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Abstract  Rivers of tropical islands formed by vol-
canic eruptions experience unpredictable and heavy 
rainfall and are characterised by irregular topogra-
phy. During the 2019 and 2020 low-water season, 
we investigated the responses of benthic macroinver-
tebrate assemblages to variations in local environ-
mental conditions in four rivers located in areas of 
different rainfall intensity. We found that changes in 
local environmental conditions associated with lower 
rainfall intensity reduced abundance and taxonomic 
richness and modified taxonomic composition but did 
not impact the balance of functional feeding groups 
of macroinvertebrate communities amongst streams, 
except for piercer herbivores. Heterotrophy associated 
with substrate instability and autotrophy with a more 
stable substrate co-occurred in semi-arid climate riv-
ers. In contrast, a change from heterotrophy upstream 

to autotrophy and substrate stability downstream 
was apparent in the two humid rivers studied. Sur-
rogates of stream ecosystem function revealed a very 
low ratio of coarse to fine particulate organic mat-
ter related to the quasi-absence of shredders in these 
streams and suggested a low allochthonous input con-
tribution, which could be the result of the 5% decline 
in forest cover over the two past decades.

Keywords  Haiti · Physico-chemistry · Functional 
feeding groups · Ecosystem functions

Introduction

Studies that explore the taxonomic and functional 
responses of aquatic macroinvertebrate communities 
to environmental variations are numerous in con-
tinental temperate (Heino et  al., 2004; 2007 in Fin-
land; Bonada et al., 2007 in the Mediterranean Basin) 
and tropical regions (Tomanova et al., 2007; 2008 in 
Bolivia; Kohlmann et al., 2021 in Costa-Rica) but are 
scarce in tropical islands. With regards to the Carib-
bean archipelago, most studies on aquatic biota con-
sist of species checklists and reveal high regional bio-
logical richness and high variability; however, very 
little is known about the ecology and functioning of 
Caribbean Island rivers (Cinéas & Dolédec, 2022).

The Caribbean Island of Hispaniola, which origi-
nated from volcanic activity, is characterised by 
rapid changes in elevation over short distances and 
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watersheds that generally consist of 1–4 order streams 
with short, straight and steep channels and swift cur-
rents. The high annual variations in tropical rainfall 
combined with the steep topography of volcanic 
islands may greatly influence the in-stream hydraulic 
conditions (Li et al., 2022 in Puerto Rico), which in 
turn, may determine the availability of food resources 
and habitat for benthic macroinvertebrates (Mackey & 
Currie, 2001; Lepori & Malmqvist, 2007; Nava et al., 
2015; Min et  al., 2019). Haiti occupies one-third of 
Hispaniola Island. Seventy-five percent of its terri-
tory consists of mountains, of which 52% have slopes 
steeper than 40%. Air temperature varies between 15 
and 35°C year-round, and rainfall ranges between 400 
and 4000  mm depending on the relief and exposure 
(CANARI, 2019). Covered by an important tropical 
forest and considered a water reservoir for the south-
ern peninsula of Haiti, the Massif de la Hotte was 
declared a biosphere reserve in March 2016 by UNE-
SCO [Réserve Biosphère de la Hotte—(RBH) green 
area in Fig. 1].

Indeed, RBH has the world’s largest concentra-
tion of endemic amphibians (CANARI, 2019), 
whereas the benthic macroinvertebrates of the area 
remain almost unknown. According to the climate 
maps (https://​agric​ulture.​gouv.​ht/​stati​stiqu​es_​agric​
oles/​Atlas/​thema​tique_​gener​ale.​html), the south-
western peninsula of Haiti usually experiences a 
humid climate along the northern border and a 
semi-arid climate along the southern border. There-
fore, invertebrate sampling was carried out in four 
of the eight main rivers flowing within the Mas-
sif de la Hotte. Two rivers were selected from the 
northern humid border, the Roseau River (ROS) 
and the Voldrogue River (VOL) with more intense 
monthly rainfall and lower interannual variation in 
rainfall. In addition, two rivers were chosen from 
the southern semi-arid border experiencing lower 
monthly rainfall intensity and higher interannual 
variation (including drying out in some sections), 
the Acul River (ACU) and the Port-à-Piment River 
(PAP) (Fig. 1; Supplementary information Fig. S1). 

Fig. 1   Map showing the location of the study area in the west-
ern part of Haiti within the Caribbean archipelago and selected 
rivers and sampling sites (RBH frontiers are coloured in dark 

green). Land cover for the study area was extracted from 
Pauleus & Aide (2020)

https://agriculture.gouv.ht/statistiques_agricoles/Atlas/thematique_generale.html
https://agriculture.gouv.ht/statistiques_agricoles/Atlas/thematique_generale.html


3737Hydrobiologia (2024) 851:3735–3754	

1 3
Vol.: (0123456789)

Linked to climate differences, the northern humid 
border was generally more forested than the south-
ern semi-arid border.

According to the Global Forest Watch platform 
(https://​www.​globa​lfore​stwat​ch.​org), in 2022, for-
est cover (defined by tree height > 5 m) in the district 
involving ROS (Corail) and VOL (Jérémie) repre-
sented 82% and 74% of the land cover, respectively. 
In contrast, forest cover in the district involving the 
ACU (Chardonnières) and the PAP (Jérémie) repre-
sented 29% and 41% of the land cover, respectively. 
Finally, deforestation was included in the study area 
as elsewhere in Haiti with plantations dominating the 
northern humid border and pastures being prominent 
on the southern semi-arid border (Fig. 1).

Benthic macroinvertebrates are known to reflect 
the ecological status of a stream (Rosenberg & Resh, 
1993). Their rather sedentary lifestyles and relatively 
short life cycle durations (~ 1  year) allow them to 
respond to short- and long-term disturbances (Park 
et al., 2008). In addition, macroinvertebrates occupy 
an intermediate position in aquatic food webs because 
they mostly feed on basal food resources (litter, 
aquatic plants, detritus and biofilms) and may serve 
as prey for fish and amphibians (Wallace & Webster, 
1996; Villanueva et al., 2012) or birds (Recalde et al., 
2021). Since the 1970s, macroinvertebrates have 
been grouped into functional feeding groups (FFGs) 
according to their behavioural food acquisition and 
food types (Cummins, 1973). FFG distribution and 
relative abundance, which reflect the food resources 
available in streams (Allan & Castillo, 2007), allow 
the indirect assessment of the functional integrity of 
streams (Cortés-Guzmán et al., 2021). In addition, the 
proportion of the different FFGs in a community may 
change in response to hydrological disturbances (Her-
shey et al., 1988; Hart & Robinson, 1990). For exam-
ple, in frequently flooded rivers, shredders, which 
feed on coarse particulate organic matter (CPOM), 
and scrapers, which feed on periphyton, have been 
shown to be less abundant than filter feeders, which 
feed on fine particulate organic matter (FPOM) in the 
water column (Bhawsar et al., 2015; Min et al., 2019). 
Finally, FFG ratios have been proposed as surrogates 
for stream ecosystem attributes mainly focussing on 
the balance between gross primary production and 
community respiration and the transfer of coarse and 
fine particulate organic matter in the water column 
(Merritt et al., 2002).

The present study aims to compare the abundance 
and diversity of benthic macroinvertebrate commu-
nities inhabiting Haitian rivers, which experience 
different levels of rainfall intensity, and to provide a 
functional assessment of the functional integrity of 
these streams. We hypothesise that in semi-arid cli-
mate rivers experiencing lower rainfall intensity, 
including long periods of drought and unpredictable 
rainfall, resulting changes in local environmental con-
ditions should (i) induce a decrease in abundance and 
taxonomic richness and diversity and (ii) modify the 
taxonomic composition and the resulting balance 
amongst FFGs, which in turn (iii) should influence 
ecosystem processes. Finally, we expect (iv) annual 
differences in biological metrics to be more important 
in the semi-arid climate rivers associated with higher 
interannual rainfall variations and longer periods of 
low flow.

