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377  frequency ratios in the sound attenuation chamber for restored and degraded soils
378 (Estimate = 0.04, SE = 0.13, p =0.7) (t =-0.33, df = 8, p = 0.37) (Fig. 5A3).

379

380

381 Figure 5. (A) Boxplots of acoustic index outputs for sound attenuation chamber (i.e.,
382  soil) samples and separated based on treatment groups (degraded vs restored). From
383 lefttoright: (1) AClI, (2) Bl, and (3) NDSI. Each plot has a red guideline to show trends
384 in the mean values. (B) Examples of soil acoustic spectrogram for both treatment
385 groups, showing the same window in two different analysis programmes (Wildlife

386  Acoustics Kaleidoscope Pro and Audacity v3.1.3). N.S. = not significant.
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387 In situ soil ecoacoustics

388  There was no effect of the restoration/degradation status on ACI (Estimate = 0.12, SE
389 =0.14, p =0.3) or Bl (Estimate = 0.25, SE = 0.5, p = 0.6; Fig. 6). There was a greater
390  NDSI in restored in situ soils than degraded soils (Estimate = 0.09, R? = 0.15, SE =
391  0.03, p=0.02) (t=-2.18, df = 89, p = 0.01) (Fig. 6, final plot), indicating greater high-

392  frequency to low-frequency ratio in the restored soils.

393
(A) % 7 (B) : (9] .
n¥90 n 90 n¥oo na 80 0.5 % J90 n90
18 [t=-086,df=89,p=0.19] & _ 201 [t=-044,df=89,p=033 7] [t=-2.18,df=89,p=<0.01]*
() - ) \ A fa] ” .
< 45| NS. = | Ns. : Z 50
s o : 3
£, F] 1
2 {7 2
D - ‘@ -0.5
£13 £
12 -1.0 '
Degraded Restored Degraded Restored Degraded Restored
Treatment group Treatment group Treatment group
394

395 Figure 6. Boxplots of acoustic index outputs for in situ (i.e., soil) samples, separated
396 by treatment group (degraded vs restored). From left to right: (A) ACI, (B) BI, and (C)
397 NDSI. Each plot has a red guideline to show trends in the mean values. N.S. = not
398  significant.

399

400 Above-ground acoustic diversity and complexity

401  There was no effect of restoration/degradation status on ambient AC| (Estimate = -
402 0.5, SE = 0.6, p = 0.4) and Bl (Estimate = 0.7, SE = 2.0, p = 0.7) (Fig. 7). When
403 accounting for the visit and plot random effects, there was no effect of

404  restoration/degradation status on ambient NDSI (Estimate = 0.14, SE = 0.2, p = 0.6).
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However, we do report a higher NDSI in the restored plots when we did a simple linear

regression (Estimate = 0.18, R2 = 0.46, df = 168, p = 0.04).
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Figure 7. Boxplots of acoustic index outputs for ambient (i.e., above-ground) samples,
separated by treatment group (degraded vs restored). From left to right: (A) ACI, (B)
Bl, and (C) NDSI. Each plot has a red guideline to show trends in the mean values.

N.S. = not significant.

Discussion

We show that restored forest soils — in sound attenuation chambers at least — exhibit
higher acoustic complexity and diversity than degraded soils, supporting our first
hypothesis. Interestingly, there was no significant relationship between ambient (i.e.,
above-ground) acoustic diversity and degraded/restored status, probably in part due
to the broad scale of sound transmission through the forest, compared to the highly
localised soil soundscape (discussed below). We report greater high-frequency to low-
frequency ratios in restored compared with degraded forest soils measured in situ,
supporting our second hypothesis. Moreover, we validate our findings by reporting that

invertebrate abundance — though not richness — was higher in restored than degraded
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424  forest soils. Accordingly, our study provides a case study on how soil ecoacoustics
425  has clear potential to assess biodiversity in — and the restoration status of — forest
426  soils.

