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Abstract: Riparian forests were frequently cleared and converted to agricultural pastures, but in
recent times these pastures are often revegetated in an effort to return riparian forest structure and
function. We tested if there is a change in the soil bacterial taxonomy and function in areas of riparian
forest cleared for agricultural pasture then revegetated, and if soil bacterial taxonomy and function is
related to vegetation and soil physicochemical properties. The study was conducted in six riparian
areas in south-eastern Australia, each comprising of three land-use types: remnant riparian forest,
cleared forest converted to pasture, and revegetated pastures. We surveyed three strata of vegetation
and sampled surface soil and subsoil to characterize physicochemical properties. Taxonomic and
functional composition of soil bacterial communities were assessed using 16S rRNA gene sequences
and community level physiological profiles, respectively. Few soil physiochemical properties differed
with land use despite distinct vegetation in pasture relative to remnant and revegetated areas. Overall
bacterial taxonomic and functional composition of remnant forest and revegetated soils were distinct
from pasture soil. Land-use differences were not consistent for all bacterial phyla, as Acidobacteria
were more abundant in remnant soils; conversely, Actinobacteria were more abundant in pasture
soils. Overall, bacterial metabolic activity and soil carbon and nitrogen content decreased with soil
depth, while bacterial metabolic diversity and evenness increased with soil depth. Soil bacterial
taxonomic composition was related to soil texture and soil fertility, but functional composition was
only related to soil texture. Our results suggest that the conversion of riparian forests to pasture is
associated with significant changes in the soil bacterial community, and that revegetation contributes
to reversing such changes. Nevertheless, the observed changes in bacterial community composition
(taxonomic and functional) were not directly related to changes in vegetation but were more closely
related to soil attributes.

Keywords: revegetation; plant-soil interactions; soil microbiome; riparian ecosystems; microbial diver-
sity; bacterial community composition; community-level physiological profiles; EcoPlates; restoration

1. Introduction

Land-use change can strongly affect vegetation, soil physicochemical properties, and
soil bacterial communities [1–4]. Soil bacteria are essential to the biogeochemical cycles
of terrestrial ecosystems, as they return nutrients and organic matter to the soil, carrying
out metabolic activities key to decomposition processes [5,6]. At the same time, bacterial
community abundance, composition, and activity may be critical in improving soil prop-
erties and increasing plant establishment after land-use change [7–9]. Understanding the
relationships between soil bacterial communities and plant community structure during the
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conversion of agricultural land to native vegetation is essential for increasing revegetation
success and cost-effectiveness [10].

Soil bacterial communities can be copiotrophic where their abundance increases in
environments rich in nutrients [11], or oligotrophic and thrive in areas with low nutrients.
Bacterial community structure has been shown to covary with soil texture and salinity [12],
soil fertility (nitrogen, phosphorus, potassium, pH), and soil organic matter [13]. For
instance, increases in organic matter have been shown to increase relative abundance
of Actinobacteria and decrease that of Acidobacteria, while reducing organic matter has
the opposite effect [14]. Furthermore, vegetation properties can influence soil bacterial
abundance, activity, and taxonomic composition [15,16]. Previous studies have shown
differences in the soil bacterial communities were related to exotic and native ground-
cover vegetation [17]. These vegetation-driven changes in soil bacteria may be a bacterial
response to plant root exudations, which are carbon-based compounds comprised of
organic acids, carbohydrates, and amino acids [18,19].

The clearing of forest and conversion to agricultural pasture is associated with a range
of changes which can have implications for soil bacterial communities. Disturbance from
land-use change due to agricultural intensification is known to be especially detrimental
to soil bacterial communities as it causes imbalances in soil nutrient pools [20–22]. Agri-
cultural intensification in grasslands can have a greater impact on bacterial taxonomic
composition than on function [1]. Forest-to-pasture conversion altered bacterial community
composition in the Amazon rainforest; specifically, alpha diversity increased while beta
diversity decreased [23]. In addition to changes in soil bacterial taxonomic composition,
Rodrigues, et al. [23] found pasture communities were linked to increases in soil carbon,
nitrogen, and magnesium concentrations. The shift from woody vegetation to pasture
species decreases rooting depth, affecting bacterial communities in surface soil rather than
subsoil [2–4,24,25]. Surface soil has higher bacterial activity and biomass [2,3,6,26] and
higher density of plant roots [25]. Studies show that land-use change influences bacterial
taxonomic and functional composition, a trend that has been observed in grasslands [14],
forests [27,28], and wetlands [22,29], but has not been yet been fully explored in Australian
riparian ecosystems.

Revegetation is often conducted with the purpose of increasing functionality and
reverting composition to the pre-disturbance state [28]. However, revegetation success is
often determined by evaluating changes aboveground rather than belowground [30]. Due
to the complexity and variability observed in the taxonomic and functional distribution
belowground, the changes to microbial communities (including fungi, bacteria and archaea)
are often called ‘the black box of microbial diversity’ [31]. For instance, in grasslands
revegetated sites had higher bacterial taxonomic and functional diversity compared to
agricultural sites, and bacterial taxonomic and functional diversity was positively correlated
with plant diversity [14]. However, in coastal forest revegetation, soil bacterial taxonomic
diversity was related to soil physicochemical properties, and revegetated ex-agricultural
pastures were comparable to the remnant sites after 15 years [32]. Yan, et al. [32] also
showed a clear effect of soil depth at phyla level, where soil depth had a significant
effect on many taxa, most showed greater diversity and abundance in surface soils. In
riparian ecosystems it is currently unclear what vegetation or edaphic properties are
related to bacterial (taxonomic and functional) composition, how conversion to pasture and
subsequent revegetation may impact soil bacterial community composition and function,
or if recently revegetated sites (<10 years post planting) are similar to remnant sites.

Riparian ecosystems have high plant diversity, complex stream geomorphology, and
are centers of anthropogenic activity. They are often referred to as a complex mosaic of
habitats that differ in soil properties, moisture availability, and plant community compo-
sition [33–38]. Due to the high fertility of riparian soils and easy access to watercourses,
these ecosystems were often converted to productive agricultural areas for cultivation and
livestock [10,39]. This conversion has affected many waterways worldwide, resulting in
the loss of capacity to provide valuable ecosystem services in riparian areas [40]. In recent
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decades, a greater understanding of the relevance that riparian forests play in landscape
hydrology has made revegetation of this area a high priority [41].

It is assumed that since soil bacterial communities are significantly influenced by
vegetation complexity [42–44], bacterial communities would also be recovered through
revegetation. However, to what extent vegetation clearance affects soil abiotic and biotic
factors and whether that effect is reverted through revegetation with native riparian
forest species is unknown. To address this gap, we investigated bacterial community
composition (taxonomic and functional) in riparian ecosystems that have been converted
to agricultural pasture and later revegetated. We aimed to address the following questions:
(a) Does soil bacterial community composition (taxonomic and functional) change with the
conversion of riparian forest to agricultural pasture? (b) To what extent does revegetation of
pasture restore the soil bacterial community composition (taxonomic and functional) to its
original state? (c) Do land-use change effects on bacterial composition differ in the surface
soil (0–10 cm) relative to subsoil (20–30 cm)? (d) Which vegetation properties and/or
soil physicochemical properties better predict the soil bacterial community composition
(taxonomic and functional)? We hypothesized that bacterial community composition
(taxonomic and functional) would change with land use and soil depth. Furthermore, we
predicted that composition in revegetated areas would be most similar to remnant riparian
vegetation, particularly in the surface soil.

