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Abstract

:

Soil macrofauna is an important component of soil biodiversity and plays a key role in soil ecosystem function. Little work, however, has explored how macrofauna may contribute, directly or indirectly, to soil microfauna communities. In this study, we explored the impact of two classes of common soil macrofauna, earthworms (Eisenia foetida) and millipedes (Spirobolus walkeri), on soil nematode community diversity and structure. We found that earthworms and millipedes play an important role in maintaining soil nematode communities and increasing soil nutrients. Both earthworms and millipedes act as hosts for soil nematodes, and play a valuable role in dispersing and distributing these important microfauna throughout the soil landscape. We tested the efficacy of this strategy on multiple soil layers and found that layer does not have a significant influence on soil nematode community. These results suggest that soil nematode abundance, diversity, and structure are tightly linked to the existence of soil macrofauna, which may contribute to the maintenance mechanism of forest soil biodiversity.
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1. Introduction


Greater soil biodiversity helps to maintain ecosystem multifunction [1,2]. A wide variety of soil fauna (e.g., macrofauna and microfauna) contribute to this biodiversity and are key regulators of soil biogeochemical cycles [3]. Soil macrofauna can directly affect soil structure and physicochemical properties through their lifetimes, mainly by feeding, moving, and excreting. Similarly, soil microfauna prey upon soil microbes, leading to microbial turnover and, potentially, shifts in community composition [4,5]. Soil macro- and microfauna also play an irreplaceable role in the mineralization of soil organic matter [6,7,8,9]. Despite a universal understanding that soil fauna are important players underlying a host of soil processes, the role they play in mediating forest soil biodiversity is unexplored and poorly described.



Earthworms and millipedes are typical and common soil macrofauna in forest ecosystems [10,11]. Both play an important role in leaf litter decomposition and nutrient cycling [12]. Earthworms live mainly in the soil and survive by feeding on soil organic matter and plant residues. Earthworms digging in the soil layer can change the soil structure and air and water state, increase available nutrients in the soil, and promote nutrient mineralization [13]. Millipedes live on the soil surface and mainly feed on leaf litter, accelerating decomposition and indirectly providing a nutrient source for the growth of other organisms [14]. Considering that these two macrofauna have distinct mechanical interfaces with the soil environment, we anticipate that earthworms and millipedes may have understandably different contributions to forest soil biodiversity.



Soil nematodes are one of the most abundant and widely distributed soil microfauna in terrestrial ecosystems, and have multiple trophic positions in the soil food web [15]. Due to the close connection of soil nematodes to the soil environment and their sensitivity to environmental disturbances, soil nematode communities are often used as bioindicators of the changes in the structure and function of soil food webs [16,17,18]. The diversity and community composition of nematode communities can be important indicators of soil biodiversity and nutrient status [19].



Some evidence suggests that these important soil nematode communities may be regulated by important soil macrofauna [20]. For example, recent work has demonstrated that a decrease in nematode abundance is often associated with increases in the number and biomass of earthworms [21,22]. Similarly, Domínguez et al. [23] found that earthworm activity significantly reduced the abundance of nematodes (by more than 50%) in fresh organic waste. Other work has suggested that earthworms may indirectly regulate nematode communities. For example, earthworm mucus residue has been shown to affect the behavior and physiology of bacterivorous nematodes [24]. However, these studies are often contradicting. Senapati [25], for example, found that earthworms (largely through their high-nitrogen excretion material, mucus, and dead earthworm organization) may be responsible for the stimulation of the growth of the nematode population.



Still more work has suggested that the increased number of soil nematode individuals may be related to the intestinal transmission of nematode parasites within earthworms. For instance, studies have shown that earthworms transport nematodes through the gut harmlessly, and that digestion does not affect the hatching of the nematode eggs, nor does it kill the larvae or the adults [26]. This survival and gut transport may indicate a possible mechanism by which macrofauna maintains soil nematode communities. For example, Shapiro et al. [27] speculated that the spread of nematodes in the soil may be increased by body surface or the digestive tract transport of earthworms. Some of these hypotheses have been borne out, and Villenave et al. [28] observed that when earthworms were artificially ‘inoculated’ with nematodes in the field, the overall density of nematodes on-site increased, especially fungivorous and bacterivorous nematodes.



