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Abstract

Earthworms are ecosystem engineers that are sensitive to land-use intensification and
edaphic conditions, yet their ecology remains poorly understood in transformed semi-arid
landscapes. We hypothesized that, in recently colonized agroecosystems, land-use intensity
and physicochemical soil conditions jointly filter the earthworm assembly. In the recently
irrigated Lower Valley of the Negro River, Patagonia, Argentina, we sampled earthworms
and soils across five land uses—riparian reference sites, fruit orchards, pastures, cereal
crops, and horticulture plots—in landscapes dominated by Natrargid Ustolls and Fluventic
Haplocambids. We found five species, all of which were exotic Lumbricidae, including the
first Argentine record for Murchieona minuscula, indicating a recent colonization following
human-mediated niche construction that created an ecological island. The earthworm
abundance and biomass were highest in permanent and semi-permanent uses and were
driven primarily by soil moisture, pH, and particulate organic matter. Crucially, our results
reveal that land-use intensity filters communities by restricting the initial colonization
rather than through local extinctions. These findings confirm that soil properties medi-
ate the impact of land use on earthworm assemblages. The inclusion of pastures and
fruit orchards in the rotations favors the earthworm populations that, despite low diver-
sity, enhance soil functioning and contribute to agricultural sustainability in semi-arid
irrigated agroecosystems.
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P dynamics, water infiltration, and microhabitat availability [1,2]. These transformations in-
distributed under the terms and

o A ~ fluence soil community structure and key ecosystem processes such as carbon and nutrient
conditions of the Creative Commons

Attribution (CC BY) license. cycling [3-5]. In turn, earthworm presence, abundance, and community composition are
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strongly conditioned by soil properties, including texture, pH, organic matter, and mois-
ture [6-8]. This feedback between earthworms and the soil environment is fundamental for
understanding and guiding the sustainable management of agricultural soils [9,10].

Globally, earthworm distribution is strongly constrained by water availability, which
regulates both the biological activity and the supply of organic resources to the soil [11-13].
In semi-arid regions, low primary productivity and severe moisture limitations reduce
soil biodiversity and increase vulnerability to land-use change and agricultural intensifi-
cation [5,14-17]. Northeastern Patagonia exemplifies these constraints: rainfall is concen-
trated in winter (~120-380 mm yr~!), soils are clayey and often sodic on flat surfaces, and
soils in fluvial microreliefs are sandy Fluvisols [18,19]. Phytogeographically, the region
belongs to the Austral Monte biogeographic region [20-22]. In this naturally water-limited
context, soil moisture represents the main factor preventing earthworm establishment
and persistence [23].

Within this region, the Lower Valley of the Negro River (VIRN; Spanish acronym)
represents a unique case of anthropogenic transformation. The large-scale irrigation system
that was implemented in the mid-20th century converted a pristine semi-arid landscape
into a productive agricultural mosaic under gravity irrigation [24-27]. This process of
human-driven niche construction [28-30] created unprecedented moisture and fertility
conditions, likely enabling the establishment of new communities in soils that were previ-
ously unsuitable for moisture-dependent organisms. As a result, the irrigated valley now
functions as an “ecological island” within an arid matrix, offering a unique opportunity to
investigate how colonization and community assembly processes occur across contrasting
land uses and soil environments in recently colonized soils, a context in which previous
studies have reported a strong prevalence of introduced earthworm species [31,32].

Within the VIRN, the land uses range from high-intensity annual crops (corn and
squash) to semi-permanent systems (pastures), permanent systems (fruit orchards), and
remnants of natural vegetation [18,33]. These land uses differentially affect the soil physic-
ochemical properties and the earthworm communities, depending on disturbance intensity,
residue inputs, and soil cover [34,35]. Despite the recognized importance of soil macro-
fauna in agroecosystems, studies in Patagonia—and particularly in the VIRN—remain
remarkably scarce, limiting the understanding of how irrigation-driven land uses and
management practices affect soil biodiversity and soil-earthworm interactions in these
newly created environments.

Therefore, this study aimed to analyze how different land uses and soil properties
drive earthworm communities in recently irrigated semi-arid landscapes of northeastern
Patagonia, providing evidence of their role in structuring biodiversity and influencing soil
functioning in newly transformed agricultural ecosystems. We hypothesized that both
land-use intensity and soil physicochemical properties act as key environmental filters
driving the assembly and dominance patterns of earthworm communities in these recently
colonized soils.

2. Materials and Methods
2.1. Study Area

The study area was located in the Lower Valley of the Negro River (40°45’ S, 63°10" W),
within the semi-arid region of northeastern Patagonia (Figure 1), where the dominant soils
are Natrargid Ustolls in the flat areas and Fluventic Haplocambids in the microrelief
positions [18]. The valley had a mean annual temperature of 14.1 °C, with the mean
annual maximum and minimum temperatures of 20.9 °C and 7.9 °C, respectively [18].
The cropping area covered 20,000 ha, which was leveled and equipped for gravity-fed
irrigation and operated with an estimated efficiency of 20-30%, with farms ranging from 20
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to 300 ha [24,25]. This transformed landscape was characterized by a mosaic of temporary,
semi-permanent, and permanent land uses that were interspersed with remnants of natural
or semi-natural vegetation.

