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Abstract This study aimed to determine the impact
of horticultural land use on the taxonomic compo-
sition and the composition of functional feeding
groups of freshwater macroinvertebrate assemblages
in lowland streams. Three streams running through
intensively cultivated plots were compared to three
less impacted streams, two of which run through a
UNESCO Biosphere Reserve. Nutrient and pesticide
measured concentrations, as well as the macroinverte-
brate assemblages associated with aquatic vegetation,
were analyzed in each stream. These concentrations
were higher at the horticultural streams, negatively
correlated to the richness, density, and diversity of the
macroinvertebrate assemblages, leading to a domi-
nance of tolerant families. The trophic structure of
the macroinvertebrates assemblages was dominated
by collector-gatherers in the horticultural streams,
while all functional feeding groups were more equally
distributed in less impacted streams. We concluded
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that horticulture reduces biodiversity and changes
the trophic structure of the macroinvertebrate assem-
blage, eventually affecting stream functions. Mitiga-
tion measures are required to preserve the structure
and function of these ecosystems.
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Introduction

Aquatic ecosystems are threatened by human activi-
ties (Dudgeon, 2019). About 40% of the world’s sur-
face is used for crop production (Foley et al., 2005),
and this agricultural practice is considered one of the
leading causes of global biodiversity loss (Dolédec &
Statzner, 2010). Increased crop production in recent
decades has intensified freshwater deterioration (Til-
man, 1999; Davis et al., 2015). Rivers and streams
with agricultural land use in their basins show altered
flow dynamics (Langhammer, 2003; Keesstra et al.,
2005), poor water quality (Jordan et al., 1997; Naran-
garvuu et al., 2014; Thomas et al., 2018), changes
in the composition of biological communities (Roy
et al., 2003; Nessimian et al., 2008; Miserendino
et al.,, 2011), and in their metabolism (Young &
Huryn, 1999; Giicker et al., 2009). These environ-
mental consequences might have a stronger impact in
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developing countries because agriculture is essential
to their economic development (Barbier, 2004).

Horticulture, the production of fresh vegetables
for human consumption, is the second-largest farm-
ing activity worldwide in terms of total production,
following extensive cereal production (FAO, 2013).
However, its productivity (i.e., production per area) is
about five times larger than the productivity of cere-
als (FAOSTAT, 2020). In Argentina, the horticultural
output is roughly 10 million tons a year, produced
in 600,000 ha, and it is carried out in “green belts”
surrounding large urban centers (Castagnino et al.,
2020). The Horticultural Belt around the city of La
Plata (HBLP) is located in the center-east of Argen-
tina, covering roughly 8600 ha (Baldini et al., 2021).
Crops are grown in open fields and under-cover
(i.e., in greenhouses); therefore, several harvests
are carried out per year. The cultivation is an input-
dependent system, involving intensive agrochemical
applications.

The use of agrochemicals in Argentina has
increased in the last decades. For example, fertilizer
application has increased tenfold since 1990, reach-
ing 3,000,000 tons in 2013 (CIAFA, 2013). Similarly,
pesticide application rose from 150,000 to 330,000
tons between 2001 and 2011, with chlorpyrifos being
the most widely applied insecticide in the country
(CASAFE, 2013). In the HBLP, under-cover crops
increased from ~25% of the total horticultural surface
in 2005 to~50% in 2015 (Baldini et al., 2021). This
has led to a higher number of crop cycles per year,
thus intensifying the application of agrochemicals.
More than 160 different pesticides are used in HBLP,
mainly insecticides and fungicides (DP, 2015).

Agrochemicals applied to crops can reach streams
by runoff, which is considered one of the main
sources of stream contamination (Schulz, 2001). Fer-
tilizers might increase nutrient concentrations lead-
ing to the eutrophication of freshwater ecosystems.
Pesticides are retained in bottom sediments (Friberg
et al., 2003) and may affect epibenthic fauna (Liess
et al., 2008; Egler et al., 2012; Schifer et al., 2012).
The most frequent pesticides detected in streams
sediments of the study area are chlorpyrifos, endo-
sulfan, and its degradation product, endosulfan-sul-
fate (Hunt et al., 2016; Solis et al., 2016; Silva-Barni
et al., 2018). Other persistent organic compounds
like dichlorodiphenyltrichloroethane (DDTs) are also
detected in Pampean streams (Gonzalez et al., 2013;
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Silva-Barni et al., 2016). Because of their high persis-
tence, bioaccumulation, and biomagnification ability,
they are considered a threat to the non-target biodi-
versity (Wania & MacKay, 1996).