Although there are few relevant studies on the relationship between millipedes and nematodes [29], nematodes can obtain food that has been ingested and digested by millipede hosts without significant harm to millipedes [30]. Nematodes can also survive in the guts of millipedes, and are thought to play an important role in regulating intestinal bacteria [29]. In the millipede gut, nematodes can promote nutrient cycling and are important for the overall health of the gut microbiome [29]. Though less work has been dedicated to understanding how millipede populations may impact and regulate soil nematode communities, they are a useful contrast to earthworms and are valuable to explore. Both earthworms and millipedes may also indirectly promote nematode community health by increasing soil nutrient availability [25,31,32].



Biodiversity restoration in the forest is usually carried out aboveground; however, direct and effective methods for restoring belowground biodiversity remain poorly studied. In addition, our knowledge regarding the maintenance mechanism of forest soil biodiversity is limited by the complicated interaction effects between diverse soil communities. Soil macrofauna is known as a group of ecosystem engineers, and plays an important role in soil processes. It is necessary to better understand how soil macrofauna inoculation affects forest soil biodiversity. To that end, we set up a microcosm experiment studying the effects of the soil macrofauna (earthworms and millipedes) and their interactions with soil nematodes. We hypothesized that: (1) both earthworm addition and millipede addition could increase the abundance of soil nematodes; and (2) simultaneous earthworm addition and millipede addition would lead to the greatest biodiversity in the soil nematode community.




2. Materials and Methods


2.1. Study Site and Experimental Materials


The microcosm experiment was conducted in the laboratory of the South China Botanical Garden, Chinese Academy of Sciences, Guangzhou (23°13′ N, 113°28′ E), Guangdong Province, China. The region has a subtropical monsoon climate, with an annual average temperature of 23 °C and an annual average rainfall of 1623.6–1899.8 mm. The millipede Spirobolus walkeri was collected in a Juglans regia orchard in Tianjin, China (40°05′ N, 117°41′ E) on 26 September 2021. On 10 October 2021, Eisenia foetida (a common endogeic earthworm) were purchased from a farm in Guangzhou and brought back to the laboratory. On 16 October 2021, we collected a 0–10 cm layer of soil from a Dimocarpus longan forest in the South China Botanical Garden, sifted these soils through a 2 mm sieve, picked out gravel, roots, leaves, and soil animals, and then re-homogenized our soils to create a well-mixed soil system devoid of macrofauna competitors and large physical obstructions.




2.2. Experiment Design


We approached the experiment using a four-part design: (1) a control treatment without soil macrofauna (CK), (2) an earthworm addition (E), (3) a millipede addition (M), and (4) a simultaneous earthworm addition and millipede addition (E + M). Each treatment was replicated 5 times for a total of 20 microcosms. Each microcosm was constructed from a single PVC cylinder 15 cm in diameter and 20 cm in height. A sample of 1800 g of fresh soil was sterilized using an autoclave pot (126 °C, 0.142 MPa, 40 min), then added to each microcosm until the soil columns were approximately 10 cm in length. These soils were then ‘topped off’ with 13 g of dried and autoclaved litter leaves spread evenly on the soil surface. Once the microcosm was established, we added our soil animals. Considering the survival rate and necessary living space of animals, 6 earthworms were added for the earthworm addition treatment, 3 millipedes were added for the millipede addition treatment, and 6 earthworms and 3 millipedes were added for the simultaneous addition treatment. We then covered the PVC column with 3 layers of 2 mm aperture nylon mesh to prevent our macrofauna from escaping. During the incubation period, the room temperature was kept between 25–28 °C, the air humidity was 40%–60%, and small and equal amounts of deionized water were regularly sprayed into all microcosms to maintain surface soil moisture. The experiment ran for just over 1 month, beginning on 19 October 2021 and ending on 30 November, for a total of 6 weeks.