Methods

Climate time series

Rainfall and air temperature time series were 
extracted from Climate Hazards Group InfraRed 
Precipitation with Station (CHIRPS) and Climate 
Hazards Group InfraRed Temperature with Station 
(CHIRTS), (available at https://​iridl.​ldeo.​colum​bia.​
edu) which are global satellite-derived rainfall and 
air temperature data with a 0.05-degree grid resolu-
tion (~ 3  km). Monthly rainfall and air temperature 
at each sampling site were approximated considering 
the best available rainfall and air temperature meas-
ures collected at the closest meteorological stations, 
i.e. located ≤ 3 km from each sampling site over the 
period 2006–2016. These time series did not cover 
the sampling period (2019–2020; see below). How-
ever, we can consider that the range of rainfall inten-
sities in the area was covered by these time series, 
including torrential rains in 2007–2008 and cata-
strophic flooding in 2016 (Hurricane Matthew) as 
well as low-flow periods. No major storm events were 
recorded in 2017–2019.

Benthic macroinvertebrate assemblages

Benthic macroinvertebrates were sampled in two sea-
sons during the low-flow period. The first sampling 

https://www.globalforestwatch.org
https://iridl.ldeo.columbia.edu
https://iridl.ldeo.columbia.edu
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campaign (end of February to the beginning of March 
2019) occurred later in the low-flow period than the 
second sampling campaign (beginning January 2020), 
which was performed after recent rainfall (personal 
field observations). Sites were selected at different 
elevations along each river [between 16 and 706  m 
above sea level (a.s.l.); Table 1] and according to the 
relative ease of access. Four sites (S1, S2, S3 and S4) 
were sampled upstream to downstream in the Port-
à-Piment River (PAP). The Acul (ACU) and Roseau 
(ROS) rivers were sampled at three sites (S1, S3, S4), 
and the Voldrogue River (VOL) was sampled at two 
sites (S3, S4) (Fig. 1, Table 1). The sampling design 
was not totally adequate due to the Haitian political 
context, which included roadblocks and riots occur-
ring during this period, which prevented us from 
reaching the expected river sites. However, a simi-
lar altitudinal gradient was covered in the north and 
south sides.

A total of 12 samples were collected at each site 
over a section with a length ten times the width using 
a Surber net (0.05 m2, 500 µm mesh). Samples were 
collected by visually considering substrate and cur-
rent velocity distributions to cover most of the habitat 
diversity across a given site. A total of 286 samples 

were collected over the two sampling campaigns 
(n = 144 and 142 for the first and second campaigns, 
respectively). Samples were preserved in 95% etha-
nol until macroinvertebrates were sorted, counted 
and identified at the family level in the laboratory 
(in France) using a stereomicroscope and available 
taxonomic keys (Bernadet et al., 2014; Hamada et al., 
2018). Two samples dried out during travel from 
Haiti to France, and only 11 samples were available 
for sites S3 and S4 in the ROS for the second sam-
pling campaign. For each sample, we calculated the 
total number of individuals, the family richness and 
the Shannon diversity index.

Functional feeding groups

We assigned the macroinvertebrate families to FFGs 
using the information provided by Ramirez & Guttié-
rez-Fonseca (2014), and we computed the proportion 
of individuals belonging to collector gatherers (CG), 
filtering collectors (Ft), predators (Pr), scrapers (Sc), 
piercer herbivores (Pc-Hb), shredder detritivores (Sh-
Dt) and shredder herbivores (Sh-Hb) in each site and 
each sampling campaign (see Appendix 1).

Ecosystem functions

We further used FFG ratios as surrogates for three 
stream ecosystem attributes as proposed by Merritt 
et  al. (2002). The ratio between primary production 
and respiration (abbreviated PRR) was computed as 
the ratio between the sum of individuals that were 
scrapers (Sc), piercers (Pc-Hb) and shredder herbi-
vores (Sh-Hb) and the sum of individuals that were 
shredder detritivores (Sh-Dt) and collectors (CG, Ft). 
In-stream substrate stability (SUS) was computed as 
the ratio of the sum of scrapers (Sc) and filtering col-
lectors (Ft) and the sum of shredder detritivores (Sh-
Dt) and collector-gatherers (CG). Finally, the ratio of 
coarse to fine particulate organic matter (abbreviated 
CPO) was estimated as the ratio between the number 
of shredder detritivores (Sh-Dt) and the number of 
collectors (CG, Ft). We considered threshold values 
for each ecosystem attribute as follows: PRR˃0.75 
demonstrated the prominence of autotrophic pro-
cesses; SUS > 0.50 corresponded to a more stable 
substrate; and CPO > 0.50 (dry season) was associ-
ated with normal riparian functioning (see Merritt 
et al., 2002).

Table 1   Geographical coordinates, altitude, and average width 
of each sampling site

ACU​ Acul, PAP Port-à-Piment, ROS Roseau, VOL Voldrogue
*Sampling sites used to compare long-term rainfall and time 
series. In italics, those sites sampled once and not included in 
the macroinvertebrate composition analyses

River Site Latitude 
(N)

Longitude 
(O)

Altitude 
(m)

Width (m)

ACU​ S1 18.27 − 73.95 270 10
S2 18.27 − 73.89 195 13
S3* 18.23 − 73.95 92 15
S4 18.13 − 73.86 23 23

PAP S1 18.35 − 74.06 653 2
S2 18.32 − 74.09 284 4
S3* 18.29 − 74.1 108 12
S4 18.26 − 74.1 20 12

ROS S1 18.41 − 74.02 706 5
S2* 18.52 − 74.03 154 10
S3 18.57 − 74.03 36 17
S4 18.59 − 74.03 14 25

VOL S3* 18.53 − 71.12 104 19
S4 18.6 − 74.08 16 22
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Physical and chemical variables

For each invertebrate sample, water temperature, 
dissolved oxygen, oxygen saturation and conduc-
tivity were recorded using a multiparameter probe 
(HQ40D), and water depth was measured with a 
ruler. Current velocity was assessed visually using the 
following categories: very slow (v < 5 cm  s−1), slow 
(5 < v < 25  cm  s−1), medium (25 < v < 50  cm  s−1), 
rapid (50 < v < 75  cm  s−1) and very rapid 
(> 75  cm  s−1) (Supplementary information Fig.  S2). 
The substrate was also recorded visually, and we used 
the following categories and their phi values (i.e. log2 
of the particle diameter): boulder (Phi = −  8), cob-
ble-pebble (− 6), gravel (− 2), sand (2), silt (1), root 
and organic debris (3). We further calculated the fre-
quency distribution of the current velocity and sub-
strate categories at each site and for the two sampling 
campaigns, which allowed us to compute weighted 
average current velocity (VEL) and phi values (GME) 
at each site and for both campaigns. Finally, we com-
puted the Simpson index on the proportions of sub-
strate categories to assess the diversity of sediment 
size (GDI) within a site.

Data analysis

To assess differences in climate across rivers, we 
compared rainfall and temperature time series at 
similar altitudes (~ 100 m a.s.l.) using Kruskal–Wal-
lis’s test for global difference followed by Dunn’s 
test for paired differences between rivers. In addi-
tion, since our climate time series covered the period 
2006–2016 and our invertebrate sampling was 
done over 2019–2020, we decomposed the series to 
address long-term and seasonal trends using classical 
seasonal decomposition by moving averages and the 
R stats package.

