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Drivers of tropical soil invertebrate
community composition

and richness across tropical
secondary forests using DNA
metasystematics

Katie M. McGee", Teresita M. Porter, Michael Wright & Mehrdad Hajibabaei

Tropical forests are fundamental ecosystems, essential for providing terrestrial primary productivity,
global nutrient cycling, and biodiversity. Despite theirimportance, tropical forests are currently
threatened by deforestation and associated activities. Moreover, tropical regions are now mostly
represented by secondary forest regrowth, with half of the remaining tropical forests as secondary
forest. Soil invertebrates are an important component to the functioning and biodiversity of these
soil ecosystems. However, it remains unclear how these past land-use activities and subsequent
secondary forest developments have altered the soil invertebrate communities and any potential
ecological consequences associated with this. DNA metabarcoding offers an effective approach to
rapidly monitor soil invertebrate communities under different land-use practices and within secondary
forests. In this study, we used DNA metabarcoding to detect community-based patterns of soil
invertebrate composition across a primary forest, a 23-year-old secondary forest, and a 33-year-old
secondary forest and the associated soil environmental drivers of the soil invertebrate community
structure in the Maquenque National Wildlife Refuge of Costa Rica (MNWR). We also used a species
contribution analysis (SIMPER) to determine which soil invertebrate groups may be an indication of
these soils reaching a pre-disturbed state such as a primary forest. We found that the soil invertebrate
community composition at class, order, family, and ESV level were mostly significantly different
across that habitats. We also found that the primary forest had a greater richness of soil invertebrates
compared to the 23-year-old and 33-year-old secondary forest. Moreover, a redundancy analysis
indicated that soil moisture influenced soil invertebrate community structure and explained up to
22% of the total variation observed in the community composition across the habitats; whereas soil
invertebrate richness was structured by soil microbial biomass carbon (C) (C,;.) and explained up

to 52% of the invertebrate richness across the primary and secondary forests. Lastly, the SIMPER
analysis revealed that Naididae, Entomobryidae, and Elateridae could be important indicators

of soil and forest recuperation in the MNWR. This study adds to the increasing evidence that soil
invertebrates are intimately linked with the soil microbial biomass carbon (C,;) and that even after
33 years of natural regrowth of a forest, these land use activities can still have persisting effects on the
overall composition and richness of the soil invertebrate communities.

Globally, forests are important ecosystems for hosting biodiversity and for providing ecosystem services for
both the natural world (i.e. nutrient cycling) and for socioeconomic growth!. Despite their importance, forests
worldwide are continually facing extraction-based land management practices such as the conversion to agricul-
ture and infrastructure, which has contributed to a rise in greenhouse gas levels and species declines globally*”.
Human-mediated land conversion, such as deforestation and mining activities, not only results in changes in
the plant communities, but also has serious consequences for soil abiotic and biotic properties, such that soils
have a reduced capacity to sustain biological productivity which has implications for carbon sequestration and
structural and functional biodiversity of soils*°. Depending on the extent of disturbance in forests, some soils fail
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to recover and/or fall short of returning to their previous biotic status’. Tropical forests in particular are critical
zones for global biogeochemical cycling and hotspots of biodiversity, despite these important ecosystems only
constituting 7-10% of the Earth’s land surface®®®. The recuperation of soils in the tropics remains an important
initiative for tropical forest recovery, as secondary forests serve the potential for soil carbon sequestration and
refugia for biodiversity'®"*. Thus, understanding the consequences these activities have had on the soil biotic
ecological drivers in regenerating tropical forests warrants investigation.

The development of secondary forests in the tropics provides an avenue for the amelioration of degraded soils.
However, previous land use histories are known to create persisting alterations to the plant communities, and
also affect various components in the soil such as soil texture and soil nutrient content and availability'*. These
legacy effects often cause significant reductions of essential soil carbon (C) and nitrogen (N) through the loss of
vegetation and through soil degradation. Through some of these secondary forest developments, it is believed
that forest recovery, or afforestation, can help restore soil C and N; however, in the tropics it has been found
that even landscapes of similar origin and past land use history can exhibit multiple successional pathways with
differing routes of forest recovery'*'>.

Soil microbial communities have been recently identified as key components to restoring ecological functions
in degraded soils'®. As with the soil microbial communities, the soil invertebrate communities are considered
an important component of soil biodiversity and ecological function, and therefore are important to consider in
the process of forest recovery following disturbance'’. This is especially important when considering foodweb
structure in soil and the position of invertebrates as an intermediate trophic layer between microbial taxa and
higher-level animals. Despite their contribution towards soil biodiversity, extant studies regarding changes in
the soil invertebrate community across regenerating secondary forests are substantially lacking'®. Soil inver-
tebrates play an essential role in the recycling of organic matter and are capable of enhancing decomposition
and primary productivity for soil microbial communities, either directly or indirectly'*-2'. More specifically,
soil invertebrate groups are capable of increasing soil microbial inoculation to the surrounding available soil
nutrients through substrates rich in fecal material, and is typically a result of feeding methods and mobility
characteristics?’. For example, nitrogenous waste often in the form of ammonia (NH,), is released through fecal
material of soil invertebrates such as collembolans or nematodes which is readily available to plants, bacteria
and fungi?**"*-° Therefore, it is important to understand not only how the soil microbial communities change
under these dynamics, but also how the soil invertebrate communities respond to land use change and emergence
of secondary forest developments.

Soil invertebrates have complex relationships with the surrounding environment and are affected by varia-
tions in the microhabitat and fluctuations in the types and quality of resources'*~2%. For example, collembolan
(springtail) richness is known to be negatively affected by soil disturbances, such that the number of collembolan
individuals decreases as disturbance intensity increases”. Likewise, the soil environmental factors that can favor
soil invertebrate richness are litter and soil quality (i.e. resource quality), soil C:N ratios, organic matter content,
and soil microbial biomass®®. Thus, soil invertebrates are good candidates for detecting and monitoring changes
in terrestrial soil ecosystems. However, it is still unclear how soil environmental changes associated with changes
in land management influence the soil invertebrate communities in tropical secondary forests. Identifying which
soil abiotic factors most strongly drive soil invertebrate community richness it is therefore crucial to understand
how to improve soil biomass development and secondary forest regeneration.

While DNA metabarcoding techniques have been widely applied to investigate soil microbial communi-
ties, the application of these techniques to survey bulk soil invertebrate communities in the tropics remains
limited®*. Traditional studies that use morphological strategies to identify invertebrate communities are typi-
cally based on samples collected from pitfall traps for ground dwelling arthropods and, Malaise traps for fly-
ing insects, with less focus on DNA metabarcoding from bulk soil samples***2. Previous studies have used
DNA metabarcoding to examine the diversity of specific invertebrate taxonomic groups such as collembolans,
nematodes, and annelids; however, few studies have performed DNA metabarcoding of soil invertebrates for
community-scale analyses and the associated soil abiotic drivers of the community®***-*”. Moreover, most work
performed on soil analyses has been in temperate regions with limited focus on tropical areas*>*°. With the
advent of DNA metabarcoding, obtained sequences can be compared to a growing standard reference library
of known organisms and the taxa present in an environmental sample such as soil can be identified with high
confidence®*2 Here, we used DNA metabarcoding to analyze the soil invertebrate community composition
from bulk-soil across a primary forest and two different ages of secondary forests in the Maquenque National
Wildlife Refuge (MNWR) of Costa Rica.

In this study, we aimed to examine differences in the soil invertebrate composition at the community-scale
(and at different taxonomic resolutions) and assess the associated soil abiotic drivers across a primary forest and
two different ages of secondary forests. We asked three questions pertaining to the soil invertebrate community:
(1) Are there differences in the soil CO1 community composition between a primary forest and two different
secondary forests of different ages (at different taxonomic resolutions)? (2) Which soil taxa are contributing
to the differences in the community composition? (3) Which soil abiotic factor(s) is (are) best explaining the
differences in community composition? Here, we provide evidence that two different ages of secondary forest
and a primary forest have relatively different soil invertebrate community compositions, and that even after
33 years of natural forest regrowth, secondary forest soils do not harbor as much soil invertebrate richness in
comparison to the primary forest soils. Moreover, we provide evidence that soil microbial biomass C may be a
strong determinant of soil invertebrate richness.
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Figure 1. Canonical analysis of principle coordinates (CAP) ordination plot of the soil invertebrate (a) class, (b)
order, (c) family, and (d) ESV level community composition across the primary forest, and two different ages of
secondary forest in the MNWR.

