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A B S T R A C T

Terrestrial ecosystems are globally under threat of loss or degradation. To compensate for the impacts incurred
by loss and/or degradation, efforts to restore ecosystems are being undertaken. These efforts often focus on
restoring the aboveground plant community with the expectation that the belowground microbial community
will follow suit. This ‘Field of Dreams’ expectation – if you build it, they will come – makes untested assumptions
about how microbial communities and their functions will respond to aboveground-focused restoration. To
determine if restoration of aboveground plant communities equates to restoration of belowground microbial
communities, we assessed the effects of four forest restoration treatments – varying in intensity from unmanaged
to interplanting tree species – on microbial (i.e. prokaryotic and fungal) community composition and function
(i.e. catabolic profiles and extracellular enzyme activities). Additionally, effects of the restoration treatments
were compared to both degraded (i.e. active arable cultivation) and target endpoint communities (i.e. remnant
bottomland forest) to determine the trajectory of intensifying aboveground restoration efforts on microbial
communities. Approximately 16 years after the initiation of the restoration treatments, prokaryotic and fungal
community composition, and microbial function in the four restoration treatments were intermediate to the
endpoint communities. Surprisingly, intensification of aboveground restoration efforts led to few differences
among the four restoration treatments and increasing intensification did not consistently lead to microbial
communities with greater similarity in composition and function to the target remnant forest communities.
Together these results suggest that belowground microbial community composition and function will respond
little to, or will lag markedly behind, intensifying aboveground restoration efforts. Reliance on a ‘Field of
Dreams’ approach, even if you build it better, may still lead to belowground microbial communities that remain
uncoupled from aboveground communities. Importantly, our findings suggest that restoring aboveground ve-
getation may not lead to the intended restoration of belowground microbial communities and the ecosystem
processes they mediate.

1. Introduction

Terrestrial ecosystems across the globe are becoming increasingly
human-dominated, leading to declines in their biodiversity and eco-
system functioning (Theobald, 2010). Efforts to restore these properties
of systems primarily focus on the aboveground plant community
(Callaham et al., 2008; Stanturf et al., 2014; Suding et al., 2015). This
restoration focus has often led to many positive outcomes, from

increases in the strength of carbon (C) and nitrogen (N) sinks (Hooker
and Compton, 2003; Houghton and Hackler, 2000) to recovery of
herbaceous understories in forests (Duffy and Meier, 1992; Holl and
Aide, 2011). Yet, this focus on aboveground plant restoration has also
met with failure when soils are ignored (Kardol and Wardle, 2010;
Ohsowski et al., 2012). Such failures have led researchers to question
the efficacy by which passive (i.e. abandonment) or active restoration
might return degraded ecosystems to states more representative of a
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system’s previous structure and function when belowground compo-
nents are ignored (Chazdon, 2008; Eviner and Hawkes, 2008; Holl and
Aide, 2011).

By overlooking soils and belowground communities (Callaham
et al., 2008), particularly soil microbial communities, restoration efforts
may fail to restore the major heterotrophs in terrestrial ecosystems and
hence system carbon and nutrient cycling (Fierer et al., 2009). In ad-
dition, these restoration efforts take a ‘field of dreams’ approach, that is
the restoration of the soil communities will follow aboveground re-
storation (i.e. planting trees to restore a forest will lead to a forest soil
community). As such, knowledge of relationships between above-
ground and belowground communities (e.g. plant-soil feedbacks) are
ignored, as are the functional implications of effectively restoring soil
microbial communities (Strickland et al., 2009; van der Putten et al.,
2013; Wubs et al., 2016). For instance, depending on the aboveground
community there is the potential that differences in ecosystem function
may arise due to differences in the types of mycorrhizal associates,
competition between mycorrhizae and saprotrophic fungi, and differing
modes of nutrient acquisition (Averill and Hawkes, 2016; Phillips et al.,
2013). Ignoring these relationships and their importance to ecosystem
function may limit the effectiveness of ecosystem restoration efforts
(Callaham et al., 2008; Harris, 2009).

The need to explicitly consider belowground microbial communities
in designing restoration efforts is apparent given the fundamental roles
played by soil microbial communities. For instance, soil microbial
communities are major contributors to the formation of stable soil or-
ganic matter, which is a property fundamental to ecosystem health
(Cotrufo et al., 2013; Schmidt et al., 2011). Additionally, it is important
to consider that belowground microbial communities may be slow to
respond to changes in the aboveground community (Kulmatiski and
Beard, 2011). This slow response will be particularly apparent when
considering slow-growing or dispersal limited microbial groups, such as
taxa within the bacterial phylum Verrucomicrobia (Brewer et al.,
2016), which are often found in high abundance in undisturbed soils
(Fierer et al., 2013). Additionally, legacies of the disturbed condition
may lead to unsuitable environmental conditions for some microbes
and suitable conditions for others (Hovatter et al., 2011). Intensifying
aboveground restoration efforts, then may have little immediate influ-
ence and lag in their effect on belowground microbial communities,
especially if agricultural legacies and/or soil degradation precede such
restoration efforts.

