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Abstract: Composting is an effective strategy to process agricultural and urban waste into forms
that may be beneficial to crops. The objectives of this orchard field study were to characterize how
a dairy manure compost and a food waste compost influenced: (1) soil nitrogen and carbon pools,
(2) bacterial and nematode soil food webs and (3) tree growth and leaf N. The effects of composts were
compared with fertilized and unfertilized control plots over two years in a newly planted almond
orchard. Both dairy manure compost and food waste compost increased soil organic matter pools,
as well as soil nitrate and ammonium at certain time points. Both composts also distinctly altered
bacterial communities after application, specifically those groups with carbon degrading potential,
and increased populations of bacterial feeding nematodes, although in different timeframes. Unique
correlations were observed between nematode and bacterial groups within compost treatments that
were not present in controls. Food waste compost increased trunk diameters compared to controls
and had greater relative abundance of herbivorous root tip feeding nematodes. Results suggest
that recycled waste composts contribute to biologically based nitrogen cycling and can increase tree
growth, mainly within the first year after application.

Keywords: organic waste; manure; nematode community; 16S; bacterial community

1. Introduction

Soil health has been defined as “the capacity of the soil to function as a vital living
ecosystem that supports plants, animals, and humans” [1]. It is determined by interactions
between microbial communities, soil physical and chemical factors, and management deci-
sions [2], encompassing biological attributes such as biodiversity, food web structure and
ecosystem functioning [3]. Increasing soil organic carbon (SOC) serves as the foundation
for building healthy soils [4]. As an important indicator of soil quality, SOC enhances crop
productivity by improving water holding capacity, aggregation, nutrient transformation
and microbial biomass [5]. While intensive agriculture depletes SOC, land management
practices that lead to increases in SOC reverse this trend, enhancing productivity and
environmental quality [6].

Composting can transform agricultural and municipal waste into a valuable soil
amendment which increases SOC [7,8], while at the same time increasing soil nutrients and
yields [9,10]. Both dairy manure [11] and food waste [12,13] have negative environmental
effects, and composting offers one solution to recycle these wastes. For example, dairy
manure compost applied at a rate of 105 Mg DM ha−1 increased SOC by 73% and supported
corn yields similar to that of inorganic fertilizer [14]. In wheat, both municipal organic
waste compost [9] and dairy manure compost [15] increased soil nutrient pools and yield.
Recycled waste composts can increase SOC in almond production [16] and are applied by
growers with the goals of increasing tree nutrition and beneficial soil biology [17].
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Applying composts can increase microbial populations [18,19] and microbial diver-
sity [20], which has sometimes been associated with increased nutrient use efficiency [21].
However, other studies have found slightly negative [22] or neutral [23] effects of compost
on microbial diversity and activity. Terms such as high and low in this case are relative,
though, since the minimum amount of biodiversity necessary to maintain plant health is
often unknown [24]. Often it is not the raw number of species that is important, but rather
the functions certain species perform [25], which in soil, includes organic matter decompo-
sition and cycling nutrients [26]. Since many microbes do not grow well in the laboratory,
their identity is only known through DNA sequencing, and directly linking natural popu-
lations to function requires a combination of genomic and culture-based approaches [27].
Although recent technological advances (such as lower costs of high throughput molecular
sequencing) show promise, scientific understanding of how microbial diversity influences
ecosystem functioning in agro ecosystems is still in its early stages [25,28].

Differences in microbial communities are reflected in bacterial and fungal-feeding ne-
matodes, which respond rapidly to the abundance of their prey [29] and channel resources
derived from bacterial and fungal decomposition [30]. For example, fungal-feeding ne-
matodes proliferate with more processed resources [29,31,32], while increases in bacterial-
feeders have been found with more readily decomposable resources such as compost
feedstocks [31] and cover crops [33]. Nematodes have been proposed as particularly good
indicators of soil health [34,35] because of their ubiquitous presence in soils, diverse num-
ber of functions that they provide, and their rapid response to changes in management.
Previous studies have found that applying composted agricultural waste increased overall
nematode biomass, as well as the abundance of bacterial-feeders [36], fungal-feeders and
omnivores/predators [37]. However, one study has [38] observed no effect of composted
waste on nematode communities.

To optimize outcomes for plant and soil health, greater understanding is needed about
how management practices affect interrelationships between SOC, nutrient cycling and
soil food webs [39]. The current study examined the effects of applying two recycled
waste composts (incorporating either dairy manure or municipal food waste) in an almond
orchard, comparing them to either a fertilized (N+) or unfertilized (N−) control over
two years. The objectives were: (1) To determine the effects of composts on SOC and
nitrogen (N) pools, (2) To characterize how composts influenced bacterial and nematode
communities and their interrelationships, and (3) To determine if composts resulted in
differences in plant growth and leaf nutrient content. We hypothesized that both composts
would increase SOC and soil nutrient pools, with cascading effects on food webs and
plant productivity. Expanding knowledge about the biological regulators of organic matter
and nutrient dynamics could facilitate future management of food webs for increased soil
fertility, which is particularly important in organic farming systems [39].

2. Materials and Methods
2.1. Orchard Establishment and Experimental Design

To characterize how soil communities responded to compost addition, an almond
orchard was planted in March 2016 at the Armstrong Plant Pathology Research Station,
University of California Davis, Davis, CA, USA. The soil was mapped as a Yolo silty clay
loam [40] and contained 0.97% C and 0.1% N with a pH of 7.8. The experiment compared
the effects of two commercially available composts. The first, termed food waste compost
(FWC), incorporated municipal food scraps, yard clippings and agricultural waste. It had a
C:N of 14 and was composed of 49.8% organic matter and 25% organic carbon with 1.8% N.
The second compost included waste streams classified as agricultural, green waste and
dairy manure, and will be referred to as dairy manure compost (DMC). This compost
had a C:N of 10.8, and was composed of 28.5% organic matter and 14% organic carbon
with 1.3% N.