Macroinvertebrates are an essential component
of freshwater biota. They play a key role in stream
functioning by recycling nutrients, promoting organic
matter breakdown, feeding on primary producers
and zooplankton, supplying food to higher trophic
levels, and providing biodiversity to stream ecosys-
tems (Covich et al., 1999; Graca, 2001; Macadam
& Stockan, 2015). Macroinvertebrates are one of
the most widely used indicators of water quality in
streams because of their abundance, diversity, easy
collection and identification (Barbour et al., 1999).
Pesticides have been shown to affect the structure
of macroinvertebrate communities by reducing the
abundance of sensitive species and increasing the
abundance of tolerant ones (Liess & von der Ohe,
2005; Schifer et al., 2012; Beketov et al., 2013). For
example, Genito et al. (2002) reported lower richness
and abundance of sensitive taxa in the Susquehanna
River basin (USA) with increased agricultural area
in the basin. Egler et al. (2012) also reported reduced
richness and abundance of most taxa when compar-
ing agricultural and forested sites of three streams in
Brazil. These effects were related to the expansion
of agricultural land as well as to pesticide pollution.
Hence, macroinvertebrate metrics (i.e., richness, den-
sity, equitability, diversity) and composition (i.e., dif-
ferent taxa) are implemented to address the anthropo-
genic impact on stream communities (Kenney et al.,
2009). Previous research in the study area indicated
that the macroinvertebrate community related to
aquatic vegetation turned out to be a sensitive indi-
cator of agricultural land use (Cortelezzi et al., 2013;
Solis et al., 2016, 2017, 2018; Altieri et al., 2021).

Macroinvertebrates can also be classified into
Functional Feeding Groups (FFGs) based on food
acquisition strategies (Cummins et al., 2005; Cum-
mins, 2018), which provide information about eco-
system functioning (Wallace & Webster, 1996;
Heino, 2008). Both taxonomic and FFGs informa-
tion represent complementary tools to assess land use
impact on aquatic systems (Rawer-Jost et al., 2000;
Cummins, 2016). Several studies reported differences
in the composition of FFGs in agricultural and undis-
turbed streams (Helson & Williams, 2013; Fu et al.,
2016; Solis et al., 2019). Typically, impacted sites
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showed higher abundances of collector-gatherers and
reduced numbers of shredders and predators (Helson
& Williams, 2013; Fu et al., 2016). Moreover, pesti-
cides might affect sensitive shredders, which in turn
could impair the leaf litter decomposition process
(Schifer et al., 2007). Therefore, changes in macroin-
vertebrate composition might also compromise eco-
system functions.

Agricultural intensification driven by the global
food demand leads to increased degradation of natu-
ral environments. The impact of agriculture on fresh-
water ecosystems has been deeply studied (Allan,
2004; Davis et al., 2015). However, the impact of hor-
ticulture has received only little attention on a global
scale, especially in South America. A few studies
have described the impact of horticulture on water
quality, finding increased nutrient concentrations on
streams in Kenya (Muriithi & Yu, 2015) and China
(Wang et al., 2019). Also, the presence of pesticides
in streams draining horticultural basins was reported
in Honduras (Kammerbauer & Moncada, 1998), Swe-
den (Kreuger et al., 2010) Australia (Wightwick et al.,
2012; Allinson et al., 2014), and Argentina (Mac
Loughlin et al., 2017). Still, the impact of horticul-
ture on biological communities has not been studied
in depth. In the previous research, Arias et al. (2020a)
determined the differential composition of macroin-
vertebrates in horticultural streams compared with
less disturbed basins. To our knowledge, except for
this preliminary contribution, the impact of horticul-
tural land use on streams remains underreported.

The aim of this study was, therefore, to assess the
impact of horticultural land use on the taxonomic
composition and the composition of functional feed-
ing groups of macroinvertebrate assemblages in
Pampean lowland streams. We compared the mac-
roinvertebrate assemblages associated with aquatic
vegetation, nutrients and pesticide concentrations
between horticultural and less disturbed basins. The
previous work in the study area reported pesticide
presence and changes in macroinvertebrates com-
position in agricultural streams (Hunt et al., 2017;
Solis et al., 2018). Changes in FFGs, such as increas-
ing collector-gatherers and declining shredder abun-
dances in agriculture compared to livestock and
reserve streams, have also been reported for these
streams (Solis et al., 2019). Accordingly, we assume
that the effects of pesticides on macroinvertebrate
composition in the horticultural streams would be

similar to the ones observed in agricultural streams.
We, therefore, hypothesized that horticulture changes
the taxonomic and trophic composition of macroin-
vertebrate assemblages. We expected that horticul-
tural streams would exhibit lower richness, density,
and diversity than less disturbed streams.

Materials and methods
Study area

Six streams were studied within the Pampas ecore-
gion, a large grassland plain that covers the central
area of Argentina. The climate is humid temperate,
the mean annual air temperature is 16 °C, and rainfall
ranges from 700 to 1200 mm (Morello et al., 2012).
The Pampas are covered by loessic eolic sediments
from the Holocene (Hurtado et al., 2006), and soils
show a high organic matter content (Imbellone et al.,
2010). Streams running through the Pampa plain are
denominated “Pampean streams” because of several
features that differentiate them from others (Feijo6
& Lombardo, 2007). This region has a remarkably
low slope (< 1%), and therefore, stream current flow
is slow. The stream substrate is rather homogene-
ous and lacking pebbles or stones. Bottom sediments
are composed of fine materials, mainly silt and clay
(Feijo6 & Lombardo, 2007). The studied streams are
narrow (3—-10 m) and shallow (0.1-0.4 m depth) and
lack forested borders. Abundant and diverse aquatic
macrophytes are developed in these streams, provid-
ing the habitat heterogeneity that structures biological
communities rather than substrate type (Giorgi et al.,
2005; Ferreiro et al., 2011; Cortelezzi et al., 2013).
The most common macrophytes are the rooted emer-
gent Ludwigia peploides (Kunth) P.H. Raven, Gymno-
coronis spilantoides (D. Don ex Hook. & Arn.) DC.,
and Mpyriophyllum aquaticum (Vell.) Verdc, which
develop dense patches on the margins and sometimes
cover the entire stream surface (Arias, 2019).