Results

Soil invertebrate community composition and richness. Class. The dominant CO1 classes includ-
ed Clitellata and Polychaeta (Annelidae), Collembola, Insecta, Chilopoda, and Arachnida (Arthropoda), and
Chromadorea (Nematoda) (Table S2). The PERMANOVA results indicated that the soil CO1 class community
composition was mostly distinct across the habitats (Fig. 1a) (p <0.05), except between the primary forest and
the 23-year-old secondary forest (p>0.05) (Table 1a). No differences were observed between habitats in the CO1
class diversity; however, CO1 class richness was significantly greatest in the primary forest in comparison to the
23-year-old secondary forest (F,;5=3.98, p=0.041), but not between the primary and 33-year-old secondary,
and not between the two secondary forests (p>0.05) (Fig. 2).

The SIMPER results indicated that the top 3 taxonomic classes responsible for the percent dissimilarity
between the primary forest and old secondary were Clitellata (20%), Collembola (11.25%), and Insecta (10.93%).
Differences between the old and young secondary were contributed by Clitellata (19.71%), Collembola (15.51%),
and Arachnida (10.77%) (Table 2). The top 3 taxa responsible for species contribution between the primary and
young secondary were Collembola (16.69%), Clitellata (13.96%), and Insecta (13.47%). An exhaustive list of the
SIMPER taxonomic contributions can be found in the Supplementary Material (Table 2).

Order. 'The dominant CO1 orders included, Haplotaxida (Oligochaeta), Entomobryomorpha (Collembola),
Coleoptera and Lepidoptera (Insecta) (Table S3). Soil invertebrate order community composition was signifi-
cantly different between the primary forest and old secondary forest, and between the old and young secondary
forest (p<0.05) (Table 1b) (Fig. 1b). However, soil invertebrate order community composition was not differ-
ent between the primary forest and young secondary forest (p=0.21) (Table 1b). Soil invertebrate order diver-
sity was not different in pairwise comparisons between habitats, but CO1 order richness varied significantly
(F,,15=19.61, p<0.0001) across habitats with the primary forest having significantly greater order richness in
both the old and young secondary forest (p <0.05) (Fig. 2). Order richness was not different between the old and
young secondary forest (p>0.05) (Fig. 2).

The SIMPER results indicated that the top 3 taxonomic orders responsible for the percent contribution
between the primary forest and old secondary forest were Haplotaxida (9.31%), Entomobryomorpha (5%), and
Coleoptera (4.15%). In the old and young secondary forest, Haplotaxida contributed to 9.81% of the dissimilar-
ity, whereas Entomobryomorpha and Sarcoptiformes contributed to 7.67% and 5.74%, respectively (Table 3).
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(a) Class

Primary, old secondary 3.286 0.016 36.66 0.8545
Primary, young secondary 0.323 0.956 36.17 0.2678
Old secondary, young secondary | 3.484 0.001 37.08 0.880
Primary, old secondary 2.952 0.007 51.21 0.8099
(b) Order

Primary, young secondary 1.260 0.206 53.57 0.5292
Old secondary, young secondary | 2.318 0.010 52.63 0.7177
Primary, old secondary 1.881 0.002 49.39 0.6465
(c) Family

Primary, young secondary 1.106 0.293 54.52 0.4958
Old secondary, young secondary | 1.880 0.005 50.59 0.6464
Primary, old secondary 2.260 0.004 88.56 0.7087
(d) ESV

Primary, young secondary 1.335 0.003 87.86 0.5447
Old secondary, young secondary | 1.798 0.004 87.00 0.6321

Table 1. PERMANOVA of class, order, family, and ESV soil invertebrate community composition across
habitats.
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Figure 2. The one-way ANOVA results evaluating the mean values of Margalef’s richness and Shannon
diversity of soil invertebrate class, order, family, and ESV resolutions across the primary forest, 33-year-old
secondary forest (old), and the 23-year-old secondary forest (young) in the MNWR of Costa Rica. Different
letters denote significant pairwise comparisons (p <0.05) based on Tukey’s HSD post-hoc analyses.

Between the primary forest and young secondary forest, Entomobrymorpha (8.63%), Haplotaxida (6.58%), and
Sarcoptiformes (5.48%) were the top 3 taxa that contributed the most to the percent dissimilarity between these
two habitats (Table 3).

Family. Some of the dominant CO1 families included Enchytraeidea, Naididae, and Glossoscolecidae (Oli-
gochaeta Haplotaxida), and Isotomidae (Collembola), (Table S4). The PERMANOVA results indicated that fam-
ily community composition was significantly different between the primary forest and old secondary forest, and
between the old and young secondary forest (p <0.05) (Table 1c) (Fig. 1c). However, the family community com-
position was not different between the primary forest and young secondary forest (p>0.05) (Table 1c). Family
diversity across the habitats did not vary significantly between habitats (F,;5=0.19, p=0.826), however, family
richness was significantly greatest in the primary forest (2.68 +0.62) in comparison to the old and young second-
ary forests (F, 5=4.54, p=0.03) (Fig. 2).

The SIMPER results indicated that Enchytraeidae (9.14%), Naididae (8.85%), and Elateridae (Coleoptera)
(7.93%) were the CO1 families that contribute the most to the percent dissimilarity between the primary forest
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Clitellata 22.4988 48.9432 7.33 19.99 19.99
Collembola 19.1567 3.2123 4.12 11.25 31.23
Insecta 30.6732 24.9377 4.01 10.93 42.16
Chilopoda 0.8365 4.6633 3.33 9.09 51.25
Arachnida 10.8713 5.5153 3.01 8.21 59.47
Polychaeta 0.6159 5.0755 2.79 7.62 67.08
Chromadorea 9.8300 4.1655 2.72 7.41 74.50

Clitellata 48.9432 14.5616 7.31 19.71 19.71
Collembola 3.2123 28.3412 5.75 15.51 35.22
Arachnida 5.5153 17.8634 3.99 10.77 45.99
Chilopoda 4.6633 0.5128 3.05 8.23 54.22
Insecta 24.9377 21.0466 2.89 7.79 62.01
Polychaeta 5.0755 5.9399 2.80 7.54 69.55
Malacostraca 1.2544 1.8981 1.86 5.03 74.58

Collembola 19.1567 28.3412 6.04 16.69 16.69
Clitellata 22.4988 14.5616 5.05 13.96 30.65
Insecta 30.6732 21.0466 4.87 13.47 44.12
Arachnida 10.8713 17.8634 4.40 12.16 56.28
Polychaeta 0.6159 5.9399 297 8.21 64.50
Chromadorea 9.8300 4.1655 2.92 8.06 72.56

Table 2. The similarity of percentage analysis (SIMPER) using a one-way design with a 70% cut-off percentage
to list only higher-contributing taxonomic groups for the soil COI class community composition between

the three habitats in the MNWR (PF = primary forest, OS = 33-year-old secondary forest, YS =23-year-old
secondary forest).

Haplotaxida 22.4470 48.8905 4.77 9.31 9.31
Entomobryomorpha | 17.2021 3.0921 2.56 4.99 14.30
Coleoptera 11.3763 2.8190 2.13 4.15 18.45
Lepidoptera 0.8123 6.7572 2.00 391 22.36
Scolopendromorpha 0.0764 3.2119 1.78 3.47 25.83

Haplotaxida 48.8905 14.2038 5.16 9.81 9.81
Entomobryomorpha 3.0921 26.4398 4.04 7.67 17.49
Sarcoptiformes 1.0886 11.3084 3.02 5.74 23.23
Lepidoptera 6.7572 3.3075 2.79 5.30 28.52
Phyllodocida 2.9642 4.2590 1.98 3.76 32.28

Entomobryomorpha | 17.2021 26.4398 4.63 8.63 8.63
Haplotaxida 22.4470 14.2038 3.53 6.58 15.22
Sarcoptiformes 0.6236 11.3084 2.94 5.48 20.70
Coleoptera 11.3763 1.7546 2.64 493 25.63
Blattodea 7.7094 2.2808 2.32 4.34 29.97

Table 3. The similarity of percentage analysis (SIMPER) using a one-way design with a 70% cut-off percentage
to list only higher-contributing taxonomic groups for the soil COI order community composition between

the three habitats in the MNWR (PF = primary forest, OS = 33-year-old secondary forest, YS =23-year-old
secondary forest).
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Proportion of reads (%)
Invertebrate family | Primary Old secondary Average dissimilarity | Contribution (%) | Cumulative (%)
Enchytraeidae 33.1271 61.7891 4.51 9.14 9.14
Naididae 19.3938 8.3140 4.37 8.85 17.99
Elateridae 12.3764 0.7656 391 7.93 25.92
Glossoscolecidae 2.5301 6.4460 3.59 7.27 33.19
Megascolecidae 8.6060 4.2472 3.57 7.23 40.42
Entomobryidae 7.8777 2.6743 2.93 593 46.35
Proportion of reads (%)
Invertebrate family | Old secondary | Young secondary | Average dissimilarity | Contribution (%) | Cumulative (%)
Isotomidae 0.5007 16.7991 5.27 10.41 10.41
Enchytraeidae 61.7891 36.2288 5.00 9.89 20.30
Onychiuridae 0.0000 6.8692 4.01 7.93 28.23
Naididae 8.3140 11.5921 3.80 7.52 35.74
Trhypochthoniidae 0.1897 6.2398 3.69 7.29 43.03
Formicidae 3.5395 4.3565 3.18 6.28 49.31