We examined the influence of four aboveground forest restoration
treatments (established in 1995) of increasing intensity (Fig. 1)
(Stanturf et al., 2009) on soil microbial community structure and
function at a previously farmed bottomland site in the Lower Mis-
sissippi Alluvial Valley (LMAV). The restoration treatments, from least
to most intensive, were i) unassisted recolonization, ii) direct-seeding
Nuttall oak (Quercus texana) acorns, iii) planting bare-root Nuttall oak
nursery stock, and iv) interplanting eastern cottonwood with oaks. We
compared the response of these restoration treatments to adjacent ac-
tive agricultural sites and remnant bottomland hardwood forest stands.
These restoration treatments represented a gradient of restoration in-
tensity from a labor perspective, from an ecological perspective these
treatments represented a gradient of both aboveground vertical struc-
ture and attempts at jump-starting forest succession (Stanturf et al.,
2009). When considering the aboveground restoration success for these
treatments, by 1998, four growing seasons after initial establishment,
biomass of ground-layer vegetation was highest in the recolonization (i)
and direct seeded (ii) treatments and these two treatments had the
lowest overstory tree density (De Steven et al., 2015). Plant species
diversity changed over time, reflecting successional patterns, but re-
storation treatments had no significant effect on diversity. Finally, re-
storation treatments differed in how quickly the trees established forest-
like conditions. The cottonwood/oak interplanting (iv) achieved ca-
nopy closure within two years (Stanturf et al., 2009), although the
cottonwood canopy was relatively open such that sufficient light

reached the surface to allow herbaceous species to establish (De Steven
et al., 2015). While there has been a significant emphasis on under-
standing the aboveground effects of restoration at these sites, little at-
tention has been paid to the belowground components.

We determined the effects of intensifying restoration on soil pro-
karyotic and fungal community composition via marker gene sequen-
cing. We also determined whole microbial community function via
catabolic profiling (i.e. multiple substrate-induced respiration) and
extracellular enzyme activity. Objectives for the study were to: 1)
Determine how different restoration practices influence soil microbial
communities in comparison to converted (arable) and target (forest)
systems; 2) Determine whether restoration practices have equivalent
effects on both the composition and functional capabilities of soil mi-
crobial communities; and 3) Determine whether more intense restora-
tion efforts expedite ‘recovery’ of microbial community composition
and function toward a reference end goal. We expected that there
would be distinct differences between the restoration treatments, with
the most intensive restoration efforts leading to microbial communities
most similar to those found in the reference bottomland forest stands.
That is, if you build it better, then this will expedite the ‘recovery’ of the
microbial community because of aboveground effects on belowground
community structure and function (Gellie et al., 2017; van der Putten
et al., 2013; Wardle et al., 2004). Alternatively, we recognized that
aboveground restoration intensity might have little influence on mi-
crobial community composition and function – potentially due to the
primacy of land use legacies in shaping soil communities and processes
(Grandy et al., 2009; Johnstone et al., 2016; Keiser et al., 2011). Under
such a scenario there would be few differences observed between re-
storation treatments (i.e. building it better will not expedite the ‘re-
covery’ of the microbial community).

2. Materials and methods

2.1. Study site description and experimental design

For a complete description of the experimental design and estab-
lishment see Stanturf et al. (2009). Briefly, all experimental plots were
established by May 1995 in Sharkey County, MS (32°58′N 90°44′W)
located within the greater LMAV. Elevations in the experimental plots
range from a maximum of 30.9 m MSL to a minimum of 28.5 m MSL.
Soils at these sites are Vertisols of the Sharkey series (very-fine, smec-
titic, thermic chromic Epiaquerts) and these sites were historically
dominated by bottomland hardwood forests (Stanturf et al., 2000). The
entire experimental area was cultivated to soybean (Glycine max) in the
year prior to establishment of the restoration treatments, and was
disked immediately prior to establishment.

The experiment is a randomized complete block design, with blocks
accounting for elevational variation. The treatment plots are ∼8 ha in
size and consist of four treatments ranging in restoration intensity from,
i) unassisted recolonization, ii) direct-seeding Nuttall oak (Quercus
texana) acorns, iii) planting bare-root Nuttall oak nursery stock (i.e.
saplings), to iv) interplanting eastern cottonwood (Populus deltoides)
with Nuttall oak (Fig. 1). Hereafter, we refer to these restoration
treatments as recolonization (i), direct-seed (ii), planted oaks (iii), and
interplanted (iv), respectively. In particular, the interplanted (iv)
treatment aims to establish an early successional, arbuscular mycor-
rhizal (AM) fungal associated tree species, eastern cottonwood, along
with the later successional, ectomycorrhizal associated Nuttall oak. This
interplanting leads to a more rapid increase in vertical structure and a
stratified canopy, which has been shown to increase bird species rich-
ness associated with this treatment (Hamel, 2003). Other than the in-
terplanted (iv) treatment, the other treatments had not reached canopy
closure at the time of sampling (i.e. 2010).