Three streams, Martin (34°5520.80"'S;
58°4'58.42"W), Gato (34°59'7.12"S; 58°3'16.17"W),
and Sauce (35°1'42.52"'S; 58°0'25.99""W), which run
through the HBLP were sampled at sites adjacent to
intensively cultivated plots (Fig. 1). These streams
are referred to as “horticultural streams” hereinafter.
The other three streams, Sin Nombre (35°2'23.04"'S;
57°42'40.51"W), Destino (35°820.97"S;
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Fig.1 Study area showing sampling sites and land-use landscapes. Filled symbols: horticultural streams. Empty symbols: less dis-

turbed streams. Shaded area: Horticultural Belt of La Plata

57°23'28.08"W), and Morales (35°820.11"S;
57°24'0.23"W), are located in less impacted basins
and are referred to as “less disturbed streams” here-
inafter (Fig. 1). No horticultural activity is carried
out in any of the latter basins (Arias, 2019); instead,
extensive livestock raising on natural grasslands is
the main land use. The sampling sites in Morales and
Destino streams were located within the “Parque Cos-
tero del Sur” UNESCO Biosphere Reserve (Athor,
2009), while the Sin Nombre site was surrounded by
cattle-raising fields.

Sampling design

Samplings were performed four times in each of the
six studied streams (i.e., November 2016, December
2016, January 2017 and March 2017). A 50 m reach
was sampled per stream. Samplings were carried out
during the period of largest horticultural production,
hence the period of largest agrochemical applica-
tions. In December 2016, the macrophyte cover in
the Martin stream was scarce, and in March 2017, the
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Morales stream was almost dry; consequently, mac-
roinvertebrates were not sampled. Therefore, a total
of 22 samples, 11 for each land use, were available
for the present study.

Environmental variables

Water temperature and dissolved oxygen were meas-
ured in situ with a Dissolved Oxygen Meter (YSI
Model 51B), conductivity with a HI8733 Conduc-
tivity Meter (Hanna Instruments), and pH with a
HI98103 Checker (Hanna Instruments). Vegetation
cover was estimated visually, and depth was deter-
mined with a graduated rod in the same 1 m? where
macroinvertebrates were then sampled. Water sam-
ples were taken in triplicate in each sampling for
suspended matter, chlorophyll, and nutrient analy-
sis and were transported to the laboratory under
refrigeration. Water was filtered through previously
weighted Whatman GF/C fiberglass filters (1.2 pum)
for soluble reactive phosphorus (SRP), ammo-
nia, nitrite, and nitrate analytical determination,
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following APHA (2012). The suspended matter
was determined by weight difference after filtration.
Chlorophyll was extracted with 90% acetone and
measured by the spectrophotometric method (Loren-
zen, 1967).

Sediment samples were taken from the first 5 cm
of the stream bottom with a stainless-steel scoop and
transported to the laboratory under refrigeration. In
the laboratory, samples were homogenized by hand,
and sub-samples of 5 g were taken for organic matter
analysis. Organic matter in sediment was determined
by weight difference after being dried at 105 °C and
muffled at 550 °C for 2 h (Heiri et al., 2000). Sedi-
ment sub-samples were frozen (— 20 °C) until pesti-
cide analysis.

Pesticide analysis

Sediment samples (20 g) were extracted following
You et al. (2004), with a mixture of dichloromethane
and methanol. Cleanup procedures were performed
under solid-phase extraction with Fluorisil®. Extracts
were dried under a nitrogen flux and suspended in
n-hexane (1 ml). Purification was carried out through
silica gel chromatography.

Samples were analyzed for chlorpyrifos, endo-
sulfans (a-, B- and endosulfan-sulfate), dichlorodi-
phenyltrichloroethanes (p,p-DDT, p,p-DDD and
p.p-DDE), hexachlorcyclohexanes (a- and y-HCH),
heptachlors (heptachlor and heptachlor epoxide),
chlordanes (a- and y- isomers), and dieldrin. Before
injection, samples were treated with activated Cu
for sulfur extraction, following Metcalfe & Metcalfe
(1997) with modifications (Miglioranza et al., 2003).
A Shimadzu—-17A gas chromatograph with an elec-
tron capture detector (ECD) equipped with a Supelco
DB-5 column (30 mx0.25 mm i.d.X0.25 pm film
thickness; carrier gas: He; velocity: 1.5 ml min‘l)
was used in splitless mode. The temperature pro-
gram was an initial 100 °C (1 min), an increase of
5 °C min~' reaching 150 °C (1 min), and finally an
increase of 1.5 °C min~! until 240 °C. Quantification
was performed using the analytical standards Ultra
Scientific® and PCB #103 (Accustandard Absolute
Standards®). Procedural and instrumental blanks
were analyzed, and compound levels were below the
detection limits. Recoveries of the internal standard
(PCB #103) were estimated at values greater than
90%. Instrumental detection limits were calculated

according to Keith et al. (1983). Concentrations and
detection limits were reported in ng g~' dry weight
of the sediment samples (ng g~' dw). Detection limits
were 0.007-0.029 ng g~! DW for all compounds. Two
samples from the Gato stream and one from the Sin
Nombre stream were not analyzed due to the highly
organic matrix extracted. Therefore, 19 samples were
available for pesticide analyses.