Proportion of reads (%)

Invertebrate family | Primary Young secondary | Average dissimilarity | Contribution (%) | Cumulative (%)
Naididae 19.3938 11.5921 5.62 10.30 10.30
Isotomidae 0.7443 16.7991 512 9.40 19.70
Enchytraeidae 33.1271 36.2288 3.94 7.22 26.92
Trhypochthoniidae 2.0559 6.2398 3.82 7.01 33.93
Onychiuridae 2.1511 6.8692 3.68 6.75 40.68
Elateridae 12.3764 0.0000 3.60 6.60 47.28
Megascolecidae 8.6060 5.2660 351 6.44 53.72
Entomobryidae 7.8777 1.7974 3.43 6.30 60.02

Table 4. The similarity of percentage analysis (SIMPER) using a one-way design with a 70% cut-oft percentage
to list only higher-contributing taxonomic groups for the soil COI family community composition between

the three habitats in the MNWR (PF = primary forest, OS = 33-year-old secondary forest, YS =23-year-old
secondary forest).

and old secondary forest (Table 4). Isotomidae (10.41%), Enchytraeidae (9.90%), and Onychiuridae (Collembola)
(7.93%) contributed the most to the percent dissimilarity between the old and young secondary forest. Similarly,
Naididae (10.30%), Isotomidae (9.40%), and Enchytraeidae (7.22%) contributed to the dissimilarity between the
primary forest and young secondary forest (Table 4).

Exact sequence variants (ESVs). The COl ESV community composition was significantly different
between all pairwise habitat comparisons, indicating that ESV community composition is very distinct across
the primary forest, old secondary forest, and young secondary forest (p <0.05) (Table 1d) (Fig. 1d). The results of
the one-way ANOVA indicated that the CO1 ESV richness was significantly greatest in the primary forest soils
(37.75+4.86) in comparison to the old and young secondary forest soils (F,;5=59.51, p<0.0001) (Fig. 2). In
contrast, the CO1 ESV diversity was not significantly different across habitat soils (F, ;5=1.95, p=0.18) (Fig. 2).

Drivers of soil invertebrate community composition and richness. Soil moisture and pH were
the best variables explaining the invertebrate class community composition, and together, explained 34% of the
total variation observed (Fig. 3a—c) (Pseudo-F=4.5358, p=0.002, AICc=117.02 and Pseud-F=2.7586, p=0.012,
AICc=116.89, respectively) (Table 5a-d). Likewise, soil moisture also explained the invertebrate order and
family community composition across the habitats, and explained 14.26% and 14.06% of the total variation
observed (Fig. 3a—c), respectively (Pseudo-F=2.660, p=0.006, AICc=130.39 and Pseudo-F=2.618, p=0.004,
AICc=131.51) (Table 5b,c). Soil moisture also explained the ESV community composition, however, the Dis-
tLM sequential tests could not verify a best solution, as including or excluding moisture did not improve the
overall model (Table 5d). In contrast to the community composition, richness at the class, order, family, and ESV
levels were best structured by soil C,;. and explained 30.06%, 51.73%, 23.41%, and 36.35%, respectively, of the
total variation observed across the habitats (Table 6) (Fig. 4).

Discussion

Many soil invertebrate studies examining community structure typically rely on traditional morphological-based
tools to assign identity to soil invertebrates captured using Berlese funnel extraction or pitfall traps. However,
recent DNA metabarcoding advances have allowed us to use marker gene surveys as a tool to assess community
ecology-based questions and is becoming increasingly popular for soil-based invertebrate studies*”. In this study,
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Figure 3. The distance-based redundancy analysis (dbRDA) for soil invertebrate (a) class, (b) order, and (c)
family community composition. Soil moisture accounted for up to 22% of the total variation observed in the soil
invertebrate community composition (p <0.05; Table 5).

we amplified 3 fragments of the standard 5’ end of the 658 bp mitochondrial CO1 region and DNA metabarcod-
ing to assess soil invertebrate community composition and richness at four different taxonomic resolutions across
a primary forest and two different ages of secondary forest, and the associated abiotic drivers with community
composition and richness. Even though there are current reference database limitations in assigning invertebrate
taxonomy, it is clear from this study that community-level differences in soil invertebrate composition and the
associated soil abiotic drivers are detectable via DNA metabarcoding from bulk-soil across a land management
gradient in the MWNR of Costa Rica.

Soil invertebrate community composition. Overall, the results showed that soil invertebrate commu-
nity composition is different, and even 33 years of natural regrowth can have consequences on the soil inver-
tebrate community that develops under these conditions and can result in community-level differences across
primary and secondary forests. This is not surprising as previous evidence has shown that land use history
or subsequent secondary growth can create changes and differences in the soil decomposer communities that
develop under these conditions due to changes in resource input*2. Moreover, a study using DNA metabarcod-
ing of arthropod orders showed that certain groups of invertebrates were significantly different across land use
types in southwest China®. In terms of taxonomic resolution, the soil invertebrate community composition at
the ESV level was distinctly different across the primary and secondary forests, compared to differences at class,
order, and family resolutions. This finding is most likely due to finer differences that can be detected at a greater
taxonomic resolution in the data-set at the ESV level, and has been described elsewhere4*>.

Past land use history is known to influence the vegetation type observed in secondary forests. Ultimately, the
changes in vegetation type between pre- and post-disturbance and likely soil disturbance can affect the types
of substrates entering the soil through decomposition of leaf litter, as well as changes in the soil chemistry and
soil nutrient and organic matter content. Indeed, fluctuations in soil characteristics can affect the abundance
and distribution of soil biotic communities and often depends on the individual tolerance limits of different soil
invertebrates at the local and regional scale**~*. We found that changes in soil invertebrate community composi-
tion were best explained by soil moisture at the class, order, and family level. However, the percent soil moisture
accounted for relatively little of the total variation (up to 22%) in the soil invertebrate community structure,
indicating that there could be an additional unknown soil environmental variable driving the variation observed.
Previous studies have shown certain groups of soft-bodied invertebrates, such as collembola and some groups
of mites to be effected by varying levels of moisture or water content**°-**. Even though percent soil moisture
was not significantly different between the three habitats, it could be that subtle fluctuations in soil moisture
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C 311.8 0435 0.860 | 0.0264
N 305.44 042589 | 0.866 | 0.0259
C:N ratio 315.92 0.4409 0.861 | 0.0268
NH,* 673.36 097001 | 0441 |0.0571
NO,- 546.66 0.7786 0567 | 0.0464
Conie 311.03 0.4339 0.870 | 0.0264
pH 368.69 051693 |0.773 | 0.0312
Moisture 2602 45358 0.002 | 02209
[Sequentialtest  [AICc [ Pseudo-F [pvalue [ Prop.var |
Moisture 117.02 45358 0.002 | 0.2209
pH 116.89 2.7586 0012 | 0.1210
C 70972 051222 0959 | 0.0310
N 84977  |0.61719 | 0.89 0.0371
C:N ratio 819.8 059462 | 0.900 | 0.0358
NH,* 1594.7 1.1988 0245 | 0.0697
N 1887.7 1.4388 0.125 | 0.0825
Conic 2065.6 1.5879 0.084 | 0.0902
pH 1000 073129 | 0769 | 0.0437
Moisture 3261.6 2.6602 0.003 | 0.1425

C 1299.6 092057  |0.526 | 0.0544
N 1494.2 1.0676 0.39 0.0625
C:N ratio 37287 025371 |0.995 |0.0156
NH,* 1000.7 0.69955 | 0.789 | 0.0418
NO,~ 1363.3 096838 | 0.481 | 0.0570
Conic 1464.3 1.0448 0379 | 0.0612
pH 1549.9 1.1101 0339 | 0.0648
Moisture 3359.4 26183 0.004 | 0.1406

o1

C 2938.1 0.77698 0.986 0.0463
N 3151.1 0.83628 0.948 0.0496
C:N ratio 2556.4 0.67183 0.998 0.0402
NH,* 4449.6 1.2069 0.076 0.0701
NO;~ 3912.5 1.0516 0.291 0.0616
Cmic 4535.4 1.2319 0.068 0.0714
pH 4292.3 1.1611 0.111 0.0676
Moisture 5121.7 1.4052 0.008 0.0807
T N o PR
Including moisture 150.3 1.4052 0.016 0.0807
Excluding moisture | 149.26 1.4052 0.011 0.0807

Table 5. A distance-based linear model (DistLM) of the marginal and sequential tests of the relationship
between the soil abiotic variables measured and in the (a) class (b) order, (c) family, and (d) ESV CO1
community composition across the three different habitat types in the MNWR, using stepwise sequential tests
following AICc selection criterion (Prop. var. = proportion of variation out of total variation).
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(a) Class