Soils were sampled in Spring 2010 and Winter 2011–to account for
potential turnover in the microbial community between the growing
and non-growing season – from 5 × 5 m subplots located within each
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of the larger ∼8 ha restoration plots (Fig. S1). Additional soil samples
were taken from an adjacent cultivated site (i.e. the starting point for
restoration) and a remnant forest stand (i.e. the target reference con-
dition) within the Delta National Forest (n = 3 per land use; Fig. 1).
These additional samples served as end points of the continuum from
cultivated to undisturbed, allowing us to determine the relative efficacy
of the four restoration treatments. Bulk soil sampling involved taking 5
cores (0–7.5 cm depth, after removing surface material) from ran-
domly-selected locations within each subplot. The 5 cores were pooled
by subplot giving us one sample per treatment replicate (i.e. 15 total
samples per season, barring the loss of one sample by UPS during
transit). Bulk soil was then sieved (4.75 mm), homogenized, and stored
at either 4 °C for determination of soil characteristics and catabolic
profiles, or −80 °C for determination of microbial community compo-
sition and extracellular enzyme activity (note: while no formal assess-
ment of storage at −80 °C has been conducted on enzyme activity, we
note little difference between the samples in this study and similar
samples stored at −20 °C).

2.2. Determination of microbial community composition

To assess microbial community composition, we determined both
prokaryotic (bacteria and archaea) and fungal community composition
via marker gene sequencing. DNA was extracted from the soils using the
PowerSoil DNA extraction kit (MoBio Laboratories, Inc.) and prepared
for sequencing as in Fierer et al. (2012) and McGuire et al. (2013).
Community composition was assessed via amplification of the V4-V5
region of the bacterial/archaeal 16S gene and the fungal ITS1 region
using the primer sets, 515f/806r (Caporaso et al., 2011) and ITS1-F/
ITS2 (McGuire et al., 2013; White et al., 1990) containing DNA bar-
codes unique to each sample. For each marker gene target, amplicons
from all samples were pooled, cleaned, and sequenced on a separate
lane of an Illumina HiSeq2000 instrument using a 2 × 100 bp paired-
end kit.

Raw forward sequence reads were processed following the UPARSE
pipeline (Edgar, 2013) as implemented in Prober et al. (2015). Prior to
sequence clustering at 97% similarity, sequences were filtered using a
maximum expected error rate of 0.5, and singleton sequences were
removed. Clusters [i.e. operational taxonomic units (OTUs)] were re-
moved if they were not within 75% similarity to sequences in the

Greengenes (McDonald et al., 2012) or UNITE (Abarenkov et al., 2010)
databases for 16S rRNA gene and ITS region sequences, respectively.
These databases were also used for training the RDP classifier (Wang
et al., 2007) when assigning taxonomy to each OTU. OTUs were re-
moved if they were not assigned phylum level taxonomy. To account for
differences in the number of sequences per sample, samples were rar-
efied to 98,000 and 26,000 sequences for 16S rRNA gene and ITS region
sequences. Fungal OTUs were assigned to putative functional guilds
based on their taxonomy using FunGuild (Nguyen et al., 2016).

2.3. Determination of microbial community function

To determine microbial community function, we assessed both
catabolic profiles and extracellular enzyme activity. For catabolic pro-
files, we used a modified version of the multiple substrate-induced re-
spiration technique described by Degens and Harris (1997). This
method enables us to determine differences in substrate utilization
between microbial communities by directly measuring microbial re-
spiration. Briefly, we amended 4 g dry weight equivalent soil (1 ana-
lytical rep per solution) with 8 mL solutions of glucose, sucrose, glycine,
oxalic acid, citric acid, chitin, and cellulose (27, 51, 2, 18, 38, 96, 96 mg
of substrate g soil−1, respectively). Each solution was adjusted to pH 6
using NaOH or HCl prior to addition. After a 1 h pre-incubation with
shaking, the soil slurries (i.e., soil and solution combinations) were
incubated for 4 h at 20 °C, except for chitin and cellulose which were
incubated for 24 h. After incubation, respiration for each amendment
was determined on an infrared gas analyzer (IRGA; Model LI-7000, Li-
Cor Biosciences, Lincoln, NE, USA) using a static incubation technique.

In addition to catabolic profiles, we also assessed microbial function
via extracellular enzyme activity. Extracellular enzymes produced via
microbes are directly responsible for the degradation of plant material
and nutrient acquisition, and as such can inform us regarding the re-
sponse of soil microbial communities to change in their environment
(Burns et al., 2013; DeForest, 2009). Following the procedure outlined
by DeForest (2009), we determined activity of the following hydrolytic
enzymes: cellobiohydrolase (involved in cellulose degradation), acid
phosphatase (hydrolyze phosphomonoesters), N-acetyl-β-glucosamini-
dase (involved in chitin degradation), and β-glucosidase (hydrolyze
cellulose, releasing glucose) as fluorescence of the methylumbelliferyl
(MUB)-linked substrates β-D-cellobioside, phosphate, N-acetyl-β-D-

Fig. 1. Representative photographs showing: a) the degraded – actively cultivated – endpoint community, b–e) the four restoration treatments, and f) the target – remnant forest –
endpoint community. All the restoration treatments were formerly cultivated and each treatment represents differing degrees of restoration intensity both from a management and
ecological perspective. Specifically, the b) recolonization (i) treatment represents the least amount of management effort, with no aim to jumpstart succession. The c) direct-seed (ii) and
d) planted oaks (iii) treatments aim to establish a Nuttall oak (Quercus texana) overstory – a dominant overstory species in the remnant forest – from seeding acorns or planted saplings,
respectively. Finally, the e) interplanted (iv) treatment interplants an early successional species, eastern cottonwood (Populus deltoides), with the later successional Nuttall oak. This
interplanted (iv) regime aims to establish a forest overstory rapidly with the cottonwood that will ultimately be replaced by the Nuttall oak. Additionally, this treatment also leads to the
development of a stratified canopy.
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glucosaminide, and β-D-glucopyranoside, respectively. After homo-
genizing ∼1 g of dry weight soil in 100 mL of sodium acetate buffer
(pH = 5.8), the resultant soil slurry was combined with 50 μL of sub-
strate in a 96-well microplate. After incubation, fluorescence was
measured at excitation wavelength of 360 nm and an emission wave-
length of 450 nm on a flurometric plate reader (Model Infinite M200;
Tecan Group Ltd, Männedorf, Switzerland). Enzyme activity is ex-
pressed as micromoles of substrate converted (μmol h−1 g dry wt
soil−1).