Argentina v

»

40.50°

64.50° W 62.50° W

Figure 1. The location of the study area in the Lower Valley of the Negro River (VIRN), northeastern
Patagonia, Argentina. The main map shows the irrigated area (red) and the Negro River (light blue),
and the black dot indicates the city of Viedma. The inset maps were prepared in QGIS 3.40 using
public spatial data from Instituto Geogréfico Nacional and DIVA-GIS [36,37].

2.2. Land Uses

Four agricultural land uses were selected, each represented by a dominant crop
typical of the region: fruit orchards (permanent; walnut, Juglans regia), pastures (semi-
permanent; mixed forage species), cereal crops (annual; corn, Zea mays), and horticulture
plots (annual; squash, Cucurbita sp.). We analyzed a gradient ranging from permanent
(orchards established > 10 years ago) to semi-permanent (pastures with 3-5 years of
stability) to annual land use (representing the current irrigation cycle within long-term
agricultural plots). In addition, reference sites with riparian vegetation representing the
most stable and least disturbed conditions were also included for comparison (Figure 2).
The key management practices are summarized in Table 1.

Figure 2. The land uses assessed: (a) the reference riparian sites (Ref), (b) fruit orchards (Fru),

(c) pastures (Pas), (d) cereal crops (Cer), and (e) horticulture plots (Hor).

For each land use, four fields were selected, and a 100 x 50 m plot was established in
the center of each field to measure all variables. Within each plot, a transect was established
with five equally spaced sampling points (SP) located 20 m apart. For the riparian reference,
two sites (replicates) were sampled. In total, 18 experimental units (EUs) were sampled.
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Table 1. The management practices for agricultural land uses.
Permanent Semi-Permanent Annual
Land use Fruit orchards Pastures Cereal crops Horticulture
Cro Walnut Mixed forage Corn Squash
P Juglans regia Species Zea mays Cucurbita sp.
Planting date - February December October
Duration More than 10 years 1-5 years 6 months Up to 5 months

Chemical inputs

Fertilizers +
Herbicides +
Insecticides +
Fungicides +

Fertilizers + Herbicides + Insecticides
(no Fungicides/Bactericides)

Bactericides
Disk harrow
Pre-planting soil Disk harrow tillage Disk harrow tillage tillage (eX.C ept Disk harrow tillage
management under no-tillage
systems)
Soil tillage Annual tillage with One direct
during the crop cycle disk harrow in seeding event ) )

& Py inter-row sector &

Annual irrigation 600-800 650 370-560

requirement (mm yr~ 1

2.3. Earthworms

The sampling was conducted in April and May 2021, coinciding with the peak repro-
ductive season when adult individuals are most abundant. At each EU, five soil monoliths
(25 x 25 cm) were extracted for 0-10 cm and 10-20 cm for earthworm sampling through
careful hand-sorting (in total 180 monoliths), according to the ISO 23611-1:2018 method
([38]; Figure S1). The specimens were counted and identified to the species level using
standard taxonomic keys [39-45]. When reproductive characters were insufficiently devel-
oped, individuals were classified as morphospecies or undetermined juveniles. Abundance,
biomass, and community composition indices—species richness (S), Shannon diversity
(H), and Berger-Parker dominance (d)—were calculated for each sampling depth. Each
EU was treated as an independent local community, thus representing local-scale values of
richness, diversity, and dominance (o-diversity).

2.4. Soil Properties

At each earthworm extraction point, soil samples were collected to determine the soil
properties. The variables considered were soil moisture (SM), bulk density (BD), electrical
conductivity (EC), pH, particulate organic matter (POM), mineral-associated organic matter
(MAOM), and coarse fraction (CF). The soil samples were air-dried and sieved (2 mm) prior
to the laboratory analyses. The bulk density (g cm ) was determined using the cylinder
method, and the SM (%) was measured via the gravimetric method after oven-drying at
105 °C for 24 h. The electrical conductivity (dS m~!) and pH were determined in a 1:2.5
soil-to-water suspension using a benchtop conductivity meter and a pH meter, respectively.
The POM and MAOM fractions, together with the proportions of coarse (>53 pm) and
fine (<53 um) fractions, were determined following the physical fractionation protocol [46].
Briefly, the soil samples were subjected to wet sieving through a 53 um mesh after chemical
dispersion with sodium hexametaphosphate (0.5%). The percentages of the CF and fine
fraction (FF) were calculated from the oven-dry soil mass that was retained or passed
through the sieve, relative to the initial dry mass. The POM and MAOM were quantified
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by muffle combustion [47] using aliquots of the CF and the FF, respectively. Because the CF
and the FF are complementary (CF + FF = 100%), only the CF values are reported. In total,
180 soil samples were analyzed.