2.3. Sampling and Analysis


At the end of the incubation, the remaining litter was collected from the soil surface with tweezers. Then, part of the litter was extracted by the Baermann funnel method and ultimately fixed with 4% formaldehyde [33]. The litter used for nematode extraction was dried and weighed to calculate the abundance of nematodes. While collecting litter, millipedes were collected from each PVC column and each placed into a 50 mL centrifuge tube. We then used a spoon to directly collect earthworm feces and millipede fecal pellets on the soil surface in the PVC soil column. We collected fecal pellets to directly measure parasite load. Remaining casts and fecal pellets were weighed and dried to measure the water content; thus, we were able to scale our one-pellet measurements to both the individual and community levels. After collecting all the litter and animal casts on the soil surface, we sampled the soil directly. We collected samples from both the 0–5 cm and 5–10 cm layers, carefully picking out the surviving earthworms and placing them into a 50 mL centrifuge tube. Collected soils in each layer were mixed and divided into two homogenous subsamples. One was used to determine water content and extract soil nematodes; the other was dried in a cool and ventilated place to determine other physiochemical properties of the soil. All of the millipedes and most of the earthworms added were alive.



To collect soil nematodes from the body surface, 50 mL deionized water was added into a 50 mL centrifuge tube containing earthworms or millipedes, placed on a shaking table (200 rpm), and vibrated for 10 min. After this homogenization, we removed visible earthworms and millipedes with tweezers, and let the remaining suspension settle for 2 h. After the suspension had settled, we removed and discarded the supernatant, thus retaining about 8 mL of liquid, to which we added 95% alcohol of the same volume to artificially fix all samples to a 16 mL volume.



To collect nematodes from the gut, earthworms and millipedes were removed from the soil, dissected and chopped, loaded into another 50 mL centrifuge tube with deionized water, and placed onto a shaking table (200 rpm) for 10 min. Afterwards, we removed the animal body debris and left the remaining suspension to settle. After settling, we discarded the supernatant, retained about 8 mL, and added 95% equal volume of alcohol to raise the total volume to 16 mL.



All collected nematodes were counted with an inverted microscope and identified to the genus level. According to their feeding habits, they were divided into bacterivores (Ba), fungivores, herbivores, and omnivore predators [34]. Nematode functional guilds were determined according to their colonizer–persister (c-p) value [35] (http://nemaplex.ucdavis.edu/Ecology/EcophysiologyParms/GenusParmsQuery.aspx (accessed on 23 May 2022)). For instance, the Ba1 guild is a group of r-strategy bacterivorous nematodes with a c-p value of 1. The first 100 nematodes were identified for each sample; if there were fewer than 100 individuals in the sample, all nematodes were identified.



We used biomass measurements before and after a drying oven treatment (105 °C, 48 h) to measure soil water content (SWC), and also used a pH meter to measure the soil solution, with the soil water ratio of 1:2.5 (w/v). All samples also used the element analyzer to measure both soil organic carbon (SOC) and soil total nitrogen (STN).




2.4. Statistical Analysis


The abundance of soil nematodes was calculated based on the number of nematodes in soil, litter, or feces per 100 g dry weight. Three-way ANOVAs were used to test the effects of earthworm addition, millipede addition, and soil layer on the soil properties and the abundance of nematodes in the soil. Two-way ANOVAs were used to test the effects of earthworm addition and millipede addition on the abundance of nematodes in the litter. Post hoc LSD tests were used to compare the differences across treatments. One-way ANOVAs were used to compare the abundance of nematodes in control soil, treated soil, and animal feces. A nonmetric multidimensional scaling (NMDS) representing Bray–Curtis dissimilarity was used to examine whether earthworm addition or millipede addition differentially influenced nematode community composition [36]. The significance level was set to p = 0.05.





3. Results


3.1. Soil Properties


Earthworm addition significantly increased the soil nutrient content of SOC (F = 30.266, p < 0.001; Table 1; Figure 1A) and STN (F = 27.263, p < 0.001; Table 1; Figure 1B), while simultaneously increasing pH (F = 31.744, p < 0.001; Table 1; Figure 1C) and SWC (F = 40.931, p < 0.001; Table 1; Figure 1D). Millipede addition also significantly increased SOC (F = 9.313, p = 0.005; Table 1; Figure 1A), and pH (F = 9.580, p = 0.004; Table 1; Figure 1B), as well as STN (F = 49.874, p < 0.001; Table 1; Figure 1C). A significant interactive effect of earthworm addition and soil depth on soil pH was also detected (F = 18.259, p < 0.001; Table 1; Figure 1C). Furthermore, SWC at 5–10 cm depth was significantly higher than that at 0–5 cm (F = 38.377, p < 0.001; Table 1; Figure 1D).