The experiment had four main treatments: FWC, DMC, nitrogen fertilizer (N+)
and a control without any organic or inorganic amendments (N−). All treatments were
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planted with container nursery stock of ‘Nonpareil’ almonds on ‘Krymsky 86’ rootstock
on a 2.7 * 4.9 m spacing. Each experimental unit consisted of two trees separated from
other treatments by one pollinizer buffer tree (either the almond cultivar, ‘Monterey’, on
‘Krymsky 86’ rootstock or ‘Wood colony’ on ‘Krymsky 86’). There were six replicates of
each treatment applied in a randomized complete block design, treating tree row as the
block, so that within each of the six tree rows, each treatment was replicated once. Almond
plantings were watered for approximately 20 h each week by drip irrigation, with each tree
having two 7.6 L h−1 emitters.

Both composts were applied pre-planting with a front loader and spread evenly with
shovels. Composts were applied at a rate of 112.09 metric tons dry weight ha−1 to an 8 m2

area comprising the berms of two tree rows. This rate was chosen to approximate the
estimated N needed by the trees in their first year; assuming that only 10% of the total
N from the compost mineralized [41], so that each tree received a total of 0.08 kg N.
For the N fertilizer treatment, urea ammonium nitrate (UAN-32) was applied in year
one at a rate of 88.7 mL N per tree or 91.9 kg N ha−1, spread out into six applications
of 14.8 mL ( 1

2 oz) tree−1. Applications occurred three times in June, twice in July and
once in October of 2016. In 2017, the total applied N in fertilizer treatments increased to
177.4 mL N tree−1, as recommended [42] with applications occurring three times in May
and three times in June. Fertilizer was applied by injection into the irrigation lines, and
separate lines were used for fertilizer, compost and control trees so that all treatments
received equal amounts of water.

2.2. Soil Sampling and Plant Measurements

Soil was sampled with two 6.3 cm diameter cores at a depth of 0–25.4 cm, 30 cm
from the trunk of each tree and composited for each plot replicate. Sampling occurred
three times each year in May, July and October. Fresh soil samples were analyzed for
mineral N contents using 2 M KCl extraction of 40 g soil followed by colorimetric deter-
mination of nitrate (NO3

−) and ammonium (NH4
+) contents [43]. After soil was dried

at 60 ◦C, and sieved to 2 mm, soil particle sizes were determined by laser diffraction on
a Beckman-Coulter LS-230 Particle Size Analyzer [44]. Finely ground soil was analyzed
for total N (%) and C (%) on a Europe Hydra 20/20 isotope ratio mass spectrometer at
the University of California Davis Stable Isotope Facility. Labile soil carbon, represented
as permanganate oxidizable carbon (POXC) was measured in October of each year on
finely ground soil following Culman et al. [45]. Briefly, triplicate samples of 2.5 g soil were
oxidised with 0.02 mol L−1 KMnO4 with 2 min shaking followed by 10 min incubation
and non-reduced Mn7+ quantified by colorimetry.

Indicators of tree productivity included trunk diameter and leaf N. Trunk diameters
were measured with a caliper at the beginning and end of each year, in May and October,
two feet above the soil. Leaves were collected for N analysis three times each year in May,
July and October. For each of the two trees in each plot, five young, fully mature leaves
were collected so that 10 leaves were collected for each experimental replicate. Leaves were
dried at 60 ◦C for one week, finely ground, and total N (%) and C (%) determined on a
Europe Hydra 20/20 isotope ratio mass spectrometer at the University of California Davis
Stable Isotope Facility.

2.3. Nematode Communities

Nematodes were extracted from 200 mL of field moist soil using a sieving and decant-
ing technique followed by sugar centrifugation [46]. The total number of nematodes in
each sample was counted and the first 200 encountered on a slide were identified. Most
nematodes were identified to the genus level [47], although some were only identified
to the family level, such as those in the families Qudsianematidae and Tylenchidae, as
genera within these groups are difficult to distinguish. The abundance of nematode groups
identified were used to calculate indices of ecosystem functioning. For example, the
Enrichment Index (EI) indicates the activity of primary detrital consumers. [48], while
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the Channel Index provides information on whether decomposition is proceeding more
through bacterial or fungal channels, and the Structure index increases with food web com-
plexity [48]. Nematode metabolic footprints were also calculated to provide an estimate of
the contribution of different functional guilds of nematodes to functions related to carbon
and nutrient cycling based on their size-dependent metabolic activity [30]. Calculations
of indices and metabolic footprints were completed using the online platform, NINJA:
‘Nematode INdicator Joint Analysis’ [49].

2.4. Phylogenetic and Taxonomic Analysis of Prokaryotic Communities

Soils for molecular analysis (which were only collected in July and October of each
year) were transported to the laboratory on ice and immediately stored at −80 ◦C until
DNA extraction. Total DNA was extracted from 0.25 g of soil per sample using the
DNeasy PowerLyzer PowerSoil kit (Qiagen, Inc., Germantown, MD, USA) following the
manufacturer’s protocol. Gel electrophoresis was used to assess quality of DNA after each
extraction. Yields were assessed with a Qubit 3 fluorometer (ThermoFisher, Waltham, MA,
USA) and extractions producing >15.0 ng µL−1 DNA were used to construct 16S rRNA
gene libraries.

Libraries were prepared using a standard 16S rRNA primer pair: 515-F (GTGCCAG-
CMGCCGCGGTAA) and 806-R (GGACTACHVGGGTWTCTAAT) targeting the gene’s
V4 hypervariable region ([50]). PCR was performed in duplicate using Phusion Hot Start
II High-Fidelity PCR Master Mix (Thermo Scientific Inc., Waltham, MA). Reactions were
conducted using a modified form of the manufacturer’s protocol, with 1 µL DNA template
(15 ng µL−1), 1 µL of each primer (10 µMol), 10 µL master mix, and 7 µL water to reach
a final volume of 20 µL reaction−1. Negative controls were used in each batch of PCRs,
substituting 1 µL DNA template with 1 µL water and a unique reverse barcode to remove
contaminating DNA following sequencing analysis. All reactions were conducted using
the C1000 Touch Thermo Cycler from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). PCR
cycles included a 30 s initial denaturation at 98 ◦C, followed by 27 cycles of denaturation
at 98 ◦C for 10 s, annealing at 50 ◦C for 30 s, extension at 72 ◦C for 15 s, and a 7 min final
extension at 72 ◦C before being held at 4 ◦C. Following PCR, a 3 µL aliquot of each reaction
was assessed on an agarose gel to ensure specific and successful amplification. Duplicate
reactions were then mixed and assessed for concentration using the Qubit 3 fluorometer
(ThermoFisher, Waltham, MA, USA). Next, 100 ng of each successful reaction was pooled
and purified using the QIAGEN’s QIAquick PCR Purification Kit (Qiagen, Inc., German-
town, MD, USA) according to the manufacturer’s protocol. Completed libraries were
then sequenced on the MiSeq PE250 system at the UC Davis DNA Technologies Core and
processed using the Dada2 platform using conventional methods recently described [51].