2.5. Statistical Analysis

The earthworm metrics (abundance, biomass, richness, diversity, and dominance) and
soil variables were analyzed using generalized linear mixed models (GLMMs) implemented
in the glmmTMB package [48], considering the land use and depth as fixed effects and
the hierarchical structure of replicates as random effects: response variable ~ land use
* depth + (11 EU/SP). The distributions and transformations were adjusted according to
the nature of each variable: abundance and richness with a negative binomial distribution
(the latter was truncated and accounted for zero inflation by the treatment), biomass with
a Gaussian distribution (log10-transformed to reduce skewness), Shannon diversity and
dominance with a Student’s t-distribution (the latter was square root-transformed). For
the soil variables, the SM and EC were modeled with a gamma distribution; BD, pH,
POM, MAOM and CF with a Gaussian distribution, with POM In-transformed. The model
assumptions were evaluated using simulated residual diagnostics implemented in the
DHARMa package [49]. The model diagnostics indicated no outliers requiring exclusion or
correction; therefore, all observations were retained. The missing data (<1.5% of the total)
were imputed for the MAOM and the CF using the mice package [50].

The earthworm community composition was assessed using redundancy analysis
(RDA) applied to Hellinger-transformed abundances with the vegan package [51]. In addi-
tion, a PERMANOVA test [52] was used to compare land uses, with pairwise comparisons
performed on the data subsets.

The effect of edaphic variables (SM, BD, EC, pH, POM, MAOM, and CF) on earthworm
metrics was evaluated through a multimodel inference based on the Akaike information
criterion (AIC) [53,54]. The initial model included the soil variables as fixed effects and
the extraction points that were nested within the experimental units as random effects:
response variable ~ edaphic variables + (1| EU/SP). The missing values (<1.5%) were
imputed using the mice package [50]. The model assumptions were checked with graphical
and statistical tests using DHARMa [49]. The models with AAIC < 2 were averaged
with MuMIn [55].

All the analyses were conducted in R version 4.4.1 [56]. No generative artificial
intelligence tools were used for data collection, analysis, or interpretation; Al was only
employed for the language editing of the manuscript.

3. Results
3.1. Earthworms

A total of 1307 earthworms were collected across all experimental units, of which
10% of the specimens were adults. Five morphotypes were identified, four of which
were determined at the species level, all belonging to Lumbricidae: Aporrectodea rosea, A.
trapezoides, A. caliginosa, and Murchieona minuscula (Table 2). The most abundant species
was A. rosea (52.7%), followed by M. minuscula (14.1%), A. trapezoides (9.9%), A. caliginosa
(6.1%), and an unidentified Haplotaxida morphotype (0.5%), the latter found exclusively in
fruit orchards. The remaining 16.8% of individuals could not be identified to the species
level due to the absence of diagnostic characters. The regional (y) richness was highest in
the reference soils and the fruit orchards (four species), followed by the pastures (three), and
the cereal crops and horticulture plots (two each). The mean (£SD) values of earthworm
abundance, biomass, richness, diversity, and dominance for each land-use type and soil
depths (0-10 and 10-20 c¢m) are presented in Table 3.
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Table 2. The earthworm species abundance (mean ind. & SD) across the land uses.
Aporrectodea  Murchieona  Aporrectodea  Aporrectodea  Haplotaxida  Undetermined
rosea minuscula trapezoides caliginosa MFsp.1 Juveniles
Reference 1.90 + 4.99 0.90 +£2.99 0.85 + 3.57 3.50 +4.85 - 3.20 £ 5.81
Fruit 205+373  426+10.83  0.26+0091 - 0.15 + 0.43 0.67 + 1.58
Orchards
Pastures 12.13 £ 22.54 - 1.98 + 3.44 0.23 £0.62 - 1.95 + 5.02
Cereal crops 1.73 £ 3.61 - 0.23 4+ 0.83 - - 0.93 +=1.65
Horticulture 0.35+ 1.05 - 0.35+ 1.05 - - 0.35 £+ 0.80
Note. ind. = number of individuals.
Table 3. The community-level descriptors of earthworms (abundance, biomass, species richness,
Shannon diversity, and Berger-Parker dominance) across the land uses and soil depths (mean + SD).
Depth Abundance Biomass Species Diversity Dominance
(cm) (ind.) (g Richness (S)  Shannon (H')  (Berger—Parker)
Ref 0-10 36.50 +£36.99b 1.62+1.02b 1.30 + 0.95 0.40 +£0.57 0.85 +0.21
clerence 10-20 1.62+1.02b  036+055ab  2.00 +0.94 0.83 + 0.40 0.73 +0.17
Fruit 0-10 1.30 4+ 0.95 0.79 £ 1.21 ab 1.15 + 1.09 0.60 + 0.66 0.77 £0.27
Orchards 10-20 0.40 + 0.57 0.14 +0.23 a 1.30 + 0.80 0.33 +0.53 0.89 + 0.19
Past 0-10 0.85 + 0.21 247 +3.61Db 1.70 £ 1.03 0.60 + 0.49 0.81 + 0.18
astures 10-20 540+ 728ab  094+0.76b 1404075 0.34 + 0.39 0.91 4 0.12
Cereal crons 0-10 0.36 £ 0.55 ab 0.12+0.76 a 0.55 +0.76 0.35 + 0.48 0.86 +£0.20
P 10-20 2.00 £0.94 027 £042a 1.05 + 0.76 0.35 + 0.44 0.88 £0.16
Horticul 0-10 0.83 £0.40 0.13£0.29a 0.65 £+ 0.81 0.19 £+ 0.40 0.95 £ 0.11
orticulture 14 o 0.73 +0.17 005+012a 050+ 0.69 0.21 + 0.38 0.93 + 0.13

Note. ind. = number of individuals. The letters are shown only for the variables with significant differences
among the land uses and/or soil depths (p < 0.05).