3.2. Nematode Abundances and Species Richness


Ten nematode genera were recorded in the present study, and six of them were bacterivores. No omnivore predators were found in the present study. Due to the low abundances of fungivores and herbivores, only abundances of bacterivores and Ba1 guild were analyzed. The two-way ANOVA results showed no significant effects of earthworm addition or millipede addition on either nematode abundance or species richness in the leaf litter (Table 2; Figure 2A–D). However, earthworm addition significantly increased total nematode abundance (F = 42.515, p < 0.001; Table 1; Figure 2E) in the soil, as well as the abundance of bacterivores (F = 47.880, p < 0.001; Table 1; Figure 2F) and the Ba1 guild (F = 29.823, p < 0.001; Table 1; Figure 2G). Earthworm addition also ultimately increased soil community species richness (F = 30.215, p < 0.001; Table 1; Figure 2H, 5–10 cm). Earthworm addition also increased the abundance of nematodes in both earthworm casts and soil when compared to soil receiving the control treatment (Figure 3A–D). We did not observe any significant difference in nematode abundance or species richness in millipede fecal pellets. These pellets were indistinguishable from the soil receiving the millipede addition treatment. Nematodes were found both on the body surface and in the gut of the earthworms and millipedes. The mean value of the nematode individuals found on the body surfaces and in the guts of the millipedes was higher than that of earthworms (Figure 4).




3.3. Treatment Effects on Soil Nematode Taxonomic Community Structure


An NMDS ordination based on the distribution of soil samples after macrofauna addition showed strong associations with nematode taxonomic community structure among treatments (df = 3, r2 = 0.27, F= 3.07, p = 0.002; Figure 5). The earthworm addition + millipede addition treatment was associated with a larger number of nematode genera compared to individual earthworm or millipede addition (Figure 5). Meanwhile, the earthworm addition treatment and the millipede addition treatment were both related to bacterivore taxa (Ba1 groups). Specifically, the earthworm addition treatment was more related to Diplogasteridae, while the millipede addition treatment was more related to Rhabditis.





4. Discussion


This study mainly explored the transport of soil nematodes by soil macrofauna in the gut and body surface, as well as the dispersal of nematodes at different interfaces (litter, soil, body surface, and feces) of soil ecosystems. We found that soil macrofauna was able to significantly increase the abundance of soil nematodes, and that the community structures of the nematodes reconstructed in the soil by different macrofauna varied significantly, partly confirming our hypotheses.



How various soil fauna influence each other, through direct and indirect effects, remains a fundamental question in ecology [37]. Previous studies have largely explored the influence of adding a single macrofauna class (earthworm or millipede) to soil nematode communities [26,29]. Fewer studies, however, have focused on the mechanisms of and interactions between soil macrofauna and soil nematode communities, especially in forest ecosystems. In line with our first hypothesis, the addition of earthworms significantly increased the abundance of total nematodes and bacterivorous nematodes in the soil. The possible explanation is that earthworm activities may have spread the nematode individuals and eggs throughout the soil, and then promoted the assemblage process of the soil nematode community [27]. Another possible explanation is that earthworms increased the available nutrients in the soil by accelerating the soil organic matter mineralization. In fact, previous studies have shown that soil nematode abundance was positively correlated with the content of available phosphorus in the soil after earthworm addition [20,38]. In our study, earthworms and millipedes increased the soil nutrients, and may have stimulated soil nematode abundances through bottom-up effects. However, negative effects of earthworms on soil nematodes have also been reported, mainly because of their feeding habits (epigeic, endogeic, or anecic) and substrate conditions [39]. Furthermore, it should be noted that exotic earthworms may cause a decrease in the soil available nutrients and the abundances of soil nematodes compared with native earthworms in subtropical forests [38]. Surprisingly, the combined earthworm and millipede treatment did not produce the most diverse soil nematode community of our experiment, contradicting our second hypothesis. It is possible that this is because inter-individual variation in the nematode community was extremely high. A given millipede may actually be extremely similar to an earthworm, depending on the individual. In this case, the combined treatment may not have been effectively different than treatment with either worms or millipedes.