Marginal test SS (trace) | Pseudo-F | p value | Prop.var
C 0.07456 0.33998 0.590 0.02080
N 0.00414 0.018 0.902 0.00115
C:N ratio 0.27484 1.329 0.262 0.07669
NH,* 0.02535 0.11403 0.746 0.00707
NO;~ 0.42989 2.181 0.166 0.11996
Cmic 1.0772 6.8766 0.019 0.30060
pH 0.35968 1.7851 0.224 0.10037
Moisture 0.18601 0.87596 0.384 0.05190
Sequential test | AICc Pseudo-F | pvalue | Prop. var
Chic ~30.69 6.8766 0.019 | 0.3006
(b) Order

Marginal test SS (trace) | Pseudo-F | p value | Prop. var
C 0.32754 0.082982 | 0.76 0.00515
N 0.12232 0.03089 0.868 0.00192
C:N ratio 0.14107 0.035635 | 0.869 0.00222
NH,* 0.49489 0.12571 0.72 0.00779
NO;~ 6.8064 1.9215 0.197 0.10722
Chic 32.837 17.145 0.002 0.51727
pH 9.3556 2.7656 0.119 0.14738
Moisture 0.48127 0.12223 0.738 0.00758
Sequential test | AICc Pseudo-F | pvalue | Prop. var
Chic 14.38 17.15 0.004 0.5173
(c) Family

Marginal test SS (trace) | Pseudo-F | p value | Prop. var
C 0.00810 0.018743 0.896 0.00117
N 0.03812 0.088524 0.777 0.00550
C:N ratio 0.01803 0.041762 0.812 0.00260
NH,* 0.09211 0.21558 0.652 0.01329
NO;~ 1.3458 3.8568 0.074 0.19423
Chnic 1.6218 4.8896 0.039 0.23407
pH 0.30376 0.73359 0.411 0.04383
Moisture 0.14431 0.34033 0.546 0.02082
Sequential test | AICc Pseudo-F | pvalue | Prop. var
Conic -17.18 4.89 0.048 | 0.2341
(d) ESV

Marginal test SS (trace) | Pseudo-F | p value | Prop. var
C 5.0305 0.035258 0.858 0.00219
N 6.7294 0.04720 0.837 0.00294
C:N ratio 0.068556 0.000479 0.986 0.00002
NH,* 0.011711 0.000081 0.995 0.00001
NO;~ 32.606 0.23132 0.629 0.01425
Coic 831.63 9.1371 0.006 | 0.36349
pH 457.56 3.9999 0.062 0.19999
Moisture 3.7867 0.026526 0.867 0.00165
Sequential test | AICc Pseudo-F | pvalue | Prop. var
Chic $3.88 9.14 0.01 0.3635

Table 6. A distance-based linear model (DistLM) of the marginal and sequential tests of the relationship
between the soil abiotic variables measured and in the (a) class (b) order, (c) family, and (d) ESV CO1 Richness
across the three different habitat types in the MNWR, using stepwise sequential tests following AICc selection
criterion. Significant results are indicated by p <0.05 in bold (Prop. var. = proportion of variation out of total

variation).

not detected here can influence particular soil invertebrate groups. The most prevalent invertebrate families
detected in the soils across sites were Enchytraeidae, Naididae, Megascolecidae, Isotomidae, Entomobryidae,
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Figure 4. Distance-based redundancy ordination plot of the distance-based linear model sequential tests
(DistLM) of the soil invertebrate (a) class, (b) order, (c) family, and (d) ESV richness to determine which soil
abiotic variable is best explaining the patterns in the soil invertebrate richness across the primary forest and
two different ages of secondary forest in the MNWR. Soil microbial biomass C accounted for up to 52% of the
variation observed in the soil invertebrate richness (p <0.05; Table 6).

Onychiuridae and are invertebrate families that prefer moist conditions*. Thus, these families with the greatest
representation across the primary and secondary forest soils are likely to be highly sensitive to changes in soil
moisture, as demonstrated by differences in relative abundance and distribution of these groups across land-use.

A general model of soil invertebrate responses to past and/or current land use history is difficult to define.
However, by examining and detecting differences in the soil invertebrate community in conjunction with the
associated soil abiotic drivers, we can begin to assess the influence of past and present land use on soil-dwelling
invertebrates. We have demonstrated in this study that soil invertebrate community composition changes can be
detected, even over the relatively short time frame of 33 years natural forest regrowth. The outcomes and trajec-
tories of these altered invertebrate communities are still largely unknown and warrants further investigation. It is
likely that similar transitions of soil invertebrate communities, depending on land use and stage of reforestation,
are currently occurring across the globe, and we have demonstrated that DNA metabarcoding can be applied to
determine both the extent of community shifts and the associated abiotic drivers of the soil invertebrate structure.

Soil invertebrate richness and diversity. While we did not find differences in soil invertebrate Shannon
diversity at all taxonomic levels across the primary and two secondary forests, we did find that soil invertebrate
richness was greatest in the primary forest soils with lower richness in both of the secondary forests. This pattern
may indicate that secondary forest developments may not be able to sustain the soil invertebrate richness to the
same extent as the primary forest, even after 33 years of regrowth. This is most likely due to a primary forest pre-
sumably having higher diversity, complexity and richness of vegetation than resulting secondary forest growth,
which has been described previously at this site. A greater multiplicity of resources and spatial heterogeneity
(such as greater quantity, quality, and complexity of plant litter) on the forest floor in primary forests would pre-
sumably create additional niches or a partitioning of resources, resulting in a greater richness of soil invertebrate
communities present to consume these resources®®.

Previous evidence suggests there is a strong link between soil arthropod biomass and soil microbial biomass,
and that soil arthropod biomass is typically regulated by bottom-up forces?. To corroborate this, we found that
as soil microbial biomass C increases, soil invertebrate richness also increases, and that soil C ;. explained up
to 52% of the total variation observed in the soil invertebrate richness. Soil C,;. is a measure of the C contained
within the living component of soil organic matter and as microbial organisms decompose soil organic matter,
this releases carbon dioxide and plant nutrients that become available to the surrounding biota. Thus, as soil
organic matter increases, so should soil C;., and thus, more soil organic C available to biotic communities.
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However, soil C,,;. is strongly correlated with the amount and availability of soil organic matter, and is also influ-
enced by soil properties such as pH, soil type and texture (i.e. percent sand, silt, and clay)****. Therefore, land
use activities that cause reductions of essential soil C and N through the loss in the amount and complexity of
vegetation and leaf litter, thereby decreasing the availability of soil organic matter, will also decrease the amount
of soil C;, and consequently, will also cause a decrease in the soil invertebrate richness. As a previous study
determined that at our study site, the soil texture was uniform across the three forest types®, we can therefore
assume that shifts in microbial biomass, as a consequence of land use and afforestation status, are likely to affect
soil fauna assemblages observed. We have demonstrated that previous land use histories and current practices
that remove or reduce soil microbial biomass C could have major implications for the composition of soil
invertebrate communities, which directly influences the extent of ecological functions being performed across
different land management gradients.

Taxonomic contributions. The SIMPER analysis revealed that the taxonomic groups contributing the
most to the dissimilarity between habitats were those invertebrates involved with processing plant and soil
material. These invertebrates are microbivores that feed on bacteria and fungi, either directly or indirectly, and
contribute to the available soil organic matter content. The most prevalent microbivore invertebrate orders were
Haplotaxida and Entomobryomorpha, or more specifically, the families Enchytraeidae, Naididae, Onychiuridae,
Elateridae, and Isotomidae. When interpreting SIMPER results, it is important to take into account the propor-
tion data; for example, despite Enchytraeidae being one of the top taxonomic groups contributing to the percent
dissimilarity across habitats, this invertebrate family also had the greatest representation in the 33-year-old sec-
ondary forest. This could reveal a more hump-backed or bell-shaped response in relation to succession. Ideally,
a good soil invertebrate indicator should have an increasing trend in the representation of the invertebrate group
across succession, to provide an indication if secondary forest soils are on a trajectory to that of a primary forest.

In accordance with the proportion data, Naididae, Entomobyridae, and Elateridae, show an increasing trend
of representation from young and old secondary forest to primary forest. The observation that the primary forest
soils had a greater representation of these three invertebrate families suggests the importance of these groups
as potential terrestrial indicators in this area for understanding the future trajectory and recuperation of soil in
these secondary forests. The larvae of the Elateridae are (known as ‘wireworms’) live in soil and/or under bark
and feed and process decaying soil organic matter. The wireworm larval stage can span from 2 to 6 years, and in
some cases even 10 years®*~%, During this larval period, wireworms specifically feed underground making them
persistent residents of soil for some time. Therefore, the Elateridae detected in this study could most likely be
in the larval stage and may be an over-looked group in tropical soils of this area. Although wireworms are often
agricultural and garden pests by feeding on plant tissue and roots, in this study the wireworms may represent
an important fraction of the soil invertebrate community involved in the recycling of decaying organic matter®’.
These decomposition-based activities can increase the amount and availability of resources to the surrounding
soil biotic communities. Wireworms are known to be influenced by soil characteristics such as soil texture.
However, given that these forests are of the same soil texture, the greater representation of Elateridae in the
primary forest than both of the secondary forests may be an indicator of more soil organic matter and decaying
materials for substrates for the wireworms.