Macroinvertebrate assemblages

In each sampling, three macroinvertebrate samples
were taken with a 500 pm D-net in a 1 m? quadrant
by sweeping the surface of the aquatic vegetation.
Vegetation patches of similar size and composition
within each stream were selected. Organisms were
fixed in 96% ethanol and transported to the labora-
tory. Identification was performed under a Leica®
EZ4 stereo microscope at the family level, except
for Oligochaeta, Acari, Collembola and Copepoda,
following Merrit et al. (2008) and Dominguez &
Fernandez (2009). Each sample was kept and ana-
lyzed separately and then averaged for calculations.
The mean density of each taxon was determined for
each stream per date. Identified macroinvertebrates
were then classified following available informa-
tion for South American taxa (Cummins et al., 2005;
Tomanova et al., 2006; Ramirez & Gutiérrez-Fon-
seca, 2014), into five functional feeding groups: col-
lector-filterers, collector-gatherers, scrapers, shred-
ders, and predators.

Data analysis

Environmental variables were compared between
land uses through Student’s #-tests; whenever vari-
ables did not meet the assumptions of normality or
homogeneity, the Mann—Whitney U tests were per-
formed instead. Seasonal differences were previously
assessed; except for dissolved oxygen, no significant
differences were detected for environmental variables
between spring and summer therefore, we did not
consider seasonal differences in environmental vari-
ables between the studied streams.

Pesticides were compared between land uses by
Mann-Whitney U tests. Whenever the pesticide
concentration fell below the detection limits, the
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lower value was used for statistical analysis (i.e.,
0.007 ug L7Y).

Macroinvertebrate metrics family richness (S),
density (individuals m~?), evenness (Pielou index,
J"), and Shannon diversity index (H') were calculated
using PRIMER (Plymouth Routines Multivariate
Ecological Research, version 6) (Clarke & Gorley,
2001). Also, the richness and relative abundance of
each functional feeding group (FFG) were calcu-
lated for each sample. Macroinvertebrate metrics
and the relative abundance of each FFG were com-
pared between land uses through the Student’s 7-test
or Mann—Whitney U test when variables did not meet
the assumptions of normality or homogeneity. The
relationships of metrics and FFGs to nutrients and
pesticide concentrations were assessed through Pear-
son correlation analysis and plotted using corrplot
(Wei et al., 2017) in R statistical software, version
4.1.2 (R Development Core Team, 2022).

For multivariate analyses, taxa present in only
one sample were dismissed (Clarke & Warwick,
2001). Taxa density was transformed by log (x+ 1)
and FFGs relative abundances were transformed
by the arc. sin function to reduce the contributions
of very abundant taxa. The Bray—Curtis similarity
index was then applied. The differences in assem-
blage composition and FFGs between land uses
were analyzed with ANOSIM (factor: land use).
Comparison between land uses was carried out
without considering season as a factor since previ-
ous analysis with ANOSIM did not detect statistical
differences between spring and summer. Percentage

similarity (SIMPER) analysis was then applied to
determine the contribution of each family or FFG
to the dissimilarity between land uses. Finally, non-
metric multidimensional scaling (NMDS) was per-
formed to analyze the ordination of samples based
on taxonomic or functional data. Multivariate anal-
yses were performed using vegan (Oksanen et al.,
2013) in R statistical software, version 4.1.2 (R
Development Core Team, 2022).

Results
Environmental variables and pesticides

Table 1 shows the environmental variables meas-
ured in the horticultural and less disturbed streams.
Nitrate, ammonium, and SRP were significantly
higher in the horticultural than in the less disturbed
streams (P=0.012, P=0.022, and P=0.002, respec-
tively), while suspended matter was higher in the less
disturbed streams (P =0.005).

Measured pesticide concentrations were roughly an
order of magnitude higher in the horticultural than in
the less disturbed streams (Table 2). Chlorpyrifos was
determined in all analyzed samples and was the pesti-
cide measured at the highest concentrations, the high-
est one in Martin horticultural stream (9127 ng g~
dw) and the lowest one (6 ng g_l dw) in the less
disturbed Sin Nombre stream. Endosulfan-sulfate,
total endosulfan, and p,p’-DDE concentrations were

Table 1 Mean and standard

el o Variables Horticultural Less disturbed Statistics
deviation, and statistical
ana_lygfs of eﬁvilrlom?enltal 1 Water Temperature (°C) 20452 232443 ST; P=0.182
vartabes I the MWl onductivity (u$ cm™) 39231704 517.1£333.1 MW; P=0.237
and less disturbed streams

o o Dissolved oxygen (mg L) 5.8+19 52+28 ST; P=0.556
(*) indicates significant pH 7.6%0.2 8.0+0.5 MW; P=0.123
differences at P <0.05
NS indicates non Depth (cm) 25.1+12 24.3+12.7 ST; P=0.877

