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ABSTRACT

While the ecological significance of ultramafic environments for plant diversity and endemism is well established, soil microar-
thropod communities within these systems remain poorly understood. In this study, we examined microarthropod abundance
and community composition in adjacent, disturbed, and undisturbed ultramafic sites to assess the long-term impacts of historical
chromite mining on soil fauna. Soil samples were collected to a depth of 10cm under a common shrub Ceanothus cuneatus at

undisturbed (n =12) and disturbed (n = 12) sites. Microarthropods were extracted using the Tullgren/Berlese funnel method and
imaged to quantify abundance and taxonomic diversity. Soil physicochemical properties, including texture, pH, electrical con-
ductivity, exchangeable cations, macro and micronutrients, and extractable metals, were also measured on composite samples.
We recorded 2592 microarthropods representing 15 arthropod orders. Order-level richness did not differ between disturbed and
undisturbed sites; however, community composition differed significantly, with Collembola and Acari showing pronounced loss
of abundance following mining disturbance. Our results indicate that historical chromite mining has reduced soil microarthro-

pod abundance and diversity in disturbed serpentine ecosystems.

1 | Introduction

Soil fauna communities represent a significant portion of
global biodiversity, as soil is one of the most immense, biodi-
verse habitats on Earth (Anthony et al. 2023). Belowground,
microarthropods play a significant role in soil food webs,
such as decomposers, and are vital for understanding ecolog-
ical functioning (Yahya et al. 2020). Particularly in the rhizo-
sphere, microarthropods (e.g., springtails and mites) play a
critical role in regulating microbial processes and influencing
plant growth by mediating organic matter decomposition, nu-
trient cycling and allocation, and plant-pathogen relationships
(Jernigan et al. 2023). Analyses of the functional and structural
diversity of soil fauna have revealed how microarthropods such
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as springtails influence root structure and nutrient uptake in
plants (Bonkowski et al. 2009). Microarthropods are useful in-
dicators of soil fertility and ecological functioning in disturbed
landscapes because they are ubiquitous in soils and vary pre-
dictably with soil properties and land-use type (Straalen 1998;
Menta et al. 2018; Juan-Overjero et al. 2023). Despite their im-
portant role in ecosystem processes, studies of microarthropod
communities in extreme environments, such as serpentine soils,
remain limited (Guerra et al. 2020).

Serpentine soils, derived from ultramafic rocks, are character-
ized by elevated heavy metal concentrations and low calcium-
to-magnesium ratios, creating stressful conditions for biota
(Harrison and Rajakaruna 2011). While the physical and
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chemical constraints imposed by serpentine soils on plants are
well documented (O'Dell and Rajakaruna 2011; Garnica-Diaz
et al. 2023), their effects on soil fauna communities remain
comparatively understudied. Existing evidence from serpentine
soils indicates that elevated heavy metal concentrations and low
soil organic matter are associated with declines in microarthro-
pod abundance, diversity, and community complexity (Visioli
et al. 2019). While previous work suggests that microarthro-
pod diversity is lower in high-metal serpentine soils, more con-
trolled experiments are needed to directly isolate and quantify
the effects of metal concentrations and organic matter on these
communities (Visioli et al. 2013). Despite the limited attention
these communities have received in serpentine systems, moni-
toring their diversity, abundance, and ecological roles is critical
for advancing our understanding of soil health and ecosystem
resilience in disturbed landscapes (Parisi et al. 2005; Guerra
et al. 2021).

Similar to aboveground flora and fauna, microarthropods are
highly susceptible to disturbance; however, substantial knowl-
edge gaps remain regarding how these organisms respond to
variation and change in soil conditions. More broadly, it is in-
creasingly recognized that soil biota are vulnerable to biodi-
versity loss driven by global change, including disturbances
such as mining (Tsiafouli et al. 2014; Menta and Remelli 2020;
Phillips et al. 2024). In particular, springtail abundance is
highly sensitive to disturbances in the litter layer, whether
these result from direct removal or from indirect effects such
as changes in microclimate or litter quality (Eaton et al. 2004).
Additionally, lab-controlled studies of microarthropod species
reveal that high levels of heavy metals such as nickel can cause
reduced growth, low reproductive output, and high mortality
(Scott-Fordsmand et al. 1999). Direct experiments such as
these are important to determine which edaphic factors are
driving soil microarthropod abundance. Given their sensitiv-
ity to land-use and soil variation, serpentine soils provide a
unique system for examining microarthropod responses to
disturbance and unfavorable soil conditions (Juan-Overjero
et al. 2023).