Despite this variability, we found that earthworms and millipedes promoted distinctly different soil nematode genera assemblage. There are likely two explanations for this difference: promotion and inhibition. Earthworms and millipedes host different varieties of soil nematodes, which they disperse throughout the soil. By propagating these nematodes, they likely shift the direction of the ultimate soil community. Secondly, some studies have shown that earthworms may inhibit the abundance of specific nematodes in soil. For instance, Yu et al. [24] found that the mucus produced by the earthworm body surface has negative effects on the behavior and physiology of some bacterivorous nematodes.



There were no significant differences between the nematode abundances in the 0–5 cm soil layer and those in the 5–10 cm soil layer (Table 1, Figure 2), suggesting that the soil nematode community is more strongly controlled by biotic interactions with macrofauna than by the physical and chemical properties associated with the soil layer. This was an interesting result. Millipedes usually live in the surface layer of the soil, and are thought to only impact decomposition and resource acquisition at the soil surface [40]. Conversely, endogenic earthworms are mostly distributed in the subsoil layer, and their indirect effects on nematodes are usually mediated by changes in soil structure, moisture status, and nutrient cycling [21]. That said, over the course of the experiment, we did observe burrowing millipedes and surface-dwelling earthworms, suggesting that the previously assumed vertical stratification of their impacts may be inaccurate in this setting. In addition, while the 42 days of the experiment may have been a sufficient duration to allow for the diffusion of soil nematodes throughout the mesocosm, it may have been insufficient to allow for the complete development of a ‘top’ and ‘bottom’ community. It is possible that, over a longer experimental period, the abiotic variation in soil layers would have been sufficient to observe two distinct communities. Overall, we found that soil macrofauna inoculation may be an effective means to reconstruct soil communities in defaunated soil, such as severely degraded forest soils. In other words, belowground macrofauna inoculation can be a potential complementary method to aboveground afforestation in the restoration processes of degraded forest ecosystems.




5. Conclusions


In this study, we explored and compared the influences of two classes of soil macrofauna (earthworms and millipedes) on soil nematode community composition and biodiversity. Both earthworms and millipedes demonstrated the potential to carry and spread soil nematodes on the body surface, in the gut, and, ultimately, in feces. This study further advances our understanding of how soil macrofauna and their interactions affect soil nematode community composition, and highlights the important role that soil macrofauna plays in maintaining soil biodiversity and soil nutrients in forest ecosystems.
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Figure 1. Soil properties after the addition of earthworms and millipedes to two soil layers. CK, control; E, earthworm addition; M, millipede addition; E + M, earthworm addition + millipede addition. (A) SOC: soil organic carbon (g·kg−1 dry soil); (B) STN: soil total nitrogen (g·kg−1 dry soil); (C) pH: soil pH; (D) SWC: soil water content (ratio of water to dry soil). Data represent means ± SE (n = 5). Significant (p < 0.05) effects based on one-way ANOVA are presented by lowercase letters. 
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Figure 2. Abundances and species richness of nematodes in the leaf litter and soil, as affected by earthworms and millipedes. (A,E) Total nematodes abundance; (B,F) the abundance of bacterivores; (C,G) the abundance of Ba1 guild of the bacterivores; (D,H) number of the nematode species. Data represent means ± SE (n = 5). Significant (p < 0.05) effects based on one-way ANOVA are presented by lowercase letters. 
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Figure 3. Comparison of the abundance and species richness of the nematodes between the soil and earthworm casts and the millipede feces. (A,E) Total nematodes abundance; (B,F) the abundance of bacterivores; (C,G) the abundance of Ba1 guild of the bacterivores; (D,H) number of the nematode species. Data represent means ± SE (n = 5). Significant (p < 0.05) effects based on one-way ANOVA are presented by lowercase letters. No millipede feces was found sample receiving E + M treatment. 
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Figure 4. Abundances of the nematodes on the body surfaces or in the guts of earthworms and millipedes in each microcosm. Data represent means ± SE (n = 5). 
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Figure 5. Nonmetric multidimensional scaling (NMDS) plot of nematode genera/family composition as a function of treatments (Bray–Curtis). 