We performed a normalised principal component 
analysis (PCA) to derive scores for sites for each sam-
pling campaign based on the physical and chemical 
parameters measured in the field, averaged by site and 
sampling campaign (n = 24). We assessed temporal 
(year) and spatial (site, river) effects on the physical and 
chemical parameters, abundance, family richness and 
Shannon diversity using mixed ANOVA with rivers 
and sampling campaigns as fixed effects and sampling 
sites as random effects (n = 286). This was followed 
by Games-Howell post hoc tests to handle unequal 

variances and sample sizes between groups. When the 
normality assumption was not met, we used the Box‒
Cox transformation (Box & Cox, 1964). We investi-
gated the relationships between each biological metric 
and physical and chemical parameters using multiple 
regression models after correcting for multicollinear-
ity amongst the parameters with a variance inflation 
factor (VIF < 4) (Zuur et  al., 2010). Finally, we tested 
each FFG and ecosystem metric against rivers, sites and 
sampling campaigns using one-way ANOVA type II 
(n = 24).

To investigate the biological similarity amongst 
rivers, sites and sampling campaigns, we performed 
non-metric multidimensional scaling (NMDS) analy-
sis using log(x + 1) transformation and the Bray‒Cur-
tis distance between macroinvertebrate communities 
(Minchin, 1987). We tested the effect of rivers, sam-
pling campaigns and the upstream–downstream gradi-
ent using permutational multivariate analysis of vari-
ance (PERMANOVA) (McArdle & Anderson, 2001). 
Physical and chemical variables were fitted to the 
NMDS ordination after correcting for multicollinearity 
(see above). To that end, we used the envfit() command 
of the vegan package of R that allowed the estimate 
of the strengths of the correlation between the NMDS 
dimensions and each environmental variable. This 
command provides direction of maximal correlation 
between the NMDS dimensions and each environmen-
tal variable (see Jongman et  al., 1987, pp.132–136). 
For each environmental variable, the goodness-of-fit 
was assessed by a squared correlation coefficient, and 
the statistical significance of the explained variance 
was obtained from a permutation test. These opera-
tions allowed us to indicate if one or more environmen-
tal variables were associated with differences between 
sites and rivers as shown in the NMDS ordination.

All statistical analyses were performed with R soft-
ware version 4.3.2 (R Core Team, 2022) and the vegan 
(Oksanen et  al., 2022), ade4 and adegraphics (Thio-
ulouse et  al., 2018) packages. Specific graphics were 
generated using the R package ggplot2 (Wickham, 
2016).
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Results

Environmental variables

Rainfall and air temperature variations

Looking at long-term and seasonal trends, monthly 
rainfall available on comparable sites (~ 100 m a.s.l.) 
showed that the differences between the four rivers 
remained rather constant over the period 2006–2016, 
with the PAP river experiencing higher seasonal vari-
ations and longer periods of low flow (Supplemen-
tary information Figs. S3A, S4). The distribution of 
monthly rainfall values differed significantly across 
rivers (Kruskal–Wallis = 50.0, P < 0.000, n = 528; 
Fig.  2). Dunn’s test further showed evidence for a 
lower rainfall in PAP (median = 63.7 mm) compared 
to the three other rivers [ACU (89.7 mm), P < 0.003; 
ROS (126  mm), P < 0.000; VOL (125  mm), 
P < 0.000]. In addition, ACU rainfall significantly 
differed from ROS (P < 0.007) and only slightly dif-
fered from VOL (P < 0.068), whereas no difference 

was apparent between the ROS and VOL rivers 
(P > 0.345).

As expected, monthly air temperature values were 
high and ranged between [26.7–30.7°C] for ACU, 
[26.1–31.3°C] for PAP, [25.7–30.5°C] for ROS, 
and [25.6–30.5°C] for VOL (Fig.  2; Supplementary 
information Figs. S3B, S5). There was evidence for 
a global statistical difference (Kruskal–Wallis = 8.7, 
P < 0.033, n = 528). However, neither differences 
in seasonal variations amongst rivers nor long-
term trends of air temperature were apparent (Dunn 
P > 0.09; Supplementary information Fig. S3B).

Physical and chemical variables

The first axis of a PCA performed on the physical and 
chemical parameters represented 33.7% of the total 
variance and separated PAP from ROS (Fig.  3B). 
This difference was specifically linked to water oxy-
genation (DOX in Fig. 3A), temperature (MWT), cur-
rent velocity (VEL) and depth (DEP). The axis also 
described a gradient of increase in water temperature, 

Fig. 2   Histograms show-
ing the distribution of A 
monthly rainfall and B 
monthly air temperature 
recorded over 2006–2016 
within each river (n = 132 
for each river). The vertical 
bar stands for the median of 
the distribution
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conductivity (CON) and oxygenation from upstream 
to downstream. The second PCA axis (20.6%) 
described a gradient associated with higher grain size 
diversity (GDI) upstream than downstream, which 
was especially apparent in the PAP River.

The results of the ANOVA mixed models sug-
gested that rivers differed in all parameters (Table 2). 
Waters were well oxygenated, with few differences 
between rivers and across years (Table  2). PAP and 
ACU demonstrated higher water temperature varia-
tions than ROS and VOL (Table 2). PAP waters were 
generally shallower (~ 15  cm; Table  2) than in the 
three other rivers (> 25 cm). In parallel, ROS demon-
strated lower current velocities (~ 0.2 m s−1; Table 2) 
than the three other rivers (> 0.45  m  s−1). Finally, 
PAP had a smaller sediment size (phi > − 5) than the 
three other rivers (phi < − 5).

Responses of macroinvertebrate assemblages

Abundance, richness and diversity

A total of 51,126 macroinvertebrates belonging to 
Bivalvia, Clitellata, Gastropoda, Insecta, Malacos-
traca and Trepaxonemata and 50 families were col-
lected (Appendix 1). In the first survey, 33,813 indi-
viduals and 47 families were collected, whereas 
17,313 individuals and 38 families were collected 

during the second survey. Insects represented 72% 
of the taxonomic richness (36 families) and had the 
highest abundance (42,690 individuals, i.e. 83.3% 
of the total). Ephemeroptera was the most abundant 
order (35.6%), followed by Trichoptera (32.7%). 
Finally, Diptera was the richest insect order (11 fami-
lies), amongst which 10 families were present in the 
PAP, with 4 families (Culicidae, Dixidae, Psychodi-
dae and Stratiomyidae) found only in the PAP but at 
very low abundance (between 1 and 4 individuals).

ANOVA mixed models demonstrated stronger 
evidence for higher abundance and taxonomic rich-
ness during the first sampling campaign than during 
the second sampling campaign in all rivers, whereas 
Shannon diversity did not show such strong evi-
dence (Fig. 4; Table 3). In addition, there was posi-
tive evidence for differences in abundance and taxo-
nomic richness across rivers (Fig.  4; Table  3). Post 
hoc Games-Howell tests indicated (P < 0.05 for any 
pair) that the macroinvertebrate abundance was lower 
in the PAP than in the ACU, ROS and VOL, and 
the taxonomic richness was higher in the ROS and 
ACU than in the VOL and PAP (Table  3). In con-
trast, Shannon diversity did not demonstrate any dif-
ferences amongst rivers (Table  3). Finally, ANOVA 
models between each biological metric and site posi-
tion (from S1 to S4) demonstrated a significant dif-
ference between the upper (S1) and lower site (S4) 