Because of the legacy of mining disturbance in serpentine
soils, elucidating the mechanisms governing ecosystem recov-
ery is a critical research priority. Mining activities in serpen-
tine soils contribute to heavy metal contamination and soil
toxicity, resulting in vegetation degradation and disrupted
nutrient cycling. Centuries of asbestos and nickel mining in
serpentine soils have resulted in approximately 11,130 and
19,070 ha of land degradation across 18 countries, respectively
(O'Dell and Claassen 2009). The extent of this degradation ne-
cessitates comprehensive restoration efforts that address mul-
tiple components of ecosystem structure and function. Soil
microarthropods have been understudied in post-mining sites
despite their utility as bioindicators for assessing site rehabil-
itation (Sanchez et al. 2021; Fernandes et al. 2024). Several
studies have explored the revegetation of mine wastes, but the
impact it has on soil fauna community reestablishment has
not been thoroughly investigated (Curtis and Claassen 2005;
Favero-Longo et al. 2009). Because microarthropods are reli-
able indicators of soil quality and ecosystem resilience, inves-
tigating their abundance and diversity can inform restoration
efforts in previously degraded areas.

In this study, we addressed these knowledge gaps by com-
paring microarthropod abundance and diversity on and off
an abandoned mine in a serpentine landscape in California.
Our objective was to evaluate the effects of mining distur-
bance on soil microarthropod abundance and diversity, with
particular focus on Collembola (springtails) and Acari (mites).
By characterizing soil microarthropods in adjacent disturbed
and undisturbed ultramafic sites, we assessed the impacts of
mining disturbance on taxonomic richness and community
composition. We hypothesized that the abundance and diver-
sity of Collembola and Acari would be reduced in mine soils,
resulting in altered microarthropod community composition
within surface soils.

2 | Methods
2.1 | Study Area and Soil Sampling

This study was conducted in the Irish Hills, part of the San
Luis Range, a small northwest-southeast-trending moun-
tain range situated between the city of San Luis Obispo and
the Pacific Ocean in California (Figure S1). The Irish Hills
Natural Reserve (IHNR) occupies the eastern portion of the
range and encompasses diverse habitat types, distinctive
plant communities, and multiple protected species. San Luis
Obispo County has a rich history of chromite exploration
and mining that occurred intermittently from 1870 to 1940
(Hamilton 1917; Smith and Griggs 1944). The presence of mul-
tiple remnants of pre-World War II mining within the Irish
Hills Natural Reserve (IHNR) allows for the study of ecosys-
tem recovery following disturbance and supports targeted
restoration efforts (Havlik 2011). Given its potential to host
rare species, including two recently described serpentine en-
demic plant species (Nelson et al. 2019; Keil 2020), IHNR is a
valuable site for assessing the ecological impacts of historical
mining on serpentine ecosystems (Mulroy et al. 2026). Due to
few historical details, little is known about the unnamed mine
that was sampled, but it is estimated to be nearly 60years old
(Figure S1). The plant community at this site is noticeably
less dense than the surrounding chaparral, as fewer plant
species can successfully colonize the mine. Two dominant
shrubs at the disturbed site include Ceanothus cuneatus
(Rhamnaceae) and the serpentine endemic Arctostaphylos
obispoensis (Ericaceae). These shrubs sparsely cover the mine
site, while dense chaparral persists at the undisturbed sam-
pling locations.

Threesamplinglocations were established: one atan unnamed,
abandoned chromite mine (35.25477° N, 120.71255° W) and
two adjacent undisturbed reference locations (Figure S1). The
first is located approximately 230m southeast of the chro-
mite mine on the Mariposa Trail, and the second is situated
380 m northwest of the chromite mine. At each disturbed and
undisturbed location, eight downslope transects were estab-
lished to intersect a common nitrogen-fixing chaparral shrub,
Ceanothus cuneatus. Soil samples were collected under the
shrub canopy including the leaf litter to a depth of 10 cm both
upslope and downslope (Figure S2). Approximately 250¢g of
soil was collected per shrub, and geographic coordinates were
recorded at each sampling point. Soil samples from each shrub
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were composited to generate 12 disturbed and 12 undisturbed
soil samples.