1 S - —1 . p—
significant differences, ST Suspended matter (mg L™") (*) 279+19 92.7+85.7 MW; P=0.005
Student’s t-test, MW Mann Sediment Organic Carbon (%) 45+25 34+13 MW; P=0.393
Whitney-U test, P P-value, Chlorophyll (ug L™ 32.8+54.6 34.6+23.7 MW; P=0.057
glegr?eSlOf frleedom =20. Vegetation cover in quadrat (%) 63.2+20.2 74.6+17.6 ST; P=0.174

orticultural streams _ -1 o

n=11: Less disturbed N-NO,™ (pgL™) 22.6+18.9 152+12.3 ST; P=0.293
streams 7= 11. Sampling N-NO;™ (ug LY (%) 207.5+133.5 81.8+70.2 ST; P=0.012
period: November and N-NH,* (ug LY (%) 66.7+25.1 48.5+68.7 MW; P=0.022
December 2016, and SRP (pg L") (%) 290.2+ 142.6 98.2+62.4 MW; P=0.002

January and March 2017
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Table 2 Mean 1 Pesticides Horticultural Less disturbed Statistics
concentrations (ng g
dw of sediment), standard Concentration+SD  DF  Concentration+SD  DF
deviation (SD) and
detection frequency (DF, Chlorpyrifos 1,555+3,02 100  197+273 100  P=0.094
%) of pesticides in streams a- endosulfan 0.5+0.5 67 0.08+0.03 40 P=0.131
according to land use B- endosulfan 0.14 11 nd 0

Endosulfan sulfate (*)  0.27+0.11 67 0.03 10 P=0.008
P, Total endosulfan (*) 0.6+0.5 90 0.07+0.04 50 P=0.003

nd” indicates
concentrations below p.p’-DDT 0.21+0.11 22 0.09+0.07 30 P=0912
detection limits p.p’-DDD 0.07 11 0.01 10
-1

_(0(-1907 ng g FfliW) *) p.p’-DDE (%) 0.36+0.42 56 0.03 10 P=0.026
indicates significant _
differences at P <0.05 Total DDT 0.46+0.6 56 0.1+0.04 30 P=0.134
under a Mann Whitney a- HCH nd 0 003 10
U-test. Comparison y—HCH 0.04 11 0.02 10
between samples with only Heptachlor 0.04 11 003 10
one detection (frequencies .
10 or 11%) was not Heptachlor epoxide nd 0 nd 0
performed. Number of Dieldrin 0.4+0.5 33 0.05 10 P=0.029
samples: horticultural y—chlordane 0.03+0.01 22 0.04+0.03 30 P=0.833
streams N'=9; less a- chlordane nd 0 nd 0

disturbed streams N=10

significantly higher in the horticultural streams
(P=0.008, P=0.003, and P=0.026, respectively).

Macroinvertebrate assemblages

A total of 13,706 specimens were counted, belonging
to 18 orders and 51 families. Mean family richness
was significantly lower in the horticultural (19 fami-
lies) than in the less disturbed streams (28 families,
P<0.001; Fig. 2). Mean macroinvertebrate density
was also significantly lower in the horticultural (273
ind m™?) than in the less disturbed streams (972 ind
m~2, P<0.001, Fig. 2). The lowest richness (11 fami-
lies) and density (63 ind m~2) were observed in the
horticultural Martin stream, while the largest richness
(33 families) was attained in the less disturbed Sin
Nombre stream. The highest density (1500 ind m~2)
was determined in the less disturbed Destino stream,
flowing within the Reserve. There were no statistical
differences in diversity (H') and evenness (J') between
land uses (Fig. 2).

Daphniidae (Cladocera) followed by Planorbidae
(Gastropoda) and Hyallelidae (Amphipoda) were
the most abundant taxa in the less disturbed streams.
These families were present at low densities in the
horticultural streams, where Entomobryoidea (Col-
lembola) was dominant (Table 3).

Functional feeding groups

The relative abundance of collector-gatherers was
significantly higher in the horticultural streams, while
collector-filterers (P =0.005) and scrapers (P=0.026)
were significantly lower than in the less disturbed
streams. Collector-gatherers were dominant for both
land uses; however, they represented 64% of the rela-
tive abundance in the horticultural streams and 26%
in the less disturbed ones (Fig. 3).

The most abundant collector-gatherers in horticul-
tural streams were Entomobryoidea and Cyprididae
(Ostracoda), while in the less disturbed streams they
were Oligochaeta, Hydrophilidae (Coleoptera), and
Chironomidae (Diptera). Predators were the most
diverse group (21 families), with Coenagrionidae
(Odonata) and Dytiscidae (Coleoptera) being domi-
nant in the less disturbed streams, and Dugesiidae
(Platyhelminthes) being dominant in the horticultural
streams. For both land uses, collector-filterers, scrap-
ers, and shredders characteristically showed Daph-
niidae, Planorbidae, and Hyallelidae, respectively,
attaining higher densities in the less disturbed streams
(Table 3).
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Correlation analysis

Macroinvertebrates metrics showed negative cor-
relations with nutrients and pesticides. Richness (S)
was negatively correlated to nitrate, SRP and chlor-
pyrifos, while density (N) was negatively correlated
to endosulfan-sulfate, nitrate and SRP. Regarding
functional groups, collector-filterers (CF) were nega-
tively correlated to nitrite, SRP, endosulfans, and
DDTs, and scrapers (SC) were negatively correlated
to a-endosulfan. Collector-gatherers (CG) were posi-
tively related to SRP, nitrite, endosulfans, and DDTs,
and negatively correlated to macroinvertebrates met-
rics. In addition, endosulfan-sulfate and DDE showed
positive correlations with nitrate and SRP (Fig. 4).