Diversity was quantified using both taxonomic- and phylogenetic-based methods.
Taxonomic alpha diversity was measured as exact sequence variants (ESV) [52] and taxo-
nomic group richness and equitability (Shannon diversity) within individual communities.
Taxonomic dissimilarity of different communities was measured as the Bray-Curtis distance
among samples based on ESV and taxonomic group membership [53]. Bacterial soil func-
tions were inferred from taxonomy using FAPROTAX [54] which uses established literature
on cultured strains to synthesize a putative functional profile for the total community.

2.5. Statistics

The statistical program R v4.0.3 (R Core Team, 2021) was used to assess the effects of
compost on soil, bacteria, nematode and plant variables. Treatment effects were analyzed
using analysis of variance (ANOVA), with means separated by Tukey’s honestly significant
difference (HSD) tests. Assumptions of homogeneity of variance and normality were
assessed by Levene’s and Shapiro–Wilk tests, respectively, and data were either log or
square root transformed as needed. In cases where assumptions could not be met even
with transformation, differences between treatments were assessed by non-parametric
Kruskal-Wallace tests followed by a post-hoc Dunn’s test. To measure changes in trunk
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diameter, which was taken for both trees in a plot, mixed effects analysis was performed
using the R package lme4 [55] with treatment as a fixed effect and plot as a random
effect. Relationships between trunk diameter and soil properties were examined for each
timepoint using Pearson’s correlations. Since nematode and bacterial abundance was
often non-normally distributed, Spearman’s rank correlations were used to determine the
relationships between genera within each treatment.

For the Domains Bacteria and Archaea, the above analyses focused on the 20 most
abundant taxa in the dataset. This assessment was verified using rank abundance curves
where genera abundance was greatly diminished beyond the most represented taxa. All
797 genera were included, though, for non-metric multidimensional scaling (NMDS) analy-
ses, which compared community composition between treatments. NMDS was conducted
using the metaMDS function in the vegan package of R [56] and plotted using ggplot2 [57].
The vegan package was also used to calculate diversity indices (Shannon diversity, evenness
and richness).

3. Results
3.1. Soil Variables

Compost treatments had higher total mineral soil N than controls throughout most
of the experiment, but only influenced labile N pools within the first year (Table 1). Im-
mediately after compost application in May of year one, FWC treated plots had higher
NH4

+-N than controls (p < 0.01) and a similar trend was observed for DMC (p = 0.06).
Soon after it was applied through the irrigation system, fertilizer treatments had more than
3 times higher NO3

−-N and NH4
+-N than controls in July (Table 1, p = 0.01). By October,

though, the effects of the fertilizer had dissipated and DMC had increased NH4
+-N and

NO3
−-N to more than two times higher than controls or fertilizer treatments (p < 0.05).

In the second year, the only effects seen in labile N pools were that fertilizer dramatically
increased NO3

−-N compared to all other treatments soon after application in July (Table 1).
Composts application increased SOC measured at multiple timepoints (Table 1), often

increasing total soil C by at least 50% (p < 0.05). Similar trends were seen in the more
labile C pool, POXC. In year one, POXC levels were more than twice as high for FWC and
DMC compared to controls (p < 0.01). Both composts also showed elevated POXC levels
compared to fertilizer treatments (p < 0.01). By the end of the experiment, in October of year
two, FWC and DMC continued to have higher POXC than either N− controls or fertilizer
treatments (p < 0.01). Particle size analysis showed that soil had an average of 37.6% sand,
58.1% silt and 4.33% clay. In contrast to the trend for POXC, the percent clay content for
FWC (3.77 ± 0.29) and DMC (3.60 ± 0.20) was lower than either controls (4.89 ± 0.18) or
fertilizer treatments (p < 0.05; 5.06 ± 0.33).
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Table 1. Average soil properties ± standard error of measurement (SEM) from an almond orchard receiving different organic amendments. Letters denote statistical differences of p < 0.05
determined by either post hoc Tukey’s honestly significant difference (HSD) test or Dunn’s test, for non-normally distributed data. DMC = Dairy manure compost, FWC = Food waste
compost, N+ = nitrogen fertilizer, N− = unamended control. POXC = permanganate oxidizable carbon.

NH4
+ N

(µg/g)
NO3− N
(µg/g) %N %C POXC

(mg/kg)

May 2016

DMC 6.49 ± 1.93 abd 40.52 ± 3.85 0.12 ± 0.01 1.25 ± 0.2
FWC 10.45 ± 1.51 d 39 ± 4.41 0.14 ± 0.03 1.57 ± 0.4
N+ 1.31 ± 0.36 ac 37.19 ± 6.07 0.16 ± 0.02 1.69 ± 0.27
N− 1.79 ± 0.63 a 37.22 ± 10.5 0.11 ± 0.01 1.1 ± 0.12

July 2016

DMC 2.86 ± 0.39 ab 15.28 ± 3.15 ab 0.17 ± 0.02 a 1.64 ± 0.17 a
FWC 2.97 ± 0.53 ab 4.87 ± 2.38 a 0.18 ± 0.03 a 2.08 ± 0.45 a
N+ 8.04 ± 2.5 b 22.19 ± 1.34 b 0.1 ± 0 b 0.94 ± 0.02 b
N− 2.09 ± 0.25 a 6.45 ± 2.45 a 0.1 ± 0.01 b 0.99 ± 0.05 b