To assess edaphic properties and elemental concentrations, soil
samples were further composited by sampling location (n=3
total), thoroughly homogenized, air dried, sieved to 2mm, and
sent to the Analytical Lab and Maine Soil Testing Service at the
Maine Agricultural and Forest Experiment Station (MAFES).
Analyses for soil texture, pH, organic matter via loss on ignition
(LOI [%)), electrical conductivity (EC), total nitrogen (TN [%]),
exchangeable P, K, Mg, Ca, B, S, and Na, and metals: Fe, Mn, Zn,
Cr, Ni, and Pb were conducted. Soil pH was measured in distilled
water. Organic matter was measured by LOI at 375°C. EC was
measured in a saturated paste water extraction. TN was deter-
mined by combustion analysis at 1350°C. Elements K, Mg, Ca,
Al, B, Cu, Fe, Mn, Na, S, Zn, Cd, Cr, Ni, and Pb were extracted
in pH4.8 ammonium acetate (modified Morgan solution). P was
determined by Flow Injection Analysis. All other elements were
measured by ICP-OES (Ametek/Spectro model Genesis SOP
ICP-OES). Particle size analysis was determined after overnight
dispersion in Calgon solution. Clay was measured by the hy-
drometer method. Sand was determined gravimetrically by wet
sieving. Silt was calculated as the remainder.

2.2 | Microarthropod Extraction and Identification

Microarthropods were heat-extracted from 200g of soil per
sample using the Tullgren/Berlese funnel method (Potapov
et al. 2022) and captured in a solution of 70% ethanol for long
term storage. After extracting microarthropods from each sam-
ple, they were imaged in a petri dish with 84 mm x84 mm grid
using a high-resolution photo scanner (Epson V600). Images and
a dissecting microscope were used to quantify the abundance
and diversity of microarthropod taxa. A dissecting microscope,
tools, and dichotomous keys were utilized to identify springtails
and mites to their respective suborders to determine patterns
in their diversity and ecology (Dindal 1990; Moore et al. 2000).
Collembola were identified into Entomobryomorpha,
Poduromorpha, Symphypleona, and Neelipleona, while Acari
were identified into Mesostigmata, Prostigmata, Oribatida,
and Astigmata. Taxonomic keys were used to identify microar-
thropod groups such as Protura, Diplura, Psuedoscorpionida,
Araneae, Symphyla, Pauropoda, Chilopoda, Diplopoda, and
microarthropods in the larval stage (henceforth “larvae”) that
could not be further identified (Dindal 1990). When present,
the abundance of other taxonomic groups, including Blattodea,
Coleoptera, Hymenoptera, and Thysanoptera, was determined.
Gravimetric soil moisture was measured on 10g of soil by oven
drying at 105°C for 24h. We quantified microarthropod abun-
dance per gram of dry soil. Relative abundance was used to de-
scribe the average proportion of Collembola and Acari suborders
that were present at each site.

2.3 | Statistical Analyses

Data was analyzed using R Version 4.5.2 in R Studio (R Core
Team 2025). For soil physical and chemical analysis, undis-
turbed sampling locations were compared to the disturbed site.
Before applying parametric tests to microarthropod abundance

and diversity data for some taxa, normality and homogeneity of
variances were tested using the Shapiro-Wilk and Levene's test.
For normally distributed data, an independent samples t-test
(f) was used, but if the assumptions were violated and the data
were non-normal, the Wilcoxon rank-sum test (W) was used to
compare the distribution of the two groups. These tests were
conducted to determine if there were significant differences in
microarthropod abundance and diversity between sites at the
a=0.05 level. Taxonomic diversity of all microarthropods was
determined by sample and calculated for order-level richness,
evenness, Shannon's, and Simpson's index. Microarthropod
community composition differences between samples were vi-
sualized using Non-metric Multidimensional Scaling (NMDS),
and all analyses were performed using the vegan package
(Oksanen et al. 2025). To do this, a Bray-Curtis dissimilarity
matrix was calculated to determine the dissimilarity between
samples, and a pairwise permutational multivariate analysis of
variance (PERMANOVA) test was performed to evaluate differ-
ences in microarthropod community composition between site
types. All visualizations were generated using the ggplot2 pack-
age (Wickham 2016).