The greater representation of Naididae in primary forest soils could indicate a higher substrate availability to
enable the build-up of soil organic matter for plant nutrient acquisition and growth of soil organisms. Naididae
are important oligochaetes capable of increasing the availability of soil N through bioturbation and feeding
activities®°!. For example, Naididae excrete NH,* by ingesting silt and clay particles saturated with microbial
groups attached to the soil particles®. These feeding activities could be an important avenue for increasing soil
N, particularly where soil N has been depleted following agricultural abandonment or the early stages of tropical
lowland secondary forests®*-®.

Most of the groups present in the SIMPER results consist of groups from the soil mesofauna. Entomobyridae
are a group of collembola and make-up an important fraction of the mesofauna. Indeed, collembolan groups
have been used as indicators of soil condition in other landscapes, but less is known about this group in second-
ary forests of the tropics. Different groups of collembolans have different feeding preferences, and can suggest
different scenarios regarding their presence or absence from an ecosystem*®. For example, collembolan groups
Isotomidae and Onychiuridae were contributing taxonomic groups in the SIMPER results; however, Isotomidae
and Onychiuridae had greater representation in the secondary forest soils than the primary forest soils. This
suggests that different groups of collembolans might show greater representation during different periods of
succession, but that collembolan groups such as Entomobryidae may be an indication of late succession or even
a non-disturbed habitat such as primary forest soils. Entomobryidae collembolans could be a potential indica-
tion as to whether or not secondary forests and soils are approaching a state close to the primary forest soils.

Taken together, these findings indicate that previous land-use history and subsequent regrowth can influ-
ence particular groups of soil invertebrates that can be used as potential terrestrial indicators of succession in
the tropics.

Conclusions

In the present study, we determined if soil invertebrate community composition at class, order, family, and ESV
level was different between a primary forest, 33-year-old secondary forest, and a 23-year-old secondary forest
with the same soil type and texture but with differing past land-use histories and which soil environmental vari-
ables were structing the community composition and richness. Our work suggests that past land-use history and
associated forest regrowth can lead to shifts in the structure of soil invertebrate community, but differences are
more prominent or detectable at finer resolutions such as the ESV level. Moreover, these past land-use histories
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and subsequent secondary forest developments can alter soil invertebrate richness but not diversity, such that
the soil invertebrate richness has not reached or returned to pre-disturbed state. These findings were all detect-
able with DNA metabarcoding of the CO1 region, providing a useful and rapid approach in understanding soil
invertebrate biodiversity across succession in the tropics. Nonetheless, using DNA metabarcoding to analyze
soil invertebrates at the community-based scale, as opposed to specific lineages, it is possible to detect changes
in the structure of the soil invertebrate community even across landscapes of the same soil texture but managed
differently.

As global, and in particular tropical deforestation continues today, and as the recuperation of degraded soils
is becoming increasingly important, it is crucial to understand which soil abiotic factors most strongly drive soil
invertebrate community dynamics, with implications for how to best improve soil conditions. This study provides
valuable knowledge and applicability in using DNA metabarcoding to detect community-level differences in soil
invertebrate structure from bulk-soil across a land management gradient and subsequent forest development.
Using rapid techniques such as DNA metabarcoding will become increasingly invaluable and a potentially more
powerful technique to capture changes in soil invertebrate communities under land use changes.

Methods

Due to legal and illegal extraction-based land management practices since the 1970, the San Juan-La Selva
Biological Corridor (SJLBC) (Fig. S1) was created in 2001 by the Costa Rican Ministry of Environment and
Energy to protect 1,204,812 hectares of ecosystems for habitat connectivity and biodiversity in the Northern
Zone of Costa Rica®. Within the SJLBC, the Maquenque National Wildlife Refuge (MNWR) (10° 27’ 05.7" N,
84° 16' 24.32" W) was established in 2005 by executive decree of the Costa Rican government to protect over
50,000 hectares of various ecosystems (Fig. S1). The MNWR is the core nucleus of the SJLBC for biodiversity
as it contains the highest percentage of forest cover and most valuable habitats for biodiversity in the region®.
Mean annual temperature is 27 °C, mean annual rainfall is 4300 mm, and the dominant soil type are oxisols®’.

This study was conducted in the humid Atlantic lowland rainforests of the MNWR in three upland habitat
types that were at one point in time all a part of a single tract of primary forest, with the same soil type (oxisol),
texture®, and topography, but have been managed differently in the past ~40 years (total area 500 hectares;
personal communication). The resulting habitats consist of a primary forest that has not been harvested in the
known history of the land; a 33-year-old secondary forest that was allowed to regenerate immediately following
deforestation (harvested 33 years ago); and a 23-year-old secondary forest that was cut 33 years ago, used for
cattle pasture for ~ 10 years, and then allowed to regenerate into secondary-growth. In July 2014, 6 independent
replicate plots (40 m x 25 m) were established in each of the three habitats. Distance between forest sites are as
followed: primary forest (10° 40" 46.21" N, 84° 10" 42.10” W) and young secondary forest (10° 41’ 7.92" N, 84° 9’
57.30" W) is ~ 1.5 km, primary forest and old secondary forest (10° 41' 12.56" N, 84° 10" 15.65" W) is~ 1.1 km,
old and young secondary forest is ~0.55 km. In each 1000 m? plot, nine soil subsamples were collected using a
soil core (7.5 cmx 15 cmx 1.25 cm) in a grid fashion (Fig. S2) from each plot and bulked to provide one com-
posite soil sample for each replicate plot (6 plots x 3 habitats = 18 bulked independent samples). The soil core
and soil collection gloves were sterilized with 70% ethanol between each 1000 m? replicate plot to minimize
cross-contamination and ensure independence of soil samples. This approach to soil sampling was to reduce
microsite variability given the heterogeneous properties in tropical soils®®. The soil pH and percent moisture were
recorded during the same time of soil sample collection at each soil profiler core sample location in each of the
plots in triplicate readings (3 readings x 9 soil core locations =27 readings per plot) (Fig. S1) with a Kelway Soil
pH and Moisture meter (Kel Instruments Co., Inc., Wyckoft, NJ, USA). Elevation of these plots were measured
with a Garmin Rino 650 GPS (Garmin International, Olathe, KS, USA). For homogenization, all soil samples
were mixed and passed through a 4-mm sieve at field moist conditions while sterilizing the sieve and labora-
tory gloves with 70% ethanol between each of the 18 composite soil samples, prior to all downstream analyses.

Soil abiotic factors have been measured previously and described elsewhere®. The soil abiotic properties
examined in this study for each of the three habitats included soil pH, % moisture, C, N, C:N ratio, NH,*, NO;",
Chio and % sand, silt, and clay. As aforementioned, soil pH and % moisture were measured from each of the
18 plots during the period of soil subsample collection To estimate (ToC), (TN), NH,*, and NO5", 200 g of soil
from each of the 18 sieved composite soil samples were delivered to the Center for Tropical Agriculture Research
and Education (CATIE) Laboratories in Turrialba, Costa Rica. To estimate levels of microbial biomass C (C,,;.),
substrate-induced respiration (SIR) was used following the methods of Hoper (2006). Substrate-induced respira-
tion for measuring C,;. was preferred as it measures the amount of living microbial biomass C. All nutrient and
microbial activity data presented were adjusted for dry weight of the soil.

Environmental DNA was extracted from each of the 18 composite soil samples using three 0.33 g replicate
sub-samples for a total of 1 g for each composite soil sample using the MoBio PowerSoil DNA Isolation Kit (MO
BIO Laboratories Inc., Carlsbad, CA, USA) and according to the manufacturer’s protocol. The concentration and
purity (A,g/ Ay ratio) of extracted soil DNA were determined prior to downstream analyses using a NanoDrop
1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA) and all eDNA was stored at — 80 °C, as has
been done in previous studies®>**7°.