The mean earthworm densities were 332 + 488.2 ind/m? in the reference soils,
117.2 4+ 164.6 ind /m? in the fruit orchards (walnut), 260.4 + 432.6 ind/ m? in the pastures,
43.6 + 74.7 ind/m? in the cereal crops (corn), and 16.8 £ 30.7 ind/ m? in the horticulture
plots (squash). The total earthworm abundance was significantly affected by the interaction
between the land use and soil depth (Figure 3, Tables S1 and S2). At the 0-10 cm layer,
the abundances in the reference soils, the fruit orchards, and the pastures were similar
and higher than in the cereal crops and the horticulture plots. At the 10-20 cm layer, the
fruit orchards, the pastures, and the cereal crops showed similar abundances, all higher
than those in the horticulture plots, while the reference soils had intermediate values. The
simple-effects analysis revealed that the soil depth significantly reduced abundance in
the pastures and the reference soils (p = 0.05 and 0.005, respectively), whereas the cereal
crops exhibited a significant inverse pattern with a higher abundance at the 10-20 cm
layer (p = 0.002). For the remaining land uses, no significant vertical differences were
observed (p > 0.05).

The earthworm biomass varied significantly with the soil depth and land use (Figure 4,
Tables S3 and S4). The soil depth significantly reduced the biomass only in the reference
site (p = 0.007), whereas no significant vertical differences were observed for the other land
uses (p > 0.05). Regarding the land-use patterns, at 0-10 cm, the biomass was the highest in
the pastures and the reference soils, intermediate in the fruit orchards, and the lowest in the
cereal crops and horticulture plots. At 10-20 cm, the pattern shifted: the pastures remained
the highest, the reference soils were intermediate, and the cereal crops, fruit orchards, and
horticulture plots were clustered at the lowest values.
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Figure 3. The earthworm abundance across the land uses and soil depths. The different letters
indicate the significant differences among the land uses within each depth (Sidak-adjusted, p < 0.05).
Red asterisk, next to the depth label indicates a significant main effect of soil depth. The asterisk
above the ref, pas, and cer bar denotes a significant difference between the depths, specifically for
the corresponding land use (p < 0.05). The error bars represent the standard error of the mean. Ref:
reference, Fru: fruit orchards, Pas: pastures, Cer: cereal crops, and Hor: horticulture.
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Figure 4. The earthworm biomass across the land uses and soil depths. The different letters indicate
the significant differences among the land uses within each depth (Sidak-adjusted, p < 0.05). Red
asterisk, next to the depth label indicates a significant main effect of soil depth. The asterisk above the
ref bar denotes a significant difference between depths specifically for that land use (p < 0.05). The
error bars represent the standard error of the mean. Ref: reference, Fru: fruit orchards, Pas: pastures,
Cer: cereal crops, and Hor: horticulture.

The earthworm species richness, Shannon diversity, and Berger—Parker dominance
were not significantly affected by the land use or soil depth (Tables S5-57).

The species composition did not differ significantly among the land uses (PER-
MANOVA, F = 1.11, p = 0.37), although the land use explained 25.4% of the total variation,
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suggesting underlying trends. The RDA showed how this variation was distributed: the
first two axes (RDA1 and RDAZ2, Figure 5) accounted for 93.5% of the variance attributable
to the land use (RDA1 = 68%, RDA2 = 25.5%). In the ordination space, communities exhib-
ited a partial overlap; however, a clear separation was observed between the reference soils
and the agricultural uses, as well as between the fruit orchards, the cereal crops, and the
horticulture plots. At the species level, the Haplotaxida morphotype and M. minuscula were
associated with the fruit orchards, whereas A. caliginosa was linked to the reference soils.

e ]
. Cer
(U]
g
A. caligino pezoides .
ru
o osea
e 4
. Hor
o
gL W0
(] o T .
e M. minuscula
L] Pas
e |
! . Ref
|
N
[
< |
i I I I I I I
-1.5 -1.0 -0.5 0.0 0.5 1.0

RDA1

Figure 5. The earthworm community composition across the land uses based on the redundancy
analysis (RDA). The sites (points) are colored by the land use, and the ellipses indicate 95% confidence
intervals. The species: Aporrectodea rosea, A. trapezoides, A. caliginosa, Murchieona minuscula, Haplotaxida
morphotype (MFspl). Ref: reference, fru: fruit orchards, pas: pastures, cer: cereal crops, and
hor: horticulture.