For each of the collected soil samples, we also determined active
microbial biomass, relative amounts of mineralizable-C, and soil pH.
Active microbial biomass was determined via substrate induced re-
spiration (SIR) following Strickland et al. (2010b). This procedure is
similar to the determination of catabolic profiles, except autolyzed
yeast is used as the substrate. Mineralizable-C was determined by
measuring total CO2 emissions over the course of a 60 d incubation.
Soils (8 g dry weight) were maintained at 65% water-holding capacity
and 20° C with respiration across this time period determined (soils
were measure 8 times) using the static incubation procedure described
for catabolic profiles. Total mineralizable-C was estimated by in-
tegrating CO2 production across time. Soil pH (1:1, soil:H2O by volume)
was determined on a benchtop pH meter.

2.4. Statistical analyses

The effect of restoration treatments on soil pH, mineralizable-C, SIR,
absolute respiration of catabolic profile substrates, and total hydrolytic
enzyme activity (determined as the sum of cellobiohydrolase, acid
phosphatase, N-acetyl-β-glucosaminidase, and β-glucosidase) was de-
termined using a blocked analysis of variance (ANOVA). Total hydro-
lytic enzyme activity was assessed because it gives us a coarse indica-
tion of changes in total microbial allocation to extracellular enzymes.
To gain finer insight into differences in enzyme activity across treat-
ments, we also assessed enzyme acquisition ratios (Sinsabaugh et al.,
2008). We also determined both the proportional respiration and ac-
tivity for catabolic profiles and enzyme activity, respectively. We
standardized by proportion because we were interested in detecting
functional shifts in the microbial communities, as well as increases or
decreases in absolute respiration rates and activity. We analyzed Eu-
clidean distance matrixes constructed using these proportions via a
permutational MANOVA (perMANOVA) and visualized using principal
coordinates analysis. Pairwise comparisons between restoration treat-
ments were also analyzed via perMANOVA and we tested for homo-
geneity of dispersions from the centroids via betadisper tests (Anderson
et al., 2008). Prokaryotic and fungal communities (at the level of OTU)
were similarly analyzed, except Bray-Curtis distances were used in
these analyses. To determine which fungal or prokaryotic taxa con-
tributed to differences between restoration treatments, the percentage
contribution of taxa to overall Bray-Curtis dissimilarity between treat-
ments was determined using the SIMPER (similarity percentages)
command in Primer (Clarke, 1993). ANOVA was conducted in R (R
Core Team, 2012) and analyses of the microbial community, catabolic
profiles, and extracellular enzyme activity were conducted in Primer
(Clarke and Gorley, 2006).

3. Results

3.1. Microbial community composition

We examined the effect of restoration treatments on soil microbial
community composition and found significant differences in soil pro-
karyotic community composition (Fig. 2A, Table S1) among treatments
(pseudo-F5,20 = 4.08; P < 0.001) and between sampling dates
(pseudo-F1,20 = 2.76; P < 0.001), but no interaction was observed
(pseudo-F5,20 = 1.01; P = 0.47). Centroid dispersions did not differ
between treatments (F5,28 = 1.24; P = 0.60) indicating that replicates

associated with a particular treatment were not more or less variable
when compared to replicates from other treatments. Treatment differ-
ences were due to all four restoration treatments differing from both the
remnant forest and cultivated sites; and differences between remnant
forest and cultivated sites (Fig. 2A and B). The prokaryotic communities
in the restoration treatments did not differ from each other (Fig. 2A and
B). At the phylum level, the drivers of the differences between treat-
ments were the Acidobacteria and Verrucomicrobia. The relative
abundance of taxa within the Acidobacteria phylum was greatest in
both the remnant forest (32.2%) and cultivated sites (34.6%), and
lowest in the restoration treatments (28.1–30.1%; Fig. 2B; F5,20 = 4.75;
P < 0.01). Verrucomicrobia exhibited the greatest relative abundance