October
2016

DMC 2.69 ± 0.39 b 39.38 ± 11.87 a 0.19 ± 0.02 a 1.7 ± 0.17 a 700.63 ± 43.96 b
FWC 1.52 ± 0.64 ac 24.93 ± 6.34 ac 0.21 ± 0.03 a 2.17 ± 0.33 a 855.34 ± 104.51 b
N+ 0.58 ± 0.06 a 5.28 ± 0.73 b 0.11 ± 0.01 b 1.05 ± 0.1 b 263.45 ± 33.42 a
N− 0.73 ± 0.23 a 12.55 ± 5.59 bc 0.1 ± 0 b 0.97 ± 0.03 b 291.77 ± 33.15 a

May 2017

DMC 0.48 ± 0.23 3.98 ± 1.06 0.17 ± 0.03 a 1.56 ± 0.25 ac
FWC 0.75 ± 0.26 3.55 ± 1.48 0.35 ± 0.07 a 3.9 ± 0.8 a
N+ 0.26 ± 0.12 1.88 ± 0.54 0.1 ± 0 b 0.96 ± 0.03 bc
N− 0.2 ± 0.1 2.68 ± 0.41 0.1 ± 0 b 0.9 ± 0.02 bc

July 2017

DMC 1.18 ± 0.54 3.38 ± 1.78 a 0.18 ± 0.02 a 1.72 ± 0.22 a
FWC 0.46 ± 0.4 4.71 ± 2.76 a 0.17 ± 0.03 a 1.82 ± 0.33 a
N+ 12.23 ± 7.94 43.4 ± 12.77 b 0.11 ± 0 b 0.96 ± 0.04 b
N− 0.26 ± 0.17 3 ± 3.44 a 0.1 ± 0 b 0.93 ± 0.03 b

October
2017

DMC 0.76 ± 0.32 4.74 ± 2.35 0.15 ± 0 a 1.32 ± 0.05 a 551.01 ± 43.71 b
FWC 0.49 ± 0.14 3 ± 1.25 0.14 ± 0.01 a 1.35 ± 0.11 a 600.92 ± 61.12 b
N+ 1.03 ± 0.7 2.92 ± 0.97 0.11 ± 0.01 b 0.99 ± 0.08 b 377.45 ± 17.88 a
N− 0.27 ± 0.24 2.81 ± 0.64 0.1 ± 0 b 0.9 ± 0.02 b 281.56 ± 45.21 a
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3.2. Bacterial and Archaeal Communities

Sequencing identified 797 bacterial and archaeal genera, whose community compo-
sition differed between treatments over time (Figure 1). Across all treatments, bacterial
species richness (determined by exact sequence variants) and Shannon diversity generally
decreased in year two compared to year one (Table 2, p < 0.01). While treatments did
not influence species richness, both composts increased species evenness compared to
fertilizer and control treatments (p < 0.05, Table 2) at certain time points. In July of year two,
fertilizer treatments decreased Shannon diversity compared to DMC and FWC (p < 0.05).
Non-metric multidimensional scaling analysis showed that in July and October of year one,
FWC and DMC treatments hosted communities that were distinct, both from each other,
and from the control and fertilizer treatments (Figure 1). These differences had largely
disappeared by year two, but DMC again clustered slightly apart from other treatments
by the end of the experiment. Differential abundance analysis showed that several taxa
responded negatively to compost application (Tables S1 and S2) including Rubrobacter,
Pseudarthrobacter and Solirubacter. Adding FWC increased the abundance of Lysinibacillus
compared to either controls (p < 0.01) or nitrogen treatments (p < 0.01) in July of year one.
Both composts increased Steroidobacter compared to nitrogen treatments in October of year
two (p < 0.01).

Agronomy 2021, 11, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 1. Non-metric multidimensional scaling analysis (NMDS) of 797 bacterial and archaeal gen-
era isolated from almond orchard soil in two years following compost amendment application. 
DMC = Dairy manure compost, FWC= Food waste compost, N+ = nitrogen fertilizer, N- unamended 
control. 

Table 2. Average bacterial and archaeal species richness, evenness and Shannon Diversity indices + standard error of 
measurement (SEM) from an almond orchard receiving different organic amendments. Letters denote statistical differ-
ences of p < 0.05 determined by either post hoc Tukey’s honestly significant difference (HSD) test or Dunn’s test, for non-
normally distributed data. DMC = Dairy manure compost, FWC = Food waste compost, N+ = nitrogen fertilizer, N- = 
unamended control. Categories with 0 values indicate SEM under 0.01. 

 Richness Evenness Shannon Diversity 
July 2016          
DMC 1071.00 ± 64.64 0.87 ± 0.01 6.07 ± 0.08 
FWC 1067.33 ± 25.81 0.88 ± 0.00 6.14 ± 0.03 
N+ 998.00 ± 82.25 0.87 ± 0.01 5.96 ± 0.11 
N- 1011.00 ± 68.66 0.87 ± 0.00 5.99 ± 0.05 
October 2016          
DMC 944.67 ± 38.31 0.88 ± 0.00 a 6.06 ± 0.05 
FWC 881.33 ± 61.41 0.89 ± 0.00 a 5.99 ± 0.07 
N+ 1009.33 ± 25.92 0.87 ± 0.00 b 6.01 ± 0.03 
N- 1044.00 ± 52.56 0.87 ± 0.00 b 6.02 ± 0.06 
July 2017          
DMC 781.33 ± 65.28 0.89 ± 0.01 a 5.94 ± 0.08 a 
FWC 789.67 ± 55.18 0.90 ± 0.00 a 5.97 ± 0.05 a 
N+ 659.67 ± 55.71 0.87 ± 0.00 b 5.65 ± 0.08 b 
N- 779.00 ± 45.29 0.87 ± 0.00 b 5.79 ±  0.05 ab 
October 2017          
DMC 798.17 ± 38.12 0.89 ± 0.00 a 5.94 ± 0.04 

Figure 1. Non-metric multidimensional scaling analysis (NMDS) of 797 bacterial and archaeal
genera isolated from almond orchard soil in two years following compost amendment appli-
cation. DMC = Dairy manure compost, FWC= Food waste compost, N+ = nitrogen fertilizer,
N− unamended control.
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Table 2. Average bacterial and archaeal species richness, evenness and Shannon Diversity
indices ± standard error of measurement (SEM) from an almond orchard receiving different or-
ganic amendments. Letters denote statistical differences of p < 0.05 determined by either post hoc
Tukey’s honestly significant difference (HSD) test or Dunn’s test, for non-normally distributed
data. DMC = Dairy manure compost, FWC = Food waste compost, N+ = nitrogen fertilizer,
N− = unamended control. Categories with 0 values indicate SEM under 0.01.

