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Abstract

The current study investigates the spatial-temporal distribution of preimaginal blackflies in three a priori estab-
lished, adjacent areas of Brazil and Venezuela. First we tested the hypothesis that the distribution of individual
simuliid species, over two geographic scales, were predictable on the basis of several habitat parameters. Secondly,
we determined if local species assemblages remain constant over two spatial axes, i.e., were species assemblages
predictable within and between defined regions. Finally we compared the species assemblage between Venezuelan
streams sampled in both the wet (October) and dry (February) seasons. As stream conditions changed across a
north—south gradient, so did the occurrence of the most common species. This change in species composition
from upland to lowland areas is consistent with the patterns of faunal change seen in North American simuliid
assemblages. Discriminant Function Analysis showed a strong association between regional demarcations and
stream site conditions. These results were paralleled by the strong correspondence between species assemblages
and these regions. Thus each region presented both distinct stream environments and species assemblages. Monte
Carlo analysis suggests that some if not all species are not only present in both the wet and dry season but that they
are continuing to use the same stream sites. Three broad contingent rules for blackfly species assemblages in new
world streams are put forward; (i) the ubiquitous nature of simuliids; (ii) species often distribute themselves along
an axis of stream size and; (iii) there is a strong and consistent correspondence between regional characteristics of
streams and the species assemblage.

Introduction rules or patterns of species assemblages. The species

is considered the fundamental unit of ecological study

Community ecologists have argued that patterns of
species distribution and abundance may provide in-
sight into the mechanisms that structure species as-
semblages (e.g., Tokeshi, 1990; Begon et al., 1996).
However, it has also been suggested that different
mechanisms may lead to similar patterns of com-
munity structure (e.g., Lawton, 1999). More disturb-
ing is Lawton’s statement that “community ecology
is a mess” with regards to the establishment of useful

(Krebs, 1994) and it has been argued that ecological
interpretations have little meaning in the absence of
taxonomic rigor (e.g., McCreadie & Adler, 1998).
Thus, difficulties in establishing general laws or even
contingent rules governing species assemblages (Law-
ton, 1999), may partially stem from poor taxonomic
knowledge. A significant obstacle to the study of lotic
insects has been the difficulty of species-level identi-
fications. This point is well illustrated by the paucity of
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species-level descriptions of immature stages of many
common groups of aquatic insects, even in well stud-
ied areas such as North America (e.g., McCafferty et
al., 1990; Wiggins, 1990). The situation is, of course,
much worse in the tropics.

Because the taxonomy of North American black-
flies (Diptera: Simuliidae) is well developed, integ-
rating morphotaxonomic, cytotaxonomic, and ecolo-
gical approaches, these ubiquitous organisms serve
as model subjects for the study of lotic community
structure (Adler & McCreadie, 1997). Likewise, re-
cent studies have advanced both the taxonomy and
ecology of the neotropical blackfly fauna (Grillet &
Barrera, 1997; Hamada, 1997; Hamada & McCreadie,
1999; Hamada & Grillet, 2001; Hamada et al., 2002).
For example, Hamada et al. (2002) showed that the
preimaginal distributions of four of six amazonian
species of blackflies examined were significantly as-
sociated with stream size or the presence of impound-
ments. These factors are also powerful predictors of
species distribution in Nearctic and Palearctic regions
(Ciborowski & Adler, 1990; McCreadie et al., 1995;
Adler & McCreadie, 1997; Malmqvist et al., 1999).
The importance of stream size and impoundments in
Amazonas supports the contention that certain pre-
dictors of blackfly distribution may be common to all
running-water ecosystems (Adler & McCreadie, 1997,
Hamada & McCreadie,1999) i.e., consistent habitat
axes along which blackfly communities are assembled.

Accordingly, we asked a basic question regard-
ing the relationship of preimaginal blackflies to the
neotropical stream environment: Is the distribution of
individual species and species assemblages predict-
able on the basis of select habitat conditions? We then
compared our results to previous studies to determine
if there are general, or at least contingent, assemblage
rules for simuliid communities. Regression analysis
was used to link the distribution of individual species
to stream site conditions both across the three regions
examined — Gran Sabana, Boa Vista, Pacaraima — and
within a single region, Gran Sabana. DFA was used
to determine if the three study regions differed sig-
nificantly with respect to stream site conditions and
blackfly fauna. In addition, we examined temporal
distribution of species in one region (Gran Sabana)
and asked whether the assemblage of preimaginal
blackflies changed between the wet and dry seasons
using a Monte Carlo approach. Hence, the current
study investigated the spatial-temporal distribution of
preimaginal blackflies in three distinct, but adjacent,
areas of Brazil and Venezuela.
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Figure 1. Map showing location of the three regions sampled: 1
= Gran Sabana, 2 = Pacaraima, 3 = Boa Vista. Circle on insert of
South America shows approxiamate location of the area covered by
the map.

Study area

Our intent was to sample a variety of streams in
three distinct, but adjacent, regions. Accordingly,
streams were sampled over 445 km and 140 km,
north-south and east-west axes, respectively (Fig. 1).
The first region sampled was Gran Sabana, Camaima
National Park, Bolivar, Venezuela. Details of Gran
Sabana can be found in Dezzeo (1994) and Hamada
& Grillet (2001). This region is an upland undulat-
ing plain, approximately 30000 km? in size, in the
southern most region of the state of Bolivar. It is
dominated by treeless savannas with pockets of mont-
ane and gallery forests. Most of the region has a
humid sub-montane climate with an annual rainfall
between 2000 and 3000 mm. Streams were sampled
between 4.45-5.99° N and 60.96-61.75°W and from
600-1400 m asl (above sea level). The second re-
gion investigated was in the vicinity of Pacaraima,
Brazil. Collections were taken between 3.62—4.45°N
and 60.89-61.73° W at elevations from approximately
100-700 m asl. The dominant vegetation form was
low canopy forests and brush. The climate is lower
montane with an annual rainfall of 1000-2000 mm.