2. Materials and Methods
2.1. Study Sites

Six study sites were located around the city of Melbourne in south-eastern Australia
near different rivers and creeks. Sites encompassed a range of climate, topographies, and
soil types (Figure 1, Table 1).

Figure 1. Map of the six study sites, showing the location of the state of in south-eastern Australia
(top left), the state of Victoria (top right), and the six study locations (bottom).
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Table 1. Characteristics of the six study sites around the city of Melbourne in south-eastern Australia.

Site Characteristic Yarra River Little Yarra River Main Creek Myrniong Creek Spring Creek Whitehorse Creek

Latitude (◦) −37.690414 −38.447583 −38.447583 −38.447583 −37.733553 −37.692834
Longitude (◦) 145.837033 144.931250 144.931250 144.931250 144.311455 144.350005

Mean Annual Maximum Temp. (◦C) b 19 17 17 17 17 17
Mean Annual Minimum Temp. (◦C) b 7 11 11 11 8 8

Elevation (m) c 217 120 54 493 232 236
Annual Rainfall (mm) 1463 1006 752 854 680 680
Average Slope (%) c 6 8 33 17 11 9

Australian Soil Classification a Chromosols Chromosol Tenosols,
Ferrosols Kandosols Kurosols Kurosols

Year of Revegetation 2010 2008 2011 2011 2011 2014
Revegetation age at sampling time (years) 7 9 6 6 6 3

a Soil classifications are from Australian Soil Resource Information System [45], b climate data was sourced from Bureau of Meteorology [46],
c elevation and slope were measured in each site.

Each site supported three land-use types representative of the conversion of riparian
forest to cleared pasture, and the subsequent revegetation of pasture with species native to
remnant riparian forest. Remnant riparian forest was dominated by Eucalyptus viminalis
Labill., Eucalyptus ovata Labill., and Acacia dealbata Link; pasture was dominated by exotic
grasses including Holcus lanatus L. and Anthoxanthum odoratum L. and periodically grazed
by sheep or cattle. Revegetated areas were formerly pasture that had been planted with
nursery grown indigenous trees and shrubs typical of the riparian forest and were three to
nine years of age at time of sampling (Table 1, Supplementary Table S1).

2.2. Vegetation Surveys

One 25 m × 25 m quadrat (625 m2) was set out within each land-use type (remnant,
revegetated, and pasture) at each site for sampling vegetation and soils. Quadrats were
located 50–2057 m apart across all sites. Vegetation surveys were conducted in three strata
defined as: canopy (trees with diameter at breast height (DBH) ≥15 cm), sub-canopy (trees
and tall shrubs with DBH <15 cm), and ground cover (grasses and forbs). Cover and basal
area of canopy species were assessed using the point-centered quarter method [47], at four
randomly selected points within each quadrat. For each quadrant we measured diameter
and distance from each point to the nearest tree with a DBH ≥15 cm. Average point to
plant distance (APPD) was calculated by summing total distance measured from point to
tree and dividing by the number of plants. For pasture quadrats with sparse canopy, apart
from the occasional canopy tree, a maximum value for APPD of 50 m was applied. Basal
area was calculated across all plants and for Eucalyptus species. Relative density of canopy
species was calculated by dividing the number of individuals found at each land-use type
by the total number possible for a quadrat (4 points × 4 quadrants = 16).

Cover of the sub-canopy was assessed via the line-intercept method, with three 20 m
transects established within each quadrat [48]. Transects were placed 2 m inside the north
boundary of each quadrat at 7 m, 14 m, and 21 m. For each transect, estimates of percentage
vegetation cover were recorded at 1 m intervals for vegetation 1.5 m aboveground. We
used the line intercept data to determine the total number of species and total number of
Acacia spp. in the sub-canopy. For ground cover, assessments were made using a small
1 m2 quadrat placed every 5 m along each transect (5 quadrats per transect). In small
quadrats we determined; cover of litter, bare ground, cover of each species and total cover
as a percentage, estimated to the nearest 5%.

2.3. Soil Sampling and Analyses
2.3.1. Soil Sampling and Physicochemical Analyses

Soils were sampled from within each quadrat according to protocols established by
the Biomes of Australian Soil Environments (BASE) project [49] and our data is available
online in the BASE database. Samples were collected in November 2017, Austral spring.
Each soil sample was a composite of 27 cores, taken within a 1 m radius of the nine points
regularly spaced within each quadrat, at two depths (0–10 cm and 20–30 cm) using a soil
auger (27 mm inner diameter). Soils were kept on ice until homogenized in the laboratory
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when anything larger than 5 mm was removed (litter, roots, and stones). Two 50 mL
tubes were each filled with approximately 20 g of field moist homogenized soil which was
frozen at −80 ◦C for later genetic analysis and community-level physiological profiling
(CLPP). The remaining soil was weighed, then dried in an oven at 40 ◦C and weighed
again for soil moisture (%). Approximately 500 g of soil was sent to CSBP Soil and Plant
Analysis Laboratory (Bibra Lake, Western Australia) for soil physical and chemical analyses
including: pH, electrical conductivity, available nitrogen, available phosphorus, sulfur,
organic carbon, total nitrogen, exchangeable cations (Mg, K, Na, Ca), extractable trace
elements (Cu, Fe, Mn, Zn, Al, B), and soil particle size [50]. Soil bulk density was measured
by the volumetric method for surface soil (0–10 cm depth) in one core per quadrat. Samples
were not adjusted for stone content and dried at 80 ◦C.

2.3.2. Soil DNA Extraction, Sequencing, Operational Taxonomic Unit (zOTU)
Identification, and Filtering

DNA extraction and sequence analyses were conducted according to the methods
described in Bissett et al. [49], with amplicon sequence variants produced instead of 97%
zOTUs. Briefly, soil DNA was extracted and then pooled from 3 × 0.25 g soil replicates
from each sample at the Australian Genome Research Facility (AGRF, Adelaide, Aus-
tralia) using MoBio powersoil DNA extraction kits (MoBio, Carlsbad, CA, USA) according
to manufacturer’s instructions. Bacterial 16S ribosomal DNA was PCR-amplified using
primers 27F and 519R [51]. Sequences (300 bp PE) were then produced using the Illumina
MiSEQ platform. Sequenced 16S rRNA gene amplicons were merged with FLASH [52].
Merged reads <400 bp and those containing Ns or homopolymer runs >8 bp were re-
moved using MOTHUR v1.34.1 [53]. Sequences were denoised using the UNOISE3 algo-
rithm [54] and USEARCH v11 [55] (–minsize 4) with abundance profiles built by mapping
all data to identified zOTU (usearch–otutab–maxaccepts 0). Amplicon sequence variants
were classified using the RDP classifier [56] in MOTHUR at a 60% probability cut-off,
against SILVA132 [57].