3 | Results
3.1 | Soil Analyses

Soil physical and chemical analyses reveal stark edaphic differ-
ences between disturbed and undisturbed ultramafic habitats.
Soil textures at undisturbed ultramafic sites were clay loams,
whereas the chromite mine had significantly altered soil texture
with a high percentage of sand (Table 1). Chemical characteris-
tics of the soil, such as pH and EC, were relatively indifferent,
while percent organic matter and percent total N were much
lower in the disturbed soil (Table 1). Macronutrients, including
P, S, Ca, and K, were present at significantly lower concentra-
tions at the mine site compared to the undisturbed ultramafic
sampling locations (Table 1). The mine exhibited a notably low
calcium: magnesium ratio (0.17), driven primarily by substan-
tially reduced calcium concentrations relative to undisturbed
soils (Table 1). At the mine, micronutrients such as Fe, Mn,
Zn, Ni, and B were also reduced, with the most pronounced de-
clines observed for Zn, Ni, and B (Table 1). In contrast, heavy
metals, including Pb and Al, occurred at higher concentrations
than at undisturbed sites, whereas Cr concentrations were lower
(Table 1).

3.2 | Soil Fauna

We found a significant difference in the mean abundance of
microarthropod groups Acari (W=139, p=0.000123) and
Collembola (t(22)=2.690, p=0.0137) between the mine and
undisturbed reference sites (Figure 1). Other microarthro-
pod groups with the greatest abundance in undisturbed
sites were pauropods (W=85, p=0.407) and symphylans
(W=99, p=0.0683), though the result is not statistically sig-
nificant (Figure 2). Significant differences among other taxa
were larvae (W=23, p=0.00227) and proturans (W=96,
p=0.0367). Significant differences in the relative abundance
of groups Entomobryomorpha (¢(22)=4.56, p=0.000153) and
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TABLE1 | Soilchemical and physical characteristics for 1 composite
sample each for the chromite mine (n=1) and adjacent, undisturbed
serpentine outcrops (n =2; range shown).

Undisturbed
Site Chromite mine ultramafic
pH 7.4 6.8-7.2
LOI (%) 41 6.6-8.9
EC 0.22 0.24-0.28
TN (%) 0.13 0.25-0.30
P 3.70 0.85-0.90
K 175 225-284
Mg 2698 2408-2502
Ca 457 1518-1629
Al 13 7-11
B 0.2 0.3
Cu 0.07 0.06-0.07
Fe 3.7 4.6-5.4
Mn 11.7 12.7-15.8
Na 37 44-53
S 2.7 3.6-5.3
Zn 0.13 0.36-1.39
Cd <0.05 <0.05
Cr 0.34 0.61-0.66
Ni 20.7 51.6-65.9
Pb 0.54 0.24-0.26
Sand (%) 51 23-35
Silt (%) 20 31-43
Clay (%) 29 34

Textural class Sandy clay loam Clay-clay loam

Note: Organic matter by combustion (LOI) and total nitrogen (TN) are measured
as a percentage. Electrical conductivity (EC) was measured as (mmhos/cm).
Exchangeable cations (Ca, Mg, K, and Na), other macro and micronutrients, and
metals are measured in ppm (ug/g soil).

Poduromorpha (£(22) = 5.07, p=0.0000447) were found between
both site types (Figure 3). Entomobryomorpha was relatively
more abundant in the undisturbed ultramafic sampling sites,
while Poduromorpha dominated chromite mine samples. Acari
suborders Mesostigmata, Prostigmata, and Oribatida were rel-
atively more abundant in undisturbed samples, while the rela-
tive abundance in Prostigmata (t(22)=4.092, p=0.000482) and
Astigmata (W=25, p=0.00725) groups was statistically signifi-
cant between disturbed and undisturbed sites (Figure 4).

There was no significant difference of alpha diversity be-
tween each site (Figure S3) for order-level taxonomic richness
(W=74.5, p=0.906), Shannon diversity (W=91.0, p=0.291),
and Simpson's diversity (W=86.0, p=0.443), except for even-
ness (W=107.0, p=0.0449). Microarthropod community

composition at the order level was significantly different be-
tween the two site types (Stress=0.038, F=10.58, R>=0.323,
p=0.001; Figure 5).