Richness Evenness Shannon Diversity

July 2016
DMC 1071.00 ± 64.64 0.87 ± 0.01 6.07 ± 0.08
FWC 1067.33 ± 25.81 0.88 ± 0.00 6.14 ± 0.03
N+ 998.00 ± 82.25 0.87 ± 0.01 5.96 ± 0.11
N− 1011.00 ± 68.66 0.87 ± 0.00 5.99 ± 0.05

October 2016

DMC 944.67 ± 38.31 0.88 ± 0.00 a 6.06 ± 0.05
FWC 881.33 ± 61.41 0.89 ± 0.00 a 5.99 ± 0.07
N+ 1009.33 ± 25.92 0.87 ± 0.00 b 6.01 ± 0.03
N− 1044.00 ± 52.56 0.87 ± 0.00 b 6.02 ± 0.06

July 2017

DMC 781.33 ± 65.28 0.89 ± 0.01 a 5.94 ± 0.08 a
FWC 789.67 ± 55.18 0.90 ± 0.00 a 5.97 ± 0.05 a
N+ 659.67 ± 55.71 0.87 ± 0.00 b 5.65 ± 0.08 b
N− 779.00 ± 45.29 0.87 ± 0.00 b 5.79 ± 0.05 ab

October 2017

DMC 798.17 ± 38.12 0.89 ± 0.00 a 5.94 ± 0.04
FWC 716.00 ± 68.84 0.88 ± 0.00 ab 5.77 ± 0.10
N+ 739.00 ± 66.23 0.87 ± 0.00 b 5.71 ± 0.09
N− 772.50 ± 53.37 0.86 ± 0.01 b 5.72 ± 0.08

When bacteria and archaea were separated into groups indicative of function, compost
application showed a higher relative abundance of those with carbon degrading potential
(Figure 2). Both organic treatments increased the relative abundance of bacteria with
xylanolytic potential compared to control and fertilizer treatments in July and October of
year one (p < 0.01). For bacteria with cellulolytic potential, only DMC caused increases,
which were three times higher than N− controls in July of year one (p < 0.01) and 49 times
higher than controls in October (p < 0.01). Effects were less pronounced in the second year,
although FWC continued to have slightly higher xylanolytic potential than controls in July
(p < 0.01) and October (p = 0.05) and DMC had higher cellulolytic potential than controls
(p < 0.01). Some differences were also observed between the two sources of compost. FWC
had higher abundance of bacteria with xylanolytic potential than DMC in October of year
one (p = 0.02), but DMC had higher abundances of bacteria with cellulolytic potential
(p < 0.01), a trend which continued into both timepoints of the second year (p = 0.02;
p < 0.01).
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honestly significant difference (HSD) test.

3.3. Nematode Communities

Over the two years of the experiment, 15 groups of nematodes were identified
(Tables 3 and 4) including bacterial feeders, fungal feeders, plant root feeders, omnivores,
and predators. Nematodes were very abundant, with an average of 1975.6 ± 108.5 individ-
uals 200 mL−1 soil and 1.3 ± 0.1 mg estimated biomass. While some nematodes, such as
Panagrolaimus and Aphelenchoides, were common throughout the experiment, others, such
as the bacterial feeder, Prismatolaimus, were not detected in any samples until the fall of
year one. After the initial disturbance of planting, the complexity of the nematode food
web increased over time, with higher levels of the Structure Index (p < 0.01, F = 13.6), and
Structure metabolic footprint (p = 0.02, F = 6.3) in the second year (data not shown).

Different groups of bacterial feeding nematodes responded to compost treatments
over time (Table 3). FWC treated plots had greater relative abundances of Cephalobus
compared to control or N plots (p < 0.01) after composts were incorporated in May of year
one. DMC similarly increased Cephalobus compared to N treatments (p = 0.02), although
these effects were observed before fertilizer treatments had been applied (Table 3). By
the end of year one in October, Prismatolaimus made up a larger portion of the nematode
community in DMC compared to N treatments (p = 0.03) although the abundance of these
nematodes was generally low (under 6%). In May of year two, the total relative abundance
of bacterial feeding nematodes was greater in DMC treatments (Table 4) compared to
N+ treatments (p < 0.01).

In contrast to the effect seen for bacterial feeders, composts decreased the relative
abundance of certain fungal feeding nematodes (Table 4). In spring of year two, both
DMC and FWC treatments depressed the relative abundance of Aphelenchus compared
to control and N treatments (p < 0.05). This contributed to lower abundance of fungal
feeders, overall, in compost treatments compared to N or control treatments (p < 0.04).
DMC continued to depress Aphelenchus abundance into the summer of year two compared
to N treatments (p = 0.04, Table 5). However, no effects were seen on other nematode indi-
cators such as the Channel index or nematode Fungal metabolic footprint (data not shown).
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Table 3. The average relative abundance of individual nematode groups in year one from an almond orchard receiving
different organic amendments. Letters denote statistical differences of p < 0.05 determined by Tukey’s honestly sig-
nificant difference (HSD) test. DMC = Dairy manure compost, FWC = Food waste compost, N+ = nitrogen fertilizer,
and N− = unamended control. For trophic groupings of nematodes bact. = bacterial feeders, fung. = fungal feeders,
omn. = omnivores, pred. = predators, and herb. = root herbivores. Categories with 0 values indicate relative abundances
under 0.01 (1%).