Across all samples we found a total of 127,662 bacterial zOTUs across 40 phyla. Data
were then filtered to include only phyla with 2% or more of the total number of zOTUs
found, leaving 10 phyla. The reduced dataset had 120,863 zOTUs. The number of zOTUs
present in samples ranged from 62,959 to 143,581, with a mean of 101,756. Samples were not
rarefied as preliminary analysis showed no significant difference in the sequence numbers
per sample among land use and depth, and observed richness was strongly correlated
with rarefied richness ([58] Supplementary Figures S1 and S2). Singletons at sample level
were removed from dataset and the number of observed zOTUs per sample was used for
further analyses. No significant differences in the number of singletons removed were
observed based on land use or depth (data not shown). The filtered dataset was used to
investigate differences in abundance, richness and Shannon’s diversity index [59] with
land use, and depth overall, and by phyla. Relative abundance was calculated by dividing
the total sequence abundance for each phylum by the sum total sequence abundance for
that land use and depth.

2.3.3. Bacterial Functional Composition (Community-Level Physiological Profiles—CLPP)

Community-level physiological profiling (CLPP) was used to characterize soil bacterial
community carbon use as a measure of activity and functional composition. CLPP was
measured using Biolog EcoPlates™, which have tetrazolium violet dye and 31 different
carbon compounds that have a redox reaction when a carbon source is used [60]. The redox
reaction makes the well change color and measurements of the intensity of bacterial activity
for specific carbon sources can be collected using a spectrometer. Color development only
occurs once the total number of cells in a well reaches approximately 108 cells m−1 [61,62],
triggering the color change.

A solution of 5 g of field-moist frozen soil from each sample was suspended in
45 mL of 0.87% NaCl solution, shaken for 30 min and left to settle for a further 30 min in
accordance with Garland [60]. A 130 µL aliquot of the soil solution was added to each
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EcoPlate well (one EcoPlate per soil sample). The EcoPlates were dark incubated at 30 ◦C
for 168 h during which time the optical density (OD) of plates was read every 24 h at
590 nm using a photometric microplate reader with an incubator (Multiscan GO, Thermo
Scientific, Ratastie, Finland). Plates were shaken for 30 s to mix the solution after each read.
OD was corrected by subtracting the control well OD (only contained reverse osmosis
water) from carbon source OD, for each well from each plate. Values <0.25 and negative
values were set to zero. Each EcoPlate had 96 wells comprising of three replicates of 31
carbon sources (Supplementary Table S2).

Average well color development (AWCD) for each carbon source was calculated as the
average OD of the three replicate wells containing the same carbon source in each plate [60].
The optimal range for OD values was reached at 120 h, after this point the curve began to
flatten. Area under the curve (AUC) used AWCD at a range of time points (tx) in the upwards
slope of the curve (0, 24, 48, 72, 96, 120 h, respectively). AUC is an integral rate of increased
activity overtime [63,64] which captures the differences in carbon source utilization profiles
by integrating all the information contained in the kinetic variables [65,66]:

AUC = ∑ tx
AWCDn + AWCDn+1

2(tn+1 − tn)
(1)

AUC has been used to compare changes over time with those observed at one time
point (AWCD). However, methods for CLPP statistical analysis have not been standardized
yet [64], and many studies use more than one measure of CLPP to quantify changes
(e.g., Jałowiecki, et al. [63], Poyraz and Mutlu [67], and Schmitt, et al. [68]).

Further analyses used AWCD and AUC to investigate differences in catabolism (abun-
dance), number of different carbon sources used (richness), and evenness of response
(Shannon’s diversity index [59]) based on land-use, and depth overall. Then similar carbon
compounds were grouped into guilds (carbohydrates, carboxylic and ketonic acid, amino
acids, amines/amides, or polymers, Supplementary Table S2). AWCD was used to investi-
gate overarching patterns in catabolism, richness, and evenness within carbon guilds for
land use and depth. Relative catabolism was calculated by dividing the total AWCD for
each carbon guild by the sum total catabolism for that land use and depth.

2.4. Statistical Analyses

Prior to analyses, data was either log10 or square-root transformed as necessary to
meet assumptions of normality and homogeneity of variance. Significance of land use
and depth (soils only), effects on vegetation, soil physicochemical properties, and bacterial
community (taxonomic and functional composition) were assessed using generalized
linear models (GLMs). Land use and depth were fixed factors, and site (river/creek) was a
random factor. Models used the Gaussian method and were implemented using R package
lme4 [69]. Significant pair-wise differences were assessed using post-hoc Tukey HSD tests
using R package emmeans [70].

Non-parametric permutational multivariate analysis of variance (PERMANOVA) was
used to test the overall effects of land use and depth on environmental variables (vege-
tation, soil properties) and bacterial community taxonomic and functional composition.
Environmental variables (vegetation properties and soil physicochemical properties) had
significance testing of the Euclidean dissimilarity measures and post-hoc comparisons
were made using 999 permutations in the R package vegan version 2.4-6 [71]. Bacte-
rial community taxonomic (within class) and functional composition (within guild) were
visualized using non-metric multidimensional scaling (NMDS). The ordination used Bray–
Curtis distances from Hellinger transformed data, with 999 permutations. Dispersion
was assessed by calculating the average distance between data points and the centroid
in multivariate space with the significance of differences (by land use or depth) analyzed
using ANOVAs, with post-hoc Tukey HSD tests. Analyses were conducted using vegan
version 2.4-6 R package [71].
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Principal component analysis (PCA) was used to identify differences in variables
between land-use types and depth. PCA was conducted on vegetation and soil properties
separately. Visualization of PCA used the function prcomp in R core stats package [72],
and packages factoextra [73] and FactoMineR [74]. Dimensions for variables with eigenval-
ues ≥1 that cumulatively explained 80% or more of the variation were used in redundancy
analysis (Supplementary Table S3).

Redundancy analysis (RDA) was used to assess the relationship between environ-
mental properties and soil bacterial community composition (taxonomic and functional).
Variables included in the RDA are dimensions from the vegetation and soil PCAs that
were fitted using the envfit function in vegan package [71]. Vegetation properties have
been duplicated for both depths; bulk density and soil moisture have been removed
as they were only sampled in surface soil. All statistical analyses were conducted in R
version 1.0.153 [72].

3. Results
3.1. Environmental Factors
3.1.1. Vegetation

Vegetation diversity differed among land-use types. Species richness of canopy, sub-
canopy, and native ground cover in remnant and revegetated land-uses was significantly
greater than in pasture (Table 2). Pasture lacked canopy and sub-canopy vegetation, had
larger APPD than other land uses, and had a greater richness of exotic ground cover (Table 2).
Average tree basal area and total density of canopy species were similar between revegetated
and remnant land uses; however, remnant quadrats had greater sub-canopy cover, greater
native ground cover richness, and lower exotic ground cover richness than revegetated
quadrats (Table 2). Consistent with most univariate analyses, multivariate PERMANOVA
indicated significant differences in vegetation properties between pasture and other land uses,
but no differences between remnant and revegetated land use (Table 2).

