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The Influence of Compost on Rangeland Soil Microbial Community Composition

and Soil Organic Carbon Sequestration

Abstract

Atmospheric concentrations of CO- have reached unprecedented levels, posing a threat to the
health of the biosphere. Soils store the largest amount of terrestrial carbon (C) and can be used as
a method for sequestering atmospheric C. The cycling of C between the atmosphere and
terrestrial ecosystems is directly influenced by soil microbial activity and respiration. Compost
amendments to soil systems have the potential to shift the composition of the microbial
community and to increase C sequestration potential. Rangeland ecosystems represent a valuable
opportunity for implementing climate mitigation practices with compost amendments. This study
aims to answer the following questions: (1) Does a one-time compost addition to rangeland soils
induce a shift in the microbial community one year post application? (2) Does compost addition
increase or decrease the rate of CO: efflux over the growing season? and (3) Does MRT of SOC

differ between soils treated with compost and soils not treated with compost?

Three rangeland sites located in Gunnison, Colorado were manipulated with compost additions
in June of 2019: Coldharbour (CH), Parker Pastures (PP) and Wiley Lane (WL). Soil moisture,
temperature and respiration rates were measured throughout the 2020 growing season. Soil
samples were collected and analyzed for bulk density, SOC pool, nitrogen (N) pool and
microbial phospholipid fatty acids. A one-time compost application had no effect on the
microbial community composition of rangeland soils one year post application. Daily CO> efflux

rates were not influenced by compost application, however, the cumulative release of C-CO-



over the growing season was higher in the non-composted soils. The largest difference of
cumulative efflux between treatments was seen at the CH site where control soils had an average
C-CO; efflux of 811.1 g C my'd* and treatment soils had an average C-CO efflux of 652.8 g C
m,tdt. Mean Residence Time (MRT) of SOC across sites ranged from 0.64 — 3.21 years and
was significantly higher in the treatment soils than in the control soils. On average, compost
application treatment increased MRT of SOC by 0.35 years across sites. As the C pools were not
significantly different between treatments, the significantly lower efflux observed in the
treatment soils was responsible for the increase in MRT of SOC found. These findings present a
valuable representation of how improved land management practices on rangeland soils can

positively contribute to soil C sequestration.



Introduction

Soil carbon sequestration and mean residence time

Elevated CO in the atmosphere has caused global temperatures to rise and ecosystem dynamics
to shift in a detrimental manner. Sequestering carbon (C) in soils may be a beneficial method for
reducing atmospheric CO2 concentrations and mitigating the negative impacts of climate change
(Ryals & Silver, 2013). The most important aspect of increasing soil C sequestration potential
involves increasing the mean residence time (MRT) of C within the soil profile. In soil biology,
MRT is defined as the duration that a compound persists in the soil profile. Soil microbial
communities influence this residence time through the release of CO; as a by-product of their
respiration, but also through their ability to transform organic C into stable aggregates and to
move C deeper into the soil profile, extending the MRT of soil organic carbon (SOC) (Chen
2013; Rabbi et al., 2013). Soils generally have the potential to store significant amounts of
organic C, however, many soils have been degraded as a result of anthropogenic activities (Lal,
2007). These degraded, nutrient-poor, soils are not able to store C as long or as effectively as
healthy, nutrient-rich, soils (Zhang et al., 2019). It may be possible, however, to restore soils that
have been degraded to increase C sequestration abilities and improve soil health through the

addition of compost.

Compost amendment to rangeland soils

Rangeland ecosystems present a valuable opportunity for enhancing C sequestration as nearly
one-third of global terrestrial C is stored in the vegetation and soils of rangelands (Billings et al.,
2000). Without proper management, rates of C sequestration decline over time. In the United

States, rangelands with proper management have the potential to sequester 12 million tons of C



per year (Morgan et al., 2010). In relation to global studies, total CO, emissions in the year 2020
resulting from anthropogenic activities such as burning fossil fuels, deforestation and land use
change were approximately 40 billion tons (Global Carbon Budget, 2020). While this number is
an improvement in comparison to the previous year, when 43 billion tons of CO were released
to the atmosphere, it is clear that methods for reducing these concentrations are of paramount
importance. Methods such as adjusting stocking rates, increasing plant biodiversity and adding
compost have the potential to increase the rate of C sequestration in improved rangelands

(Morgan et al., 2010).

The application of compost to similar ecosystems, such as annual grasslands, has shown to
significantly increase C storage (Ryals and Silver, 2013; Villa and Ryals, 2021). In a meta-
analysis conducted by Gravuer et al. (2019), increased concentrations of SOC were detectable
after two years on rangeland sites that received single applications of compost. The length of
time that a single compost application may impact a site is influenced by the concentration of
total nitrogen (N). An amendment with a high N concentration will more strongly increase plant
productivity, thus supporting a continuation of C inputs to the soil (Gravuer et al., 2019). In
dryland ecosystems, however, observed initial increases in above ground net primary
productivity following high N compost additions were eventually found to decrease over the

long term (Gravuer et al., 2019).