3.2. Soil Properties

All the edaphic variables differed significantly among the land uses and, in most cases,
between the soil depths. The mean (£5SD) values are summarized in Table 4, while the
effects of the land use and soil depth estimated by the GLMMs are reported in Tables S8-S17.
The soil moisture was highest in the reference and pasture soils, intermediate in the fruit
orchards, and lowest in the cereal crops and horticulture plots, which is a pattern that is
broadly consistent for both depths. The bulk density was the highest in the horticulture
plots and fruit orchards and the lowest in the reference soils. The electrical conductivity
reached the highest values in the pasture and reference soils, followed by the cereal crops,
while the fruit orchards and horticulture plots showed the lowest values. The soil pH
exhibited a stable gradient in both depths, being more acidic in the reference soils and more
alkaline in the pastures. The particulate organic matter was highest in the reference soils
and lowest in the horticulture plots, whereas the mineral-associated organic matter was
greater in the cereal crops and the reference soils than in the other land uses. The coarse
fraction was the highest in the reference soils and the lowest in the cereal crops, showing a
consistent pattern between the depths. The soil properties across the land uses and depths
are shown in Figure 6.
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Figure 6. The soil properties across the land uses and depths: (a) soil moisture, (b) bulk density,
(c) electrical conductivity, (d) pH, (e) particulate organic matter, (f) mineral-associated organic matter,
(g) coarse fraction (>53 um; % of oven-dry soil mass). The different letters indicate the significant
differences among the land uses within each depth (Sidak-adjusted, p < 0.05). Different lowercase
letters indicate significant differences among land uses within the same soil depth (Sidak-adjusted
p < 0.05). Red asterisks, next to the depth labels, indicate a significant main effect of soil depth for that
variable. Black asterisks above specific bars denote significant differences between depths (0-10 cm

vs. 10-20 cm) within that land use (p < 0.05). The error bars represent the standard error of the mean.

Ref: reference, Fru: fruit orchards, Pas: pastures, Cer: cereal crops, and Hor: horticulture.
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Table 4. The soil physicochemical properties across the land uses and depths (mean + SD).
Depth SM BD EC POM MAOM CF
(cm) %) (g cm3) pH (dS m-1) (%) %) (%)
Reference 0-10 41.01 £=495d 0.69 £0.11c 6.01+033a 076 £0.16b 409+152c 499 +226b 3673 +11.77c¢
10-20 3445+279c 116 £0.07bc  6.15+0.35a 0.39+012ab 217+099c 379+145b 43.76 £17.65c¢
Fruit 0-10 23.81 £ 7.73 bc 091 +0.13b 6.81 £0.39b 058 £0.14a 1.71£0.77b 3.43+0.85a 35.71 £16.58 ab
Orchards 1020 2272 +549ab 1.30£0.08a 7.01+044b 0.39=£0.07a 134 £066b 287+097a 4145+ 16.75ab
Pastures 0-10 28.68 £1046cd 0.87£020Db 731 £061c 094 £036b 225 +£1.68b 377+£101la 3120 £20.58b
1020 23.86 £9.51abc 125+0.08ab 7.69+0.51c 0.59 £0.27 c 111 £046b 325+122a 2923+1880b
Cereal 0-10 21.42 +6.06 b 0.88 £ 0.19b 6.78 £0.82b 057 £0.15a 128 +034ab 471£0.78Db 18.66 + 10.34 a
crops 1020  25.83 £5.75bc 1.10£012¢ 685+0.86b 052+0.09bc 1.03+033ab 4.46+080b 1838 +1035a
Horticulture 0-10 16.36 + 6.53 a 1.00£011a 7.02+£077b 045+0.13a 121 £062a 312+123a 3541+20.73b
10-20 19.92 +4.76 a 126 +0.12ab 7.02+£0.79b 042 +0.18 ab 0.83£0.32a 316 £1.17a 3618 +£21.61b
Note. The soil properties: soil moisture (SM), bulk density (BD), electrical conductivity (EC), pH, particulate
organic matter (POM), mineral-associated organic matter (MAOM), and coarse fraction (CF; >53 um; % of oven-
dry soil mass). The different letters indicate the significant differences among the land uses within each depth
(Sidak-adjusted, p < 0.05).
3.3. Influence of Soil Properties on Earthworms
The relationships between the edaphic variables and earthworms that were derived
from the multimodel inference analysis are summarized in Table 5 and Figure 7 (Table S17).
The earthworm abundance was significantly and positively associated with the soil mois-
ture and pH, whereas a similar trend was found for the EC, the POM, and the MAOM,
although without statistical significance. On the other hand, the BD had a negative, non-
significant effect. The earthworm biomass increased significantly with the EC, the CF, the
SM, and the pH. The POM showed a positive, yet non-significant relationship with the
biomass. The species richness increased significantly with the POM and decreased with the
MAOM, while the BD exhibited a weak, non-significant negative trend. Finally, the diver-
sity (H') increased significantly with the SM and the POM, and it decreased significantly
with the MAOM, whereas the effect of the BD was non-significant.
Table 5. The summary of the influence of soil properties on earthworm attributes based on multimodel
inference, presented by the response variables: (a) abundance, (b) biomass, (c) species richness, and
(d) diversity.
Predictors Coefficients p-Value RI
(a) intercept —1.82 0.337 -
SM 0.06 0.001 1.00
POM 0.19 0.170 0.41
Abundance pH 0.39 0.058 0.77
(individual sample’l) BD —0.89 0.150 0.42
MAOM 0.08 0.406 0.28
EC 0.33 0.549 0.05
R? = 0.40
(b) intercept —0.74 <2 x 10716 1.00
EC 0.15 0.016 1.00
Biomass CF 0.19 0.001 1.00
(g sample; logjo scale) SM 0.24 <2 x 10716 1.00
pH 0.14 0.019 1.00
POM 0.04 0.499 0.29
R? =0.225
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Table 5. Cont.