The third region sampled was in the vicinity of Boa
Vista, Brazil. The climate here is described as a hot-
climate domain with distinct wet and dry seasons
(Nimer, 1975); annual rainfall varies between 1500
and 2000 mm. Much of the land in this region is
used for agriculture. Collections were taken between
1.98-2.75° N and 60.52-61.29°W and 50-100 m asl.
Details about these latter two regions can be found in
Hamada (1997).

Methods
Sampling and preimaginal identification

Sampling was conducted on the main roads and trails
during October (wet season) of 1996. The number
of streams sampled in Gran Sabana, Pacaraima, and
Boa Vista was 37, 16, and 12, respectively. In Febru-
ary, 1998 (dry season), 17 streams were re-sampled in
Gran Sabana; remaining streams in this region were
dry in 1998. Each stream site was sampled by hand-
collecting larvae and pupae from all available natural
substrates. A mean (£99% CI) of 30.0 &+ 4.3 min was
spent at each site. Rationale for this sampling protocol
is given in McCreadie & Colbo (1991). As in sim-
ilar studies (e.g., McCreadie & Adler, 1998; Hamada
et al., 2002), it was assumed that species found in
samples were representative of local occurrences.
Stream width, depth (2-5 equidistant measure-
ments across stream), velocity, temperature (hand-
held thermometer), pH (Cole-Parmer, pH Testr 2),
conductivity (Oakton Con 10), position (Garmin
GPS), elevation (Garmin GPS), dominant streambed
particle size, canopy cover, and riparian vegetation
were measured at the time of each collection. Where
possible, water velocity was estimated by two meth-
ods: (i) the time a cork took to move a prescribed
distance, and (ii) the distance water moved up the wide
face of a steel ruler using the formula U = ,/ 2gd,
where U = water velocity (U ms™!), g = the force due
to gravity (ms~2), and d = the distance (m) the water
moved up the ruler (Craig, 1987). In some streams it
was only practical to use either the cork or the ruler
method, for example, in large, fast rivers or small
trickles, only the cork method could be employed. Ha-
mada & McCreadie (1999) showed that both methods
produced similar estimates of velocity (r = 0.931, p
<0.001). Depth (d), width (w) and velocity (U) meas-
urements were used to estimate discharge (i.e., Q m>
s71=d x w x U) . Ranked measurements of the dom-

185

inant substratum (mud, sand, small stones, rubble,
boulders, bedrock; ranked 1-6), riparian vegetation
type (open, brush, forest; ranked 1-3), and canopy
cover (open, partial, complete; ranked 1-3) followed
McCreadie & Colbo (1991). Presence/absence of wa-
ter impoundments within 100 m upstream of each
collecting site were also noted at each site.

Larvae were placed in acetic ethanol (1:3 ). This
fixative was changed twice during the subsequent 12
h. Larvae were then refrigerated (4 °C) until needed.
Pupae with pharate adults were maintained alive in
plastic vials provided with wet filter paper to obtain
adults; after emergence the adults and pupal castings
were preserved in 80% ethanol. Identification of spe-
cimens followed Hamada & Grillet (2001) as well as
established chromosome maps (e.g., Hamada, 1997).
Voucher specimens of all species examined are depos-
ited in the Invertebrate collections of the Laboratorio
de Beiologia de Vectores (MLBV), Instituto de Zoolo-
gia Tropical, Universidad Central de Venezuela, Cara-
cas, Venezuela and the Instituto Nacional de Pesquisas
da Amazonia (INPA), Manaus, Amazonas, Brazil.

Data analysis

Species data from each site was expressed on a binary
scale, i.e., presence /absence data. Previous studies
(e.g., Corkum, 1989; McCreadie & Adler, 1998; Fem-
inella, 2000) have shown that binary data from single-
point collections is robust enough to detect faunal
differences among streams. All statistical tests were
considered significant at p < 0.01. To eliminate pos-
sible seasonal effects, only data collected in October
1996 (n = 65) was used to examine spatial distribution
patterns. Potential collecting bias was examined by a
rank correlation of species richness to sampling effort
(i.e., time spent collecting at each site). Correlation
analysis showed no significant relationship between
sample species richness and sampling effort in either
1996 (r = — 0.263; n = 65; p = 0.044) or 1998 (r
= 0.406; n = 17; p = 0.119); indicating collecting
methodology resulted in no substantial bias.
Discriminant Function Analysis (DFA) was used
to examine the correspondence between stream condi-
tions and region. Specially, DFA was used to first de-
termine if the three regions differed significantly based
on selected stream site conditions (velocity, depth,
temperature, pH, conductivity, stream-bed particle
size, canopy cover) and second, to determine which
variables contribute most to this separation. A jack-
knife approach was used to estimate classification-
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error (Norusis 1985) and the standardized coefficients
for discriminant function 1 were used to determine the
contribution of each stream variable to region separ-
ation (Quinn & Keough, 2002). The most important
assumption of DFA is that the within-region variance-
covariance matrices are homogeneous among regions
(Quinn & Keough, 2002). However, this assumption
is not readily tested (Tabachnick & Fidell, 1996).
Hence, subjective detection of heterogeneity across
within-region variance-covariance matrices was made
by plotting DFA scores for the first two discriminant
functions and examining the spread of points among
regions. To reduce any potential problem of heterosce-
dasticity, variables (expect pH which is already trans-
formed) were square root transformed. In addition the
Pillai’s trace statistic was used to test the significance
of the DFA as it is known to be robust with respect
to both departures from homogeneity and multivari-
ate normality (Johnson & Field, 1993; Tabachnick &
Fidell, 1996). If heterogeneity was determined to be
a concern, based on the subjective score plots, then
a quadratic DFA was performed (which does not as-
sume homogeneity) and both the significance of the
Phillai trace statistic and standardized coefficients for
discriminant function 1 were compared to the linear
DFA. If interpretations were similar for both the linear
and quadratic DFA, it was assume heterogeneity did
not have a significant effect on the interpretation of
the linear DFA. To determine if outliers had any in-
fluence on the DFA, potential outliers, as judged from
DFA plot, were removed and the DFA recalculated. If
both the significance of the Phillai trace statistic and
the standardized coefficients were comparable to the
saturated DFA, then outliers were judged to have no
significant influence.