We recorded 2592 microarthropods representing 15 arthropod
orders. Though orders and suborders of microarthropods were
recorded for abundance and diversity, several species, genera,
and families were observed in samples (Table 2). Notable gen-
era of springtails in both ultramafic sites included Folsomia sp.,
Isotoma sp., Ceratophysella sp., Ptenothrix sp., and the family
Onychiuridae. Genus Proisotoma sp. was observed in the un-
disturbed site only, while Sensillanura sp. was observed only
in the chromite mine (Table 2). Families of Acari that were
present in undisturbed samples were predatory mesostigmatid
mites like Macrocheles sp., members in the Uropodidae fam-
ily, and Poecilochirus sp. There were also various prostigmatid
mites at undisturbed sites, including members of Bdellidae,
Tetranychidae, and Procaeculus sp. Mites in the mine were
largely oribatid mites, members of the Acaridae family, and
Procaeculus sp. (Table 2). Other taxa present at both sites
included Pseudoscorpions, Araneae, Symphylans such as
Scutigerella immaculata, pauropods, chilopods like Schendyla
nemorensis, and diplopods like Polyxenus largus. Additionally,
other taxa found at the undisturbed site, but not the disturbed
chromite mine, were Proturans and Diplurans (Table 2).

4 | Discussion
4.1 | Site Characteristics

Because soil physicochemical data were composited at the site
level, caution is warranted when interpreting relationships
between edaphic properties and microarthropod abundance
and diversity, as this approach may obscure fine-scale spa-
tial variability. LOI (%) was markedly lower at the disturbed
site, likely reflecting the loss of organic matter associated with
topsoil removal during mining and its downstream effects on
subterranean environments (Geissen et al. 2013). Decreased
Cr concentrations in the disturbed site likely reflect localized
Cr extraction associated with historical mining activities and
enhanced leaching resulting from soil disturbance (Table 1).
Though the changes in Cr and Ni concentrations in undisturbed
sites are not adequate to disrupt the fecundity of microarthro-
pod groups, it is important to note their decrease in concentra-
tion because of mining activities (Scott-Fordsmand et al. 1999).
Another notable difference in soil physiochemical data between
sites was the textural class, in particular the percentage of sand
in the disturbed site (Table 1). The removal of finer-textured top-
soil from chromite mining is associated with a stark increase in
percent sand and an equivalent decrease in silt and clay.

4.2 | Abundance of Microarthropod Groups

Total microarthropod abundance was found to be lower in the
ultramafic site that had been disturbed by chromite mining ac-
tivities (Figure 1). Because the abundances of Collembola and
Acari differed significantly between undisturbed and disturbed
sites, our results indicate that even more than 60years after
disturbance, microarthropod communities remain sensitive to
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FIGURE1 | Microarthropod abundance in disturbed (n=12) and undisturbed sites (n = 12) measured as individuals per g of dry soil. Bars indicate

mean abundance with error bars representing the standard deviation of microarthropod abundance. Different lowercase letters indicate significant

differences at p <0.05 level.

Site . Chromite mine D Undisturbed ultramafic

0.01251
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FIGURE2 | Soil fauna abundance of observed orders in disturbed (n=12) and undisturbed sites (n =12) measured as individuals per g of dry soil.

Bars indicate mean abundance with error bars representing the standard deviation across samples. Different lowercase letters indicate significant

differences at p <0.05 level.

physically and chemically altered environments. Collembola
abundance has been shown to be low immediately following
the cessation of mining activities, but populations are able to
recover on decadal timescales in some systems (Dunger and
Voigtldnder 2009; Frouz et al. 2001). In this study, Collembola
abundance remained significantly reduced relative to undis-
turbed reference sites even 60years post-mining, indicating that
edaphic constraints in serpentine soils may limit mesofaunal re-
covery on decadal timescales. This finding supports our hypoth-
esis and aligns with prior studies that show that Collembola and
Acari are susceptible to changes in the soil, such as disturbances
to the litter layer (Eaton et al. 2004). Because the chromite mine