Predictors Coefficients p-Value RI
(c) intercept 1.18 0.006
Species Richness MAOM —0.15 0.011 0.46
(species sample—?) POM 0.98 0.001 1.00
BD 0.35 0.308 0.17
R? =0.06
(d) intercept 0.32 0.239 -
BD —0.22 0.160 0.31
Diversity SM 0.01 0.006 0.44
(H' sample 1) MAOM —0.06 0.048 0.24
POM 0.33 0.031 0.42
R? =0.02

Note. The estimated coefficients, statistical significance, and relative importance (RI) of the edaphic predictors
from the models with AAICc < 2. The soil moisture (SM; %); bulk density (BD; g cm’3) ; electrical conductivity
(EC; dS m™1); pH; particulate organic matter (POM; %); mineral-associated organic matter (MAOM; %); and
coarse fraction (CF; >53 um; %) of oven-dry soil mass. Values in bold indicate significant effects (p < 0.05).
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Figure 7. The influence of the soil properties on earthworm abundance (a,b), earthworm biomass
(c—f), species richness (g,h), and earthworm diversity (i-k). The lines show the model predictions,
and the shaded areas represent the 95% confidence intervals.

4. Discussion

The recently irrigated soils of the Lower Valley of the Negro River represent a striking
example of human niche construction in a semi-arid landscape. This process involves
deliberate environmental modification, creating novel ecological contexts that reshape
selection pressures and drive community assembly [28-30]. The observed low regional (y)
earthworm species richness (five Lumbricidae species) and the complete dominance of the
introduced taxa indicate that the current community was primarily assembled through
anthropogenic introductions following irrigation, rather than natural dispersal. This pattern
is consistent with the reports from regions that were naturally devoid of earthworms and
subsequently colonized through human-mediated dispersal [31,32,57]. Specifically, Tiunov
et al. [31] show that in previously earthworm-free regions of northeastern Europe and
North America, species distributions are driven more by human activity and land use than
by post-glacial dispersal history. Similarly, in irrigated arid agroecosystems of Morocco,
Hallam et al. [32] found that earthworm occurrence—including the frequent detection of
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Aporrectodea. rosea and A. caliginosa—was strongly linked to localized irrigation inputs
rather than to broad biogeographic patterns. In India, Suthar [57] also observed that
human activities act as a key driver of earthworm invasion in arid lands, where exotic
species are mainly associated with improved soil moisture conditions. In this context,
our findings reinforce the view that human-mediated niche construction can effectively
override the historical earthworm absence in arid landscapes by creating suitable conditions
for colonization. The occurrence of Murchieona minuscula, the first record for Argentina,
extends its known distribution in South America and further supports the role of human
activity in shaping these novel communities. Its occurrence is restricted to reference soils,
and the less intensive land use suggests a sensitivity to agricultural disturbance. However,
the previous reports from conventional agriculture and post-fire habitats indicate some
degree of ecological plasticity and colonization capacity [58-61]. In contrast, the dominance
of A. rosea, present across all land uses, further confirms that generalist, disturbance-tolerant
species prevail in communities under agricultural management [34]. This is consistent
with the reports from other irrigated arid agroecosystems where A. rosea is among the
most frequent taxa [32], reinforcing the impoverished and ecologically simplified nature of
these assemblages.