Fig. 3   Results of the normalized PCAs performed on the cli-
mate variables and physical and chemical variables shown 
along the first two axes of each PCA. A Position of physical 
and chemical variables (CON, conductivity; DEP, water depth; 
GME, sediment size; GDI, sediment diversity; OSA, oxygen 

saturation; DOX, dissolved oxygen, MWT, water temperature; 
VEL, current velocity); and B position of sites along each river 
associated with changes in physical and chemical variables 
(VOL, Voldrogue; ROS, Roseau; ACU, Acul; PAP, Port-à-
Piment)



3742	 Hydrobiologia (2024) 851:3735–3754

1 3
Vol:. (1234567890)

Ta
bl

e 
2  

V
al

ue
s o

f p
hy

si
ca

l a
nd

 c
he

m
ic

al
 v

ar
ia

bl
es

 (m
ea

n ±
 S

D
; n

 =
 12

) o
bt

ai
ne

d 
in

 e
ac

h 
si

te
 o

f e
ac

h 
riv

er
 (A

C
U

, A
cu

l; 
PA

P,
 P

or
t-à

-P
im

en
t; 

RO
S,

 R
os

ea
u;

 V
O

L,
 V

ol
dr

og
ue

) d
ur

-
in

g 
th

e 
fir

st 
(1

st 
ro

w
 fo

r e
ac

h 
pa

ra
m

et
er

) a
nd

 se
co

nd
 (2

nd
 ro

w
) s

am
pl

in
g 

ca
m

pa
ig

ns
 a

nd
 re

su
lts

 o
f m

ix
ed

 A
N

O
VA

 m
od

el
s

F 
st

at
ist

ic
s 

ar
e 

gi
ve

n 
fo

r fi
xe

d 
eff

ec
ts

 (R
iv

er
, Y

ea
r)

 a
nd

 in
te

ra
ct

io
ns

 (R
iv

er
:Y

ea
r)

, w
he

re
as

 li
ke

lih
oo

d 
ra

tio
 te

st 
(L

RT
) s

ta
tis

tic
s 

ar
e 

pr
ov

id
ed

 fo
r r

an
do

m
 e

ffe
ct

s 
(1

|si
te

). 
D

ue
 to

 th
e 

m
al

fu
nc

tio
ni

ng
 o

f t
he

 d
ev

ic
e,

 s
om

e 
da

ta
 a

re
 n

ot
 a

va
ila

bl
e 

(N
A

) o
r a

re
 m

is
si

ng
 fo

r f
ew

 s
am

pl
es

 n
 =

 11
, 5

, 9
, a

nd
 1

0 
(in

ste
ad

 o
f 1

2)
 fo

r v
al

ue
s 

an
no

ta
te

d 
a,

 b
, c

, a
nd

 d
, r

es
pe

ct
iv

el
y.

 
A

ste
ris

ks
 st

an
d 

fo
r a

ss
oc

ia
te

d 
pr

ob
ab

ili
tie

s (
**

*P
 <

 0.
00

1;
 *

*P
 <

 0.
01

; *
P 

<
 0.

05
 P

 <
 0.

1;
 −

 P
 >

 0.
1)

A
C

U
​

PA
P

RO
S

V
O

L
R

iv
er

Ye
ar

R
iv

er
:Y

ea
r

1|
si

te

S1
S2

S4
S1

S2
S3

S4
S1

S3
S4

S3
S4

Te
m

pe
ra

tu
re

 
in

 w
at

er
 

(°
C

)

23
.3

 ±
 0.

3a
24

.9
 ±

 0.
9

31
.8

 ±
 0.

5
20

.8
 ±

 0.
3

25
.2

 ±
 0.

3
25

.3
 ±

 0.
4

26
.3

 ±
 0.

8
23

.1
 ±

 0.
5

25
.8

 ±
 0.

5
27

.3
 ±

 0.
3

24
.5

 ±
 1.

3
28

.5
 ±

 0.
6

42
.6

**
*

8.
5*

*
48

.8
**

*
44

7.
5*

**

23
.8

 ±
 0.

2
25

.2
 ±

 0.
6

28
.7

 ±
 0.

3
23

.4
 ±

 0.
5

25
.9

 ±
 0.

6
27

.3
 ±

 0.
7

31
.6

 ±
 0.

1
23

.4
 ±

 0.
3

27
.0

 ±
 1.

1
27

.9
 ±

 0.
8

25
.3

 ±
 0.

3
24

.6
 ±

 0.
4

C
on

du
c-

tiv
ity

 
(µ

S 
cm

−
1 )

23
9.

8 ±
 1.

1b
22

8.
7 ±

 1.
4

30
7.

0 ±
 1.

3c
22

8.
8 ±

 1.
6

24
8.

9 ±
 1.

7d
N

A
N

A
22

8.
0 ±

 1.
7

N
A

N
A

24
8.

3 ±
 10

.3
N

A
41

.1
**

*
12

9.
4*

**
25

.3
**

*
22

9.
7*

**

25
5.

2 ±
 0.

9
23

8.
7 ±

 1.
9

34
2.

3 ±
 3.

0
24

7.
4 ±

 1.
4

25
1.

1 ±
 0.

8
34

1.
5 ±

 1.
3

27
0.

7 ±
 2.

7
27

9.
0 ±

 1.
5

37
7.

7 ±
 3.

1a
35

2.
5 ±

 4.
3a

26
8.

7 ±
 0.

5
30

9.
4 ±

 1.
4

D
is

so
lv

ed
 

O
xy

ge
n 

(m
g 

L−
1 )

8.
3 ±

 0.
0a

8.
5 ±

 0.
1

9.
2 ±

 0.
5

8.
1 ±

 0.
2

7.
9 ±

 0.
1

7.
7 ±

 0.
2

8.
2 ±

 0.
2

8.
3 ±

 0.
2

9.
3 ±

 0.
5

8.
6 ±

 0.
9

8.
6 ±

 0.
3

8.
1 ±

 0.
3

72
.7

**
*

–
2.

6*
46

.9
**

*

8.
4 ±

 0.
0

8.
5 ±

 0.
1

8.
4 ±

 0.
3

7.
7 ±

 0.
6

7.
8 ±

 0.
1

8.
2 ±

 0.
1

7.
6 ±

 0.
1

8.
3 ±

 0.
1

9.
2 ±

 0.
2a

8.
7 ±

 0.
6a

8.
4 ±

 0.
1

8.
5 ±

 0.
1

O
xy

ge
n-

Sa
tu

ra
tio

n 
(%

)

96
.7

 ±
 4.

0a
10

2.
4 ±

 1.
6

12
5.

3 ±
 8.

2
96

.6
 ±

 0.
3

98
.3

 ±
 1.

3
95

.3
 ±

 1.
9

10
2.

2 ±
 2.

5
11

0.
2 ±

 12
.3

11
3.

9 ±
 6.

6
10

8.
1 ±

 10
.9

10
2.

7 ±
 4.

6
10

3.
7 ±

 3.
5

47
.5

**
*

–
4.

8*
*

67
.4

**
*

10
0.

7 ±
 0.

3
10

4.
4 ±

 1.
8

10
8.

1 ±
 3.

9
97

.8
 ±

 1.
8

98
.4

 ±
 0.

1
10

4.
6 ±

 0.
3

10
3.

4 ±
 0.

7
10

1.
3 ±

 1.
0

11
4.

8 ±
 3.

4a
11

0.
8 ±

 8.
0

10
2.

3 ±
 0.

9
10

1.
3 ±

 0.
8

Su
bs

tra
te

 
Ph

i
−

 5
.5

 ±
 2.

8
−

 5
.7

 ±
 2.

4
−

 6
.8

 ±
 1.

0
−

 4
.5

 ±
 3.

9
−

 5
.3

 ±
 1.

6
−

 4
.3

 ±
 3.

4
−

 4
.3

 ±
 2.

7
−

 6
.2

 ±
 1.