had less organic matter than the disturbed site (Table 1), we
hypothesize that the loss of organic matter likely contributed
to changes in Collembola and Acari abundance. However, be-
cause physicochemical analyses were completed at a site level,
there are limitations to this inference. The abundance of other
taxa did not reveal significant differences between sites. This
could be due to the low abundance of other taxa in the sam-
ples. Protura were significantly more abundant in undisturbed
sites, while larvae were more abundant in the chromite mine
(Figure 2). Our findings that microarthropod abundances differ
between disturbed and undisturbed soils align with other stud-
ies (Juan-Overjero et al. 2023), where forests near mine tailings
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FIGURE 3 | Relative abundance of Collembola suborders in disturbed (n=12) and undisturbed sites (n=12). Bars indicate the mean relative
abundance with error bars representing standard deviation across samples. Different lowercase letters indicate significant differences at p<0.05

level.
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FIGURE4 | Relative abundance of Acari suborders in disturbed (n =12) and undisturbed sites (n = 12). Bars indicate the mean relative abundance
with error bars representing the standard deviation across samples. Different lowercase letters indicate significant differences at p <0.05 level.

showed less abundant and complex microarthropod communi-
ties than those that were distant. Absence of microarthropods
in post-mine soils may be due both to dispersal limitations from
adjacent non-disturbed areas (Ponge et al. 2006) or suppressed
colonization and establishment in severely altered soils (Dunger
and Voigtlander 2009). Microarthropod abundance, however, is
not influenced by edaphic factors alone, but also by fecundity
and seasonality. It is important to recognize that samples were
taken in January during the wet season, and abundance is ex-
pected to be higher than if sampling was done during the spring
or summer. Considering variable seasonal fecundity across
microarthropod taxa, further research is needed to determine

how their responses to disturbance in serpentine soils vary
across seasons (Begum et al. 2014; Guo et al. 2022).

4.3 | Relative Abundance of Collembola and Acari
Suborders

The mean relative abundance of Collembola and Acari subor-
ders revealed shifts in the abundance of each suborder between
sites. The abandoned chromite mine had a larger proportion of
Poduromorphans than the undisturbed site and had much fewer
Entomobryomorphans (Figure 3). Ultimately, the springtail
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FIGURE 5 | Non-metric multidimensional scaling (NMDS) plot of soil fauna community beta diversity based on Bray-Curtis dissimilarity

distances in disturbed chromite mine (n=12) and undisturbed (n=12) sites. Points represent individual soil community samples, colored by site
type. Ellipses indicate the 95% confidence interval for each site and PERMANOVA test results indicate significant difference (Stress=0.038 and

p-value=0.001).

community composition shifted from a higher relative abun-
dance of Poduromorphans to a more evenly distributed abun-
dance between the two suborders. As organic matter can drive
changes in springtail abundance, we infer that disturbances dis-
rupt the abundance of different suborders of springtails (Eaton
et al. 2004). Relative abundance among Acari suborders further
reflects how disturbance alters the balance between springtail
and mite communities. Oribatid mites dominated both dis-
turbed and undisturbed sites, whereas Prostigmata were most
abundant in undisturbed areas. Mesostigmata showed higher
relative abundance in undisturbed sites, though not signifi-
cantly, indicating that Prostigmata were most affected by min-
ing disturbance. Direct studies of mining impacts on Acari and
Collembola are limited; however, research on analogous distur-
bances such as organic matter loss and soil compaction in forests
has documented reduced mesofaunal densities consistent with
our findings (Battigelli et al. 2004). Additionally, post-mining
restoration techniques in limestone quarries in Spain have been
shown to shift microarthropod community composition (Andrés
and Mateos 2006). Relative abundance of both Prostigmata and
Astigmata was higher in mined sites with minimal post-mining
intervention (soil spreading but no planting) relative to an adja-
cent reference forest (Andrés and Mateos 2006). Astigmata sim-
ilarly increased in relative abundance in the passively restored
chromite mine in our study (Figure 4). However, unlike prior
observations that Prostigmata tend to increase in abundance
after heavy disturbance in other systems (Clapperton et al. 2002;
Battigelli et al. 2004), the relative abundance of Prostigmata was
lower in the mined site compared to the undisturbed reference
(Figure 4).