Although plot-scale () richness did not differ significantly among the land uses,
accumulated regional (y) richness and diversity at the land-use scale showed a clear in-
tensification gradient, declining from reference soils to annual crops. Compared to the
reference soils, the v richness remained unchanged in the fruit orchards, but declined
by 25% in the pastures, and 50% in both the cereal and horticultural crops, while the y
diversity decreased by 22-66% along the same gradient. Together with the consistently high
dominance across the land uses, this pattern strongly supports our hypothesis that land-use
intensification acts as a strong environmental filter that simplifies earthworm assemblages
and reduces regional diversity. However, in this system of recently established exotic com-
munities, the land-use filter operates through a fundamentally different mechanism. Rather
than simplifying pre-existing assemblages, it restricts the initial colonization, determining
which species can establish themselves from the outset. Our results are consistent with the
regional and global evidence documenting the decreasing biodiversity with increasing agri-
cultural intensity [14,17,34,62—-64] while highlighting a potentially generalizable assembly
mechanism, which is specific to newly transformed ecosystems where communities are
still being assembled. Additionally, the restriction in the colonization process explains the
differential species distribution observed across the land-use gradient. Although the land
uses did not differ significantly in community composition, they accounted for a substantial
proportion of the total variation (25.4%). This suggests a biologically relevant structuring
effect despite the high intra-group variability. The redundancy analysis illustrates this
structuring effect, clearly separating the reference soils and fruit orchards from the more
intensive land uses in the ordination space. This differentiation was driven mainly by the
exclusive occurrence of M. minuscula and a Haplotaxida morphotype in these less intensive
systems, as well as the dominance of A. caliginosa in the reference soils. Conversely, A. rosea
and A. trapezoides occurred across all land uses, reflecting their wide ecological tolerance
and generalist habits. Overall, these differential occurrence patterns among the land uses
and the y-diversity gradients described above reinforce the idea that vegetation cover and
disturbance intensity act as key ecological filters shaping earthworm assemblages, even in
recently established, exotic-dominated communities. The effects of land-use intensification
on soil fauna have been previously studied [14,17,34,64], but our study underscores that
in novel ecosystems, the identity of the colonizing pool, not just the loss of residents,
determines the community outcomes.
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Furthermore, the higher abundance that was recorded in the reference soils and in
the land uses with permanent or semi-permanent vegetation cover (walnut orchards and
pastures) supports our hypothesis that temporally stable habitats and reduced disturbance
favor earthworm populations. These findings align with the previous studies documenting
the positive effects of habitat persistence on earthworms [63,65,66]. Notably, abundances
in reference soils and lower-intensity systems fall within the range typically reported for
humid temperate regions [14], underscoring the profound habitat transformation that
is achieved by irrigation in this semi-arid landscape. Conversely, the consistently lower
values found in the cereal and horticultural crops reflect how intensive tillage, agrochemical
inputs, and reduced organic inputs create suboptimal conditions for soil macrofauna [67,68].
The biomass largely followed the same trend, although it was intermediate in fruit orchards,
more due to the dominance of small and medium-sized species, such as M. minuscula and
A. rosea, than to a low number of individuals. The distinct vertical distribution observed
in the cereal crops, with more individuals at 10-20 c¢m, reflects a behavioral response to
resource depletion and microclimatic stress in surface horizons [69,70]. This vertical shift
reduces the benefits of earthworm ecosystem engineering in the top 10 cm, potentially
limiting the organic matter incorporation and structural improvement in the surface layer,
which is critical for soil health and crop productivity.

As expected, soil properties mediated the influence of the land use on earthworms,
acting as key environmental filters. The reference soils exhibited a combination of higher
moisture and particulate organic matter (POM), lower bulk density (BD), and slightly
more acidic pH, properties typically indicative of higher habitat suitability under minimal
intervention [71-74]. The fruit orchards and pastures presented intermediate conditions,
consistent with their lower disturbance levels and continuous vegetation cover [75,76].
However, in the pastures, the higher pH values and electrical conductivity differed from
the reports where leguminous cover reduces salinity and alkalinity [77], likely reflecting
the specific features of local soils and/or irrigation water quality. In contrast, the cereal
and horticultural soils showed less favorable conditions for soil fauna (higher BD and
lower moisture and POM) [74]. In the cereal crops, the elevated MAOM, comparable
to that of the riparian reference sites, is probably attributable to finer soil texture (lower
coarse fraction) rather than management practices [78,79]. This reflects the well-established
relationship between silt and clay content and the formation of stable forms of OM. This
physically driven pathway towards MAOM formation may help explain the low POM
content observed in these intensive systems.

Furthermore, as hypothesized, multimodel inference indicates that the soil moisture,
pH, and POM are the key drivers of earthworm communities in irrigated semi-arid land-
scapes. This finding is consistent with the previous results from diverse agroecosystems
worldwide, confirming that these soil properties consistently shape earthworm distribu-
tion and abundance across biogeographic and climatic contexts [11,12,80]. In the studied
systems, soil moisture emerged as the dominant driver of earthworm abundance, biomass,
and diversity. This underscores that water availability is the primary constraint in this
historically dry system and that irrigation is pivotal for sustaining earthworm coloniza-
tion and persistence. In turn, the positive association between the POM and both species
richness and diversity emphasizes the role of labile organic matter as a critical food re-
source and a key habitat component for earthworms in these transformed soils [23,81]. By
contrast, the negative response of these community metrics to the MAOM likely reflects
its inverse relationship with the POM in our study systems rather than a direct adverse
effect. The positive relationships between the biomass and both the coarse fraction (CF)
and the electrical conductivity (EC) suggest a potential functional trait divergence among
the larger-bodied species that may facilitate niche partitioning [23]. Consequently, the land
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uses that sustain higher soil moisture and POM levels while preventing strong acidifica-
tion, such as permanent and semi-permanent systems, foster more abundant and diverse
earthworm communities. Given the bidirectional nature of the earthworm-soil interactions,
these favorable soil conditions may be further reinforced through positive feedback loops
as populations establish themselves, thereby enhancing the organic matter cycling and the
soil structure formation.

While this study represents a single-season snapshot, it provides an important baseline
for understanding earthworm assembly in recently irrigated systems. Given the scarcity of
prior data in semi-arid Patagonia, our findings offer valuable evidence of early colonization
patterns. Future long-term monitoring across multiple seasons will be essential to capture
the temporal dynamics and their ecological consequences.