427

428 Restored vs. degraded soil ecoacoustics

429  Responses of soil biota to microhabitat conditions have been investigated extensively
430 (Martins et al. 2012; Heiniger et al. 2015), and a recent study explored the temporal
431 and spatial dynamics of soil biophony using ecoacoustics (Maeder et al. 2022).
432 However, to our knowledge, our study is the first to investigate soil acoustic dynamics
433 in a restoration context. It is the first study to relate the acoustic complexity, amplitude
434 and frequency-band characteristics of the soil soundscape (via the ACI, Bl and NDSI)
435 to the abundance and richness of directly measured forest soil invertebrates. We
436  reveal significant differences in the acoustic complexity and diversity between
437  degraded and restored forest plots when measured in a sound attenuation chamber.
438  These differences were associated with soil invertebrate abundance but not richness
439  (unlike the findings of Maeder et al. 2022). This relationship between acoustic signals
440 and soil communities, and the variation between degraded and restored plots,
441  suggests that the restoration status of forest soils can be captured by monitoring soill
442  soundscapes. Our models show that we could predict acoustic complexity and
443  diversity based on the degraded and/or restored status of the forest plots, and these
444  relationships were still significant when accounting for plot and visit-associated
445  variability. The Acoustic Complexity Index (ACI) was the only one of the three indices
446  we used that assesses the temporal dynamics of the sound recordings. It has become
447  clear during this study that soil recordings are characterised by broadband stop-start

448  intermittent noises produced by soil fauna, and these dynamics are better represented
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449 in the time domain than by analysing patterns across frequency bins (as done with Bl
450 and NDSI). Therefore, ACl is the best index to analyse this characteristic.

451

452  However, our results contrasted somewhat between samples from the sound
453  attenuation chamber and taken in situ. The reason for this could be that the chamber
454  may enhance the quality of the acoustic signal and reduce external noise. Despite the
455  resting period, the act of moving soil into the chamber could also stimulate the
456  movement (and hence sound production) of soil fauna, although acoustic complexity
457  and diversity were still significantly higher in the restored soils. These findings suggest
458 that the sound attenuation chamber sampling approach may be more suitable for
459  detecting soil fauna acoustic signals in this forest restoration context. However, the in
460  situ approach has the benefit of being less intrusive (i.e., no soil excavation is
461  required). Therefore, it will be important to further optimise the in situ sampling strategy
462 to improve the application of ecoacoustics to restoration.

463

464  The lack of association between soil invertebrate richness and acoustic index outputs
465  contradicts the relationships found in a recent soil acoustics study (Maeder et al.
466  2022). This could simply be due to inter-ecosystem variability and the variety of
467  acoustic signals made by soil fauna, which is still poorly understood. Alternatively, it
468  could result from the relatively rapid in situ invertebrate-counting method employed in
469  this study, which only provided a ‘snapshot’ of the resident soil fauna. Mean
470 invertebrate richness was the same for both degraded and restored forest plots,
471 although the invertebrate abundance was significantly higher in the restored plots.
472  This aligns with other studies that show higher soil invertebrate abundance in habitats

473 with lower disturbance (Smith et al. 2008; Nkem et al. 2020). The higher abundance
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474  of earthworms in the restored soils also corroborates other studies (Wodika et al. 2014;
475  Singh et al. 2020). This could partially explain the higher acoustic complexity detected
476  in restored soils. For instance, earthworms form burrows through the soil as they seek
477  carbon-rich areas, which serve as preferential networking pathways for plant root
478  growth, water flow and gas transport (Lacoste et al. 2018), all of which contribute to
479  the soil soundscape (Gagliano et al. 2017; Del Stabile et al. 2022; Keen et al. 2022).
480 In the future, it would be prudent to take a more robust approach to invertebrate
481  counting, such as using the Berlese method (Sabu and Shiju 2010). This involves
482  specially-adapted funnels to separate soil invertebrates from litter and particles and
483  counting ex situ (Maeder et al. 2022). Metagenomics analysis is another option, either
484  alone or in combination with traditional methods. This allows the genomes of soll
485 organisms to be sequenced, differentiated and labelled without requiring
486  morphological analysis (Schmidt et al. 2022). However, the need to control false-
487  positive occurrences resulting from legacy DNA is vital (Laroche et al. 2017).