Table 2. Vegetation properties of the three land-use types (P, pasture; RV, revegetated; RM, remnant) across six sites. Values
represent means (±SE) with p values from general linear models (GLM) testing for the effect of land use (L). Significant
differences (Tukey HSD test) between land uses are indicated by superscript letters and are bold for p values < 0.05. Study site
was included as a random factor. PERMANOVA tested for differences in the Euclidean distance matrix among land-uses across
all variables.

Strata/Variable Abbreviations Used C Land Use
GLM p Value

Pasture (P) Revegetated (RV) Remnant (RM)

Ground cover
Bare ground (%) BG 9.4 (5.1) 7.6 (2.2) 11.7 (5.2) 0.79

Litter (%) L 35.3 (7.5) 29.2 (11) 20.5 (11.7) 0.43
Richness—exotic species GC_Exotic 7.5 (0.5) b 5.0 (1) b 2.8 (0.9) a 0.00

Richness—native species A GC_Native 1.8 (0.7) c 5.2 (1.1) b 7.3 (1.3) a 0.04
Total cover (%) GC_TC 50.3 (9.6) 62.9 (10) 66.7 (10) 0.32

Sub—canopy
Richness—Acacia spp. B SC_Acacia 0.0 (0) b 1.0 (2.2) ab 0.7 (5) a 0.07

Total cover (%) SC_TC 0.0 (0) c 32.4 (3.7) b 52.5 (9.1) a 0.00
Total richness—native and exotic species SC_TR 0.0 (0) b 4.4 (1.1) a 4 (0.7) a 0.00

Canopy
Average basal area (m2 ha−1) B BA 0 (0) b 86.7 (42) a 48.2 (11.5) a 0.04

Average basal area of Eucalyptus spp. (m2 ha−1) B BA_Euc 0.00 (0.00) b 0.08 (0.04) a 0.22 (0.06) a 0.00
Average point to plant distance (m) APPD 50.2 (0.56) c 22.8 (2.74) b 10.5 (1.59) a 0.00

Relative density (stems ha−1) B RD 0 (0) c 0.7 (0.1) b 0.9 (0.0) a 0.00
Abundance—Eucalyptus spp. B C_Euc 0.0 (0) b 3.0 (0.8) a 2.8 (0.7) a 0.01

Total density (trees ha−1) C_Den 0 (0) b 403 (158) a 261 (98) a 0.04
Total richness B C_Rich 0.0 (0) b 3.0 (0.9) a 3.4 (0.6) a 0.01

All strata
Richness 9.39 (0.94) b 21.7 (5.30) a 22.4 (2.28) a 0.00

Multivariate PERMANOVA b a a 0.00

A Log10 transformed prior to analysis; B square-root transformed prior to analysis; C abbreviations used for principal component analysis
(PCA) (see Figure 1).
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Principal component analysis (PCA) of vegetation properties clearly separated quadrats
based on land use (Figure 2a for PC1 and 2, all other variations in Supplementary Figure S3).
The first four components explained 84% of the total variance with each subsequent compo-
nent explaining less than 10% of the variance (Supplementary Table S3). PC1 (45% variance
explained) reflected the results of the GLM and PERMANOVA (Table 2) and separated
pasture from revegetated and remnant quadrats. Accordingly, along PC1, the separation of
quadrats by land use was most strongly correlated with canopy richness, average basal
area, abundance of eucalypts, and total richness of sub-canopy (contribution > 10%, Sup-
plementary Figure S5). None of the other PC axes showed a clear separation of quadrats
based on land use, instead reflecting the variability in ground cover characteristics (bare
ground, litter, total ground cover, Figure 2a, Supplementary Figure S3).

Figure 2. PCA of (a) vegetation properties and (b) soil physicochemical properties. Points are colored based on land
use (red = pasture (P), green = revegetated (RV), and blue = remnant (RM)) with symbols distinguishing soil depth
(circle = surface soil and triangle = subsoil). Abbreviations for vegetation are described in Table 2 and those for soil
in Table 3.
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Table 3. Soil physicochemical properties of the three land-use types (P, pasture; RV, revegetated; RM, remnant) across six sites. Values represent means (±SE) with p values from general
linear models (GLM) testing for the effects of land use (L) and depth (D).

Variable Abbreviations Used C Depth (cm) Land Use GLM p Value and Pairwise Differences

Pasture (P) Revegetated (RV) Remnant (RM) L D L × D

pH (H2O) pH 0–10 4.93 4.85 4.13
0.00 P b, RV b, RM a 0.80 0.4920–30 4.78 4.93 4.27

Electrical conductivity (ds m−1) B Conductivity 0–10 0.39 (0.05) 0.55 (0.18) 0.41 (0.04)
0.24 0.20 0.7720–30 0.34 (0.05) 0.41 (0.05) 0.36 (0.07)

NH4
+-N (mg kg−1) A NH4-N 0–10 30.7 (4.89) 22.7 (6.14) 28.8 (7.96)

0.24 0.00 0.7320–30 20.5 (6.47) 17.2 (4.46) 12.3 (2.93)

NO3
− N (mg kg−1)

NO3-N 0–10 5.68 (2.33) 3.55 (1.56) 4.18 (1.59)
0.11 1.00 0.0920–30 5.18 (1.98) 6.88 (3.05) 1.37 (0.54)

Available phosphorus (mg kg−1)
P 0–10 35.8 (8.62) 24.5 (5.26) 17.2 (3.06)

0.03 P b, RV ab, RM a 0.03 0.5020–30 20.3 (5.60) 17.3 (5.11) 13.0 (4.16)

Organic carbon (%) C 0–10 3.56 (0.48) 2.68 (0.36) 3.03 (0.52)
0.88 0.02 0.2420–30 2.10 (0.40) 2.58 (0.35) 2.31 (0.60)

Total nitrogen (mg kg−1)
N 0–10 36.4 (6.96) 26.2 (6.96) 33 (9.30)

0.42 0.03 0.3720–30 25.7 (8.38) 24.0 (7.24) 13.7 (2.84)

Sulphur (mg kg−1)
S 0–10 34.2 (5.04) 57.2 (27.5) 25.7 (5.88)

0.06 0.34 1.0020–30 22.8 (6.53) 46.2 (28.1) 16.7 (2.75)

Boron (mg kg−1) B B 0–10 0.91 (0.36) 0.96 (0.25) 0.95 (0.15)
0.91 0.09 0.8020–30 0.79 (0.37) 0.78 (0.25) 0.60 (0.13)

Copper (mg kg−1)
Cu 0–10 1.43 (0.20) 1.50 (0.18) 1.25 (0.24)

0.07 0.24 0.7920–30 1.40 (0.06) 1.32 (0.16) 1.13 (0.13)

Aluminum (meq 100 g−1)
Al 0–10 0.83 (0.46) 0.75 (0.41) 1.68 (0.65)

0.00 P b, RV b, RM a 0.62 0.5020–30 1.12 (0.52) 0.91 (0.53) 1.49 (0.48)

Calcium (meq 100 g−1) B Ca 0–10 8.91 (3.80) 8.31 (4.20) 3.60 (0.97)
0.01 P b, RV b, RM a 0.07 0.9420–30 6.93 (4.58) 6.65 (3.86) 2.38 (0.81)