Regression analysis was used to link the distribu-
tion of individual species to stream site conditions.
Because the response variable for each species was
binary (0 = species absence, 1 = species presence in
a sample), forward logistic multiple regression was
used to estimate the probability of a species being
present at a site, given measured site conditions. En-
trance of each variable into the model was arbitrarily
set at p = 0.05, with the significance of each pre-
dictor (p < 0.01) assessed using maximum likelihood
estimation (Hosmer & Lemeshow, 1989). The occur-
rence of water impoundments (coded 0,1) was entered
into the regression as a dummy variable. Only spe-
cies that occurred at more than 20% of sites — either
within a region when examining within-region distri-
bution or across all regions when examining across

region distribution — were subject to regression ana-
lysis. Preliminary analysis indicated that using species
occurring at a frequency less than 20% resulting in
regressions with a lack of power (type II error) due
to the large number of zero values. Thus, uncommon
species were not considered in this analysis.

Stream variables are often highly intercorrelated
(e.g., discharge and width, » = 0.908, p < 0.001).
Such multicollinearity affects confidence intervals and
significance tests of regression coefficients, hence, res-
ulting models are unreliable (Neter et al., 1990). To
avoid problems associated with multicollinearity, prin-
cipal component analysis (PCA) was used to transform
stream variables into a set of statistically independ-
ent principal components or PCs (McCreadie & Adler,
1998; Quinn & Keough, 2002). The use of PCA can
also allow broader ecological interpretations of habitat
variables (e.g. McCreadie & Adler 1998;Hamada et
al., 2002). Thus, PCs with eigenvalues greater than
1.0 (Norusis, 1985), replaced the original stream vari-
ables as predictors in regression analyses. Variables
not normally distributed were subjected to appropriate
transformations (logjo, square root) before entering a
PCA. Interpretation of PCs was based on rank correl-
ations between each PC and original stream variables
(Ludwig & Reynolds, 1988). Concordance was used
to assess the fit of regression models to the observed
data. Concordance pairs all values of the response
variable that are different (i.e., 0,1), and then counts
the number of times that the member of a pair with the
higher predicted probability of a species being present
was correct (SAS, 1987). Results are expressed as a
proportion of the total number of pairs compared.

Monte Carlo simulations were used to determ-
ine if species assemblages among streams within a
region were similar. Accordingly, three separate simu-
lations were undertaken, one for each region sampled
in 1996. In contrast to regression analyses, all spe-
cies were considered in this procedure. The test stat-
istic, total number of co-occurrences within a region,
was generated using 1000 Monte Carlo simulations
(Manly, 1991) and compared to the observed total co-
occurrences in that region (McCreadie et al., 1997).
For example, if site A and B had two species in com-
mon, site B and C had three species, and sites A and C
had six species, then the total number of observed co-
occurrences among sites would be 11. This observed
number of total co-occurrences was then compared
with the generated distribution and, if the p value of
the observed co-occurrence was low (i.e., p < 0.01),
then the observation was judged to be significant. A



pattern of species co-occurrence at a frequency greater
or less than that expected by a random model would in-
dicate a predictable community structure. Total num-
ber of species collected in a region was considered
to be the species pool from which simulated samples
were drawn. For each species selection probability in
the simulation was linked to its observed frequency of
occurrence among streams. McCreadie et al. (1997)
showed that this constraint produces robust and un-
biased results. In addition, species richness at each
stream in the simulation was set to equal observed
richness.

A DFA was used to determine if each region sup-
ported a distinct fauna. This analysis was considered
a measure of the similarity of the fauna within each
region and the divergence of the fauna across regions.
As above, a jackknife approach was used to estimate
classification-error and the standardized coefficients
from discriminant function 1 were used to determine
the contributions of each species to region separation
(Quinn & Keough, 2002). The Pillai’s trace statistic
was used to test the significance of the DFA and a DFA
plot was used to look for heterogeneity. For this ana-
lysis all species found were used to maximize regional
separation.

A Monte Carlo analysis was also used to examine
temporal changes in the species assemblage in Gran
Sabana between the wet (October, 1996) and dry (Feb-
ruary, 1998) seasons. Specifically, we were interested
in whether species co-occurrences between seasons
within a site occurred at a frequency different than that
expected by a random model (i.e., p < 0.01). All spe-
cies observed from streams sampled in both seasons
was considered to be the species pool. For each site,
the same number of species as observed for each sea-
son was randomly drawn from the total species pool
and the number of co-occurrences between seasons
noted. This was repeated for all remaining streams
after which the total number of co-occurrences was
summed. The probability distribution (i.e., p values)
for total species co-occurrences between seasons was
generated by a 1000 simulations and the observed
number of co-occurrences was then compared with the
generated distribution.