Three fragments of the standard 5’ end of the 658 bp mitochondrial cytochrome ¢ oxidase I gene (CO1) were
amplified targeting three fragments: F230 (~ 230 bp), BR (~450 bp), and BR5 (~ 330 bp) using three primer
sets (LCO1490: 5'-GGTCAACAAATCATAAAGATATTGG-3""" and 230_R: 5'-CTTATRTTRTTTATICGIG-
GRAAIGC-3"*, B: 5-CCIGAYATRGCITTYCCICG-3""? and R: 5~-TAAACTTCAGGGTGACCAAAAAAT
CA-37; and ArR5, 5'-GTRATIGCICCIGCIARIACIGG-3"7. Amplicons were prepared with two-steps PCR
regime. The first PCR used the CO1 specified primers and the second PCR involved Illumina-tailed primers. Each
PCR amplification contained of 2 pL DNA template, 17.5 uL molecular biology grade water, 2.5 uL 10 x reaction
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buffer (200 mM Tris-HCI, 500 mM KCl, pH 8.4), 1 uL 50 x MgCl, (50 mM), 0.5 pL of ANTPs mix (10 mM),
0.5 pL of forward primer (10 mM), 0.5 pL of reverse primer (10 mM), and 0.5 pL of Invitrogen’s Platinum Taq
polymerase (5 U/uL) in a total volume of 25 pL. The PCR conditions were initiated with heated lid at 95 °C for
5 min, followed by a total of 35 cycles of 94 °C for 40 s, 46 °C (for all primer sets) for 1 min, and 72 °C for 30 s,
and a final extension at 72 °C for 5 min, and hold at 4 °C. PCR products were then purified using a Qiagen Min-
Elute PCR purification kit (Qiagen, Valencia, CA, USA) and eluted in 30 uL of molecular biology grade water. A
second PCR step was implemented using the purified 1st PCR product as a template and with Illumina adaptor
tailed target specific primers. The 2nd PCR was made following the same protocol as aforementioned except
for 30 cycles were used for PCR. All PCR products were visualized on 1.5% agarose gels to confirm successful
amplification by the presence of fluorescent bands, as has been done previously®>%7. All PCRs were done using
Eppendorf Mastercycler ep gradient S thermalcyclers and negative control reactions (no DNA template) were
included in all experiments, and all generated soil amplicons plates were dual indexed and pooled into a single
tube and sequenced in several Illumina MiSeq runs using a V2 MiSeq sequencing kit (500 cycles—250 x 2) (FC-
131-1002 and MS-102-2003).

The raw Illumina paired-end reads were processed using the SCVUC v2.3 pipeline available from https://githu
b.com/EcoBiomics-Zoobiome/SCVUC_CO1_metabarcode_pipeline. The subsequent CO1 Illumina generated
sequences were processed using semi-automated pipelines. The CO1 Illumina paired-end libraries generated
forward (R1) and reverse (R2) reads. Raw sequence reads were paired with SeqPrep ensuring a minimum Phred
score of 20 and minimum overlap of at least 25 bp’*. Primer sequences were trimmed using CutAdapt v1.10
specifying a minimum Phred score of 20, a minimum fragment length of 150 bp after trimming, and no more
than 3 N’s allowed. Reads were dereplicated with VSEARCH v2.11.0 using the ‘derep_fulllength’ command
and the ‘sizein’ and ‘sizeout’ options. Denoising was performed using the UNOISE3 algorithm in USEARCH
v10.0.2407°. This method corrects sequences with potential errors, removes putative chimeric sequences, as well as
removes rare exact sequence variants (ESVs)’® with only one or two reads (singletons and doubletons). Previous
work has shown that rare sequence clusters may be particularly prone to sequence errors and add ‘noise’ to the
dataset”””8. Here we defined rare reads to be ESV's containing only 1 or 2 reads (singletons and doubletons). An
ESV x sample table was created with VSEARCH using the ‘usearch_global’ command, mapping reads to ESV's
with 100% identity. The remaining ESV's were taxonomically assigned using the CO1 Classifier v3.24..

All generated sequencing data have been deposited in the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) database under the BioProject: PRINA542652.

A total of 1,117,015 ESV reads were taxonomically assigned by the CO1 classifier*!. After filtering out the
reads identified as bacteria, fungi, plants, and non-metazoan, 534,185 reads were retained. Out of the 534,185
reads, 117,162 reads were correctly identified to class and order at the 0.0 bp cutoff for 100% accuracy as is
recommended for 200 bp fragments*!. At the family level, 38,690 reads were correctly identified at the 0.20 bp
cutoff, and at genus level, only 4,753 reads were correctly assigned at the 0.30 bp cutoff for 99% accuracy*!. Thus,
the soil invertebrate reads used in further analyses were class, order, family, and ESV levels. All CO1 ESVs were
organized taxonomically at the class (0.0 bp cutoff), order (0.0 bp cutoff), family (0.2 bp cutoff), and ESV rank,
and converted to mean proportion of sequences per sample”. The relative proportion of CO1 sequences for
class, order, family, and ESV's were calculated by summing the number of reads for each taxon in a sample, then
dividing by the total number of reads from the sample (i.e. sample replicate). To examine the soil COI class,
order, family, and ESV richness and diversity for each sample, Margalef’s richness (d=(S—1)/Log(N)) and Shan-
non Index (H') (H'=-SUM(P;*In(P;))) (P; is the proportion of the total count (abundance) arising from the ith
class; order; family; ESV) were calculated in PRIMER-E v6*. Soil CO1 class, order, family, and ESV community
compositions were transformed using a square-root transformation to account for dominant taxa as well as rare
taxa®. For a weighted approach, the square-root transformed CO1 data were then calculated into a Bray-Curtis
dissimilarity matrix in PRIMER-E v6*.

Statistical and multivariate analyses. To address question one, significant differences in the means of
the alpha diversity indices for soil CO1 class, order, family, and ESVs across the primary forest and secondary
forests were determined using a one-way ANOVA followed by Tukey’s HSD post-hoc analyses in SPSS (v.25,
Armonk, NY, USA). Prior to analyses, a Shapiro-Wilk test was performed to determine normality of all the
data in SPSS (v.25, Armonk, NY, USA) and all data were p>0.05 suggesting normality. To determine if there
were differences in the Bray—Curtis dissimilarity soil CO1 class, order, family, and ESV community composition
matrices between the three forests, a one-way permutational multivariate analysis of variance (PERMANOVA)
with main and pair-wise tests based on unrestricted permutations (999 permutations)®’. The PERMANOVA
results of the soil CO1 community compositions across the primary and secondary forests were considered
significant if p <0.05.

In addition, a Canonical Analysis of Principal Coordinates (CAP) was used to visualize the distinctness of the
soil CO1 class, order, family, and ESV community compositions across the primary forest and secondary forest
soils based on an a priori allocation success using the PERMANOVA + guidelines®#2. Strong differences between
primary forest and secondary forest soils are represented by CAP axis 1 and CAP axis 2 squared canonical cor-
relations greater than or equal to 0.7, and moderate differences are represented by squared canonical correlations
greater than or equal to 0.5-0.69%%2 Furthermore, Cohen’s d effect sizes were calculated for the PERMANOVA
pairwise comparisons to assess if the differences were trivial or not, and used as indicators of biologically mean-
ingful differences between mean values of the parameters measured, as recommended for analysis of small sample
sizes®. Cohen’s d effect size statistics are considered small if d=0.2, medium if d=0.5-0.7, and large if d>0.8.

To address question two, a Similarity of Percentage analysis (SIMPER) was used to determine which CO1
class, order, and family taxonomic groups primarily contribute to the Bray—Curtis dissimilarity between the
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habitat pairwise groups using a one-way design with a 70% cutoft percentage to list only higher-contributing
taxonomic groups®. The SIMPER analysis was performed to potentially indicate or elude to the higher contrib-
uting taxonomic groups whose changes in proportion of sequences may indicate change; not that these groups
are responsible for the biological dissimilarity in community composition across these forests.

To address question three, a Distance-Based Linear Model approach (a multivariate multiple regression)
was implemented to determine which soil environmental variable is contributing the most to the dissimilarities
between habitats. The DistLM was performed using a ‘step-wise’ selection procedure and an AICc (Akaike’s
Information Criterion Corrected) selection criterion with 999 permutations®*®. The Distance-Based Linear
Modeling sequential tests were considered significant if p <0.05. These DistLM results were then visualized using
a Distance-Based Redundancy Analysis (dbRDA) in which the ordination is plotted from the values of the given
model that explains the greatest variation in the data cloud®.