Fig. 2. Bacterial community composition associated with the four restoration treatments
and the two reference sites. A) An ordination plot showing principal coordinates analysis
of Bray-Curtis distances between bacterial communities. The centroid ± 1 S.E. for each
treatment is plotted as a square, also denoted by either a circle or square are communities
associated with either the summer or winter sampling dates, respectively. Cultivated sites
are shown in brown, remnant forests in green, and restoration sites – in the order re-
colonization (i), direct-seed (ii), planted oaks (iii), interplanted (iv) – are a gradient of
light to dark blue. In the figure key, letters denote significant pairwise differences be-
tween treatments as determined via permutational MANOVA. B) A bar chart showing the
mean relative abundance, across both sampling dates, of the major bacterial phyla as-
sociated with each treatment. C) Bar chart showing the relative abundance of
Verrucomicrobia family Spartobacteriaceae across the treatments. Shown are
means ± 1 S.E.; letters denote significant pairwise differences determined via Tukey’s
HSD test. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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in the remnant forests (31.4%), intermediate abundance in the re-
storation treatments (18.3–21.6%), and the lowest abundance in the
cultivated sites (11.8%; Fig. 2B). Spartobacteria the dominant Verru-
comicrobia class was the primary driver of these differences, ac-
counting for ∼8% of the dissimilarity, determined via SIMPER, be-
tween remnant forests and both cultivated sites and restoration
treatments. In fact, the relative abundances of the Spartobacteria in the
remnant forests were ∼2-fold greater than the restoration treatments
and 3.5-fold greater than in the soils collected from the cultivated sites
(Fig. 2C; F5,20 = 27.5; P < 0.001).

We observed significant differences in fungal community composi-
tion among treatments (pseudo-F5,16 = 2.65; P < 0.001) but not be-
tween sampling date (pseudo-F1,16 = 1.11; P = 0.33), or the interac-
tion between treatment and sampling date (pseudo-F5,16 = 0.85;

P = 0.92; Fig. 3A, Table S2). Centroid dispersions did not differ be-
tween treatments (F5,24 = 3.60; P = 0.09). For treatment differences,
remnant forests differed from all four restoration treatments and the
cultivated sites; cultivated sites differed from all but the recolonization
(i) treatment; and the planted oaks (iii) treatment differed from the
recolonization (i) treatment (Fig. 3A and B). These differences were
primarily due to greater relative abundances of members of the class
Sordariomycetes in the cultivated sites (45.7%), intermediate abun-
dances in the recolonization (i) treatment (16.9%), and the lowest
abundances in the remaining restoration treatments and remnant for-
ests (3.0-6.4%; Fig. 3B). We further examined differences amongst
fungal communities by assigning genera to putative functional guilds
(Nguyen et al., 2016). Many fungal OTUs (32–42%) could not be as-
signed to a specific guild, however, patterns did emerge for those taxa

Fig. 3. Fungal community composition associated with the four re-
storation treatments and the two reference sites. A) An ordination plot
constructed via principal coordinates analysis of Bray-Curtis distances
between fungal communities. The centroid ± 1 S.E. for each treat-
ment is plotted as a square. Symbols per Fig. 1, with the exception that
sampling dates are not differentiated given no difference in fungal
community composition between the summer and winter. In the
figure key, letters denote significant pairwise differences between
treatments as determined via permutational MANOVA. B) A bar chart
showing the mean relative abundance of the major fungal classes as-
sociated with each treatment. C) A bar chart showing the mean re-
lative abundance of fungal ecological strategies associated with each
treatment.
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that could be assigned (Fig. S2). We observed the greatest abundances
of ectomycorrhizae in the remnant forests (19%) and the three re-
storation treatments that contained oak trees (42–57%); intermediate
abundances in the recolonization (i) treatment (20%); and nearly none
(2.3%) in the cultivated sites (Fig. 3C). While the cultivated sites and
recolonization (i) treatments had a lower relative abundance of ecto-
mycorrhizae, these sites tended to have a greater abundance of sapro-
trophic, dung saprotrophic, and plant pathogenic fungi when compared
to the remaining treatments (Fig. 3C). Additionally, the recolonization
(i) treatment had the greatest abundance of arbuscular mycorrhizal
fungi and the remnant forests had the greatest abundance of animal
pathogenic fungi (Fig. 3C).

3.2. Microbial community function

Microbial community function was assessed via both catabolic
profiles and extracellular enzyme activity. For catabolic profiles
(Fig. 4A, Table S3), significant differences were observed between
treatments (pseudo-F5,21 = 2.03; P < 0.05) and sampling date
(pseudo-F1,21 = 4.55; P < 0.01), but not for the interaction (pseudo-
F5,21 = 1.22; P = 0.23). Centroid dispersions did not differ between
treatments (F5,29 = 0.50; P = 0.85). Considering differences between
treatments, remnant forest plots differed from the cultivated sites and
both the direct-seed (ii) and planted oak restoration treatments, but had
similar catabolic profiles to the recolonization (i) and interplanted (iv)
treatments (Fig. 4A and B). The cultivated sites had similar catabolic
profiles to both the planted oak and recolonization (i) treatments
(Fig. 4A and B). No differences in catabolic profiles were noted between
the four restoration treatments (Fig. 4A and B). The observed differ-
ences were primarily driven by the greatest proportional respiration of
cellulose associated with the cultivated sites; intermediate proportional
respiration for the restoration treatments; and the lowest proportional
respiration for the remnant forests (Fig. 4B). Remnant forests exhibited
greater proportional respiration for glucose and citric acid, followed by
intermediate values for the restoration treatments, and the lowest va-
lues observed in the cultivated sites (Fig. 4B). To determine whether
function was related to microbial community composition, we ex-
amined relationships between catabolic profiles and both prokaryotic
and fungal community composition via Mantel tests. We found that
both prokaryotic (ρ= 0.27; P < 0.01) and fungal (ρ= 0.23;
P < 0.01) community composition was correlated to function assessed

via catabolic profiles.
When considering the absolute respiration of catabolic profile sub-

strates, as opposed to proportional respiration, we observed significant
and marginally significant differences between treatments for all the
substrates except cellulose and chitin (Fig. S3). For the absolute mi-
neralization of those substrates that differed by treatment, we generally
found that remnant forests exhibited the greatest mineralization, re-
storation treatments were intermediate and exhibited no differences
amongst themselves, and cultivated sites exhibited the lowest absolute
mineralization rates (Fig. S3).