Magnesium (meq 100 g−1)
Mg 0–10 1.86 (0.46) 1.88 (0.32) 1.41 (0.23)

0.17 0.35 0.9720–30 1.58 (0.52) 1.72 (0.43) 1.22 (0.46)

Potassium (meq 100 g−1)
K 0–10 0.34 (0.08) 0.25 (0.05) 0.41 (0.12)

0.60 0.40 0.4520–30 0.22 (0.05) 0.31 (0.13) 0.30 (0.15)

Sodium (meq 100 g−1)
Na 0–10 0.26 (0.07) 0.27 (0.05) 0.21 (0.04)

0.39 0.15 0.7920–30 0.33 (0.12) 0.42 (0.17) 0.26 (0.11)

Iron (mg kg−1)
Fe 0–10 301 (54.3) 247 (64.6) 282 (63.0)

0.69 0.00 0.7820–30 193 (38.3) 189 (45.3) 204 (61.8)

Manganese (mg kg−1)
Mn 0–10 30.3 (6.14) 30.8 (8.36) 29.6 (9.98)

0.60 0.00 0.6820–30 12.6 (3.16) 22.4 (7.64) 13.4 (3.50)

Zinc (mg kg−1)
Zn 0–10 3.41 (0.89) 3.18 (0.56) 2.58 (0.63)

0.20 0.21 0.6320–30 2.37 (0.77) 3.24 (1.02) 1.57 (0.41)
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Table 3. Cont.

Variable Abbreviations Used C Depth (cm) Land Use GLM p Value and Pairwise Differences

Pasture (P) Revegetated (RV) Remnant (RM) L D L × D

Clay (%) (<2 µm) Clay 0–10 20.7 (3.80) 16.2 (2.76) 18.9 (3.75)
0.00 P b, RV a, RM ab 0.23 0.8720–30 19.8 (3.23) 15.5 (2.26) 16.9 (3.16)

Silt (%) (2–20 µm) A Silt 0–10 22.5 (3.30) 16.2 (2.17) 15.9 (3.54)
0.00 P b, RV a, RM a 0.66 0.9020–30 23.9 (2.85) 15.4 (1.04) 15.7 (3.84)

Sand (%) (20–2000 µm) Sand 0–10 56.7 (5.95) 67.6 (2.34) 65.3 (6.82)
0.00 P b, RV a, RM a 0.66 0.9020–30 56.2 (4.57) 69.2 (1.55) 67.4 (6.94)

Soil moisture (%) A 0–10 1.11 (0.15) 1.10 (0.12) 1.20 (0.07) 0.57 - -
Bulk density (g cm−3) B 0–10 5.6 (4.92) 0.76 (0.05) 0.67 (0.07) 0.07 - -

Multivariate PERMANOVA 0.78 0.16 1.00
A Log10 transformed prior to analysis; B square-root transformed prior to analysis; C abbreviations used for PCA (see Figure 1). Significant differences (Tukey HSD test) between land uses are indicated
by superscript letters and are bold for p values < 0.05. Study site was included as a random factor. PERMANOVA tested for differences in the Euclidean distance matrix among land uses and depth across
all variables.
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3.1.2. Soil

A limited number of soil physicochemical properties differed with land use, which
included significantly greater available P, clay, and silt in pasture relative to the other
land uses and significantly lower pH in remnant relative to other land uses (Table 3). Soil
nutrients consistently decreased with depth, although these differences were not always
significant (Table 3). C and N decreased significantly with depth but did not differ with
land use (Table 3).

In accordance with the univariate results, multivariate PERMANOVA indicated no
overall effects of land use or sampling depth on soil physicochemical properties (Table 3)
and the PCA of soil physicochemical properties showed no clear separation of quadrats
according to land-use or depth (Figure 2b for PC1, Supplementary Figure S4). The first
five PCs explained 83% of the total variance with each subsequent component, explaining
less than 10% of the variance (Supplementary Table S3). PC1 (33%) separated the quadrats
along an overall gradient of fertility whereas separation along PC2 (26%) was largely
driven by differences in soil texture (Supplementary Figure S6). PC3 (11%) and PC4 (7%)
separated quadrats based on Mn and Na, respectively.

3.2. Bacterial Community Taxonomic Composition

Bacterial community taxonomic composition at the phylum level differed significantly
among land uses (PERMANOVA, p = 0.01, F = 3.25), where remnant soils were significantly
different to pasture (Figure 3a, Table 4). Revegetated soil was similar to pasture (p = 0.52)
and remnant (p = 0.09) soil (Table 4). There were no significant differences in dispersion
(p = 0.91, F = 0.09).

Bacterial richness and Shannon’s diversity index (diversity) were significantly greater
in remnant and revegetated soils than in pasture, a trend that was evident both in top
and subsoil (Figure 4b,c). Across selected phyla there were relatively few significant
differences in abundance, richness, and diversity with land use, and the direction of
any land-use effects was not consistent among phyla. For example, remnant soils were
characterized by a significantly higher abundance, richness, and diversity of Acidobacteria
than pasture and revegetated quadrats. Whereas Actinobacteria showed the opposite trend,
with significantly higher abundance, richness, and diversity in pasture and revegetated
quadrats than remnant quadrats (Supplementary Figures S7–S9).

Overall, bacterial community taxonomic composition did not differ with depth
(p = 0.22, F = 1.16); however, richness, relative abundance, and diversity of Proteobacteria
and Bacteriodetes were greater in surface soil than in subsoil. Furthermore, Chloroflexi
had higher species richness, relative abundance, and diversity in subsoil than surface soil
(Supplementary Figures S7–S9).

Comparisons of relative abundances of sequences by phylum showed that the most
abundant bacterial phylum found in the study was Proteobacteria (~32%), followed by Aci-
dobacteria (~23%, Figure 5a). Surface soil of pasture was characterized by a higher proportion
of Firmicutes (15%), with all other land uses or depths having 7% or less (Figure 5a).

Table 4. PERMANOVA pairwise comparisons for each land-use combination, p values < 0.05 are
in bold.

Land-Use Pair F Value p Value

Bacterial taxonomic composition
RM v. P 2.15 0.03

RM v. RV 1.42 0.09
RV v. P 0.92 0.52

Bacterial functional composition (AWCD)
RM v. P 0.24 0.80

RM v. RV 1.87 0.17
RV v. P 1.78 0.20

Bacterial functional composition (AUC)
RM v. P 0.19 0.43

RM v. RV 4.66 0.03
RV v. P 3.79 0.04
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Figure 3. Non-metric multidimensional scaling (NMDS) ordination of (a) bacterial taxonomic composition (stress 0.15, non-metric R2 0.87); (b) bacterial functional composition
(community-level physiological profiling (CLPP)—represented as average well color development (AWCD), stress 0.07, linear fit R2 0.99); and (c) bacterial functional composition
(CLPP—represented as area under the curve (AUC), stress 0.04, linear fit R2 0.99). Points are colored based on land use (red = pasture (P), green = revegetated (RV), and blue = remnant
(RM)) with symbols distinguishing soil depth (circle = surface soil and triangle = subsoil).
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Figure 4. Overall bacterial taxonomic and functional diversity (abundance/catabolism (a,d,g), richness (b,e,h), Shannon’s
diversity index (c,f,i)). Values represent means according to land use (P = pasture, RV = revegetated, and RM = remnant)
and colored by soil depth. Bars represent standard error of the mean, p values for GLM shown below graphs (L = land-use,
D = depth, and L × D = interaction), bold indicates significant difference (p values < 0.05). Letters indicate significant
pairwise differences among land uses (across depth) as determined by Tukey HSD tests.
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Figure 5. Relative abundance of bacterial community showing (a) bacterial taxonomic composition by phylum and (b)
bacterial functional composition (CLPP—represented as AWCD) by carbon guild for each by land-use type; pasture (P),
revegetated (RV), and remnant (RF), indicating proportions of each phylum or guild by land use across both depths
(0–10 cm = surface soil and 20–30 cm = subsoil).