6
−

 2
.6

 ±
 4.

3a
−

 6
.2

 ±
 1.

6
−

 6
.2

 ±
 2.

3
−

 5
.3

 ±
 3.

7
4.

5*
*

–
–

–

−
 5

.7
 ±

 1.
2

−
 6

.6
 ±

 2.
6

−
 6

.8
 ±

 1.
0

−
 6

.9
 ±

 1.
9

−
 5

.3
 ±

 2.
7

−
 6

.6
 ±

 1.
1

−
 2

.0
 ±

 0.
0

−
 6

.7
 ±

 2.
1

−
 5

.0
 ±

 3.
6

−
 4

.7
 ±

 2.
2a

−
 6

.7
 ±

 1.
0

−
 6

.0
 ±

 0.
0

Ve
lo

ci
ty

 
(m

 s−
1 )

0.
60

 ±
 0.

33
0.

55
 ±

 0.
33

0.
48

 ±
 0.

30
0.

75
 ±

 0.
38

0.
45

 ±
 0.

35
0.

40
 ±

 0.
32

0.
41

 ±
 0.

30
0.

12
 ±

 0.
10

0.
19

 ±
 0.

27
0.

08
 ±

 0.
05

0.
45

 ±
 0.

37
0.

37
 ±

 0.
34

17
.4

**
*

–
3.

0*
13

.2
**

*

0.
25

 ±
 0.

13
0.

51
 ±

 0.
33

0.
38

 ±
 0.

20
0.

92
 ±

 0.
2

0.
27

 ±
 0.

26
0.

67
 ±

 0.
36

0.
13

 ±
 0.

05
0.

37
 ±

 0.
36

0.
23

 ±
 0.

21
0.

13
 ±

 0.
10

0.
58

 ±
 0.

41
0.

49
 ±

 0.
33

D
ep

th
 (m

)
0.

42
 ±

 0.
11

a
0.

22
 ±

 0.
13

0.
19

 ±
 0.

05
0.

11
 ±

 0.
04

0.
14

 ±
 0.

05
0.

15
 ±

 0.
07

0.
18

 ±
 0.

08
0.

32
 ±

 0.
15

0.
36

 ±
 0.

23
0.

52
 ±

 0.
15

0.
31

 ±
 0.

14
0.

26
 ±

 0.
14

36
.0

**
*

–
5.

7*
**

–

0.
44

 ±
 0.

10
0.

31
 ±

 0.
11

0.
22

 ±
 0.

03
0.

13
 ±

 0.
03

0.
15

 ±
 0.

07
0.

19
 ±

 0.
05

0.
15

 ±
 0.

04
0.

24
 ±

 0.
08

0.
40

 ±
 0.

19
0.

22
 ±

 0.
11

0.
22

 ±
 0.

10
0.

32
 ±

 0.
12



3743Hydrobiologia (2024) 851:3735–3754	

1 3
Vol.: (0123456789)

for richness (Games–Howell P < 0.000; median = 9 
vs. 7 for S1 and S4, respectively) and Shannon diver-
sity (Games–Howell P < 0.000; median = 1.4 vs. 

1.2 for S1 and S4, respectively; and Games–How-
ell P < 0.015; median = 1.4 vs. 1.2 for S2 and S4, 
respectively).

Fig. 4   Probability density curves of changes in A abundance 
(log transformed), B family richness and C Shannon diversity 
in each study site along each river course. The first sampling 
campaign is represented in light grey, and the second sampling 

campaign is represented in dark grey (n = 12 per site per sam-
pling campaign except S3 and S4 in the ROS during the repre-
sented sampling campaign)

Table 3   Values of (A) abundance, (B) richness and (C) Shan-
non diversity (mean ± SD) obtained in each river during the 
first (1st row for each metric) and second (2nd row) sampling 

campaigns and results of mixed ANOVAs showing F statistics 
for fixed effects (River, Year) and interactions (River:Year) and 
LRT statistics for random effects (1Isite)

ACU​ PAP ROS VOL River Year River:Year 1lsite

(A) 326 ± 192 72 ± 62 372 ± 372 218 ± 240 59.0*** 22.3*** ns 14.7***
219 ± 116 68 ± 77 115 ± 68 95 ± 60

(B) 9.4 ± 2.3 7.3 ± 2.1 10.2 ± 4.3 8.0 ± 3.4 23.8*** 16.5*** ns 15.2***
9.1 ± 1.7 5.5 ± 2.6 8.1 ± 2.0 7.1 ± 1.6

(C) 1.27 ± 0.35 1.30 ± 0.29 1.24 ± 0.37 1.17 ± 0.49 ns ns 4.3** 9.4**
1.46 ± 0.33 1.13 ± 0.46 1.40 ± 0.32 1.25 ± 0.35
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Finally, multiple regression models revealed that 
Shannon diversity was positively related to sediment 
size and water temperature in the samples (Table 4). 
Family richness was positively related to water tem-
perature and oxygen saturation (Table  4). Dissolved 
oxygen, water depth and sediment size showed a posi-
tive correlation with macroinvertebrate abundance 
(Table 4).

Taxonomic composition

NMDS provided a good representation of sites in 
two dimensions (Stress = 0.092; Fig.  5A). PER-
MANOVA revealed that 32.3% of the total vari-
ance of the distance matrix was associated with dif-
ferences in taxonomic composition amongst rivers 
(P < 0.001), 21.4% amongst sites (P < 0.001), and 
6.7% between sampling campaigns (P < 0.007). More 
specifically, the first NMDS dimension (NMDS1 in 
Fig.  5A) demonstrated differences between rivers 
(ANOVA, F3,24 = 17.4, P < 0.000), sampling cam-
paigns (F1,24 = 10.2, P < 0.008) and sites (LRT = 7.1, 
P < 0.008). Along NMDS1, PAP communities were 
well separated from those in the ROS, as well as 
between sampling campaigns (Fig.  5A). The second 
NMDS dimension (NMDS2) demonstrated no sig-
nificant difference in composition amongst rivers, 
whereas there was evidence for differences between 
sampling campaigns (F1,24 = 15.5, P < 0.002) and 
along a gradient from upstream (S1) to downstream 
(S4; LRT = 14.0, P < 0.000). Rheophilic taxa, i.e. 
adapted to resist flow constraints (Psychodidae, Hyd-
robiosidae, Simuliidae) were separated from taxa 
generally found in more lentic habitats (Lymnaei-
dae, Glossiphoniidae, Sphaeriidae) along NMDS1 
(Fig.  5B), a feature that was also expressed along 
NMDS2 (Fig.  5B). NMDS2 separated the molluscs 

(Lymnaeidae, Sphaeriidae, Physidae, Planorbidae, 
Cochliopidae, Neritidae, Thiaridae; Fig.  5B) that 
were more abundant and diversified downstream than 
upstream.

Projecting environmental variables along the first 
two NMDS dimensions showed that differences in 
taxonomic composition between PAP and ROS along 
NMDS1 were related to a higher water depth (DEP) 
and water oxygenation (DOX) as well as lower cur-
rent velocity (VEL) of the latter (Fig.  5; Table  5). 
Differences in taxonomic composition between sites 
depicted along NMDS2 were mainly related to water 
temperature (MWT), which was expectedly higher 
downstream, and sediment diversity (GDI), which 
was higher upstream (Fig. 5; Table 5).

Functional feeding groups

Overall, the bulk of the community included collector 
gatherers [mean proportion = 0.56 (0.21–0.92) of the 
total communities in all rivers for the two sampling 
campaigns], scrapers [0.33 (0.00–0.78)], piercers 
[0.06 (0.00–0.43)] filter feeders [0.03 (0.00–0.09)], 
predators [0.02 (0.00–0.09)], shredder herbivores 
[0.00 (0.00–0.03)] and shredder detritivores [0.00 
(0.00–0.02)], which were much less represented.