488

489 We report a significant association between NDSI values and the
490 degradation/restoration status of forest plots, where restored plots exhibited a greater
491  high-frequency to low-frequency ratio, aligning with our hypothesis. The NDSI seeks
492  to describe the ‘health’ of an ecosystem by inferring the level of anthropogenic
493  disturbance received (Eldridge et al. 2016). We hypothesised that our recording
494  devices were more likely to detect higher-frequency biophony in restored plots and
495 lower-frequency anthropogenic disturbance in degraded plots. This was based on the
496  assumption that the increased signals from biological activity in restored plots would
497 outweigh low-frequency noise, with potential effects also from the attenuation

498  properties of the system (Tashakor and Chamani 2021; Sangermano 2022) i.e., the
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499  energy loss of sound propagation in a given medium. It could also be that greater
500 earthworm activity changes soil characteristics (making them more air permeable) to
501 allow better propagation of higher-frequency sounds, thereby increasing NDSI scores
502 (Keen et al. 2022). Understanding the factors that affect this biophony-to-anthrophony
503 ratio in a restoration context warrants further research. Examples of next steps could
504 be conducting controlled experiments that manipulate sound sources and
505 adding/removing vegetation and other physical features and media that provide noise
506 attenuation. Applying new physics-based models to evaluate how the frequency and
507 distance-dependent attenuation of sound impact the acoustic detection of soniferous
508 species (Haupert et al. 2022) could also improve outcomes in a restoration monitoring
509 context. Interestingly, there was no significant difference in the NDSI values between
510 degraded and restored soil in the sound chambers, which was probably because the
511 sound attenuation foam in the chamber acts to standardise ambient acoustic
512 conditions.

513

514  Above-ground ecoacoustics

515  Contrary to our expectations, we did not find a significant relationship between above-
516  ground acoustic diversity and complexity and the degradation/restoration status of the
517  forest plots. We hypothesised that we would observe higher acoustic diversity in the
518 restored forest plots as faunal species richness, abundance, biomass and functional
519  diversity are known to increase with restoration age (Derhé et al. 2016). Moreover,
520 studies have shown that bird species diversity (the most soniferous group contributing
521 to the soundscape) increases as restored forests mature, and bird communities in
522  recovering areas become more similar to those of undisturbed areas with post-

523  restoration age (Owen et al. 2021). The lack of a restoration effect on above-ground
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524  acoustic diversity and complexity could be due to our degraded and restored plots
525  being relatively small compared to the soundscape of birdsong. Consequently,
526  birdsong acoustic signals could potentially overlap across our plots, which is a
527  limitation of our study. Future studies should pair sampling in time across plots,
528  particularly when degraded and restored plots are within relatively close proximity to
529 each other. Alternatively, mean acoustic diversity might increase as patch size
530 increases, and more complex vegetation is associated with higher diversity (Grant et
531 al. 2016). Therefore, it is possible that the minimum habitat patch size in our study was
532 not sufficient to influence acoustic source variability in the treatment groups.

533

534  Our study provides preliminary evidence for using soil ecoacoustics — a minimally-
535 intrusive and cost-effective assessment method — as a soil biota monitoring tool that
536  can evaluate restoration projects. With future work, soil ecoacoustics could develop
537 into an effective tool that measures the abundance, complexity and composition of soil
538 biota that is also sensitive to restoration interventions. Given the rapid pace of
539  biodiversity loss and the rise in anthropogenic noise, the ability to detect the acoustic
540 signals from soniferous species and monitor the level of disturbance from
541 anthrophonies has never been more important. Further exploration of above-ground
542  ecoacoustics in different forest restoration settings, e.g., sites receiving different
543  restoration interventions of varying patch sizes and in different biomes, would be
544  valuable. Building on our findings—that soil acoustic complexity and diversity and
545 noise disturbance differ between degraded and restored forest plots—has the

546  potential to inform and enhance future restoration policy and practice.

547
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