Figure 5. Nonmetric multidimensional scaling (NMDS) plot of nematode genera/family composition as a function of treatments (Bray–Curtis).



[image: Forests 14 00748 g005]







[image: Table] 





Table 1. Effects of earthworm addition (E), millipede addition (M), and soil depth (depth) on soil properties, soil nematode abundance, and diversity.
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Variable

	
E

	
M

	
Depth

	
E × M

	
E × Depth

	
M × Depth

	
E × M × Depth




	
F(1,32)

	
p

	
F(1,32)

	
p

	
F(1,32)

	
p

	
F(1,32)

	
p

	
F(1,32)

	
p

	
F(1,32)

	
p

	
F(1,32)

	
p






	
Soil properties

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
SOC

	
30.266

	
<0.001

	
9.313

	
0.005

	
0.475

	
0.496

	
0.182

	
0.673

	
2.182

	
0.149

	
3.664

	
0.065

	
0.206

	
0.653




	
STN

	
27.263

	
<0.001

	
9.580

	
0.004

	
0.040

	
0.842

	
1.860

	
0.182

	
1.820

	
0.187

	
2.502

	
0.124

	
0.303

	
0.586




	
pH

	
31.744

	
<0.001

	
49.874

	
<0.001

	
1.794

	
0.190

	
3.554

	
0.069

	
18.259

	
<0.001

	
0.788

	
0.381

	
4.028

	
0.053




	
SWC

	
40.931

	
<0.001

	
3.573

	
0.068

	
38.377

	
<0.001

	
1.645

	
0.209

	
0.769

	
0.387

	
0.016

	
0.901

	
0.229

	
0.636




	
Soil nematodes

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Total nematodes

	
42.515

	
<0.001

	
2.083

	
0.159

	
0.035

	
0.854

	
0.310

	
0.581

	
0.886

	
0.354

	
0.234

	
0.632

	
0.025

	
0.876




	
Bacterivores (Ba)

	
47.880

	
<0.001

	
3.010

	
0.092

	
0.021

	
0.887

	
0.676

	
0.417

	
0.867

	
0.359

	
0.159

	
0.693

	
0.055

	
0.816




	
Ba1

	
29.823

	
<0.001

	
2.095

	
0.158

	
0.538

	
0.469

	
1.707

	
0.201

	
1.031

	
0.318

	
0.033

	
0.857

	
0.214

	
0.647




	
Species richness

	
30.215

	
<0.001

	
0.002

	
0.964

	
0.646

	
0.427

	
1.796

	
0.190

	
1.249

	
0.272

	
1.249

	
0.272

	
0.072

	
0.790








SOC: soil organic C; STN: soil total N; SWC: soil water content. Ba1 represents the bacterivorous nematode with a c-p value of 1; n = 5. Significant (p < 0.05) effects are presented in bold.
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Table 2. Effects of earthworm addition (E) and millipede addition (M) on nematodes in leaf litter.
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Variable

	
E

	
M

	
E × M




	
F(1,16)

	
p

	
F(1,16)

	
p

	
F(1,16)

	
p






	
Total nematodes

	
0.239

	
0.631

	
0.036

	
0.852

	
0.694

	
0.417




	
Bacterivores (Ba)

	
0.027

	
0.871

	
0.477

	
0.500

	
4.193

	
0.057




	
Ba1

	
1.109

	
0.308

	
0.029

	
0.867

	
1.515

	
0.236




	
Species richness

	
0.018

	
0.896

	
0.018

	
0.896

	
0.258

	
0.618








Ba1 represents the bacterivorous nematode with a c-p value of 1; n = 5. No significant (p < 0.05) effects were found.
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