May 2016
Nematode taxa DMC FWC N+ N−
Panagrolaimus bact. 0.40 0.48 0.36 0.39
Mesorhabditis bact. 0.12 0.09 0.05 0.08
Cephalobus bact. 0.06 ab 0.10 b 0.01 c 0.02 a
Acrobeloides bact. 0.07 0.00 0.08 0.07
Acrobeles bact. 0.00 0.00 0.00 0.00
Prismatolaimus bact. 0.01 0.00 0.02 0.00
Aphelenchoides fung. 0.12 0.15 0.16 0.17
Aphelenchus fung. 0.09 0.06 0.12 0.09
Discolaimus pred. 0.00 0.00 0.00 0.00
Qudsianematidae omn. 0.01 0.00 0.04 0.02
Mesodorylaimus omn. 0.00 0.00 0.00 0.00
Tylenchidae herb. 0.11 0.09 0.14 0.15
Pratylenchus herb. 0.02 0.01 0.02 0.00
Total bacterial feeders 0.65 0.68 0.52 0.57
Total fungal feeders 0.21 0.22 0.28 0.26
Total herbivores 0.13 0.10 0.16 0.15
Total omnivores 0.01 0.00 0.04 0.02

July 2016
Nematode taxa DMC FWC N+ N−
Panagrolaimus bact. 0.09 0.14 0.12 0.15
Mesorhabditis bact. 0.22 0.19 0.18 0.23
Acrobeloides bact. 0.10 0.10 0.11 0.10
Acrobeles bact. 0.01 0.01 0.00 0.00
Prismatolaimus bact. 0.00 0.00 0.00 0.00
Aphelenchoides fung. 0.22 0.19 0.18 0.18
Aphelenchus fung. 0.12 0.11 0.10 0.14
Discolaimus pred. 0.00 0.00 0.00 0.00
Qudsianematidae omn. 0.01 0.01 0.02 0.02
Mesodorylaimus omn. 0.01 0.00 0.00 0.00
Tylenchidae herb. 0.19 0.22 0.22 0.17
Pratylenchus herb. 0.03 ab 0.03 ab 0.07 b 0.00 a
Total bacterial feeders 0.48 0.43 0.40 0.43
Total fungal feeders 0.28 0.30 0.29 0.37
Total herbivores 0.22 0.25 0.29 0.17
Total omnivores 0.02 0.01 0.02 0.02

October 2016
Nematode tax DMC FWC N+ N−
Panagrolaimus bact. 0.10 0.11 0.14 0.11
Mesorhabditis bact. 0.11 0.09 0.11 0.09
Acrobeloides bact. 0.07 0.09 0.08 0.08
Acrobeles bact. 0.09 0.02 0.00 0.00
Prismatolaimus bact. 0.05 a 0.04 ab 0.01 b 0.04 ab
Aphelenchoides fung. 0.10 0.12 0.10 0.13
Aphelenchus fung. 0.07 0.07 0.10 0.07
Discolaimus pred. 0.00 0.00 0.01 0.00
Qudsianematidae omn. 0.00 0.00 0.00 0.00
Mesodorylaimus omn. 0.03 0.02 0.03 0.04
Tylenchidae herb. 0.37 0.44 0.40 0.42
Pratylenchus herb. 0.01 0.01 0.03 0.02
Total bacterial feeders 0.41 0.34 0.34 0.32
Total fungal feeders 0.17 0.19 0.20 0.19
Total herbivores 0.38 0.45 0.43 0.44
Total omnivores 0.03 0.02 0.03 0.04
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Table 4. The average relative abundance of individual nematode groups in year two from an almond orchard receiving
different organic amendments. Letters denote statistical differences of p < 0.05 determined by post hoc Tukey’s honestly
significant difference (HSD) test. DMC = Dairy manure compost, FWC = Food waste compost, N+ = nitrogen fertilizer,
and N− = unamended control. For trophic groupings of nematodes bact. = bacterial feeders, fung. = fungal feeders,
pred. = predators, omn. = omnivores, and herb. = root herbivores. Categories with 0 values indicate relative abundances
under 0.01 (1%).

May 2017
Nematode taxa DMC FWC N+ N−
Panagrolaimus bact. 0.01 0.00 0.01 0.01
Mesorhabditis bact. 0.01 0.02 0.02 0.01
Cephalobus bact. 0.00 0.00 0.00 0.01
Eucephalobus bact. 0.00 0.00 0.00 0
Acrobeloides bact. 0.22 0.16 0.11 0.2
Acrobeles bact. 0.00 0.03 0.00 0
Prismatolaimus bact. 0.23 0.18 0.14 0.16
Aphelenchoides fung. 0.12 0.12 0.09 0.11
Aphelenchus fung. 0.07 b 0.07 b 0.20 a 0.2 a
Discolaimus pred. 0.00 0.00 0.01 0.00
Qudsianematidae omn. 0.03 0.05 0.11 0.08
Dorylaimus omn. 0.00 0.01 0.01 0.01
Tylenchidae herb. 0.29 0.33 0.28 0.2
Meloidogyne herb. 0.01 0.03 0.01 0.00
Total bacterial feeders 0.48 a 0.38 ab 0.28 b 0.39 ab
Total fungal feeders 0.19 b 0.19 b 0.30 a 0.31 a
Total herbivores 0.16 ab 0.19 b 0.15 ab 0.1 a
Total omnivores 0.03 0.06 0.12 0.09

July 2017
Nematode taxa DMC FWC N+ N−
Panagrolaimus bact. 0.02 0.01 0.06 0.06
Mesorhabditis bact. 0.01 0.01 0.01 0.01
Eucephalobus bact. 0.01 0.00 0.02 0.01
Acrobeloides bact. 0.25 0.13 0.19 0.17
Prismatolaimus bact. 0.09 0.13 0.03 0.10
Aphelenchoides bact. 0.01 0.01 0.03 0.03
Aphelenchus fung. 0.13 a 0.16 ab 0.30 b 0.29 ab
Qudsianematidae omn. 0.01 0.02 0.01 0.02
Dorylaimus omn. 0.01 0.02 0.01 0.03
Tylenchidae herb. 0.46 ab 0.49 b 0.33 ab 0.27 a
Total bacterial feeders 0.38 0.29 0.31 0.34
Total fungal feeders 0.13 b 0.18 ab 0.33 c 0.32 a
Total herbivores 0.23 ab 0.25 b 0.17 ab 0.14 a
Total omnivores 0.02 0.04 0.03 0.05