For profiles of extracellular enzyme activity (Fig. 5A; Table S4),
significant differences were observed for treatments (pseudo-
F5,21 = 3.13; P < 0.01) but not for sampling date (pseudo-
F1,21 = 0.73; P= 0.48) or the interaction between treatment and
sampling date (pseudo-F5,21 = 1.92; P = 0.08). Centroid dispersions
did not differ between treatments (F5,29 = 1.37; P= 0.33). Considering
differences between treatments, remnant forests differed from the cul-
tivated sites and all of the restoration treatments except the planted oak
treatment (Fig. 5A and B). Cultivated sites differed from the planted oak
and recolonization (i) treatments but were similar to the direct-seed (ii)
and interplanted (iv) treatments (Fig. 5A and B). Except for differences
between the recolonization (i) and direct-seed (ii) treatment, all of the
restoration treatments exhibited similar extracellular enzyme profiles
(Fig. 5B). These differences were primarily driven by a greater and
lesser proportion of acid phosphatase and n-acetyl-β-glucosaminidase
activity, respectively, in the cultivated sites versus the remnant forests,
and generally intermediate levels in the restoration treatments
(Fig. 5B).

Determining N:P enzyme acquisition ratios allowed us to estimate
the nutrient status of the microbial community, with a greater N:P
acquisition ratio indicating greater enzyme allocation aimed at ac-
quiring N relative to P. Overall differences between treatments were
observed (F5,21 = 7.41; P < 0.001; Fig. S4), with the cultivated sites
tending to have the lowest N:P ratio and the remnant forests having the
greatest. Of the restoration treatments, only the planted oak (iii)
treatment was significantly different from the cultivated sites and si-
milar to the remnant forests (Fig. S4). All other restoration treatments
differed from the remnant forests but had similar N:P acquisition ratios
to the cultivated sites. In addition to differences between enzyme pro-
files and acquisition ratios, we also found differences in total hydrolytic
enzyme activity between treatments (F5,21 = 5.75; P < 0.01) and

Fig. 4. Catabolic profiles, assessed via multiple substrate-induced respiration, associated with the four restoration treatments and the two reference sites. A) An ordination plot con-
structed via principal coordinates analysis of Euclidian distances between catabolic profiles. The centroid ± 1 S.E. for each treatment is plotted as a square. Symbols per Fig. 1. In the
figure key, letters denote significant pairwise differences between treatments as determined via permutational MANOVA. B) A bar chart showing the mean relative mineralization of the
catabolic profile substrates associated with each treatment. Additionally, Mantel tests showed a significant relationship between catabolic profiles and both bacterial (ρ= 0.27;
P < 0.01) and fungal community (ρ= 0.23; P < 0.01) distance matrixes.
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sampling date (F1,21 = 42.29; P < 0.001; i.e. greater in the summer
than the winter), but not the interaction between the two (F5,21 = 0.97;
P = 0.46). Specifically, the remnant forests and restoration treatments
(except for the direct seed treatment, which was intermediate) ex-
hibited greater activity than the cultivated sites (Fig. 5C). In fact, an
∼2-fold increase in activity was noted for the forests and restoration
treatments compared to the cultivated sites. Like catabolic profiles, we

examined relationships between enzyme profiles and both prokaryotic
and fungal community composition via Mantel tests. We found that
fungal (ρ = 0.19; P < 0.05) but not prokaryotic community compo-
sition (ρ= 0.14; P = 0.07) was related to enzyme profiles.

When examining SIR biomass, we observed no treatment effects
(Table S5; F5,21 = 1.46; P = 0.25) but SIR biomass tended to be greater
during the summer sampling date compared to the winter

Fig. 5. Extracellular enzyme activity associated with the four re-
storation treatments and the two reference sites. A) An ordination plot
constructed via principal coordinates analysis of Euclidian distances
between profiles of extracellular enzyme activity. The
centroid ± 1 S.E. for each treatment is plotted as a square. Symbols
per Fig. 2. In the figure key, letters denote significant pairwise dif-
ferences between treatments as determined via permutational
MANOVA. B) A bar chart showing the relative activity of each hy-
drolytic enzyme. C) Bar chart showing total hydrolytic enzyme ac-
tivity for each treatment. Shown are means ± 1 S.E.; letters denote
significant pairwise differences determined via Tukey’s HSD test.
Additionally, Mantel tests showed a significant relationship between
the extracellular enzyme distance matrix and fungal (ρ= 0.19;
P < 0.05) community distance matrix.
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(F1,21 = 104.13; P < 0.001). For soil pH, only treatment effects were
observed (Table S5; F5,21 = 9.96; P < 0.001), with lower soil pH in the
remnant forests and cultivated sites and higher pH in the restoration
treatments (Fig. 1C). For mineralizable-C, significant treatment (Table
S5; F5,21 = 9.98; P < 0.001) but not sampling date effects
(F1,21 = 0.00; P= 0.99) were observed. Specifically, mineralizable-C
was lowest in the cultivated sites and greatest in the forests and re-
storation treatments.