Collector gatherers, scrapers and filtering col-
lectors showed no differences across rivers, sites, 
or sampling campaigns (Fig.  6; Table  6). Piercers 
were especially prominent in the PAP River (Fig. 6; 
Table  6). They dominated upstream (S1, in Fig.  6), 
which was confirmed by the positive relationship 
between their proportions and the altitude of the sites 
(r = 0.65, P < 0.001). In addition, they were caught 
in higher proportions during the first sampling cam-
paign (Fig. 6; Table 6). Finally, predators were gen-
erally more prominent upstream (S1, S2 in Fig.  6; 

Table 4   Results of multiple regression models performed for each biological metric with (A) abundance, (B) richness and (C) Shan-
non diversity

The F value is provided for each response metric and each predictor (***P < 0.001; **P < 0.01; *P < 0.05; − P > 0.1) as well as the 
regression coefficient of the model (R2) and associated probabilities (n = 286). The sign (+) indicates a positive relationship (DEP 
water depth, GME sediment size, VEL current velocity, MWT mean water temperature, OSA oxygen saturation, DOX dissolved oxy-
gen)

DEP GME VEL MWT OSA DOX R2 P

(A) 17.3*** (+) 6.4* (+) – – – 37.6*** (+) 0.223  < 0.001
(B) – – – 43.1*** (−) 33.4*** (+) – 0.153  < 0.001
(C) – 14.1*** (+) – 12.5*** (+) – 0.095  < 0.001



3745Hydrobiologia (2024) 851:3735–3754	

1 3
Vol.: (0123456789)

Table  6), which was confirmed by the positive rela-
tionship between their proportions in sites and alti-
tude (r = 0.69, P < 0.001).

Ecosystem functions

Overall, values of PRR or SUS showed no clear 
differences between the northern and the south-
ern rivers (Fig.  7). In addition, there was a high 
variability between sampling campaigns for some 
sites (S1 in the ACU, S3 in the PAP, S3 and S4 
in the ROS, S3 in the VOL; Fig. 7A and Fig. 7B) 
and along the course of the rivers. On average, 
the values of PRR in the ACU (1.22 ± 0.60), ROS 

Fig. 5   First two dimensions of a NMDS analysis performed 
on the benthos data collected in the two sampling campaigns. 
A Position of sites separated by river (VOL, Voldrogue; ROS, 
Roseau; ACU, Acul; PAP, Port-à-Piment). B Position of fami-
lies (grey dots represent families that show little evidence for 
discriminating sites at P > 0.1, whereas black dots represent 
families that discriminate sites (P < 0.1)) (Baet, Baetidae; 
Caen, Caenidae; Cera, Ceratopogonidae; Chir, Chironomidae; 
Coch, Cochliopidae; Cord, Corduliidae; Corixid, Corixidae; 
Doli, Dolichopodidae; Duge, Dugesiidae; Empi, Empididae; 
Gloss, Glossiphoniidae; Heli, Helicopsychidae; Hbio, Hyd-

robiosidae; Hphi, Hydrophilidae; Hpti, Hydroptilidae; Lcer, 
Leptoceridae; Lhyp, Leptohyphidae; Libe, Libellulidae; Lymn, 
Lymnaeidae; Neri, Neritidae; Phys, Physidae; Plan, Planorbi-
dae; Psep, Psephenidae; Psyc, Psychodidae; Simu, Simuliidae; 
Spha, Sphaeriidae; Thia, Thiaridae). C Position of environ-
mental variables [CON, conductivity; DEP, water depth; GME, 
sediment size; GDI, sediment diversity; DOX, oxygen satura-
tion; MWT, mean water temperature; VEL, current velocity. 
Dashed arrows stand for parameters that show no evidence for 
site discrimination (P > 0.05)]

Table 5   Squared correlation between the climate, physical 
and chemical variables and the NMDS ordination

MWT mean water temperature, DEP water depth, VEL mean 
current velocity, DOX oxygen concentration, GDI sediment 
diversity, CON conductivity, GME sediment size, R2 squared 
correlation coefficient, P simulated probability;—P > 0.05)

R2 P

MWT 0.717 0.001
DEP 0.542 0.001
VEL 0.419 0.004
DOX 0.398 0.004
GDI 0.303 0.031
CON 0.191 –
GME 0.052 –
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Fig. 6   Proportions of individuals belonging to a given FFG 
(see acronyms in Appendix 1) in each river (ACU, Acul; PAP, 
Port-à-Piment; ROS, Roseau; VOL, Voldrogue), each site and 

each sampling campaign (for each river, the first sampling 
campaign corresponds to the first column of pies and the sec-
ond sampling campaign to the second column of pies)

Table 6   Proportion of individuals (mean ± SD) of each FFG 
obtained in each river during the first (1st row for each met-
ric) and second (2nd row) sampling campaigns (CG gathering 
collectors, Ft filtering collectors, Sh-Hb shredder herbivores, 

Pr predators, Sc scrapers, Sh-Dt shredder detritivores, Pc-Hb 
piercer herbivores) and ANOVA results showing F statis-
tics and associated probabilities (***P < 0.001; **P < 0.01; 
*P < 0.05 0.05 < P < 0.1; − P > 0.1; n = 24)

ACU​ PAP ROS VOL River Site River*site Year

CG 0.33 ± 0.07 0.68 ± 0.14 0.47 ± 0.33 0.49 ± 0.38 – – – –
0.53 ± 0.20 0.65 ± 0.27 0.79 ± 0.13 0.42 ± 0.11

Ft 0.06 ± 0.10 0.02 ± 0.01 0.00 ± 0.00 0.01 ± 0.00 – – – –
0.04 ± 0.05 0.02 ± 0.02 0.05 ± 0.04 0.01 ± 0.01

Sh-Dt 0.00 ± 0.00 0.10 ± 0.10 0.00 ± 0.00 0.10 ± 0.10 – – – –
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Sh-Hb 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – –
0.02 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Pc-Hb 0.02 ± 0.01 0.15 ± 0.19 0.05 ± 0.05 0.01 ± 0.01 33.0*** 45.8*** 33.1*** 6.3***
0.02 ± 0.02 0.11 ± 0.18 0.01 ± 0.01 0.01 ± 0.02

Sc 058 ± 0.08 0.11 ± 0.08 0.47 ± 0.40 0.45 ± 0.40 – – – –
0.38 ± 0.26 0.19 ± 0.26 0.13 ± 0.18 0.55 ± 0.12

Pr 0.01 ± 0.01 0.02 ± 0.02 0.01 ± 0.02 0.03 ± 0.03 – 7.1** – –
0.03 ± 0.02 0.03 ± 0.04 0.02 ± 0.01 0.01 ± 0.00
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(1.06 ± 1.49) and VOL (1.50 ± 1.21) were gen-
erally > 0.75, whereas on average, the values in 
the PAP were < 0.75 (0.52 ± 0.51). In addition, 
the average values of substrate stability in the 
ACU (1.46 ± 0.80), ROS (1.04 ± 1.46) and VOL 
(1.52 ± 1.22) were > 0.5, suggesting greater stabil-
ity of the substrate, whereas the values in the PAP 
were < 0.5 (0.33 ± 0.50). Autotrophy and substrate 
stability tended to increase downstream in the ROS 
and VOL (Fig. 7A, B). However, ANOVA showed 
no strong differences in the above processes 
between rivers, sites, or sampling campaigns. 
Finally, CPO had very low values (Fig. 7C).