3.3. Bacterial Functional Composition (Community-Level Physiological Profiles—CLPP)

Bacterial functional composition measured as the average well color development
(AWCD—at 120 h) or area under the curve (AUC—incorporates all time intervals 0–120 h)
are indicative of the intensity of the bacterial activity. Bacterial functional composition
varied marginally for carbon compounds with land use (AWCD p = 0.07 F = 2.36, and
AUC p = 0.07 F = 2.45) and no difference was observed with sampling depth (AWCD
p = 0.55 F = 0.53, and AUC p = 0.37 F = 0.89, Figure 3b,c). Pairwise PERMANOVA
showed no differences for any land-use combinations for AWCD (Table 4). However, AUC
showed that revegetated quadrats were different to remnant and pasture quadrats, with no
differences between remnant and pasture (Table 4). The functional composition as depicted
by AWCD in pasture quadrats had less variability between quadrats than in other land-use
types (PERMANOVA dispersion, p = 0.01 F = 5.35, Figure 3b). Variability in functional
composition of revegetated quadrats measured as AUC was less than for other land-use
types (PERMANOVA dispersion, p = 0.01 F = 5.94, Figure 3c).

Bacterial functional catabolism differed among land uses, but the variation was mostly
due to differences in the subsoil (AWCD and AUC, Figure 4d,g). Both AWCD and AUC
showed a similar trend where remnant soil had the lowest bacterial catabolism, pasture had
the highest, and revegetated soil was in between (Figure 4d,g). Among functional guilds,
there was significantly higher catabolism of amines/amides in pasture quadrats than
revegetated or remnant quadrats (AWCD, Supplementary Figure S10a). Remnant quadrats
had significantly lower catabolism of all carbon guilds (amino acids, carbohydrates, and
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carboxylic and ketonic acids) than pasture and revegetated quadrats, polymers were the
exception where no differences were found (AWCD, Supplementary Figure S10b–d).

Bacterial functional richness and evenness of response (diversity—Shannon’s diversity
index) were significantly greater in subsoil than in surface soil with no overall land-use
effect detected, although both measures tended to be greater in pasture soils and lower in
remnant quadrats (Figure 4e,f,h,i). Notably, bacterial functional richness and diversity of
carbon source usage varied among land uses in the surface soil (0–10 cm) but remained
similar in the deeper soil (20–30 cm, Figure 4e,f,h,i). Remnant quadrats showed larger
increases in bacterial functional richness with soil depth than other land uses, catabolizing
more of the 31 carbon sources in subsoil (Figure 4e,f,h,i). Across all land uses, there
was greater variability, both overall and within guilds for bacterial functional diversity
measures, in surface soil than subsoil (Figure 4 and Supplementary Figures S10–S12).

Among carbon substrates, pasture soils harbored a greater bacterial functional richness
within carbohydrates, carboxylic and ketonic acids than remnant soils, with revegetated
soils intermediate (AWCD, Supplementary Figure S11). Only carboxylic and ketonic acids
showed this difference in diversity (AWCD, Supplementary Figure S12). In regard to
catabolism of particular carbon substrates, revegetated and remnant soils shared similar
lower levels of amine/amide catabolism than pasture soil, whereas revegetated and pasture
soils shared similar higher levels of carboxylic and ketonic acid catabolism than remnant
soils (Supplementary Figure S10). Little variation in relative catabolism was observed for
land use or depth (Figure 5b). Carbohydrates had the highest relative catabolism at 23%,
closely followed by polymers (22%, Figure 5b).

3.4. Relationships between Environmental Factors and Bacterial Community Composition

Environmental variables explained 56% of the constrained variation in bacterial com-
munity taxonomic composition (p < 0.00, Figure 6a,b). RDA1 and RDA2 explained 15%
and 7.8% of the total variation. No clear groups were observed based on land use or depth
(Figure 6a). Bacterial community taxonomic composition was not related to any vegeta-
tion principal components (Supplementary Table S4) but was related to two different soil
physicochemical principal components: the overall gradient of fertility (Soil PC1, p < 0.00),
and the soil texture (Soil PC2, p < 0.00, Supplementary Figure S4). RDA1 was positively
correlated with both Soil PC1 and Soil PC2, with RDA2 positively correlated with Soil PC2
but not Soil PC1 (Figure 6a). The positioning of bacterial phyla on the RDA illustrates
that high abundance of Proteobacteria and Bacteriodetes was related to nutrient-poor soils
(particularly low in Ca), with high abundance of Chloroflexi and Verrucomicrobia found
in higher fertility soils (Figure 6a). Soils with high proportions of clay and sand had high
abundance of Acidobacteria, although more phyla preferred soil with low proportions
of clay and sand (Firmicutes, Planctomycetes, Gemmatimonadetes, Patescibacteria, and
Actinobacteria—Figure 6a).
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Figure 6. Redundancy analysis using environmental variables from PCA dimensions as seen in Figure 1 and Supplementary
Figures S1 and S2 to explain variation in (a) bacterial taxonomic composition by phyla and direction of constraints from
principal components, (b) bacterial functional composition showing the direction of constraints from principal components
(CLPP—represented as AWCD). Points are colored based on land use (red = pasture (P), green = revegetated (RV),
and blue = remnant (RM)) with symbols distinguishing soil depth (circle = surface soil and triangle = subsoil). Only
significant environmental variables are shown. Bacterial taxonomic composition had a p value of <0.00 and R2 of 0.42,
and bacterial functional composition had a p value of 0.01 and R2 of 0.17. Names for phyla have been abbreviated in
Figure 6a; abbreviations are as follows: Proteobacteria (Prot), Actinobacteria (Acti), Acidobacteria (Acid), Planctomycetes
(Plan), Chloroflexi (Chlo), Firmicutes (Firm), Bacteroidetes (Bact), Verrucomicrobia (Ver), Gemmatimonadetes (Gem), and
Patescibacteria (Pate). Names for carbon guilds have been abbreviated in Figure 6b; abbreviations are as follows: Amines
and amides (AM), amino acids (AA), carbohydrates (Carb), carboxylic and ketonic acids (CKA), and polymers (Poly).