October 2017
Nematode taxa DMC FWC N+ N−
Panagrolaimus bact. 0.14 0.15 0.09 0.13
Mesorhabditis bact. 0.09 0.10 0.11 0.06
Cephalobus bact. 0.17 0.14 0.18 0.15
Prismatolaimus bact. 0.08 0.11 0.06 0.15
Aphelenchoides fung. 0.16 0.15 0.15 0.22
Aphelenchus fung. 0.00 0.01 0.01 0.01
Microdorylaimus omn. 0.01 0.01 0.02 0.00
Tylenchidae herb. 0.34 0.33 0.31 0.25
Paratylenchus herb. 0.00 0.00 0.00 0.01
Tylenchorhynchus herb. 0.00 0.00 0.01 0.01
Pratylenchus herb. 0.00 0.01 0.05 0.01
Total bacterial feeders 0.48 0.49 0.44 0.49
Total fungal feeders 0.16 0.16 0.16 0.23
Total herbivores 0.17 0.18 0.22 0.15
Total omnivores 0.01 0.01 0.02 0.00
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Table 5. Average leaf nutrients, trunk diameter and growth ± standard error of measurement (SEM) from an al-
mond orchard receiving different organic amendments. Letters denote statistical differences of p < 0.05 determined
by either post hoc Tukey’s honestly significant difference (HSD) test or Dunn’s test, for non-normally distributed data.
DMC = Dairy manure compost, FWC = Food waste compost, N+ = nitrogen fertilizer, N− = unamended control.

% N % C Trunk Diameter (mm) Diameter Increase (mm)

May 2016

DMC 3.14 ± 0.09 44.16 ± 0.20 9.40 ± 0.46
FWC 3.11 ± 0.15 43.85 ± 0.61 9.70 ± 0.22
N+ 2.97 ± 0.17 44.29 ± 0.13 10.22 ± 0.23
N− 3.09 ± 0.03 44.02 ± 0.14 10.16 ± 0.26

July 2016

DMC 2.92 ± 0.15 43.85 ± 0.23
FWC 3.08 ± 0.21 43.80 ± 0.17
N+ 3.07 ± 0.13 43.97 ± 0.18
N− 2.82 ± 0.13 43.62 ± 0.17

October 2016

DMC 3.22 ± 0.06 ab 45.22 ± 0.47 23.69 ± 0.41 14.30 ± 0.57 ab
FWC 3.24 ± 0.14 ab 44.98 ± 0.38 25.34 ± 1.19 15.64 ± 1.15 a
N+ 3.46 ± 0.19 a 45.11 ± 0.21 22.61 ± 0.68 12.39 ± 0.70 ab
N− 2.86 ± 0.10 b 44.14 ± 0.16 21.48 ± 1.05 11.32 ± 0.88 b

May 2017

DMC 2.66 ± 0.09 46.07 ± 0.17
FWC 2.51 ± 0.08 45.54 ± 0.27
N+ 2.47 ± 0.05 45.23 ± 0.48
N− 2.58 ± 0.08 46.00 ± 0.36

July 2017

DMC 2.33 ± 0.07 b 45.96 ± 0.26
FWC 2.19 ± 0.05 b 45.76 ± 0.42
N+ 2.84 ± 0.06 a 45.41 ± 0.27
N− 2.11 ± 0.08 b 45.28 ± 0.27

October 2017

DMC 47.05 ± 2.10 37.65 ± 1.98
FWC 48.56 ± 2.22 38.86 ± 2.29
N+ 48.27 ± 3.48 38.05 ± 3.53
N− 42.68 ± 2.01 32.52 ± 2.02
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Herbivorous nematodes increased with both N and FWC treatments compared to
controls, although these effects occurred in different timeframes (Tables 3 and 4). In July
of year one, recently fertilized plots had a higher relative abundance of the plant parasitic
nematode, Pratylenchus, than controls (Table 3; p < 0.01). However, compost treatments did
not influence herbivorous nematodes until the following spring (Table 4), after which the
relative abundance of herbivores was higher in FWC treatments compared to controls in
both May (p = 0.03) and July (p = 0.03) of year two. This was particularly apparent for root
tip feeding nematodes in the family Tylenchidae, which were more abundance with FWC
than controls (p = 0.03).

3.4. Relationships between Microbes and Nematodes

When the relationship between bacterial and nematode groups were examined, some
groups showed consistent trends across all treatments, while others showed relation-
ships that were more treatment specific (Figure 3). For example, in all treatment cat-
egories, the bacterial genera Bacillus was positively associated with bacterial feeding
nematodes such as Panagrolaimus, Rhabditis and Cephalobus, as well as the fungal feeder,
Aphelenchoides (p < 0.05), but was negatively associated with the bacterial feeder, Acro-
beloides (p < 0.05). In some cases, the addition of compost caused new relationships to
become apparent (Figure 3). For example, Lysinbacillus showed a positive correlation with
Panagrolaimus in FWC (rs = 0.41, p < 0.05) and DMC treatments (rs = 0.47, p < 0.05) but
had no relationship to this nematode genus in N− control (rs = 0.10) or N+ treatments
(rs = 0.11). Other positive correlations between microbes and nematodes unique to the
compost treatments included MND1 and Acrobeloides, as well as MND1, Bryobacter and
Psychroglaciecola positively associating with Primatolaimus, which was also associated with
the archaea Candidatus Nitrososphaera (p < 0.05).