Multivariate analysis
The taxonomic composition of the assemblages was
significantly different between land uses (ANO-

SIM: Global R=0.70, P=0.001). SIMPER analysis
showed an average dissimilarity of 67% (Table 4).

@ Springer

Planorbidae, Daphniidae, Entomobrioidea, and Hya-
lellidae were the families that contributed the most to
the dissimilarity between land uses.

ANOSIM based on FFGs also showed signifi-
cant differences between land uses (Global R=0.49;
P=0.001) attaining a dissimilarity of 30%. The
NMDS analysis showed the different assemblage
compositions, with the horticultural sites showing
more dispersion than the less disturbed sites in both
approaches. Taxonomic data separate land uses, while
functional data showed less dispersion in less dis-
turbed sites and overcrossing samples between land
uses (Fig. 5).

Discussion

The present results support our hypothesis that horti-
culture affects the stream macroinvertebrate commu-
nity and might compromise the functioning of these
streams.
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Table 3 Mean abundances
and standard deviation of
macroinvertebrate taxa and
functional feeding groups
according to land use in the

studied streams

Group/order Family FFG Horticultural Less disturbed
Hydrachnidia PR 1+0.5 8+23
Hirudinea Glossiphoniidae PR 4+6 1+1
Oligochaeta CG 3+33 49472
Tricladida Dugesiidae PR 17+31
Amphipoda Hyalellidae SH 27+44 135+157
Cladocera CF 1+3
Chydoridae CF 3+7
Daphniidae CF 6+8 180+219
Sididae CF 29+53
Copepoda Ciclopoidea CG 6+8 36+29
Calanoidea CG 3+5
Ostracoda Cyprididae CG 30465 12+13
Decapoda Trichodactylidae PR 1+1
Palacomonidae SH 1+0.5
Collembola Entomobryoidea CG 122+ 155 3+3
Poduroidea CG 6+11 0.5+1.5
Sminthuroidea CG 2+2 4+4
Coleoptera CG 1+2
Curculionidae SH 1+1 9+12
Dytiscidae PR 5+6.5 70+83
Hydrophilidae (A) CG 6+8 35+53
Hydrophilidae (L) PR 2+1 9+8
Noteridae PR 11+33
Scirtidae (L) SC 1+2
Ephemeroptera Baetidae (L) CG 29+40
Caenidae (L) CG 4+7
Diptera Ceratopogonidae (L) PR 1+£0.5 1+1
Chironomidae (L) CG 2+2 43+51
Culicidae (L) CF 05+1 617
Ephydridae (L) CG 1+1 15+32
Sciomyzidae PR 2+4
Stratiomyidae (L) CG 2+3
Tipulidae (L) PR 1+3
Heteroptera Belostomatidae PR 1+£2 10+12
Corixidae SC 2+6 7+9.5
Hebridae PR 1+0.5 9+16
Notonectidae PR 8+12
Pleidae PR 1+2
Veliidae PR 1+1
Odonata Aeshnidae (L) PR 1+1 1+1
Coenagrionidae (L) PR 14+£22 57 +66
Libellulidae (L) PR 6+8
Trichoptera Hydroptilidae (L) SC 1+£0.5
Bivalvia Sphaeriidae CF 9
Gastropoda Ampullaridae SC 5+6 1+£2
Ancylidae SC 1+1 21+38
Cochliopidae SC 1+£3
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Table 3 (continued)

Group/order Family FFG Horticultural Less disturbed
Physidae SC 1+2
Planorbidae SC 8+12 147+119

Horticultural streams n=11; Low disturbed streams n=11

(L) indicates larval or young stage
CG Collector-gatherer, CF Collector-filterers, PR Predators, SC Scrapers, SH Shredders

Fig. 3 Mean relative densi- 90
ties of functional feeding 80 |
groups in streams according .
to land use. CF collector- R 70 -
filterers, CG collector- g 60 -
gatherers, PR predators, SC S
scrapers, SH shredders. (*) B 50 -
indicates significant differ- _‘5; 40 .
ences at P<0.05 ® *
E 30 +
9]
X 20 -
10 | ;
0 -

CF

The studied streams are located within the same
geomorphological region, and therefore, most of the
measured environmental variables were not different
among land uses. However, the suspended matter was
higher in the less impacted streams. The reserve was
surrounded by livestock areas, and cattle had access
to the stream channel. Cattle might cause the removal
of sediment from the bottom, resuspending fine parti-
cles into water, which could have triggered the higher
suspended matter found in these streams. Similar
interpretations were made by Molina et al. (2017),
who reported higher suspended matter content in
streams surrounded by cattle-raising areas than those
in cropped basins.