Environmental variables explained 38% of the constrained variation in bacterial func-
tional composition (p = 0.02, R2 = 0.17, Figure 6b). RDA1 and RDA2 explained 7.6% and
4.8% of the total variation, respectively. Similar to bacterial community taxonomic compo-
sition, no clear groups were observed based on land use or depth for bacterial functional
composition, and no relationships with vegetation properties were found (Figure 6b and
Supplementary Table S4). Bacterial functional composition was related to two different soil
physicochemical principal components: a gradient in soil texture (Soil PC2, p < 0.00) and
in salinity (Na) (Soil PC4, p = 0.01 in Supplementary Figure S4). Soil PC2 was positively
correlated with RDA1 and RDA2, whereas Soil PC4 was negatively correlated with both
RDA1 and 2 (Figure 6b). The positioning of carbon guilds on the RDA shows that higher
carbohydrate catabolism was related to greater proportions of clay and sand, whereas
increased catabolism of amines/amides and amino acids was related to lower proportions
of clay and sand (Figure 6b). Carboxylic acids were catabolized more in soils with high Na;
conversely, high carbohydrate catabolism is related to low Na (Figure 6b).
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4. Discussion

Our study investigated the response of bacterial taxonomic and functional composi-
tion to land-use change, specifically the conversion of riparian forest to cleared pasture,
and subsequent revegetation of that pasture with species native to local riparian forest. We
found pasture was characterized by a lack of tree canopy cover, higher soil P and Ca levels
and more acidic pH (~4), higher proportions of clay and silt, with lower bacterial taxonomic
richness and diversity, but higher bacterial functional activity than revegetated or remnant
areas. Soils in revegetated areas were intermediate in overall bacterial taxonomic and func-
tional composition. Consistent patterns were found for bacterial taxonomic and functional
composition with soil depth regardless of land use. Contrary to our hypotheses, there
was no relationship between vegetation properties and bacterial community composition
(taxonomic or functional). Instead, we found that bacterial community composition was
related to soil texture and chemistry.

4.1. Changes in Bacterial Taxonomic Composition with Land Use and Depth

Remnant and revegetated soils had significantly greater bacterial taxonomic diversity
despite having a similar level of abundance to pasture as observed in GLMs. Pasture had the
lowest richness and diversity across most phyla studied. Species composition in remnant
riparian forest soils was different to that in pastures, with revegetated soils showing
intermediary composition. The intermediary composition of revegetated soils could be
indicative that soil bacterial communities are on a trajectory of recovery [75]. No differences
were found overall with depth, yet richness, abundance, and diversity of Proteobacteria
and Bacteriodetes were greater in surface soil than in subsoil and Chloroflexi had higher
species richness, abundance, and diversity in subsoil. Our results suggest that revegetation
has contributed to the return of some components of bacterial taxonomic diversity, but
recovery is lacking in some phyla (e.g., Acidobacteria, Actinobacteria, Gemmatimonadetes,
and Firmicutes). Despite bacterial taxonomic composition showing differences with land
use, these patterns could not be associated with differences in vegetation properties.

Bacterial community composition (taxonomic and functional) has been linked to
changes in vegetation [16–19], but we found no relationships with measures of vegetation
properties and diversity. In our study, revegetated and remnant quadrats shared many
vegetation properties with the exception of exotic ground cover. A study by Yang et al. [17]
showed that invasion of an exotic cordgrass in wetlands significantly increased soil bacte-
rial abundance, species richness, and diversity compared to three other native dominated
vegetation communities. Our study contrasts Yang et al. [17], as quadrats with exotic
ground cover (grasses and forbs) had less bacterial taxonomic diversity but higher func-
tional catabolism and showed no relationship with vegetation properties. Previous research
has shown plant diversity influences soil microbial (including fungi, bacteria, archaea)
abundance [18]. Vegetation showed no significant relationship to bacterial community
composition (taxonomic or functional) despite the inclusion of richness of native and
exotic species as vegetation properties. The inclusion of alternative vegetation properties
could have changed the lack of relationship found between soil bacterial communities and
vegetation properties. Our results clearly point to soil physicochemical properties as the
best predictors of soil bacterial communities.

Soil chemistry emerged as one of the most important predictors for soil bacterial
taxonomic composition. Pasture soils had greater available P, clay, and silt relative to
the other land-uses, with higher pH. Lauber et al. [76], found that the abundance of the
largely oligotrophic phylum Acidobacteria was highest in acidic soils, whereas the largely
copiotrophic phylum Actinobacteria had higher abundance in basic soils (pH 7–9). Our
findings support Lauber et al. [76], as we observed greater proportions of Acidobacteria
in remnant soils and Actinobacteria in pastures. Acidobacteria responds to changes in
soil pH, potentially due to increased cell specialization and enzyme stability at more
acidic pH [77]. This is consistent with our remnant soils being more acidic (~4) than
revegetated and pasture (~5), and harboring a greater proportion of Acidobacteria. Higher
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abundance of Acidobacteria, a phylum generally more abundant in soils with low resource
availability [77], has been associated with less disturbed areas [78]. This is in agreement
with the poor nutrient status of Australian soils [79], and was observed in soils of remnant
riparian forests. We found pasture soils were characterized as high nutrient sites with a
fast turnover of nutrients [7,21], and had greater soil fertility. Our results contrast with
research by Guo et al. [14] who found that agricultural pastures had higher proportions of
Acidobacteria compared to revegetated pastures (5, 15, and 30 years post planting). This
contrasting result might be related to nutrient differences since Guo et al. [14] measured
total nitrogen 2–3 times higher than what we have observed.

Soil texture was the most important attribute underpinning changes in soil bacterial
taxonomic diversity and composition. Soil texture shapes the microhabitats for bacteria
and other members of the soil microbial community [80]. Seaton et al. [81] found that
clay and silt particles were more important for soil bacterial composition than sand in a
range of habitats including arable, improved, and unimproved grassland, broadleaved
and coniferous woodland, and heathland. Similarly, Kim et al. [12] reported that soil
texture was related to bacterial taxonomic composition, noting that plant community
and drainage conditions were of secondary importance. However, previous research
by Waymouth et al. [82] showed that variability in soil chemical properties, but not soil
texture, was related to variability in soil bacterial taxonomic composition in different
vegetation communities. The relationship between soil bacterial composition and soil
texture found in this study may be due to differences between sites (river/creek) and thus
reflect geographical variation in the taxonomic composition.

Our results showed some differences in the composition of soil bacterial communi-
ties with soil depth. Surface soil was characterized as having higher C and N, greater
abundance, richness, and diversity of Proteobacteria and Bacteriodetes, but lower rich-
ness, abundance, and diversity of Chloroflexi. A study by Cong et al. [83] showed that
soil bacterial abundance was lower in subsoil which had lower C content. Additionally,
Upton et al. [24] found that, deeper in the soil (depths 30–100 cm), there was a decrease in
abundance of Bacteroidetes and Proteobacteria which was likely due to decrease in C input.
However, variation in Chloroflexi with depth may be related to changes in soil N along
the soil profile. Research by Pedrinho et al. [84] showed a link between high abundance of
Chloroflexi and nitrogen stress, which is in agreement with our results.