3.5. Plant Measurements

Almond trees increased in trunk diameter each year (Table 5, p < 0.01). However,
slight differences in growth between the treatments were only observed in the first year
(Table 5), with FWC treatments increasing trunk diameter by an average of 4.3 mm more
than N− controls (p = 0.02). Increased growth in year one was positively associated with
soil factors such as soil N (p = 0.02, R = 0.45) and POXC (p < 0.01, R = 0.57). Fertilizer
increased leaf N contents compared to controls in October of year one (p = 0.01, Table 5).
In July of year two, Fertilizer again increased leaf N compared to controls as well as FWC
and DMC treatments (p < 0.01). The leaf N content of DMC treatments in July was also
slightly higher than N− controls (p = 0.08). Leaf samples for October 2017 molded and
were therefore not able to be analyzed. By the end of the experiment, cumulative growth
for all trees was similar between treatments.
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4. Discussion

In this study, compost influenced microbial and nematode communities as well as soil
organic matter, nutrient pools and plant growth. Compost released N in plant available
forms within the first year, but in contrast to fertilizer, it did not increase leaf N concen-
trations, perhaps because the timing of release was asynchronous with plant needs [10].
Compared to N− controls, soil NO3

− and NH4
+ concentrations were only elevated with

composts immediately after application and in the fall of year one, while fertilizer showed
more consistent effects each year during the period it was applied in May–July. These
results are partially in line with others who have found that composted waste products
can increase orchard tree growth and that while slight increases in leaf nutrient content are
possible, they are not as great as that seen with fertilizer [58–60]. The observed increase
in tree growth with FWC compared to controls may have been due to increased root
production, since higher populations of root feeding nematodes were also present in these
treatments. Both composts altered soil properties, increasing SOC pools and reducing clay
content, which could have made it physically easier for roots to penetrate the soil, how-
ever; effects on growth were only seen with FWC. Compared to DMC, FWC had a higher
total N content, as well as higher organic matter content, which may have contributed to
differences in tree growth.

In tandem with its plant and soil effects, compost influenced microbial communities
within the first year of application. NMDS results showed that both composts temporarily
shifted bacteria and archaea into separate, distinct communities from fertilized or un-
amended controls. In apples, composted poultry litter and yard waste has also been found
to result in distinct bacterial communities [60]. Similar to Sharaf et al. [60], both composts
in our study caused slightly higher Shannon diversity indices than fertilizer in year two,
although this could be due to fertilizer suppressing microbes rather than compost elevating
them [61]. While composts did not increase or decrease bacterial species richness compared
to untreated controls, they did increase species evenness. Similar increases in bacterial
evenness have been found with long term applications of manure and increased bacterial
evenness has been shown to improve N cycling under stressful conditions, likely since
many similar species are abundant enough to perform the same function [62].

Compost application especially increased those groups associated with carbon process-
ing. Bacteria with presumptive cellulolytic and xylanolytic potential were more abundant
with composts than fertilizer or untreated controls in the first year, suggesting that these
groups were contributing to the observed community shifts. When the composts were
compared to each other, FWC had higher abundance of bacteria with xylanolytic potential,
while DMC had a higher abundance of bacteria with cellulolytic potential, perhaps due
to differences in compost feedstocks. In another study [60], yard waste compost similarly
increased bacterial groups implicated in generalized carbon cycling. Several of the specific
taxa that increased with compost in this study are known to be associated with cycling
nutrients. For example, Steroidobacter has been found to increase with organic amendment
addition in soils with low initial SOC [63] and may be involved in nitrogen cycling under
these conditions since it can only accept nitrates from a narrow range of compounds [64].
Species of Lysinibacillus have also been found to promote plant growth and enhance nu-
trient cycling [65–67]. Although they were not an explicit focus of this study, no known
human pathogens were detected, which is a serious concerns for growers considering
applying compost in almond orchards [17], however to confirm food safety, more targeted
molecular approaches would likely be necessary.

Compost affected bacterial-feeding nematodes most strongly in the spring after ap-
plication, with DMC increasing their relative abundance compared to untreated controls
as well as fertilizer treatments. Since the rate of N mineralization from composts is likely
to be slower than other organic amendments, with little N available in the first year, ap-
plications before the winter are sometimes recommended so that nutrients are available
the following spring [68,69]. Although microbial communities were not measured at this
time point, increased mineralization of nutrients from the compost may have stimulated
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bacterial growth, which could have provided food for the nematodes. Supporting this
hypothesis is the observation that DMC plots had larger pools of NH4

+-N the previous fall,
although no differences in labile N were seen in spring of year two. Other studies have also
observed increases in bacterial feeding nematodes with organic amendments, although
effects vary with amendment composition [59,70]. It is surprising, though, that unlike
microbial communities, compost did not induce large shifts in the species composition of
nematodes. Herren et al. [38] also did not find changes in nematode community structure
with compost addition, and suggested that recent tillage may disturbed the nematode
community. Prior to planting with almonds, the field (which had been fallow for several
years), was tilled, a practice known to decrease nematode community structure and alter
the way soil food webs interact with organic amendments [71,72].

Relationships between nematode and bacterial/archaeal genera varied between treat-
ments, suggesting that compost alters trophic dynamics between both groups. For example,
the bacteria Lysinbacillus, had higher relative abundance with FWC than either N+ or N− controls.
In correlations, Lysinbacillus was also associated with the bacterial feeding nematode, Pana-
grolaimus, but this relationship was only apparent within the compost treatments. It is
known that bacteria can influence nematode survival and reproduction [73,74] and that
nematodes can also alter microbial communities through their grazing [75,76], decreasing
microbial biomass, but also increasing microbial activity [75]. Such predation can influence
plant nutrient update [77,78], which may have contributed to the increased tree growth
seen with the FWC treatment. Others have found that interactions between microbes
and microbial feeding nematodes can vary with organic amendment application [70] as
well as with their physical location in soil pores [79,80], so it is possible that by altering
the composition of microaggregates in the soil, organic amendments influenced potential
predator prey relationships. Since bacterial abundance was not directly quantified in this
study, however; it is difficult to ascertain which of these mechanisms was the cause of the
observed relationships.

5. Conclusions

In the current study, the two recycled waste composts increased SOC, but showed
different effects on soil nitrogen pools and food webs. While DMC increased NH4

+-N and
NO3

−-N late in the first year and stimulated the activity of bacterial feeding nematodes,
FWC was associated with more rapid increases in tree growth and populations of root
feeding nematodes, as well as greater relative abundance of the bacteria, Lysinbacillus.
Relationships between nematode and bacterial/archaeal genera varied between treatments,
suggesting that compost can alter trophic interactions in the soil food web under field
conditions, in contrast to previous studies that have usually used microcosms [75–77].
Compost applications influenced the soil food web, N cycling and tree growth mostly in
the first year. In the second year, fertilizer showed greater effects than other treatments on
tree growth and leaf N. Results suggest that while compost can contribute to biologically
based nitrogen cycling and stimulate soil food webs, additional N inputs are likely needed
to plant growth requirements.
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comparisons of relative abundance.
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