A DFA was used to determine if stream condi-
tions changed significantly between 1996 and 1998.
It was reasoned that if stream sites could be cor-
rectly assigned to each season on the basis of velocity,
discharge, depth, width, temperature, pH, and con-
ductivity, then this would indicate significant seasonal
differences in the stream habitat. It was assumed
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that the remaining measured stream variables (e.g.,
streambed particle size) would show little seasonal
change. As with the above DFA’s a jackknife approach
was used to estimate classification-error rates (Nor-
usis, 1985) and the Pillai’s trace statistic was used to
test the significance.

Results
Stream fauna

Preimaginal blackflies were found at all 65 sites
sampled in 1996; a total of 21 species were recor-
ded (Table 1). The most frequently collected species
were Simulium lutzianum Pinto, Simulium quadri-
fidum Lutz, Simulium subpallidum Lutz, Simulium
incrustatum Lutz, Simulium perflavum Roubaud and
Simulium maroniense Floch & Abonnenc. Three spe-
cies, Simulium covagarciai Ramirez-Pérez et al., Sim-
ulium guianense s.l. Wise and Simulium rubrithorax
Lutz, were each collected at only a single site. Mean
(£ 99% CI) number of species per site was 3.3 = 0.4
and there was no significant difference in species rich-
ness among the three regions (F =0.22; df =2,64; P =
0.807). All 14 species that were found in Gran Sabana
during February of 1998 were also recorded in 1996.
The mean number of species per site in 1998 was 3.9
+ 1.1

Site conditions

In addition to a distinct elevation gradient from Gran
Sabana to Boa Vista, correlation analysis (Pearson)
indicated that temperature (r = —-0.519), pH (r = —
0.412) and conductivity (r = —0.584) decreased with
distance northward (n = 65; p < 0.001), whereas
streambed particle size (r = 0.398) increased. DFA
showed that most streams could be correctly assigned
to their region of origin on the basis of site conditions
(Table 2). The Pillai’s trace statistic was highly signi-
ficant (p < 0.001) and the overall success of region
separation was 86% (Jack-knifed estimate of error).
In Gran Sabana 95% of sites were correctly assigned,
whereas 75% of both Boa Vista and Pacaraima streams
were correctly identified as to region of origin. Stand-
ardized coefficients for the first discriminant function
indicated that temperature and conductivity were the
variables that contributed most to stream separation
(Table 2). The DFA plot shows no gross heterogeneity.
Both the quadratic DFA, and the linear DFA in which
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Table 1. Frequency of larval black fly species collected in Gran Sabana (Venezuela), Pacaraima
(Brazil) and Boa Vista (Brazil), during October, 1996. Percent occurrence for each species was
calculated as the number of stream sites in which a species was found, divided by the number of

streams sampled (n)

Species % occurrence

Gran Pacaraima  Boa All

Sabana Vista sites

n=37) (n=16) (n=12) (n=65)
Simulium bipunchatum Malloch 0 25.0 0 4.9
S. cauchense Floch & Abonnenc 24.3 6.3 0 244
S. covagarciai Ramfrez—Pérez, Yarabal, 0 6.3 0 1.3
Takaoka, Tada & Ramirez
S. exiguum Roubaud 0 6.3 8.3 2.4
S. goeldii Cerqueira & Nunes de Mello 10.8 0 25.0 11.0
S. guianense s.I. Wise 0 6.3 0 3.7
S. ignacioi Ramirez-Pérez & Vulcano 5.4 0 0 3.7
S. inaequale Paterson & Shannon 18.9 31.3 0 43.9
S. incrustatum Lutz 459 6.3 66.7 23.2
S. iracouboense Floch & Abonnenc 0 12.5 8.3 3.7
S. kabanayense Ramirez-Pérez & Vulcano 16.2 0 0 7.3
S. lutzianum Pinto 21.6 31.3 0.0 17.1
S. maroniense Floch & Abonnenc 64.9 50.0 0.0 48.8
S. metallicum s.1. Bellardi 2.7 6.3 0 3.7
S. perflavum Roubaud 37.8 37.5 66.7 42.7
S. quadrifidum Lutz 10.8 31.3 66.7 21.0
S. rorotaense Floch & Abonnenc 0 18.8 0 3.7
S. rubrithorax Lutz 0 6.3 0 1.3
S. spinibranchium Lutz 16.2 0 0 12.2
S. suarezi Ramfrez, Perez, Rassi & Ramirez 16.2 0 0 12.2
S. subpallidum Lutz 29.7 25.0 50.0 36.6

potential outliers were removed (analyses not shown),
produced significant Phillai trace statistics as well as
interpretations of standardized coefficients that were
comparable to the saturated linear DFA. Thus, we con-
cluded that stream sites in each region were distinct
with respect to the stream variables measured.