4.2. Changes in Bacterial Functional Composition with Land Use and Depth

Pasture had the highest catabolism of carbon sources followed by revegetated and
remnant soils. The few differences found in soil nutrient content (i.e., P and Ca) followed
the same trend, potentially due to agricultural nutrient inputs. Specific edaphic and
anthropic factors such as pH, phosphorus availability and concentration, are important
for the function of microbial communities [1]. Zhao et al. [29] found that, in wetlands,
phosphorus was a determining factor for microbial activity, with higher catabolism of
carbon sources in areas with higher phosphorus and denser vegetation (30–60% vegetation
cover). This is consistent with the covariation of microbial activity and soil phosphorus
found in our study. The intermediate levels of soil fertility and microbial activity of
revegetated soil between remnant and revegetated soils found are in accordance with our
findings from taxonomic composition. These findings further suggest that revegetation is
reverting changes resulting from the conversion of riparian forest to agricultural pastures.

Our results indicate that bacterial functional composition was related to the proportion
of clay and sand and the soil sodium content, a mineral related to salinity that affects soil
texture (i.e., dispersiveness). Salinity has been previously found to influence the size and
activity of soil microbial biomass [85–87]. Clay content is also known to influence soil
microbial biomass [88,89], as it creates microsites and increases soil organic matter stabi-
lization and water retention, thus changing soil conditions for microbial development [90].
Our findings are consistent with results from Zhao et al. [29] who showed a relationship
between soil salinity, soil texture, and bacterial functional composition. Whilst we did not
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find a difference in salinity with land use, Main Creek was close to the ocean and had a
slightly higher salinity, introducing potential site (river/creek) differences.

Richness and diversity of function was greater in subsoil (20–30 cm) than surface soil
(0–10 cm). In subsoil, bacteria may have a starvation lifestyle [91], so diversity of activity
or carbon use is important to maximize use of scarce resources. In our study, subsoil
had lower carbon and nitrogen and could be related to the observed higher richness and
evenness of soil bacterial functional composition. However, our finding contrasts with
Tian et al. [92], who also found carbon and nitrogen decreased with increasing soil depth,
but evenness decreased with depth in subtropical forests. Goberna et al. [93] found similar
differences to Tian et al. [92], with bacterial evenness decreasing with depth, attributing
differences to disturbances from agricultural practices as subsoil is less affected by these
practices in Mediterranean semiarid forests. The contrasting results between our study and
those of Tian et al. [92] and Goberna et al. [93] could be related to the distinct climate and
rainfall in the study sites. The relationship between bacterial community composition and
depth should be further explored in different climates to determine global patterns.

5. Conclusions

Soil bacterial community taxonomic and functional composition varied with land
use and soil depth. Former riparian forests converted into agricultural pastures showed
lower bacterial taxonomic diversity and higher bacterial functional activity than remnant
riparian forests. Pastures and remnant forests also differed in their soil bacterial taxonomic
composition. Revegetated soils harbored bacterial communities that were intermediate
to those in pastures and remnant forests. Contrary to our expectations, soil bacterial
community composition was strongly related to soil physicochemical properties, but not
vegetation properties. In particular, soil texture (clay content) and soil fertility (P and
Ca) had strong relationships with bacterial taxonomic and functional composition. Our
results suggest that the conversion of riparian forest to agricultural land is associated
with a significant change in the composition and diversity of the soil bacterial community,
with a loss of taxonomic diversity and an increase in bacterial activity. This reflects the
land-use history and changes in soil nutrient content as riparian forests had oligotrophic
soils and pasture had copiotrophic soil. Revegetation of pastures with native species
tended to reverse those changes, where soil bacterial communities under revegetation were
intermediary between remnant riparian forest and pasture soils.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
907/12/2/157/s1, Table S1. Species composition of three strata at each site, listed alphabetically
by family. Average relative density (RD, stems ha-1) is shown for species in canopy and average
percentage cover is shown for species in sub-canopy and ground cover. Table S2: Carbon sources
tested in EcoPlates and the corresponding guild group. Table S3: Eigenvalues and percent variance
for principal component analysis for environmental factors. Table S4: Redundancy analysis fit of
environmental variables. p values < 0.05 are in bold and have been included in Figure 5. Figure S1:
Observed richness compared to rarefied richness. Figure S2: Rarefaction curve showing richness
of each sample. Figure S3: Principal component analysis (PCA) of vegetation factors (a) PC1 and
2, (b) PC1 and 3, (c) PC1 and 4, (d) PC2 and 3, (e) PC2 and 4, (f) PC3 and 4. Points are colored
based on land-use. Abbreviations of predictor variables are provided in Table 2. Figure S4: Principal
component analysis (PCA) of soil physicochemical factors (a) PC1 and 2, (b) PC1 and 3, (c) PC1 and
4, (d) PC2 and 3, (e) PC2 and 4, (f) PC3 and 4, (g) PC2 and PC5, (h) PC3 and PC4 (i) PC3 and 5, and
(j) PC4 and 5. Points are colored based on land use and shape is based on depth. Abbreviations
of predictor variables are provided in Table 3. Figure S5: Dimensions for principal components of
vegetation characteristics showing the contribution of each variable to that component. Abbreviations
of predictor variables are provided in Table 2. Figure S6: Dimensions for soil physicochemical
principal components showing the contribution of each variable to that component. Abbreviations
for predictor variables are provided in Table 3. Figure S7: Bacterial taxonomic abundance by phylum
showing mean land use (P = pasture, RV = Revegetated and RM = Remnant) grouped by soil depth,
error bars represent standard error of the mean, p values for GLM shown on graphs (L = Land-
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use, D = Depth and L × D = Interaction), bold indicates significant difference (<0.05). Figure S8:
Bacterial taxonomic richness by phylum showing mean land use (P = pasture, RV = Revegetated and
RM = Remnant) grouped by soil depth, error bars represent standard error of the mean, p values for
GLM shown on graphs (L = Land-use, D = Depth and L × D = Interaction), bold indicates significant
difference (<0.05). Figure S9: Bacterial taxonomic Shannon Index by phylum showing mean land
use (P = pasture, RV = Revegetated and RM = Remnant) grouped by soil depth, error bars represent
standard error of the mean, p values for GLM shown on graphs (L = Land-use, D = Depth and
L × D = Interaction), bold indicates significant difference (<0.05). Figure S10: Bacterial Functional
catabolism (abundance) calculated using AWCD shown by carbon guild, points indicate mean land
use (P = pasture, RV = Revegetated and RM = Remnant) grouped by soil depth, error bars represent
standard error of the mean, p values for GLM shown on graphs (L = Land-use, D = Depth and
L × D = Interaction), bold indicates significant difference (<0.05). Figure S11: Bacterial Functional
richness calculated using AWCD shown by carbon guild, points indicate mean land use (P = pasture,
RV = Revegetated and RM = Remnant) grouped by soil depth, error bars represent standard error
of the mean, p values for GLM shown on graphs (L = Land-use, D = Depth and L × D Interaction),
bold indicates significant difference (<0.05). Figure S12: Bacterial Functional Shannon’s Index of
diversity calculated using AWCD shown by carbon guild, points indicate mean land-use (P = pasture,
RV = Revegetated and RM = Remnant) grouped by soil depth, error bars represent standard error of
the mean, p values for GLM shown on graphs (L = Land-use, D = Depth and L × D = Interaction),
bold indicates significant difference (<0.05).
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