Fig. S4). This result may reflect limited statistical power.
If we assume the seasonal difference in each group of streams
was of the same size, resampling 6 site subsets of the south-
ern catchment data set attained a power of only 0.04. How-
ever, we also failed to detect a seasonal effect when the
entire data set (20 sites) was tested (PERMANOVA, F =
1.51, p = 0.10), indicating that some variation may be pres-
ent in the seasonal response among southern catchment
and Monkey River assemblages (e.g., an effect in one stream
type, but not the other).

Increasing the southern catchment subsample size to
12 improved statistical power but only to 0.50, suggesting
an inconsistent response to seasonal effects in the assem-
blage sampled from southern catchment streams. However,



Table 4. Top-ranking models (those with A < 2) of macroinver-
tebrate/environment associations with their relative weights
(w;). AICc = Akaike Information Criterion for small sample size,
Ai = difference between AICc-i and the minimum AICc, PC =
principal component.

Model rank

and included

components AlCc Ai ®; Cumulative o;
1PCL,2,3 131.91 0 0.13 0.13
2PC1,3 131.99 0.08 0.13 0.26
3PC1 132.11 0.20 0.12 0.37
4PC1,2 132.14 0.23 0.12 0.49
5PCl1, 3,5 133.24 1.33 0.07 0.56
6 PCl1,2,3,5 133.25 1.34 0.07 0.63
7 PC1, 5 133.26 1.35 0.07 0.69
8 PC1, 3,4 133.33 1.42 0.06 0.75
9 PC1, 4 133.34 143 0.06 0.82
10PC1, 2,3, 4 133.37 1.46 0.06 0.88
11PC1,2,5 133.40 1.49 0.06 0.94
12 PC1, 2, 4 133.49 1.58 0.06 1.00

IndVal analysis detected significant trends in the responses
of certain noninsect taxa that characterized the southern
catchment sites at the beginning of the dry season. Pachy-
chilidae and Planariidae decreased in abundance at the end
of the dry season, and certain insects (Leptohyphidae, Cer-
atopogonidae, Caenidae, and Elmidae) increased in relative
importance (Table 5).

DISCUSSION

We are the first investigators to quantify macro-
invertebrate—environment relationships in Belize (but see
Boles 1998 for a descriptive assessment of an individual
catchment), and ours is one of few tropical studies in which
geology was considered as an important determinant of
macroinvertebrate assemblage composition in the context
of assessments of ecological integrity (for other studies
see Moya et al. 2011, Dudgeon 2012). Overall, our hypothe-
sis that geology and season would influence assemblage
composition was upheld. Assemblages varied strongly along
a gradient of volcanic—limestone influence. Environmen-
tal data indicated that this gradient was correlated with dis-
tinctive water-chemistry and substratum conditions. More-
over, although assemblage composition also varied in relation
to human disturbance and longitudinal position, geological
influence overwhelmed these effects. The patterns observed
are particularly convincing because they were concordant
in space and time (seasonally and annually). However, ge-
ology was not independent of river catchment in much of
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our study area (e.g., volcanic geology was mostly limited
to the Monkey River catchment). We have presented lim-
ited data that suggests river catchment was not a key
factor confounding the patterns observed (Fig. 3C, D),
but our understanding may be complicated by this con-
straint.

Our results also suggest that season may differentially
affect assemblages characterizing volcanic- and limestone-
influenced streams. The consistency of seasonal response
among geological stream types requires further investi-
gation, but our results nevertheless contribute insight to
the literature that reports considerable variation in pat-
terns of macroinvertebrate assemblage seasonality in tropi-
cal streams (Melo and Froehlich 2001, Ramirez et al. 2006).
Below we examine the effects of geological variation in wa-
ter chemistry and substratum on assemblage composition
and seasonal interactions before considering the implica-
tions of our findings for bioassessment programs in tropi-
cal streams.

Factors influencing macroinvertebrate assemblages
Water chemistry Water-chemistry characteristics clearly
differed among volcanic- and limestone-influenced streams.
The relative abundance of noninsects, particularly the pa-
chychilid gastropod, was one of the most obvious differ-
ences in assemblage composition. A key variable explaining
this dissimilarity was a water-conductivity gradient, pre-
sumably reflecting the dissolution of underlying rocks (e.g,
limestone and Toledo Beds formation). These patterns are
consistent with those observed by McKillop (1985) and
Neff and Jackson (2011) who demonstrated that many mol-
lusks show preference for solute-rich waters in calcareous
Canadian streams. Moreover, they are biologically feasi-
ble because the distribution of certain invertebrates de-
pends on the ionic composition of stream water regard-
less of additional environmental requirements (Huryn et al.
2008, Brown and Lydeard 2010, Covich 2010, Olson 2012).