Species distributions

When all streams sampled in 1996 were considered,
four principal components had eigenvalues >1.0 and
together accounted for 79.7% of the variability among
sampling stations (Table 3). PC-1, largely a measure of
position, explained 30.7% of the intersite variability.
Higher PC-1 values identified more southern streams
with the associated lower elevation and higher tem-
perature, pH and conductivity. Sites with higher PC-1
values were also larger (higher velocity, depth, dis-
charge), more open streams, with smaller streambed

particles. PC-2, accounting for an additional 24.7% of
site variability, was largely a measure of stream size.
Sites with higher PC-2 values were smaller (lower ve-
locity, depth, width, discharge) and warmer than sites
with lower PC-2 values. Higher PC-2 values also ten-
ded to be further south than sites with lower PC-2
values. PC-3 accounted for another 14.9% of site vari-
ability. PC-3 was a measure of stream cover and size;
sites with high scores were more open and smaller
than sites with lower scores. PC-4 explained another
9.4% of variability. High PC-4 scores indicated cooler,
covered streams with low streambed particle size.
Five of the six regressions calculated for species
distributions (Table 4) were significant (p < 0.002)
and the fraction of concordance was >70% for these
regressions. The distribution of S. marioneses and S.
quadrifidum had a significant association with PC-1.
Thus, S. marioneses was most likely to be found in
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Table 2. Results of discriminant function analysis (DFA) of the correspondence between
(i) stream site conditions and region from which streams originated and; (ii) stream
fauna and stream origin. Stream site variables used in the analysis were velocity, depth,
pH, temperature, conductivity, canopy cover and streambed particle size. Stream fauna
included all blackflies species found at all streams examined (n = 65)

Summary Statistics Discriminating Variables
Stream site Stream fauna
conditions

% correct (N)

Gran Sabana (37) 95 74

Parcaraima (16) 75 56

Boa Vista (12) 75 92

Total (65) 86 74

Standarized coefficents!  Velocity 0.165  inaequale 1.0212
Depth 0.048  maroniense 0.754
Temperature 0.593  perflavum 0.372
pH 0.107  quadrifidum 0.720
Conductivity 0.888  rorotaense 0.700
Streambed -0.311  spinibranchium  0.463
Canopy Cover  —-0.018  subpallidum 0.455

Pillai’s Trace

F 7.98 4.14

df 14,114 40, 88

P <0.001 <0.001

Eigenvalues (%)

Function 1 92.4 54.1

Function 2 7.8 45.9

I'Standardized coefficients are for the first discriminant function.
2For purposes of presentation only the top seven standardized discriminant function 1

coefficients are given for species.

small northern streams with lower temperature, pH
and conductivity. It was also less likely to be found
at sites with impoundments than at sites without im-
poundments. In contrast, S. quadrifidum was most
commonly found in large southern streams with higher
temperature, pH and conductivity. Simulium lutzianum
and S. perflavum were significantly associated with
PC-2. Simulium lutzianum was most likely to occur in
large cool northern streams, whereas S. perflavum was
most common in small warmer southern streams. Sim-
ulium subpallidum was significantly associated with
PC4, i.e., it was most common in warm open sites with
large streambed particles.

Only Gran Sabana had sufficient collections for
analysis of species distributions within a region. Three
principal components had eigenvalues >1.0 and to-
gether accounted for 67.6% of the variability among
sampling stations (Table 3). PC-1, largely a measure

of stream size, explained 35.2% of the intersite vari-
ability. Higher PC-1 values identified smaller, open
streams with lower conductivity and higher temperat-
ure than sites with lower PC-1 scores. PC-2 accounted
for an additional 19.8% of variability. High PC-2 val-
ues identified covered, low elevation narrow streams
with small streambed particles. PC-3, accounting for
another 12.6% of variability, was only correlated to
streambed particle size and riparian vegetation. Only
three of the six regressions calculated for species dis-
tributions in Gran Sabana (Table 4) were significant
(p < 0.007) and the fraction of concordance was
>86% for all regressions. Simulium cauchense Floch
& Abonnenc and S. lutzinium show a significant neg-
ative association with PC1, thus, these species were
most likely to be found in the relative larger streams of
Gran Sabana. The negative association of the S. sub-
pallidum with PC-2 indicated is was most frequently



Table 3. Results of PCA and Spearman’s rank correlation analysis between stream variables and derived principal components
(PC’s) for all collections (n = 65) taken during October, 1996

Stream Sites

Principal components

Variables Min Max Mean (+ SE) PC-1 PC-2 PC-3 PC-4
All sites
Velocity (m s—1) 0.23 1.50 0.76 + 0.03 0.322* -0.558** 0.154 -0.108
Discharge (m3 s1) 001 1276 1.38 £0.46 0.394%  —0.829** 0365  -0.106
Depth (m) 0.02 0.80 0.20 £ 0.02 0.580™*  -0.568**  -0.346* 0.185
Width (m) 0.2 65.0 52+ 1.1 0.147 -0.816"*  -0.410™  -0.098
Temperature °C 20.1 31.0 25.1+£03 0.363* 0.559**  -0.134 -0.409**
pH 3.5 7.0 54+0.1 0.607** 0.199 -0.003 -0.312
Conductivity (us cm ™1, 25°C) 3.5 42.7 147 £ 1.1 0.803** 0.237 0.074 0.010
Elevation (m) 55 1426 724 £ 56 -0.852**  —0.374* 0.020 -0.113
Degrees N of equator 1.978 5982 - -0.873**  —0.385* 0.040 -0.133
Streambed ! mud — bedrock -0.339* -0.249 0.266 -0.820**
Riparian vegetation! open — forest 0.361* 0.290 0.732%* 0.052
Canopy! none — complete 0.289 0.127 0.818** 0.232*
% variance explained
Proportion 30.6 24.7 14.9 9.4
Cumulative 30.7 55.4 70.3 79.7
Gran sabana
Velocity (m s—1) 0.23 1.27 0.74 £ 0.04 -0.732**  -0.152 -0.150
Discharge (m> s~1) 0.01  12.00 1.15 4+ 0.38 —0.887**  —0.299 0.204
Depth (m) 0.02 0.80 0.18 +£0.03 -0.705**  -0.078 0.398
Width (m) 0.4 18.0 49+0.8 -0.770**  -0.467* 0.137
Temperature °C 20.1 30.0 239+04 0.633**  —0.024 -0.094
pH 35 6.4 5.0+0.1 -0.217 0.314 -0.352
Conductivity (us cm™! at 25 °C) 3.5 18.5 8.6 £0.6 -0.502* 0.407 0.064
Elevation (m) 653 1426 1069 + 35 0.029 -0.719**  -0.262
Streambed! mud/silt — bedrock -0.015 =0.711%*  —0.544**