4. Discussion

Here we examined the responses of soil microbial community
structure and function to restoration treatments of varying intensity
aimed at restoring bottomland forest ecosystems. Our goals were to
determine if, and to what degree, these restoration practices influence
soil microbial communities in comparison to reference degraded and
target systems (i.e. cultivated sites and remnant forests, respectively).
In most instances, we observed that soil microbial communities re-
sponded similarly across all four restoration treatments (although we
do not know if this similarity was reached at the same time scale) re-
gardless of whether composition or function was being observed.
Additionally, community composition and function of the restoration
treatments typically exhibited an intermediate response when com-
pared to the cultivated sites and forest remnants. This suggests that
after ∼16 years since establishment of the restoration treatments, the
act of agricultural abandonment likely had the most marked influence
on soil microbial communities, while manipulations of aboveground
community structure via seeding or planting of tree species played a
relatively minor role.

The intermediate response of the restoration treatments was ap-
parent when considering soil prokaryotic communities (Fig. 2), parti-
cularly in the case of the phylum Verrucomicrobia. This phylum tended
to be in greatest abundance in the forest remnants, lowest abundance in
the cultivated sites, and of intermediate abundance in all of the re-
storation treatments. Verrucomicrobia tend to be responsive to soil
disturbance, often exhibiting lower abundance under intensively man-
aged conditions (Brewer et al., 2016; Buckley and Schmidt, 2001; Fierer
et al., 2013). The increase in Verrucomicrobia in the restoration
treatments compared to the cultivated sites is likely driven by the
cessation of active agricultural practices (Buckley and Schmidt, 2001).
However, after ∼16 years of agricultural cessation, the abundance of
Verrucomicrobia was still ∼10% less than that observed in the forest
plots. For family Spartobacteriaceae of the Verrucomicrobia, relative
abundance was still ∼15% less than that observed in the forest plots.
Unless there is a barrier preventing colonization (although we note that
most of the dominant OTUs were present in both the remnant forests
and restoration treatments), this suggests that the response of some
bacterial phyla may take several years to decades before recovering to
the relative abundances observed in the restoration target. From the
prokaryotic community perspective, the expectation of the ‘field of
dreams’ – if you build it they will come – ideology of restoration
ecology (Hilderbrand et al., 2005) may not see players take the field
immediately, if at all. This lag could be driven by slow changes in some
soil physical-chemical properties (e.g. soil pH in this study) after the
cessation of agricultural practices to re-establish forest. It could also be
due to dispersal limitation of prokaryotic taxa. That is, they fail to co-
lonize the sites even when habitat conditions are successfully restored,
such as the similarity in mineralizable-C observed between the re-
storation treatments and the remnant forests.

While the increase in relative abundance of Verrucomicrobia in the
restoration treatments was indicative of a change away from the cul-
tivated sites towards the target forest remnants, this was not necessarily
the case across all bacterial taxa. Specifically, the relative abundance of
phylum Acidobacteria was greatest in the cultivated sites and forest
remnants, and lowest in the four restoration treatments. Taken to-
gether, these results suggest that some bacterial taxa may change in

abundance such that they become more similar to the restoration target
upon cessation of agriculture (i.e. Verrucomicrobia), whereas others
actually diverge from that target during the same time frame (i.e.
Acidobacteria). These observations underscore the dynamic nature of
soil microbial community composition and suggests that different
components of the community may require dramatically different time-
scales to respond to cessation of cultivation and/or restoration treat-
ments.

Soil fungal community composition tended to be similar across the
restoration treatments (Fig. 3). One exception to this was a significant
difference noted between the recolonization (i) treatment and the
planted oak (iii) treatment. When compared to the reference commu-
nities, none of the restoration treatments were compositionally similar
to the remnant forests and only the recolonization (i) treatment was
similar to the cultivated sites. Across all the restoration treatments and
the reference communities, compositional differences appear to be
largely a product of tree establishment and/or the cessation of agri-
culture. That is, in the three restoration treatments where trees were
established (i.e. direct-seed (ii), planted oak, and interplanted (iv)) and
the remnant forests, class Agaricomycetes tended to dominate and class
Sordariomycetes tended to be found in lower abundance when com-
pared to the cultivated sites and recolonization (i) treatment. Similar
patterns have been observed by Lauber et al. (2008) and Leff et al.
(2015), where class Sordariomycetes – which encompasses a broad
array of functional groups (Zhang and Wang, 2015) – declined with
decreasing nutrient availability, specifically phosphorus (P), across a
land use gradient from agricultural sites to forests. The Agaricales of
class Agaricomycetes show the opposite pattern (Lauber et al., 2008).
Patterns of fungal community composition are even more striking when
fungal genera are assigned to ecological strategies (Tedersoo et al.,
2014). Not surprisingly, where Nuttall oak was established, ectomy-
corrhizal fungi represented the dominant ecological strategy and as
such has the potential to influence ecosystem function via competition
with saprotrophs (Averill and Hawkes, 2016). More surprising was the
observation that with tree planting, fungal plant pathogens were found
in lower relative abundance when compared to the cultivated sites or
the recolonization (i) treatment (Fig. 3C). Together these findings
suggest that planting trees may actively promote ectomycorrhizal fungi
(Phillips et al., 2013) as well as decrease burdens associated with plant
pathogens (Wall et al., 2015).