The horticultural streams showed higher nutri-
ents and some pesticide concentrations compared
to the less disturbed ones. Pesticides are often
applied together with fertilizers and transported into
streams by runoff (Mugni et al., 2013), which was
also reported for horticultural basins (Mangiafico
et al., 2009; Palma et al., 2010). Moreover, nutri-
ents and pesticides showed inverse correlations
with most of the community attributes; the lowest

@ Springer

CG PR SC SH

m Horticultural OLess disturbed

richness and density were recorded in the stream
where the highest pesticide concentrations were
detected. Nutrients interact with pesticides show-
ing antagonistic and synergistic effects on stream
communities in mesocosm studies (Alexander et al.,
2013; Barmentlo et al., 2018). However, macroin-
vertebrates assemblage showed no differences in
abundance, dominance, or diversity before and
after experimental fertilization in a Pampean stream
(Cortelezzi et al., 2015). Moreover, higher nutrient
concentrations in the horticultural streams did not
cause an increase in chlorophyll concentrations. We
suggest that the inverse correlations between nutri-
ents and pesticides with richness or density indicate
the incorporation of fertilizers and pesticides into
streams, thus reflecting the impact of horticulture.
Chlorpyrifos was ubiquitous and was the pes-
ticide detected at higher concentrations, which is
consistent with the fact of being the most applied
insecticide in Argentina (CASAFE, 2013). Its half-
life in sediments was reported between 24 and
223 days (Bondarenko & Gan, 2004). Endosulfan
(a- and B- and endosulfan-sulfate) and DDTs were
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Fig. 4 Correlation plot of nutrients, pesticides, macroinverte-
brate metrics and relative densities of FFGs. N-NO,™: nitrite;
N-NO;™: nitrate; N-NH,*: ammonia; SRP: soluble reactive
phosphorus; endosulfan-S: endosulfan sulfate; DDE: p.p’-
DDE; DDT: p.p’-DDT; S: family richness; N: density (individ-
uals m™2); J’: evenness; H’: Shannon diversity; CF: collector-
filterers; CG: collector-gatherers; PR: predators; SC: scrapers;
SH: shredders. (*) indicates significant correlations at P <0.05

also frequently detected. Endosulfan isomers and
their derivate products (half-lives 6 months; Silva &
Beauvais, 2010) were forbidden in Argentina since
2013 (SENASA, 2011), which enhanced the utili-
zation of other products, like chlorpyrifos. DDT is
still measured in the bottom sediments of the Pam-
pean streams because of the extremely long persis-
tence (half-life in soil is 2—15 years; EPA, 2022).
At environmentally relevant concentrations pes-
ticides might affect feeding (Nyman et al., 2013),
growth (Singh et al., 2021), or reproduction of mac-
roinvertebrates. In laboratory studies, chlorpyrifos

(5 ug LY reduced hatching and prolonged the time
of hatching of snails (Rivadeneira et al., 2013),
while endosulfan (0.2-0.4 ug L7') reduced by
30-40% the number of gravid decapods females
(Wirth et al., 2002). Effects on reproduction might
change population dynamics and, consequently,
alter the community composition (Schifer et al.,
2011).

We suggest that horticulture changes the com-
position of macroinvertebrate assemblages, by
reducing the richness or abundance of several taxa
considered sensitive and increasing the abundance
of those considered tolerant. Reduced richness is a
common pattern in macroinvertebrate assemblages
exposed to pesticides in field studies on agricul-
tural basins (Jergentz et al., 2004; Egler et al., 2012;
Beketov et al., 2013; Rizo-Patrén et al., 2013). Hunt
et al. (2017) described that the SPEAR index (SPE-
cies At Risk; Liess & von der Ohe, 2005) decreased
with increasing pesticide concentrations in sedi-
ments in intensively cropped areas in Argentina.
Similar findings were described by Miinze et al.
(2015) in streams in Germany, where the reduced
abundances of sensitive species were related to
pesticide toxicity. In addition, Macchi et al. (2018)
determined high concentrations of chlorpyrifos in
irrigation channels of fruit orchards in Rio Negro
province, Argentina, together with reduced taxon
richness compared with upstream, non-cropped
areas.

The macroinvertebrate assemblages were differ-
ent between land uses: While Planorbidae, Hyal-
lelidae, and Daphniidae were abundant in the less
disturbed streams, they were strongly reduced in the
horticultural sites. Hyalellidae species are sensitive

Table 4 SIMPER analysis

. . Invertebrate families
showing families that

Average abundance

Contribution Cumulative

. - - (%) contribution
cont.rlb.utc?d up to 35% Horticultural Less disturbed (%)
of dissimilarity between
groups Planorbidae 1.6 4.8 5.3 5.3

Daphniidae 1.3 4.2 5.1 10.4
Entomobryoidea 4.1 1.0 5.0 15.4
Hyalellidae 1.8 4.1 4.8 20.2
Dytiscidae 1.2 3.7 4.6 24.8
Baetidae 0.1 2.6 39 28.7
Coenagrionidae 1.6 33 39 32.6
Hydrophilidae 1.3 35 3.8 36.4
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Fig. 5 NMDS analysis using taxonomic (a) and functional
feeding group data (b). Stress<0.1. Filled symbols: horticul-
tural streams. Empty symbols: less disturbed streams