5. Conclusions

This study provides the first characterization of earthworm communities in the Lower
Valley of the Negro River, a recently irrigated semi-arid environment that now functions as
a human-constructed ecological island. The low richness and the complete dominance of
exotic species reflect a newly assembled community, shaped by human-mediated dispersal
rather than natural biogeographic processes. In this system, the land use intensity, mediated
by its effects on soil properties, acted as a major environmental filter determining the
earthworm communities. A particularly novel aspect is the directionality of this filter,
whereas the land-use intensification in long-established agroecosystems typically simplifies
the pre-existing communities by excluding the sensitive species, as here it primarily restricts
the initial assembly process. The intensive land uses created edaphic conditions that
filtered the potential colonizers, allowing the establishment of only a subset of highly
tolerant lumbricid species (e.g., A. rosea and A. trapezoides), resulting in extremely simplified
communities. In contrast, the less intensive uses, with lower disturbance and greater
habitat stability, presented a weaker filter, allowing a broader subset of species, including
more sensitive taxa such as M. minuscula, to successfully establish themselves. Therefore,
the diversity patterns are not limited by local extinctions, but by restricted colonization
opportunities during early community development.

Despite the low species diversity that was found, earthworm abundances in the less
intensive land uses matched those typical of wetter regions [35,74,82]. This provides evi-
dence that even simple communities, entirely composed of exotic species, can significantly
improve soil functioning following colonization. In the absence of native earthwormes,
these exotic species fulfill a critical functional role by promoting soil aggregation, organic
matter decomposition, and nutrient cycling in these water-limited irrigated systems.

From a management perspective, our findings draw attention to the critical impor-
tance of adopting management strategies that ensure habitat continuity and minimize
soil disturbance, such as the cultivation of walnut orchards and pastures in permanent
or semi-permanent rotations. Such practices not only favor earthworm communities but
also strengthen the resilience and long-term sustainability of irrigated agroecosystems in
semi-arid contexts.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/soilsystems10040048 /s1, Supplementary Materials Figure S1,
Tables 51-518 (PDF). Figure S1: Earthworm field sampling and processing: (a) soil pit excavation
and monolith extraction, (b) hand-sorting, (c) recovered specimen, (d) representative individual
immediately after collection, Table S1: Effects of land use and soil depth on earthworm abundance, as
estimated by a generalized linear mixed model (GLMM), Table S2: Effects of land use and soil depth
on earthworm abundance: post-hoc pairwise comparisons (Tukey/Sidak-adjusted), Table S3: Effects
of land use and soil depth on earthworm biomass, as estimated by a generalized linear mixed model
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(GLMM), Table S4: Effects of land use and soil depth on earthworm biomass: post-hoc pairwise
comparisons (Tukey/Sidak-adjusted), Table S5: Effects of land use and soil depth on earthworm
species richness, as estimated by a generalized linear mixed model (GLMM), Table S6: Effects of
land use and soil depth on Shannon diversity (H'), as estimated by a generalized linear mixed model
(GLMM), Table S7: Effects of land use and soil depth on Berger—Parker dominance, as estimated by a
generalized linear mixed model (GLMM), Table S8: Effects of land use and soil depth on soil moisture
(SM; %), as estimated by a generalized linear mixed model (GLMM), Table S9: Effects of land use
and soil depth on soil moisture (SM; %): post-hoc pairwise comparisons (Tukey/Sidak-adjusted),
Table S10: Effects of land use and soil depth on bulk density (BD; g cm~2), as estimated by a linear
mixed model (LMM), Table S11: Effects of land use and soil depth on bulk density (BD; g cm~3):
post-hoc pairwise comparisons (Tukey/Sidak-adjusted), Table S12: Effects of land use and soil depth
on soil pH, as estimated by a linear mixed model (LMM), Table S13: Effects of land use and soil depth
on electrical conductivity (EC; dS m~1), as estimated by a generalized linear mixed model (GLMM),
Table S14: Effects of land use and soil depth on electrical conductivity (EC; dS m~1): post-hoc pairwise
comparisons (Tukey/Sidak-adjusted), Table S15: Effects of land use and soil depth on particulate
organic matter (POM; %), as estimated by a linear mixed model (LMM), Table S16: Effects of land
use and soil depth on mineral-associated organic matter (MAOM; %), as estimated by a linear mixed
model (LMM), Table S17: Effects of land use and soil depth on coarse fraction (CF; >53 pum; % of
oven-dry soil mass), as estimated by a linear mixed model (LMM), Table S18: Best models explaining
the effects of soil physicochemical properties on earthworm abundance, biomass, species richness,
and Shannon diversity, according to GLMM.
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Abbreviations

The following abbreviations are used in this manuscript:

VIRN Valle Inferior del Rio Negro (Lower Valley of the Negro River)
EU Experimental unit

SP Sampling point

SM Soil moisture

BD Bulk density

EC Electrical conductivity

POM Particulate organic matter

MAOM Mineral-associated organic matter

CF Coarse fraction

GLMM Generalized linear mixed model

LMM Linear mixed model

RDA Redundancy analysis

PERMANOVA  Permutational multivariate analysis of variance
AIC Akaike information criterion

AlCc Corrected Akaike information criterion
RI Relative importance

Ref Reference (riparian) sites

Fru Fruit orchards

Pas Pastures

Cer Cereal crops

Hor Horticulture
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