Microbial activity & C cycling interactions

Compost amendments and increased nutrient availability in soils have both direct and indirect
effects on soil health and C cycling. Directly, compost amendments can increase the amount of
available soil nutrients, particularly N and labile C, a form of SOC that is easily and readily

digested by most soil microbes. Microbial activity stimulation increases the processing of labile
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C and the release of CO> to the atmosphere (Bastida et al., 2008). As labile C has the most rapid
turnover time, the oxidation of labile C is the main driver of the flux of CO, between soil and the
atmosphere. Indirectly, compost amendments influence the flux of SOC and atmospheric CO>
via changes in primary productivity of vegetation. Increased nutrient availability promotes plant
productivity, and thus increased atmospheric CO> uptake and the eventual return of C to the soil
in the form of dead plant biomass (Morgan et al., 2010; Figure 1). As organic matter in the form
of dead plant biomass accumulates, increased microbial C cycling and C storage can generate a
positive feedback loop, further enhancing productivity and C sequestration (Jastrow et al., 2007).
However, increased plant productivity can also lead to an increase in root biomass and
consequently root respiration, adding to the overall output of CO; to the atmosphere from soil
respiration. This flux between soil and atmosphere can be viewed as an exchange of C inputs and
C outputs, whereby C sequestration occurs when C inputs to the soil exceed the C outputs to the

atmosphere.

Microbial community structure influences function

Variation in the relative contribution of each soil microbial group that performs different C
cycling functions impacts the amount of SOC that is released and stored. To analyze and identify
soil microbial communities, the phospholipid fatty acid (PLFA) analysis method has been widely
used. In fact, long term C storage was found to be associated with increased total PLFA biomass
following an organic manure compost amendment in agricultural croplands (Kong et al., 2011).
Yet the specific influence on SOC is different depending on the type of soil microbe. In general,
fungi and bacteria are the main contributors to the cycling of C in soils. When nutrients are
abundant, fungi form dense networks of hyphae, the filaments responsible for penetration into

substrates and translocation of chemical compounds. Bacteria in soil microbial communities are



classified as either gram-positive (GP) or gram-negative (GN). GP bacteria contain more
peptidoglycans in their cell walls, which has been suggested to positively influence the
accumulation of decay resistant C, while GN bacteria generally decompose a variety of organic
C sources (Hill et al., 2008). Actinomycetes are a specific group of GP bacteria that are known to
decompose old soil organic C and exist in low nutrient soils (Zhang et al., 2012). For this reason,
the distribution of microbial communities generally involves higher concentrations of
actinomycetes and GP bacteria at lower soil depths, with GN bacteria and fungi having higher
concentrations near the surface where there is usually higher SOC concentrations (Fierer et al.,

2003).

It has been widely found that a site’s C sequestration potential is correlated with its ratio of fungi
to bacteria, whereby a greater fungal:bacterial dominance is associated with greater C
sequestration potential (Jastrow et al., 2007; Bailey et al., 2002; Zhang et al., 2019). Moreover,
the ratio of GP:GN bacteria has been used as an indicator of the relative C availability for soil
microbial communities due to their different associations with different C forms (Fanin et al.,
2019). In high fertility soils, increases in abundances of GP bacteria, fungi and anaerobes
accompanied by decreases in GN bacteria, actinomycetes and aerobes was associated with the
observed increase in C storage (Zhang et al., 2019). These shifts in nutrient availability and
microbial community composition have the potential to increase soil C sequestration, however,
larger applications of compost can also lead to higher amounts of CO- released via microbial
respiration (Torres et al., 2015; Bastida et al., 2008; Bastida et al., 2013). Gude et al. (2012)
found that increased C inputs to a degraded agricultural system stimulated an increased rate of C
turnover resulting in less soil C than soils without C additions, a concept known as the priming

effect. These confounding results highlight the need for a better understanding of the influence of



soil microbial communities on the storage and loss of C in degraded rangeland soils subject to

compost additions.

This study aims to answer the following questions: (1) Does a one-time compost addition to
rangeland soils induce a shift in the microbial community one year post application? (2) Does
compost addition increase or decrease the rate of CO. efflux over the growing season? and (3)
Does MRT of SOC differ between soils treated with compost and soils not treated with compost?
Utilizing PLFA analysis, measurements of soil respiration and soil C content, our goal is to
provide insight into the influence of compost additions on the C sequestration potential of
rangeland soils thereby influencing land management strategies in support of climate change

mitigation.

Methods

Study Area

All sites are located in the Gunnison Valley of Colorado, USA (Fig. 2). This region is
characterized as a sagebrush-steppe ecosystem existing at an average elevation of 2,347 min a
hardiness zone of 4a (https://www.plantmaps.com). Mean annual high and low temperatures are
12°C and -6°C, respectively. The mean annual precipitation is 27 cm and annual snowfall is 114
cm (https://lwww.usclimatedata.com). The research sites are classified as perennial grasslands.
The 60-day growing season begins in late May and ends in late July. This time period is

classified as ‘frost-free’ days, however the cool-season grasses dominant in these systems are



most productive between mid-April and late-August. Data collection occurred from June 28,

2020 to September 23, 2020, referred to as the ‘growing season’ throughout the paper.