open — forest
Riparian vegetation! none — partical/complete -0.480* 0.466 —-0.562**
Canopy! —0.488* 0.524*  —0.460
% variance explained
Proportion 352 19.8 12.6
Cumulative 352 55.0 67.6

IRanked variables: stream bed 1-6, riparian vegetation 1-3; canopy 1-3. Rankings followed McCreadie & Colbo, 1991.

*p<0.01;* p<0.001.

found in wide, open, high elevation streams with large
streambed particles.

Species assemblages

Total species co-occurrences among streams for both
Gran Sabana and Boa Vista occurred at a rate higher
(p < 0.01) than expected by random, i.e., the as-
semblage structure in each region showed significant

redundancy among streams (Figure 3). In contrast, in
Pacaraima, the total number of observed species co-
occurrences did not occur at a frequency different from
that expected under a random model (Fig. 3).

DFA showed that most streams could be correctly
assigned to region of origin on the basis of the blackfly
fauna (Table 2). In Boa Vista only one streams was
incorrectly classified; 56% of Pacaraima streams and
76% of Gran Sabana sites were correctly identified
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Table 4. Regression analyses for distributions of Simulium species collected at all sites (n = 65) and Gran

Sabana, during October, 1996

Species Regression Coefficients 1 P Concordance
Bgy PC-1 PC-2  PC-3 PC4  Imp?

All sites

S. incrustatum - - - - - - >0.050 -

S. lutzianum -1.803 - -0.737 - - - <0.001  79.7%

S. maroniense 0322  -0.391 - - - -1.714 0.001  76.7%

S. perflavum -0.331 - 0.493 - - - 0.002  70.1%

S. quadrifidum -1.193 0435 - - - - 0.007  70.8%

S. subpallidum -0.882 - - - -0.929 0.001 74.2%

La Gran Sabana

S. cauchense -2.181 -1.264 - - - - <0.007  92.5%

S. incrustatum - - - - - - >0.050 -

S. lutzianum -2.609 -1.342 - - - - <0.001  93.1%

S. maroniense - - - - - - >0.050 -

S. perflavum - - - - - - >0.050 -

S. subpallidum -1.448 - -1.288 - - - <0.001  86.4%

1 Under the logistic function p; =e Lyd+elyandL=B 0 +B1X i+ ..B; Xji. p; is the probability that a
species is present at the ith site, Xy; ...X j; are the predictor (independent) variables (PCs and nominal variable),
and B ...B ; are the regression coefficients for the linear combination of predictors. Intercept for equation is By.

2 Imp = Impoundment.

as to region of origin. The Pillai’s trace statistic was
highly significant (p < 0.001) and the overall success
of region separation was 74% (Jack-knifed estimate of
error). Standardized coefficients for the first discrimin-
ant function indicated that four species — S. inaequale,
S. quadrifidum, S. rorotaense, and S. maroniense —
contributed most to stream separation (Table 2; also
see Table 1). The DFA plot (Fig. 2) showed no gross
heterogeneity. Both the quadratic DFA and the lin-
ear DFA in which potential outliers were removed
(analyses not shown) produced significant Phillai trace
statistics and standardized coefficients comparable to
the saturated linear DFA. Thus, species assemblages,
at least for Boa Vista and Gran Sabana, were distinct
from each other.

The Monte Carlo analysis used to generate the
test statistic for local species assemblages between the
wet (October) and dry (February) seasons for Gran
Sabana is given in Figure 4. In this case the test
statistic is the total number of species co-occurrences
between seasons in each stream sampled. As observed
co-occurrences between the two seasons was signific-
antly greater (p < 0.01) than expected from a random
model; suggesting that the local assemblage found
in both seasons were similar. DFA showed that most
streams in Gran Sabana could be correctly assigned

to season (wet or dry) on the basis of site conditions.
The Pillai’s trace statistic was highly significant (p =
7.75, df 7,23; p = 0.001) and the overall success of
separation was 87% (Jack-knifed estimate of error).
In Gran Sabana during the wet season 82% of sites
were correctly assigned; during the dry season 93% of
were correctly identified to season. Standardized coef-
ficients for the first discriminant function indicated
that width, velocity and temperature were the variables
that contributed most to stream separation. Hence, it
was concluded that stream conditions differed between
the wet and dry season.

Discussion
Species distribution patterns

The area sampled in our study showed distinct eleva-
tion and vegetation changes from a low plain domin-
ated by agriculture, to low elevation forested moun-
tains to an undulating upland savanna with patches
of montane and gallery forests. A strong association
was found between these a priori established regional
demarcations and stream site conditions. Thus, each
region studied (Gran Sabana, Pacaraima, Boa Vista)
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Figure 2. Plot of discriminant function scores for the first two dis-
criminant functions. (a) DFA between stream conditions and regions
from which streams originated. (b) DFA between black fly fauna and
region.

presented distinct stream environments. It was also
shown that species occurrence was not independent of
region.