All multivariate analyses were performed in PRIMER-E v6** and its add-on PERMANOVA+*%2, Prior to
multivariate analyses, draftsman plots (variable pair-wise scatter plots) were used to determine the homogeneity
and multicollinearity of each soil abiotic variable (predictor variables). All soil abiotic variables were transformed
using the log (x+ 1) transformation to correct for skewness and the data standardized using the ‘normalize’
parameter in PRIMER-E v6808284,

Received: 11 May 2020; Accepted: 15 October 2020
Published online: 28 October 2020

References
1. Trumbore, S., Brando, P. & Hartmann, H. Forest health and global change. Science 349, 814-818 (2015).
2. Gibbs, H. K. et al. Tropical forests were the primary sources of new agricultural land in the 1980s and 1990s. Proc. Natl. Acad. Sci.
107, 16732-16737 (2010).
. Laurance, W. E Have we overstated the tropical biodiversity crisis?. Trends Ecol. Evol. 22, 65-70 (2007).
. Brienen, R.J. W. et al. Long-term decline of the Amazon carbon sink. Nature 519, 344-348 (2015).
5. Nottingham, A. T. et al. Climate warming and soil carbon in tropical forests: insights from an elevation gradient in the Peruvian
Andes. Bioscience 65, 906-921 (2015).
6. Seymour, F. & Busch, J. Why Forests? Why Now? The Science, Economics and Politics of Tropical Forests and Climate Change 1-450
(Center for Global Development, Washington, 2016).
7. de Quadros, P. D. et al. Coal mining practices reduce the microbial biomass, richness and diversity of soil. Appl. Soil Ecol. 98,
195-203 (2016).
8. Beer, C. et al. Terrestrial gross carbon dioxide uptake: global distribution and covariation with climate. Science 329, 834-838 (2010).
9. Jobbagy, E. G. & Jackson, R. B. The vertical distribution of soil organic carbon and its relation to climate and vegetation. Ecol. Appl.
10, 423-426 (2000).
10. Chazdon, R. L. et al. Carbon sequestration potential of second-growth forest regeneration in the Latin American tropics. Sci. Adv.
2,e1501639-e1501639 (2016).
11. Chazdon, R. L. Beyond deforestation: restoring forests and ecosystem services on degraded lands. Science 320, 1458-1460 (2008).
12. Chazdon, R. L. Tropical forest recovery: legacies of human impact and natural disturbances. Perspect. Plant Ecol. 6, 51-71 (2003).
13. Arroyo-Rodriguez, V. et al. Multiple successional pathways in human-modified tropical landscapes: new insights from forest
succession, forest fragmentation and landscape ecology research. Biol. Rev. 92, 326-340 (2017).
14. Vashum, K. T., Kasomwoshi, T. & Jayakumar, S. Soil organic carbon sequestration potential of primary and secondary forests in
Northeast India. Proc. Int. Acad. Ecol. Environ. Sci. 6, 67 (2016).
15. Uriarte, M. ef al. Natural disturbance and human land use as determinants of tropical forest dynamics: results from a forest simula-
tor. New Phytol. 79, 423-443 (2009).
16. Calderon, K. et al. Effectiveness of ecological rescue for altered soil microbial communities and functions. ISME J. 11, 272-283
(2017).
17. Rodrigues, J. L. M. et al. Conversion of the Amazon rainforest to agriculture results in biotic homogenization of soil bacterial
communities. Proc. Natl. Acad. Sci. USA 110, 988-993 (2013).
18. Coyle, D. R. et al. Soil fauna responses to natural disturbances, invasive species, and global climate change: current state of the
science and a call to action. Soil Biol. Biochem. 110, 116-133 (2017).
19. Brussaard, L. Biodiversity and ecosystem functioning in soil. Ambio 26, 563-570 (1997).
20. Brussaard, L., de Ruiter, P. C. & Brown, G. G. Soil biodiversity for agricultural sustainability. Agric. Ecosyst. Environ. 121, 233-244
(2007).
21. Lavelle, P. et al. Soil invertebrates and ecosystem services. Eur. J. Soil Biol. 42, S3-S15 (2006).
22. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10-12 (2011).
23. Eisenhauer, N., Sabais, A. C. W. & Scheu, S. Collembola species composition and diversity effects on ecosystem functioning vary
with plant functional group identity. Soil Biol. Biochem. 43, 1697-1704 (2011).
24. Griffiths, B. S., de Groot, G. A., Laros, I, Stone, D. & Geisen, S. The need for standardisation: exemplified by a description of the
diversity, community structure and ecological indices of soil nematodes. Ecol. Indic. 87, 43-46 (2018).
25. Mulder, C. Driving forces from soil invertebrates to ecosystem functioning: the allometric perspective. Naturwissenschaften 93,
467-479 (2006).
26. Menta, C. Soil fauna diversity. In Biodiversity Conservation and Utilization in a Diverse World (ed. Lameed, G. A.) (InTech, London,
2012). https://doi.org/10.5772/51091.
27. Errington, I. et al. The influence of vegetation and soil properties on springtail communities in a diesel-contaminated soil. Sci.
Total Environ. 619-620, 1098-1104 (2018).
28. Korboulewsky, N., Perez, G. & Chauvat, M. How tree diversity affects soil fauna diversity: a review. Soil Biol. Biochem. 94, 94-106
(2016).
29. Beng, K. C. et al. The utility of DNA metabarcoding for studying the response of arthropod diversity and composition to land-use
change in the tropics. Sci. Rep. 6, 1-13 (2016).
30. McGee, K. M., Robinson, C. V. & Hajibabaei, M. Gaps in DNA-based biomonitoring across the globe. Front. Ecol. Evolut. 7, 337
(2019).
31. Ji, Y. et al. Reliable, verifiable and efficient monitoring of biodiversity via metabarcoding. Ecol. Lett. 16, 1245-1257 (2013).
32. Liu, S. et al. SOAP Barcode: revealing arthropod biodiversity through assembly of Illumina shotgun sequences of PCR amplicons.
Methods Ecol. Evol. 4,1142-1150 (2013).

N

Scientific Reports |

(2020) 10:18429 | https://doi.org/10.1038/s41598-020-75452-4 nature research


https://doi.org/10.5772/51091

www.nature.com/scientificreports/

34.

35.

36.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

. Bienert, E et al. Tracking earthworm communities from soil DNA: tracking earthworm communities from soil DNA. Mol. Ecol.
21, 2017-2030 (2012).

Dell’Anno, A., Carugati, L., Corinaldesi, C., Riccioni, G. & Danovaro, R. Unveiling the biodiversity of deep-sea nematodes through
metabarcoding: are we ready to bypass the classical taxonomy?. PLoS ONE 10, e0144928 (2015).

Fonseca, V. G. et al. Metagenetic analysis of patterns of distribution and diversity of marine meiobenthic eukaryotes: macroecology
of microscopic marine eukaryotes. Glob. Ecol. Biogeogr. 23, 1293-1302 (2014).

Pansu, J. et al. Landscape-scale distribution patterns of earthworms inferred from soil DNA. Soil Biol. Biochem. 83, 100-105 (2015).
. Saitoh, S. et al. A quantitative protocol for DNA metabarcoding of springtails (Collembola). Genome 59, 705-723 (2016).

Baird, D. J. & Hajibabaei, M. Biomonitoring 2.0: a new paradigm in ecosystem assessment made possible by next-generation DNA
sequencing: news and views: opinion. Mol. Ecol. 21, 2039-2044 (2012).

Edge, T. A. et al. The ecobiomics project: advancing metagenomics assessment of soil health and freshwater quality in Canada. Sci.
Total Environ. 710, 135906 (2020).

Porter, T. M. & Hajibabaei, M. Scaling up: a guide to high-throughput genomic approaches for biodiversity analysis. Mol. Ecol. 27,
313-338 (2018).

Porter, T. M. & Hajibabaei, M. Automated high throughput animal CO1 metabarcode classification. Sci. Rep. 8, 1-10 (2018).
Porter, T. M. & Hajibabaei, M. Over 2.5 million COI sequences in GenBank and growing. PLoS ONE 13, 0200177 (2018).
Fernandes, K. et al. DNA metabarcoding-a new approach to fauna monitoring in mine site restoration. Restor. Ecol. 26, 1098-1107
(2018).

Gibson, J. E. et al. Large-scale biomonitoring of remote and threatened ecosystems via high-throughput sequencing. PLoS ONE
10, e0138432-e138515 (2015).

Martin, G. K., Adamowicz, S. J. & Cottenie, K. Taxonomic resolution based on DNA barcoding affects environmental signal in
metacommunity structure. Freshw. Sci. 35, 701-711 (2016).

Banerjee, S. et al. Determinants of bacterial communities in Canadian agroforestry systems. Environ. Microbiol. 18, 1805-1816
(2016).

Chikoski, J. M., Ferguson, S. H. & Meyer, L. Effects of water addition on soil arthropods and soil characteristics in a precipitation-
limited environment. Acta Oecologica 30, 203-211 (2006).

Wall, D. H. et al. Soil Ecology and Ecosystem Services (Oxford University Press, Oxford, 2012).

Yu, Y. et al. Shifts in microbial community function and structure along the successional gradient of coastal wetlands in Yellow
River Estuary. Eur. J. Soil Biol. 49, 12-21 (2012).

Convey, P, Block, W. & Peat, H. J. Soil arthropods as indicators of water stress in Antarctic terrestrial habitats?. Glob. Change Biol.
9,1718-1730 (2003).

Marra, J. L. & Edmonds, R. L. Soil arthropod responses to different patch types in a mixed-conifer forest of the Sierra Nevada. For.
Sci. 51, 255-265 (1998).