Others working in the Monkey River catchment have
measured PO,> -enriched water in some minimally dis-
turbed tributaries influenced by volcanic geology (specifi-
cally the SRG) (Esselman et al. 2006), and variation in
nutrient availability could have contributed to the biolog-
ical variation we observed. For example, dense stands of
the macrophyte Marathrum oxycarpum (Podostemaceae;
Burger 1983), which may provide habitat and refuge for
invertebrates and enhance production, are present in some
sections of streams draining the SRG geology (Shelley et al.
2002, Esselman et al. 2006). Macrophytes were present
at some volcanic sites sampled during 2012. We did not
deliberately exclude sites where macrophyte growth was
present, but we did not encounter M. oxycarpum or other
macrophytes at any site sampled during 2010. Therefore,
the habitat and refuge they can provide were not directly
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Table 5. Mean (+1 SE) abundance of families that were significant indicators of southern
catchment sites at the beginning (Beg.) and end of the dry season in 2010. Beg. Dry =
October—December, End Dry = March—May. Families are ranked by the significance of

their indicator value.

Family Indicates Beg. Dry End Dry Indicator p
Planariidae Beg. Dry 12.7 £ 3.1 51+1.9 0.020
Pachychilidae Beg. Dry 3151 +79.0 127.7 + 26.2 0.021
Gomphidae Beg. Dry 139 +26 7.0+ 1.7 0.029
Caenidae End Dry 15+07 84 +22 0.006
Ceratopogonidae End Dry 34+0.7 89+19 0.007
Leptohyphidae End Dry 28579 113.4 + 429 0.027
Elmidae End Dry 70.1 £ 189 147.4 + 25.5 0.027

related to the variation in assemblage composition we ob-
served in the 2010 data set. However, leaf litter from in-
stream macrophytes can contribute to stream nutrient
budgets (Newman 1991), and others have indicated that
invertebrate characteristics (e.g., growth rate and turn-
over) may be influenced by high-P food resources in other
naturally enriched tropical streams (Ramirez and Pringle
2006). Further studies designed specifically to explore the
relative influence of chemical characteristics associated with
the SRG geology on macroinvertebrate assemblages would
be a worthwhile endeavor in this study area.

Substratum Substratum characteristics also varied be-
tween limestone and volcanic sites. Increased sand and
cobble at volcanic sites were paralleled by variation in
the abundance of insect taxa including Corydalidae and
Leptohyphidae (Table 3), which often inhabit cobble and
gravel riffles and sand substratum that characterized most
Monkey River streams (e.g., Goulart and Callisto 2005,
Cover and Resh 2008). Bedrock dominated the limestone-
influenced streams in the southern catchments (Table 1).
These sites were characterized by taxa, including Pachy-
chilidae and Planariidae, that have adaptions to cling to
rock surfaces. Variation in the macroinvertebrate assem-
blage in relation to substratum characteristics was ex-
pected because geomorphological heterogeneity influences
macroinvertebrate assemblage structure (Erman and Erman
1984). Attributes of substratum size, mobility, and com-
plexity in particular, have been correlated with insect rich-
ness and diversity elsewhere (Rabeni and Minshall 1977,
Vinson and Hawkins 1998). Relationships between sub-
stratum complexity and flow heterogeneity also can be
reflected in assemblage composition, and the insect assem-
blage indicative of Monkey River sites possessed anatomi-
cal or behavioral adaptations to exploit a range of flow
conditions. For example, Simuliidae, Hydropsychidae, and
Heptageniidae, which were characteristic of these sites

(Table 2), are adapted to live on exposed rock surfaces
to exploit fast currents for food or O,, whereas the Phi-
lopotamidae often are found attached to surfaces exposed
to lower flows in erosional habitats (Merritt and Wallace
2009).

Season Streams in tropical zones have much lower an-
nual variation in temperature than those in temperate
regions, but distinct wet/dry seasonality can produce dy-
namic discharge regimes that alternately disrupt and am-
plify flows and hydrological connectivity. Therefore, the
compositional variation we observed among seasons was
expected, especially because seasonal changes in macro-
invertebrate assemblages have been strongly linked to rain-
fall in other tropical streams (Flecker and Feifarek 1994,
Jacobsen 1998, Ramirez et al. 2006). However, the rela-
tive magnitude of change observed in southern catchment
streams was unexpected when compared with the minor
differences among seasons at Monkey River sites, particu-
larly because chemical variables varied consistently among
geological stream types. The lack of a seasonal signal in
Monkey River samples could have been a statistical rather
than ecological effect, reflecting the limited power that 6
samples provided to test seasonality in these streams, but
the lack of significant effect when all 20 samples were tested
gives some indication that the strength of response may
differ among stream types.