When considering microbial community function via catabolic
profiles and extracellular enzyme activity, we again observed very few
differences amongst the restoration treatments (Fig. 4). For catabolic
profiles, all of the restoration treatments exhibited similar profiles to
each other and only the recolonization (i), albeit also similar to the
reference cultivated site, and interplanted (iv) treatments were similar
to the remnant forests. These differences in catabolic profiles are due to
greater, intermediate, and lower proportional mineralization of chitin
and cellulose in the cultivated sites, restoration treatments and forest
plots, respectively, with the opposite observed for glucose and citric
acid. While the greater proportional mineralization of cellulose and
chitin in the cultivated sites may be surprising, it is ultimately due to
insignificant pairwise differences between treatments when considering
the absolute mineralization of these two substrates. The lack of differ-
ence between treatments may be related to the chemical recalcitrance
of these compounds. By contrast, differences in absolute mineralization
were noted for the more labile catabolic profile substrates. The greater
mineralization of these labile substrates in the remnant forests and re-
stored treatments, compared to the cultivated sites, may be indicative
of the microbial communities’ increased utilization of root exudates
(Strickland et al., 2015) following the establishment of perennial plants.
This finding underlies the importance for microbial function of estab-
lishing perennial plant communities early in the restoration process.
However, the specific composition of the plant community may be less
important given the commonality of the major constituents of root
exudates across plant species (de Graaff et al., 2010). Expediting root
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exudation will also prove important if the restoration management goal
is to increase soil C, because these labile root inputs are now considered
important precursors to the formation of stable soil organic C (Grandy
and Neff, 2008). Higher rates of root exudation, in combination with
the cessation of tillage, therefore likely explain why the restored and
remnant forests had similar amounts of mineralizable-C, and greater
amounts compared to the cultivated sites (Table S5). Yet, changes in the
mineralization of these potential root exudates may also be driven by
prokaryotic and fungal community composition (Fig. 2), suggesting that
deliberate manipulations of the whole microbial community may also
elicit a more rapid response in this function (Wubs et al., 2016).

For extracellular enzymes, the restored sites were again very similar
with only the recolonization (i) treatment differing from the direct-seed
(ii) treatment (Fig. 5). Only the planted oak treatment exhibited a si-
milar enzyme profile to the remnant forests, whereas the direct-seed (ii)
and interplanted (iv) treatments were similar to the cultivated sites.
Differences in acid phosphatase activity between treatments may sug-
gest greater P limitation in the cultivated sites, intermediate limitation
in the restored sites, and the least limitation in the remnant forest plots.
Differences in n-acetyl-β-glucosaminidase activity suggests the opposite
for N limitation and is further verified by the low enzyme N:P acqui-
sition ratios in the cultivated plots (Fig. S2). These differences are likely
due to N inputs in the cultivated sites and also highlight that such in-
puts may have a long-standing legacy for microbial function in restored
sites, as observed by others (Foster et al., 2003; Strickland et al.,
2010a). While enzyme profiles of the restored sites differed from the
remnant forests, total hydrolytic enzyme activity was similar to the
forests and tended to be greater than the cultivated sites. This increase
in enzyme activity may ultimately be tied to the greater relative
abundance of ectomycorrhizal species (especially given no differences
in total active microbial biomass among treatments) in the restored and
forest sites compared to the cultivated sites (Phillips et al., 2013). Ad-
ditionally, extracellular enzyme profiles were also correlated with
fungal community composition, suggesting, similarly to catabolic pro-
files, that manipulations of microbial community may lead to more
rapid convergence of function towards a restoration target.

Often restoration practices focus on aboveground plant commu-
nities. At our experimental site this focus on plant community re-
storation has led to the successful recovery of bird species diversity and
improvements in canopy structure (Hamel, 2003; Stanturf et al., 2009).
Yet, this focus typically ignores the dominant heterotrophs in these
systems, soil microbial communities (Callaham et al., 2008; Stanturf
et al., 2014). Here we demonstrate that a focus on intensifying above-
ground restoration and a reliance on the ‘field of dreams’ myth at this
site, and potentially other restoration myths (Hilderbrand et al., 2005),
does not, in most instances, lead to a concomitant intensification in the
recovery of soil microbial communities and their functional attributes.
In fact, from a microbial perspective the act of agricultural cessation
likely had the most marked influence on these soil communities, while
efforts aimed at rapidly establishing trees had relatively little effect to
date. Our results therefore help to validate the emerging use of practices
which focus directly on restoring soil biotic communities and their
functions, through restoration treatments such as transplanting a thin
layer of topsoil – albeit labor intensive – from sites similar to the re-
storation end-point (Kardol et al., 2009; Pywell et al., 2011; Vecrin and
Muller, 2003; Wubs et al., 2016). That is, building a better aboveground
community does not ensure that an equivalent belowground commu-
nity will take the field, and so the focus should be on directly estab-
lishing both the aboveground and belowground players in future re-
storation efforts rather than relying on restoration myths (sensu
Hilderbrand et al., 2005).
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