Discussion

Our hypotheses were partly supported since the 
environmental conditions prevailing in the mid-arid 
climate river with less stable and low rainfall inten-
sity (i) induced the expected decrease in abundance 
and taxonomic richness but not in diversity and (ii) 
expectedly modified the taxonomic composition 
but not the resulting balance amongst FFGs except 
for piercers. In contrast, the ecosystem processes as 
measured in our study did not depend on the exposure 
to the rainfall intensity as expected (iii). Finally, (iv) 
annual differences in composition, abundance and 
richness between sampling campaigns were expect-
edly associated with the less stable mid-arid climate 
river.

Abundance and taxonomic richness

Comparative analyses of biological metrics showed 
that the more stable river experiencing the highest 
rainfall intensity (ROS) had a higher abundance and 
taxonomic richness than the less stable river with 
the lowest rainfall intensity (PAP). Several factors 
explain these differences. First, such variations can 
be related to the precipitation regime and resulting 
flow, as observed in previous studies (Jones et  al., 
2012; Ferreira et  al., 2014; Kohlmann et  al., 2021). 
The lower macroinvertebrate richness and abundance 
observed in the PAP river with high current veloc-
ity contrasts with the result of a few tropical river 
studies showing a higher macroinvertebrate richness 
and abundance in higher current velocity conditions 
(Nelson & Lieberman, 2002; Boyero & Bosch, 2004; 
Szczerkowska-Majchrzak & Grzybkowska, 2015). 
The range of velocity in the PAP probably produces 
more severe hydraulic conditions, which result in the 
selection of specific taxa. Nevertheless, shortcomings 
arise from our current velocity measurements that 
were only rough estimates of the true current veloci-
ties in the water column, thus limiting the strength of 
our results.

Second, in comparison to pebbles and cobbles, 
gravel sediment observed in the PAP tends to limit 
periphyton growth, a main food resource for many 
macroinvertebrates, and provides fewer refugia to 
effectively protect organisms against hydrological 
disturbances (Rezende et al., 2014; Wolmarans et al., 
2017).

Fig. 7   Values of the A P/R ratio, B substrate stability and C 
CPOM/FPOM ratio at each site for each sampling campaign. 
The first sampling campaign is represented in light grey, and 
the second sampling campaign is represented in black (ACU​ 
Acul, PAP Port-à-Piment, ROS Roseau, VOL Voldrogue)
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Third, according to the geology of Haiti, the bed-
rock of the PAP is composed of crystalline basalts, 
mainly downstream, whilst the ROS flows through-
out its course on limestone (Robart, 1984). The dis-
solution of crystalline basalts, which mainly releases 
Fe++, is rather unfavourable to macroinvertebrates 
(Rasmussen & Lindegaard, 1988; Gudbrandsson 
et al., 2011). In contrast, the dissolution of limestone, 
which releases mainly Ca++, may explain the higher 
abundance and richness of molluscs observed in the 
ROS compared to the PAP, where only a few individ-
ual Thiaridae were found (Skeldon et al., 2007).

The other river under higher rainfall intensity 
(VOL) had a lower abundance and richness than the 
ROS, which can be attributed to the low altitude of 
the sampled sites (< 110  m, Table  1). Indeed, we 
found that on average sites upstream (S1) had slightly 
higher richness and diversity than sites downstream 
suggesting an effect of altitude, which is consistent 
with observations made elsewhere in insular streams 
(e.g. Leyte Island: Philippine archipelago; see also 
Forio et al., 2017). This positive relationship in tropi-
cal insular rivers contrasts with the negative relation-
ships between altitude and taxonomic richness gener-
ally observed in tropical mainland rivers in Ecuador 
(Monaghan et  al., 2000; Jacobsen, 2003) and Brazil 
(Feio et al., 2015; Rezende et al., 2014). In fact, the 
sites considered downstream (400 to 780 m a.s.l) in 
the Ecuador and Brazil studies approximately corre-
spond to our upstream sites. In addition, the colonisa-
tion of insular taxa at high altitude may compensate 
for the small size of insular rivers, since they are gen-
erally of 1st to 4th order, as opposed to continental 
rivers, which generally cover higher orders ≥ 5th 
(Smith et al., 2003). Unfortunately, the difficult field 
conditions in Haiti did not allow us to sample sites 
at higher altitudes in every river to strongly confirm 
or refute the observed positive relationship between 
family richness and altitude in Haitian mountain 
rivers.

Taxonomic composition

Differences in taxonomic composition were appar-
ent amongst rivers and sites in relation to local 
environmental conditions (water depth, oxygena-
tion, current velocity, water temperature and sub-
strate diversity). The PAP communities tend to be 
dominated by rheophilic families (e.g. Psychodidae, 

Hydrobiosidae), which reflect the higher lotic 
constraints in this river, as observed elsewhere 
(Tomanova & Usseglio-Polatera, 2007). For 
instance, Psychodidae are known to adapt to fast-
flowing and shallow rivers (Hamada et  al., 2018). 
Atopsyche, the only genus of Hydrobiosidae identi-
fied to date in Hispaniola (Cinéas & Dolédec, 2022), 
was found to inhabit small and fast-flowing streams 
in Ecuador (Vasquez et al., 2020). In contrast, some 
families found only in the PAP had morphological 
traits characterising organisms living in poorly oxy-
genated lentic areas. For instance, posterior spira-
cles (e.g. Dixidae, Psychodidae and Stratiomyidae) 
or siphons (e.g. Culicidae) allow them to directly 
breathe atmospheric air (Tomanova & Usseglio-
Polatera, 2007; Hamada et al., 2018). Although only 
a few specimens were found, the presence of these 
families only in the PAP suggests highly disturbed 
flow conditions, including drought.

In contrast, Simuliidae were present in the rivers 
under low (PAP) and high (ROS) rainfall intensi-
ties. Overall, Simuliidae prefer fast-flowing streams 
but can be opportunistic in small channels (Vasquez 
et  al., 2020). For instance, Figueiró et  al. (2008) 
demonstrated that four species of Simuliidae in 
Brazil had distinct current velocity preferences 
(from slow to fast), suggesting that the diversity of 
Simuliidae depends on the current velocity range. 
Finally, our results agree with those of Grillet & 
Barrera (1997), who concluded that the distribution 
of neotropical Simuliidae larvae depended on the 
stream size, hydraulics and precipitation regime.

The ROS River, characterised by a higher water 
depth and a lower current velocity, hosted a high 
diversity and abundance of molluscs. On Leyte 
Island (Philippines), Forio et  al. (2017) found that 
mollusc families (including Neritidae and Physidae 
found in the ROS) preferred low current velocity 
and high-water depth. Apart from molluscs, other 
families known for their low current velocity prefer-
ences, such as Corixidae, Hydrophilidae, Ceratopo-
gonidae (Borkent & Spinelli, 2007), Leptoceridae 
(Gutiérrez et  al., 2002), Caenidae (Tripole et  al., 
2008 in Argentina; Firmiano et al., 2017 in Brazil), 
Chironomidae (Serra et  al., 2016) and Glossipho-
niidae (Kazanci et  al., 2015) dominated the ROS 
communities.
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Functional feeding groups

The dominance of collector gatherers in Haitian riv-
ers is consistent with previous studies in subtropical 
rivers (Sun et  al., 2023 in China), neotropical rivers 
(Ramirez & Pringle, 1998 in Costa-Rica; Tomanova 
et  al., 2006 in Bolivia) and tropical rivers (Addo-
Bediako, 2021 in Kenya). Their prominence in all 
rivers, sites, and across the two sampling campaigns 
indicates the abundance of organic detritus, resulting 
from a rapid and continuous litter breakdown due to 
a constant and elevated water temperature (> 25°C) 
(Dobson et al., 2003; Tomanova et al., 2006). In addi-
tion, collector gatherers are known to be general-
ist feeders that are tolerant to hydraulic disturbances 
(Park et al., 2008; Bhawsar et al., 2015) and can cope 
with the frequent tropical storms occurring in the 
area.