4.4 | Microarthropod Community Composition

Alpha diversity metrics were not significantly different between
mined and undisturbed ultramafic sites (Figure S3). While

existing studies of microarthropod diversity are limited, these
findings align with responses of other soil fauna (nematodes) to
changes in serpentine soils (Kitagami et al. 2021). Significant
differences in soil fauna community composition among sam-
pling locations indicate that disturbance has strongly influenced
overall community structure. Undisturbed ultramafic samples
clustered consistently in NMDS ordination space, whereas
chromite mine samples showed substantially greater disper-
sion, reflecting increased community heterogeneity (Figure 5).
Because microarthropod abundance, diversity, and community
composition differed significantly among habitat types, these
results indicate that mining disturbances occurring nearly
60years ago continue to shape the structure of soil fauna com-
munities. However, as soil samples were composited and sieved
by site for physical and chemical analyses, additional testing at
the individual sample level is required to identify the specific
edaphic drivers of these patterns. Nonetheless, these obser-
vations suggest that shifts in soil texture, loss of organic mat-
ter, and elevated heavy metal concentrations likely contribute
to reduced microarthropod community complexity in mined
serpentine soils, consistent with findings from other studies
(Hasegawa 2001; Ashford et al. 2013). Future analyses that
directly link per-sample soil physicochemical properties with
microarthropod abundance and diversity are needed to better
resolve the mechanisms underlying the observed differences in
community structure.

5 | Conclusions

Our study demonstrates that historical chromite mining has
had significant and lasting effects on multiple facets of soil
microarthropod communities within the THNR. By exam-
ining the abundance and diversity of microarthropods, we
show that soil fauna and, by extension, soil health, can be
effectively assessed many decades after disturbance. These
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TABLE 2 | Listof microarthropod taxa found in chromite mine and undisturbed serpentine outcrops.

Class/Order Family/Genus/Species Chromite mine Undisturbed ultramafic

Protura X
Diplura Campodea montis X
Collembola Isotomidae X X
Hypogasturidae X X
Onychiurinae X X

Neanuridae X

Katiannidae X
Pseudoscorpionida Cheliferidae X X
Araneae X X
Acari Labidostommatidae X X
Parasitidae X X

Macrochelidae X

Uropodidae X
Tetranychidae X X

Caeculidae X
Bdellidae X X
Acaridae X X
Symphyla Scutigerella immaculata X X
Chilopoda Schendyla nemorensis X X
Diplopoda Polyxenus largus X X
Larvae X X
Hymenoptera Formicidae X X
Blattodea X X
Coleoptera X X

Thysanoptera X

Note: Individuals were identified to the order and then further identified to the family, genus, and species if possible. Larvae represent microarthropods in the larval

stage that could not be further identified.

findings reinforce the value of soil microarthropods as sen-
sitive indicators of long-term ecosystem alteration. However,
more integrative approaches are needed to identify the spe-
cific soil physical and chemical parameters driving observed
changes in microarthropod communities and their associated
ecosystem functions. In particular, applying comprehensive
taxonomic frameworks is critical, as soil fauna can be dif-
ficult to distinguish using morphology alone (Lienhard and
Krisper 2021). Emerging molecular tools, such as DNA me-
tabarcoding, hold strong potential to enhance species-level
resolution and build robust reference libraries for ecological
investigations (Cuartero et al. 2025).

Future research combining per-sample soil physicochemical
analyses with multivariate statistical approaches would fur-
ther clarify relationships between microarthropod abundance,
community composition, and edaphic factors. Incorporating
molecular tools would further enhance understanding of soil

biodiversity and inform restoration strategies for disturbed ul-
tramafic sites and mine tailings. Ultimately, the monitoring
of soil microarthropod communities is essential for making
advancements in improving soil health, understanding bio-
geochemical cycles, and preserving ecosystem services (Parisi
et al. 2005; Guerra et al. 2021). Such knowledge will support
effective conservation, restoration, and bioremediation efforts
in ultramafic landscapes and beyond, with implications for eco-
system management and human well-being across both natural
and managed systems.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Map of sampling loca-
tions at Irish Hills Natural Reserve (a), map of study area with respect
to California (b), and aerial imagery of the chromite mine from the
northeast (c). Figure S2: Soil sampling schematic for each C. cunea-
tus sampled (a) and leaf litter at the soil surface (b). Each target shrub
had soil collected upslope and downslope from a depth of 10cm and
then composited to obtain a representative sample. Figure S3: Diversity
measured as richness, Shannon index, Simpson's index, and evenness
across disturbed (n=12) and undisturbed (n=12) sites. Bars represent
mean values with error bars representing standard deviation. Different
lowercase letters indicate significant differences at p <0.05 level.
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