Five of the six species distributions examined
across regions were significant. Accordingly, as
stream conditions changed across a north-south gradi-
ent, so did the occurrence of the most common spe-
cies. This upland to lowland faunal change is consist-
ent with the patterns of change seen in North American
assemblages (Adler & McCreadie, 1997). For ex-
ample, in South Carolina, U.S.A., as one moves from
the Appalachian mountains to the low elevation plains,
streams become slower, warmer, and darker (with tan-
nic acid), and the streambed changes from rock to silt.
These changes in stream conditions are also accom-
panied by dramatic shifts in the simuliid assemblage
(McCreadie & Adler, 1998). Changes in species com-
position of other lotic insects along longitudinal or
elevational stream gradients is well known (Vannote
et al., 1980; Minshall et al., 1985).

Predicting the distribution of species within a re-
gion (Gran Sabana) was somewhat less successful,

20.0 + Gran Sabana
i I

10.0 + I
.|l Il.,%_ L

0.0

700
30.0
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20.0
10.0 + | I
0.0 I .

80
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Figure 3. Results of 1000 Monte Carlo simulations for data col-
lected in 1996 from Gran Sabana, Pacaraima and Boa Vista. The
test statistic for this simulation is total number of co-occurrences
between each pair of streams for each region. Co-occurrence refers
to a species common to any pair of streams. Closed arrows indicate
the critical values at the 99.0% level. The observed total number
of co-occurrences for each region is shown with the open arrow.
Probability of co-occurrence is expressed as a precent.

with only half of the six regressions calculated sig-
nificant (p < 0.01). This is particularly apparent for
both S. maroniense and S. perflavum — the distribution
of both species was predictable when examined across
regions, but not within a region (Table 4). Changes
in predictive ability with scale has been noted by Mc-
Creadie & Alder (1998). These authors suggested that
differences in physical and chemical characteristics
of streams among regions (ecoregions) contrasts with
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Figure 4. Results of 1000 Monte Carlo simulations comparing the
species assemblage in Gran Sabana, Venezuela, during October of
1996 and February 1998. The test statistic for this simulation is total
co-occurrences between 1996 and 1998. Co-occurrences refer to the
number of species common to a stream between seasons. Closed
arrows indicate the critical values at the 99.0% level. The observed
total number of co-occurrences is indicated with an open arrow.
Probability of co-occurrence is expressed as a precent.

the more homogeneous stream-site conditions within
a region. As such, stream sites become more homo-
geneous, distributions appear more random, and pre-
dictive capability decreases. In the current study, DFA
clearly demonstrated greater homogeneity of stream
conditions within regions than across regions.

Although many factors, both biotic and abiotic,
have been associated with preimaginal distributions of
blackflies (Ross & Merritt, 1987; Adler & McCreadie,
1997), the few studies conducted at the species-level
show that occurrence and abundance are strongly asso-
ciated with stream-site conditions, particularly stream
size and the presence of outlets (Ciborowski & Adler,
1990; McCreadie & Colbo, 1991, 1992; McCreadie et
al., 1995: McCreadie & Adler, 1998; Hamada et al.,
2002). In the current study, the distribution of three
species, S. cauchense, S. maroniense, and S. perflavum
showed a significant association with stream size on at
least one scale of study. However, only one species,
S. maroniense, showed a significantly associated with
impoundments.

Species assemblages

It has been suggested that species assemblages or other
biological properties of streams can be inferred from
attributes of the region within which the system flows
(e.g., Hawkins & Norris, 2000). The idea that aquatic
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biota should vary at landscape spatial scales is based
on a long held view that local ecological attributes of
streams are influenced by their catchments (Hynes,
1975). Although some authors have reported high
correspondence of stream invertebrate assemblages to
ecoregions in both Nearctic (e.g., Feminella, 2000)
and Palearctic (e.g., Heino et al., 2002) streams, cor-
respondence between the aquatic biota and regional
classifications has usually been met with limited suc-
cess (Hawkins et al., 2000). Our study showed a strong
correspondence between species assemblages and a
priori established regional demarcations (74%). This
finding is even more compelling if one considers our
ability to discern regional differences in streams was
based on single larval collections from a single taxon,
Simuliidae.

Monte Carlo analyses suggested that the species
assemblage among streams at both Gran Sabana and
Boa Vista was, to some extent, repeatable. Species co-
occurrences among stream sites at a frequency greater
than that expected by a random model, by definition,
indicates a predictable species assemblage. Such a
repetitive species-assemblage pattern among streams
could result from the cumulative effect of numerous
species requiring similar or co-varying environmental
conditions (McCreadie et al.,1997). Facilitation (sensu
Connell & Slatyer, 1977) could also give rise to a
repetitive assemblage. Although facilitation in feed-
ing efficiency has been demonstrated within a species
of blackflies (Chance & Craig, 1986), this has not
been shown to occur among species. Significant faunal
repeatability within a region would also account for
the high correspondence between fauna and region for
both Gran Sabana (74%) and Boa Vista (92%).

In contrast to Gran Sabana and Boa Vista, the
amount of species overlap among streams in Pa-
caraima was not greater than that expected under a
random model. The only comparable study to these
results is that of McCreadie et al. (1997). Using Monte
Carlo simulations, these authors examined the black-
fly assemblage among 18 small, homogeneous streams
in Yellowstone National Park, Wyoming, U.S.A. Res-
ults indicated that blackfly assemblages among similar
streams were largely unpredictable in terms of species
co-occurrence. Species co-occurrences among streams
at a rate no different than that expected by a ran-
dom model would suggest that faunal assemblages
are largely stochastic. Streams subject to a series of
disturbance and recolonization events could produce
such a random pattern (Reice, 1994; McCreadie et
al., 1997). Thus, it is possible that disturbance might
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play a larger role in structuring biotic assemblages in
Pacaraima than either Boa Vista or Gran Sabana.