to pesticides (Mugni et al., 2011; Peluso et al., 2013),
and are considered indicators of water quality (Graca
et al., 2002; Di Marzio et al., 2005). Daphniidae
species are also highly sensitive (Zhou et al., 2008;
Rubach et al., 2010; Rico & van den Brink, 2015;
Arias et al., 2020b). The reduced density of Hyal-
lelidae and Daphniidae in the horticultural streams
was presumably caused by agrochemical exposure.
Although usually considered tolerant to pollution,
freshwater snails like Planorbidae might be vulnera-
ble to stressors because of their low dispersion ability,
according to Rico and van der Brink (2015). Entomo-
bryoidea, Cyprididae, and Dugessidae were the most
abundant taxa in the horticultural streams. Dugesiidae
is considered tolerant to pesticides by Liess & von der
Ohe (2005). Similarly, Egler et al. (2012) determined
higher densities of Collembola in agricultural streams
than in forestry and pasture streams in Brazil. The
higher density of Entomobryoidea might also reflect
faster recolonization after toxic pulses and/or higher
availability of resources because of the disappearance
of sensitive taxa, as reported in soil by Endlweber
et al. (2006).

All functional feeding groups were present in both
land uses. However, their relative abundances were
different, being more equally distributed in the less
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disturbed streams and dominated by collector-gather-
ers in horticultural streams. The changes in the rela-
tive abundances of FFG suggest changes in ecosys-
tem functions (Cummins, 2018). Collector-filterers,
mainly represented by cladocerans, were abundant
in the less disturbed streams and reduced in the hor-
ticultural streams, and they were negatively corre-
lated to nutrients. This finding could be attributed
to the low availability of food related to the lower
suspended matter content in horticultural streams,
in addition to the high sensitivity of cladocerans.
Scrapers were also reduced in horticultural streams.
Collector-gatherers were positively correlated to pes-
ticides and nutrients, suggesting an increase in fine
organic matter processing in horticultural streams.
Together with the reduced abundance of scrapers, the
higher relative abundance of collector-gatherers sug-
gests a shift to heterotrophy (Cummins et al., 2005).
In this sense, the large decrease in amphipod density
in the horticultural streams suggests a reduced coarse
organic matter breakdown rate (Piscart et al., 2009;
Swan et al., 2021). Predators changed their composi-
tion from a dominance of Coenagrionidae, considered
sensitive, in the less impacted streams, to Dugesii-
dae, considered tolerant, in the horticultural streams.
Together with sensitivity, the lower macroinvertebrate
density diminished prey availability, likely contribut-
ing to the decreased predators’ relative abundance in
the horticultural streams. Further studies are needed
for a better understanding of the impacts of horticul-
tural practices on the functionality of these streams,
particularly the effect of pesticides in processes like
primary production and decomposition. This would
contribute to the development of management meas-
ures for freshwater ecosystems.

The use of family-level taxonomic resolution
allowed us to detect differences in assemblage com-
position when comparing land use. However, differ-
ent species within a family might show different feed-
ing strategies (Ramirez & Gutierrez-Fonseca, 2014).
Identification to lower taxonomic levels together with
broader information about the trophic ecology of neo-
tropical taxa would allow the determination of FFGs
more accurately and would improve the knowledge of
functional attributes of these streams.

Increasing temperatures and rainfalls due to cli-
mate change are predicted for the Pampean region
(Barros et al., 2013). Consequently, an increase in
surface runoff events is also expected (Rodrigues
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Capitulo et al.,, 2010; Andrade et al., 2021). The
HBLP has expanded in recent years and production
has intensified (Baldini et al. 2021); thus, agrochemi-
cals use is expected to increase as well. These pro-
jections threaten the integrity of the streams in the
region, both for water quality and for the structure
and function of these ecosystems (Rodrigues Capitulo
et al., 2010).

The present results highlight the need for the
implementation of mitigation measures in sur-
face waters. Riparian buffer zones are one of the
most simple and cost-effective mitigation strategies
(Reichenberger et al., 2007). They have been proven
to reduce stream contamination by retaining sedi-
ments and nutrients (Vought et al., 1995) and have
been implemented as an effective measure to pro-
tect streams from runoff in Brazil (Hunt et al., 2017)
and Finland (Kuglerova et al., 2020). In the Pam-
pean region, riparian zones can retain up to 74% of
glyphosate in experimental systems (Giaccio et al.,
2016). Riparian wetlands also reduced pesticide pol-
lution and increased the abundance of macroinver-
tebrates in a Pampean stream (Solis et al., 2021).
Restoration of deteriorated riparian zones and pres-
ervation of wetlands, together with restrictions on
pesticide use, are necessary for the protection of the
structure and function of streams in food production
regions.

Conclusions

Horticultural production in the Pampean region
increases nutrient and pesticide concentrations,
affecting taxonomic and trophic macroinvertebrate
composition by reducing richness and density.
Overall, horticulture affects community structure
and functioning, producing a shift towards detri-
tivory. Macroinvertebrates provide information
about the structure and function of regional ecosys-
tems. Taxonomic and functional assessments evi-
denced the effect of land use on the macroinverte-
brate community. Macroinvertebrates resulted in a
useful tool to address the impact of land uses and
particularly, the effect of pesticides. Our results
strongly emphasize the need to improve mitigation
measures and restrictions on pesticide use along
with the development of sustainable production sys-
tems, to preserve freshwater environments in food

production regions. Future studies should focus on
the effect of land uses and pesticides on the func-
tioning of Pampean streams.
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