Contrastingly, filtering collectors were found in 
low proportions in all rivers, which reflects a low 
amount of FPOM in the water column (Merritt et al., 
2002), despite the thermal conditions of the Haitian 
rivers that are favourable to rapid litter degradation 
and production of FPOM in the water column. Our 
results suggest that the high hydraulic constraints 
associated with steep slopes and high hydraulic dis-
turbances caused by frequent storms may yield high 
sediment suspension, likely to damage the pre-man-
dibular fans of Simuliidae or silk nets of Hydropsy-
chidae, thus limiting the prevalence of filtering collec-
tors. Studies that have observed a high proportion of 
filtering collectors in tropical environments (Oliveira 
& Nessimian, 2010 in Brazil; Addo-Bediako, 2021 
in Kenya) were carried out on continental rivers with 
much less steep slopes than island rivers. One excep-
tion concerns the work of Tomanova et al. (2006) in 
Bolivia, with which our results on filter feeders prob-
ably agree because all their sites were characterised 
by steep slopes.

The low proportion of shredders has three possi-
ble causes. First, the frequent torrential rains occur-
ring in the study area may affect shredders known 
to be sensitive to hydraulic disturbances (Bhaw-
sar et  al., 2015). Second, most studies carried out 
in tropical rivers have shown that shredders were 
scarce or even absent due to the non-palatability of 
tropical tree leaves richer in secondary compounds 
used as a defence against herbivores (Li & Dudgeon, 
2009). Tree leaves on islands can exhibit even higher 

tannin concentrations than their mainland counter-
parts, which can exacerbate the scarcity of shredders 
(Moreira et  al., 2019). Third, the low forest cover, 
even in reserves (Dolisca et  al., 2007), showing a 
possible decline by 5% over the period 2000–2015 
(Pauleus & Aide, 2020) may also limit the develop-
ment of shredders (Winterbourn et al., 1981). Unfor-
tunately, the patchy nature of Haitian deforestation 
makes precise forest cover estimates difficult, which 
vary between 7% and 32.3% of the Haitian land cover 
according to Churches et al. (2014).

Scrapers, which mainly feed on periphyton and 
diatoms attached to stable substrates (Bhawsar et al., 
2015; Cummins, 2019), demonstrated high propor-
tions in all rivers, suggesting significant levels of 
biofilm and primary production in Haitian rivers. 
However, their high proportions do not conform to 
the potential effects of hydraulic disturbances that 
generally scour substrates and depress biofilm and 
primary production (Barbour et  al., 1996; Uehlinger 
& Naegeli, 1998). Our sampling campaigns took 
place during the low-flow season, and the signifi-
cant proportions of scrapers in our samples suggest 
rapid periphyton recovery after flow disturbances, as 
observed in temperate streams (Steinman & McIntire, 
1990; Calapez et al., 2014).

Piercers (mainly Hydroptilidae) that feed on algal 
cell fluids were especially prominent in the PAP 
upstream site, suggesting a higher development of 
algae during low-flow periods in this frequently dis-
turbed river. These local conditions probably facili-
tate the development of Hydroptilidae, characterised 
by a short emergence period and preferring smaller 
water bodies (Hering et  al., 2009; Houghton, 2012). 
However, this prominence can also be related to for-
est canopy openness resulting from deforestation, 
which in turn favour the development of periphyton 
biomass (Majdji et al., 2015).

Finally, the upstream increase in the proportion 
of predators opposes the River Continuum Concept 
(RCC) expectations of uniform distribution (Vannote 
et al., 1980). This is probably a response to the higher 
diversity and abundance of their prey upstream, a 
phenomenon also observed in temperate studies (e.g. 
Wallace et al., 2015).

In summary, on the one hand, the significant pro-
portion of collector gatherers and scrapers in the 
four rivers may be associated with the constant ele-
vated water temperature and solar incidences, which 
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accelerate litter breakdown and primary development, 
promoting rapid renewal of basal resources during 
low-flow periods. On the other hand, high and unpre-
dictable rainfall, a characteristic of tropical areas 
exacerbated by steep slopes, modifies the food quality 
and quantity of organic matter (Power et  al., 1995), 
affecting the dietary flexibility of organisms (Tama-
ris-Turizo et  al., 2020). Finally, whereas Tomanova 
et al. (2007) have shown that neotropical streams con-
formed to the RCC, Haitian rivers generally deviate 
from RCC expectations, especially by their lower-
than-expected proportions of shredders, as indicated 
by Statzner & Higler (1985).

Ecosystem functions

Ecosystem function surrogates demonstrated very low 
CPOM/FPOM ratios, suggesting low allochthonous 
contributions with scarce vegetation and poor ripar-
ian areas (Wantzen & Wagner, 2006) potentially asso-
ciated with deforestation (Pellek, 1990). In addition, 
the ratio between primary production and respira-
tion showed that three of the four rivers (ACU, ROS, 
VOL) were dominated by autotrophic processes, sug-
gesting primary production as the dominant base of 
the food web for Haitian invertebrate communities. In 
addition, the apparent increase of autotrophy down-
stream humid rivers (ROS, VOL) corresponds to the 
mechanisms advocated by the RCC for temperate riv-
ers (Vannote et al., 1980). In contrast, the prominence 
of heterotrophic processes and substrate instability in 
the PAP river, which is under lower rainfall intensity, 
and with fine sediment fractions on the river bottom, 
agree with patterns observed in rivers elsewhere on 
continents (Uehlinger et  al., 2002; Bernhardt et  al., 
2018; Cargill et al., 2021).

Temporal effect of sampling campaigns

For some metrics, such as abundance, taxonomic 
richness and FFG ratio, we observed significant dif-
ferences between sampling campaigns, which can 
be attributed to the rainfall that preceded the second 
campaign (personal observation). The main families 
whose abundance decreased dramatically during the 
second campaign have traits conferring them to have 
a low ability to resist high flows (e.g. Caenidae, Coe-
nagrionidae, Helicopsychidae, Hydroptilidae, Phy-
sidae, Planorbidae, Thiaridae). This result suggests 

that by increasing the flow and shear stress, the rains 
immediately preceding our second sampling cam-
paign induced a probable drifting of these lentic fami-
lies, as found by others in temperate rivers (Chanut 
et al., 2019).

Outcome

This study is the first to analyse the responses of 
aquatic macroinvertebrates in tropical island rivers 
to climate, hydraulic and habitat variability, which 
contributes to understanding how climate change can 
impact biological diversity and functioning (FFG bal-
ance) in these ecosystems. Our results on ecosystem 
function partly demonstrate the deleterious effect 
of deforestation even inside a nature reserve. How-
ever, they must be taken with some caution since the 
families were assigned to FFGs using neotropical 
literature, which does not specifically consider that 
potential shift in the diet of these taxa on the island. 
In addition, Ramirez & Guttiérez-Fonseca’s (2014) 
data, which we used to document FFGs for our 
island taxa, assigned the functional role of some neo-
tropical taxa using their temperate counterparts (e.g. 
aquatic insects from North America), whereas there 
is evidence that related species occurring in different 
regions do not share the same diets (Cheshire et al., 
2005; Chará-Serna et  al., 2012). Therefore, future 
in-depth studies on FFGs should consider mouthpart 
morphology and gut contents to assign Haitian inver-
tebrate families to proper FFGs and assess their level 
of dietary flexibility.
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