If species assemblages were strongly influenced
by competition among closely related species, then
species co-occurrence should occur at a rate signi-
ficantly less than that expected by chance (Begon et
al., 1996). Neither here, nor North American invest-
igations (McCreadie et al., 1997) have produced such
results, which support the contention that competition
may have less importance in structuring lotic com-
munities than other ecosystem parameters (Power et
al., 1988; Allan, 1995).

We suggest that there are three broad contingent
rules for blackfly species assemblages that can now
be put forward. First, is the ubiquitous nature of
simuliids. Paralleling the situation in North America,
all the streams we examined in 1996 had preima-
ginal simuliids. With rare exceptions, flowing Nearctic
streams, in which water quality has not be severely
compromised by pollution or siltation, yield blackflies
(Adler & McCreadie, 1997). Other contingent rules
that can be gleaned from this study are that many spe-
cies of simuliids distribute themselves along an axis
of stream size and that there is a strong and consist-
ent correspondence between regional characteristics
of streams and the species assemblage. However, it
should be pointed out that these latter rules, how-
ever useful, are still contingent because there are a
significant number of exceptions. We suspect these ex-
ceptions may, in part, be the result of trying to explain
the distribution of the aquatic stage of an organism
while ignoring aspects of its terrestrial phase. Larvae
occur in particular streams because females choose
these sites to deposit their eggs (McCreadie, 1991).
This has rarely been considered when examining the
distribution of blackflies (and other lotic insects) and
almost certainly represents a significant source of er-
ror in predicting larval distributions. Clearly, the most
evolutionary stable strategy for an adult female would
be to oviposit in streams where the likelihood of lar-
val survival is maximized. However, our knowledge of
simuliid ovipositional cues is rudimentary (Crosskey,
1990) and hence investigators have instead relied on
easily measured site conditions as predictors of larval
occurrence. Presumably, some of these habitat para-
meters might serve as oviposition cues for adults — on
the other hand they may not. As the link between hab-
itat parameters measured in the field and cues used by
the female to select optimal larval habitats weaken, so
does our ability to predict species distributions among
sites. Until we have a clear understanding of site se-

lection by adults, we may have to accept a significant
amount of error in predicting larval distribution pat-
terns, i.e., our rules of species assemblage will remain
contingent.

Seasonality

It is important to note that the Monte Carlo analysis of
seasonal change in the Gran Sabana fauna compared
each stream site to itself over two seasons. Accord-
ingly, significant results not only indicate that most
species were present in both the wet and dry season,
but also that each species showed a high degree of site
fidelity. An important implication of this result is that
a single sample, at a single point in time may pro-
duce a reasonable picture of the species assemblage
throughout the year. Typically studies examining the
distribution of larval blackflies (e.g., McCreadie &
Adler, 1998; Hamada et al., 2002) or other lotic insects
(e.g., Quinn & Hickey, 1990) over large spatial scales
have been based on single-point samples in time. The
justification for such a sampling regime is that single
point samples are the only logistic means of sampling
the large number of streams required to examine spa-
tial distributions across different scales of study. The
question that arises in such studies is whether these
samples are an accurate reflection of local species oc-
currences. Clearly, in the case of at least Gran Sabana,
the Monte Carlo analysis strongly suggests that such a
sampling protocol is reasonable.

Based on limited data it has been generally as-
sumed that aquatic insects in tropical environments
develop quickly, are multivoltine, and reproduce
throughout the year (e.g., Jackson & Sweeny, 1995)
though exceptions to this have been documented
(Sweeny et al., 1995). Results presented in the current
study also suggest blackfly species, like other aquatic
insects, are present throughout the year. However, this
conclusion is based on only two sets of data collected
in October 1996 and February 1998 and although a
number of sites were used there is no replication with
regards to wet and dry seasons over time. Therefore,
comparisons between wet and dry season should be
repeated, both over time and in different locations,
before any definitive statement can be made about
seasonality.

In contrast to what the above results suggest,
blackflies in temperate Nearctic locations show dis-
tinct seasonal patterns of larval occurrence. Typic-
ally larvae of univoltine species are found during the
winter or early spring and those of multivoltine species



found during the summer and fall (Ross & Merritt,
1987). In the southern areas of the Nearctic, how-
ever, larvae of many species of blackflies can be found
throughout the year (e.g., Moulton & Adler, 1995).
Thus, it is perhaps expected that tropical simuliids
should be found throughout the year.

Conclusions

It has been suggested that factors influencing com-
munity composition and species richness in temper-
ate streams are likely to be important in neotrop-
ical streams (Covich, 1988). Thus, the similarity in
factors influencing larval blackfly assemblages in both
Nearctic and Neotropical streams should not be sur-
prising. For example, both the importance of stream
size as a predictor of species distributions and faunal
changes from the upland to lowland areas were found
in both temperature and tropical stream communities.
In summary, three broad tenants for blackfly species
assemblages are suggested; (i) the ubiquitous nature
of simuliids; (ii) species distribute themselves along
an axis of stream size and most likely other con-
tinuous aspects of their physical environment and;
(iii) there is a strong and consistent correspondence
between regional characteristics of streams and the
species assemblage.
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