One plausible explanation for the seasonal variation in
compositional data may be related to geomorphologi-
cal controls on flow characteristics that are specific to
streams in the southern catchments. Riffles were sam-
pled at all survey sites. However, at the beginning of the
dry season, average water levels tended to be shallower
in Monkey River than in southern catchment streams
(Table 1). The latter were characterized by moderately
deep bedrock glides and taxa with preferences for depo-
sitional habitats, including Helicopsychidae, Ecnomidae,



and Planariidae (Vaughn 1987, Dudgeon 1999) (Table 3).
An increase in the importance of riffle taxa, like Elmidae
and Leptohyphidae, and families, such as Caenidae and
Ceratopogonidae, that prefer lentic conditions (Nolte et al.
1997, Borkent et al. 2009) (Table 5), at southern catch-
ment sites at the end of the dry season suggests that de-
creasing water levels produced pools and exposed shallow
gravel deposits that were previously submerged, thereby
increasing the availability of riffle and pool habitat simulta-
neously. Despite the increase at the end of the dry season
in records of some insect taxa more characteristic of Mon-
key River streams than at southern-catchment sites, the
assemblages sampled from each system remained distinct
(Fig. S4), indicating that site-specific changes in substra-
tum characteristics may be less important than broad-scale
geological variation in water chemistry.

Some of the seasonal variation in southern catchment
streams also might be explained by life-history strategies
of certain of the taxa that characterized these sites at the
beginning of the dry season. Pachychilidae, the taxa most
indicative of this stream type, was significantly more abun-
dant at the beginning of the dry season when numerous
juveniles were observed. Anecdotal evidence of seasonal-
ity in Pachychilidae exists for other sites in the study area
(Cochran 2008). Furthermore, seasonal patterns of abun-
dance have been observed in Asian Pachychilidae, which
are thought to vary production seasonally to reduce lar-
val mortality (Dudgeon 1982). Pachychilidae also are col-
lected for food by villagers in our study area when streams
are accessible during the dry season. Life-cycle strategies
to avoid scouring flows may account for the significant
reduction in numbers of Gomphidae at the end of the
dry season (Table 5). Some members of this family fly at
the start of the rainy season in the Neotropics (Paulson
2004) and emerge as early as March in Belize (Boomsma
and Dunkle 1996).

Our study was of limited duration, and we did not con-
sider the interannual variation that others have found to
be significant (Flecker and Feifarek 1994), but our results
provide some support to the notion that season can have
varying effects on tropical macroinvertebrate assemblages
(Jacobsen et al. 2008), even in neighboring streams, and
provide interesting insight about the role geological con-
trols may play in determining effect. Ultimately, however,
more temporal and spatial replication is required to clar-
ify the nature of the interaction among season and stream

type.

Implications for bioassessment of tropical streams

The potential for geology and season to confound bio-
assessment outputs in temperate streams is widely rec-
ognized (Sanchez-Montoya et al. 2007, Munné and Prat
2011, Johnson et al. 2012). We have shown that geological
variation also occurs in macroinvertebrate assemblages in
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tropical streams. Furthermore, we cautiously suggest that
seasonal effects may vary differentially among geological
stream types, but this observation is based on limited data.
Controlling for natural variation is a prerequisite of bioas-
sessment, not only so that reference assemblage types can
be identified, but also to ensure that metrics selected for
assessing impairment do not vary in their performance
among reference assemblages (e.g., Mykré et al. 2004). How
the compositional variation observed will translate to scores
obtained from biotic metrics that are robust for use in tropi-
cal streams remains to be seen. However, differences in the
relative importance of taxa among Monkey River and
southern catchment streams, including Odontoceridae,
Perlidae, Leptoceridae, Calamoceratidae, Heptageniidae,
and Ecnomidae (Table 3, Table S2), that are generally con-
sidered indicators of good stream condition (MINAE-S
2007) suggest the sensitivity of bioassessment efforts may
be reduced if they fail to incorporate geological heterogene-
ity, not least because of the potential for temporal effects.

Measures to control for geological effects on reference
assemblages are incorporated in both predictive site-specific
and typological bioassessment programs in temperate re-
gions (e.g., Council of the European Communities 2000,
Davy-Bowker et al. 2008). The broad geological groupings
we observed correspond with the calcareous and silicate
classifications that inform typological stratification of bio-
assessment in many streams (Barbour et al. 1995, Omernik
1995, Council of the European Communities 2000, Snelder
et al. 2004). This finding suggests that large-scale typolo-
gies could provide a biologically meaningful starting point
for stratifying bioassessment in geologically simple trop-
ical catchments where additional sources of variation like
catchment size and longitudinal position can be con-
trolled by relatively straightforward hierarchical classifi-
cations (e.g., Esselman et al. 2005). However, the data we
have presented from streams influenced by both silicate
and calcareous geologies suggest that large-scale typolo-
gies may be too coarse to partition compositional varia-
tion effectively in geologically complex tropical streams.
We predict that future compositional analysis undertaken
in catchments influenced by complex geologies will reveal
patterns that support arguments advocating site-specific
approaches (e.g., Wright 2000, Linke et al. 2005, Van Sickle
2008) that can better account for continuous variation
in environmental features and biological assemblages (Davy-
Bowker et al. 2006, Sanchez-Montoya et al. 2007, Hawkins
et al. 2010).
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