McCluney, K. E. & Sabo, J. L. Sensitivity and tolerance of riparian arthropod communities to altered water resources along a drying
river. PLoS ONE 9, €109276 (2014).

Villani, M. G. & Wright, R. J. Environmental influences on soil macroarthropod behavior in agricultural systems 35, 249-269 (1990).
Zahran, H. H., Moharram, A. M. & Mohammad, H. A. Some ecological and physiological studies on bacteria isolated from salt-
affected soils of Egypt. J. Basic Microbiol. 32, 405-413 (1992).

McGee, K. M., Eaton, W. D., Shokralla, S. & Hajibabaei, M. Determinants of soil bacterial and fungal community composition
toward carbon-use efficiency across primary and secondary forests in a costa rican conservation area. Microb. Ecol. 10, 423 (2018).
Oba, Y., Ohira, H., Murase, Y., Moriyama, A. & Kumazawa, Y. DNA barcoding of Japanese click beetles (Coleoptera, Elateridae).
PLoS ONE 10, e0116612 (2015).

Ensafi, P. et al. Soil type mediates the effectiveness of biological control against Limonius californicus (Coleoptera: Elateridae). J.
Econ. Entomol. 111, 2053-2058 (2018).

Poggi, S. et al. Relative influence of climate and agroenvironmental factors on wireworm damage risk in maize crops. J. Pest. Sci.
91, 585-599 (2018).

Dj, S., Huang, L., Diao, J. & Zhou, Z. Selective bioaccumulation and elimination of hexachlorocyclohexane isomers in Tubifex
tubifex (Oligochaeta, Tubificidae). Environ. Sci. Pollut. Res. 23, 6990-6998 (2016).

Pelegri, S. & Blackburn, T. H. Effects of Tubifex tubifex (Oligochaeta:Tubificidae) on N-mineralization in freshwater sediments,
measured with 15-N isotopes. Aquat. Microb. Ecol. 9, 289-294 (1995).

Saaltink, R. M. Respiration and aeration by bioturbating Tubificidae alter biogeochemical processes in aquatic sediment. Aquat.
Sci. 81, 1-13 (2019).

Booth, M. S., Stark, J. M. & Rastetter, E. Controls on nitrogen cycling in terrestrial ecosystems: a synthetic analysis of literature
data. New Phytol. 75, 139-157 (2005).

Feldpausch, T. R., Rondon, M. A,, Fernandes, E. C. M., Riha, S. J. & Wandelli, E. Carbon and nutrient accumulation in secondary
forests regenerating on pastures in central Amazonia. Ecol. Appl. 14, 164-176 (2004).

Gehring, C.,, Vlek, P. L. G., de Souza, L. A. G. & Denich, M. Biological nitrogen fixation in secondary regrowth and mature rainfor-
est of central Amazonia. Agric. Ecosyst. Environ. 111, 237-252 (2005).

Guariguata, M. R. & Ostertag, R. Neotropical secondary forest succession: changes in structural and functional characteristics.
For. Ecol. Manag. 148, 185-206 (2001).

Chassot, O. & Monge, G. Connectivity conservation of the great green macaw’s landscape in costa rica and nicaragua (1994-2012).
Parks 18, 1-10 (2012).

Hartshorn, G. S. et al. Vegetation Types and Floristic Patterns. La Selva: Ecology and Natural History of a Neotropical Rain Forest
(The University of Chicago Press, Chicago, 1994).

van der Gast, C. J., Gosling, P, Tiwari, B. & Bending, G. D. Spatial scaling of arbuscular mycorrhizal fungal diversity is affected by
farming practice: spatial scaling of arbuscular mycorrhizal fungi. Environ. Microbiol. 13, 241-249 (2011).

McGee, K. M., Eaton, W. D, Porter, T. M., Shokralla, S. & Hajibabaei, M. Soil microbiomes associated with two dominant Costa
Rican tree species, and implications for remediation. A case study from a Costa Rican conservation area. Appl. Soil Ecol. 137,
139-153 (2019).

Eaton, W. D. et al. Differences in the soil microbial community and carbon-use efficiency following development of Vochysia
guatemalensis tree plantations in unproductive pastures in Costa Rica. Restor. Ecol. https://doi.org/10.1111/rec.12978 (2019).
Folmer, O., Black, M., Hoeh, W,, Lutz, R. & Vrijenhoek, R. DNA primers for amplification of mitochondrial cytochrome c oxidase
subunit I from diverse metazoan invertebrates. Mol. Mar. Biol. Biochem. 3, 294-299 (1994).

Hajibabaei, M., Spall, J. L., Shokralla, S. & van Konynenburg, S. Assessing biodiversity of a freshwater benthic macroinvertebrate
community through non-destructive environmental barcoding of DNA from preservative ethanol. BMC Ecol. 12, 28 (2012).
Gibson, J. et al. Simultaneous assessment of the macrobiome and microbiome in a bulk sample of tropical arthropods through
DNA metasystematics. Proc. Nat. Acad. Sci. 111, 8007-8012 (2014).

St. John, J. SeqPrep. Retrieved https://github.com/jstjohn/SeqPrep (2016).

Edgar, R. C. UNOISE2: improved error-correction for Illumina 16S and ITS amplicon sequencing. bioRxiv. https://doi.
0rg/10.1101/081257 (2016).

Scientific Reports |

(2020) 10:18429 | https://doi.org/10.1038/s41598-020-75452-4 nature research


https://doi.org/10.1111/rec.12978
https://github.com/jstjohn/SeqPrep
https://doi.org/10.1101/081257
https://doi.org/10.1101/081257

www.nature.com/scientificreports/

76. Callahan, B.]., McMurdie, P. ]. & Holmes, S. P. Exact sequence variants should replace operational taxonomic units in marker-gene
data analysis. ISME J. 11, 2639-2643 (2017).

77. Reeder, J. & Knight, R. The ‘rare biosphere’: a reality check. Nat. Methods 6, 636-637 (2009).

78. Tedersoo, L. et al. 454 Pyrosequencing and Sanger sequencing of tropical mycorrhizal fungi provide similar results but reveal
substantial methodological biases. New Phytol. 188, 291-301 (2010).

79. Weiss, S. et al. Normalization and microbial differential abundance strategies depend upon data characteristics. Microbiome 5, 27
(2017).

80. Anderson, M. ], Gorley, R. N. & Clarke, R. K. PERMANOVA+ for Primer: guide to Software and Statistical Methods (PRIMER-E
Ltd., Plymouth, UK, 2008).

81. Clarke, K. R. Non-parametric multivariate analyses of changes in community structure. Aust. J. Ecol. 18, 117-143 (1993).

82. Anderson, M. J. & Willis, T. J. Canonical analysis of principal coordinates: a useful method of constrained ordination for ecology.
Ecology 84, 511-525 (2003).

83. DiStefano, J., Fidler, F. & Cumming, G. Effect size estimates and confidence intervals: An alternative focus for the presentation and
interpretation ofecological data. In New Trends in Ecology Research. 1st edn. (ed. Burk, A.). (Nova Science Publishers Inc., New
York, 2005).

84. Clarke, K. R., & Gorley, R. N. PRIMER v6: user manual/tutorial (Plymouth routines in multivariate ecological research) (PRIMER-E
Ltd., Plymouth, UK, 2006).

85. Burnham, K. P. & Anderson, D. R. Model selection and multimodel inference: a practical information-theoretic approach. In
Model Selection and Multimodel Inference (eds Burnham, K. P. & Anderson, D. R.) 1-515 (Springer, Berlin, 2003).

86. Legendre, P. & Anderson, M. J. Distance-based redundancy analysis: testing multispecies responses in multifactorial ecological
experiments. New Phytol. 69, 1-24 (1999).

Acknowledgements
This research was funded by Food from Thought and Environment and Climate Change Canada grants awarded
to Dr. Mehrdad Hajibabaei. We would also like to thank Dr. Chloe Robinson for editing this manuscript.

Author contributions

K.M.M., M.H. designed the experiments, M.W. performed the molecular analysis and sequencing, K.M.M. and
T.P. analysed the data, M.H. provided funding support, K.M.M wrote the manuscript with contributions from
M.H. and T.P.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-75452-4.

Correspondence and requests for materials should be addressed to K.M.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:18429 | https://doi.org/10.1038/s41598-020-75452-4 nature research


https://doi.org/10.1038/s41598-020-75452-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Drivers of tropical soil invertebrate community composition and richness across tropical secondary forests using DNA metasystematics
	Results
	Soil invertebrate community composition and richness. 
	Class. 
	Order. 
	Family. 

	Exact sequence variants (ESVs). 
	Drivers of soil invertebrate community composition and richness. 

	Discussion
	Soil invertebrate community composition. 
	Soil invertebrate richness and diversity. 
	Taxonomic contributions. 

	Conclusions
	Methods
	Statistical and multivariate analyses. 

	References
	Acknowledgements