The perennial grassland plant communities are dominated by the perennial grasses: Meadow
Foxtail (Alopercus pratensis), Kentucky Bluegrass (Poa pratensis) and Timothy (Phleum
pretense); as well as the perennial rush: Baltic Rush (Juncus balticus) and the perennial forbs:
Alsike Clover (Trifolium hybridum), Mammoth Clover (Trifolium hybridum L)

and Dandelion (Taraxacum officinale)(Cooper et al., 2021). Invasive species existing at these
sites include: Prostrate Knotweed (Polygonum aviculare), Canada Thistle (Cirsium arvens), and
Curly Dock (Rumex crispus) (Cooper et al., 2021). The rangeland soils consist of well-drained,

gravelly loam residuum weathered from granite (http://websoilsurvey.sc.egov.usda.gov).

In June of 2019, three rangeland sites were selected to conduct our compost addition experiment:
Coldharbour Ranch (CH) (Lat. 38.52098, Long. -106.78583), Parker Pastures (PP) (Lat.
38.56311, Long. -106.93822) and Wiley Lane Ranch (WL) (Lat. 38.62508, Long. -106.95143)
(Figure 2). Grazing regimes and land management techniques vary across sites. The CH Ranch
research site is a sector within Coldharbour Institute, a learning laboratory that demonstrates
regenerative ranching practices. Both PP and WL Ranch sites are operated by private ranchers.
All sites are located within 15 km of each other and received varying degrees of irrigation and

grazing during the months of June, July, August and September.

Compost amendment

Each site contained five replicate plots per treatment (control and compost addition), with each
plot measuring 5 m x 10 m. A single application of a class A biosolid compost, Gunny Gold, was

applied to each site at a rate of 5 cm per treatment plot between the dates of June 17 and June 21,



2019 (Cooper et al., 2021). This compost is a product of the City of Gunnison’s wastewater
treatment plant and is comprised of municipal sludge and industrial wood products waste
resulting in a nitrogen and C rich blend, with a C:N ratio of 14:1
(https://www.gunnisonco.gov/departments/public_works/wastewater_treatment_plant/gunnison_
gold_compost.php; Cooper et al., 2021). The amount of compost applied per plot was 23.4 m?,

and per site was 117 m®.
Soil collection

Soils were collected to a 10 cm depth using a 5 cm diameter soil corer over the period of August
30" — September 5™, 2020. At each plot, three cores were collected and separated by their
organic and mineral layers and then pooled by layer resulting in one soil sample per soil layer for
each plot. Bagged samples were stored in a cooler with ice packs during transportation to the
laboratory, where they were then placed in a refrigerator at 4°C until further processed. A total of
44 soil samples were collected from all three sites in accordance with the presence of mineral
and/or organic layers in each plot. A mineral soil sample from a PP control plot was removed
from analysis due to contamination during preparation resulting in a total of 43 soil samples used

in analysis.

Preparation of soil samples for further laboratory analysis began within 24 hours after soil
collection. Live plant material was removed and all soils were sieved to 2 mm. Coarse fractions
were dried at 65°C for 48 hours and then weighed. Rocks were weighed and their volume
quantified using water displacement. Post homogenized soil weights were taken and samples
were divided into various volumes for further analysis. To determine soil moisture, soils were
dried at 105°C for 48 hours and weighed. Dry and wet soil weight values were used to calculate

% soil moisture (Equation 1). The oven dry equivalent (ode) sieved bulk soil weight used in the
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calculation of bulk density (Bd) was derived from subtracting the rock volume from the post-
homogenized wet soil weight and then multiplied by the percent soil (dry soil weight/wet soil
weight). The ode sieved bulk soil weight was used to calculate Bd in relation to the volume of

soil core collected (Equation 2).

(Equation 1) % soil moisture (g) = 100 * (wet soil wt. (g) — dry soil wt.(g)) + dry soil wt.(g)
(Equation 2) Bd (C%) = ode sieved bulk soil wt.(g) + core volume (cm?3)

Microbial Community Characterization

Soils for the phospholipid fatty acid method were air-dried at room temperature for a period of
two weeks. Samples were analyzed for microbial biomass using the phospholipid fatty acid
method by Ward Laboratories. Their protocols involve the use of extracting solvents and a
centrifuge to allow for the separation of the organic fraction containing the fatty acids. The
desired fraction of phospholipid fatty acids are then methylated and analyzed on a gas
chromatograph using Agilent’s ChemStation and MIDI’s Sherlock software (Ward Laboratories

SOP FAME & PLFA in Soil, 2020) (Ward Laboratories, Inc., Kearny, NE).

PLFA analytical tests reports several functional groups: total bacteria, total fungi, and protozoa.
Within total bacteria, values for gram-positive bacteria and gram-negative bacteria
concentrations are included. Total gram-positive bacterial concentrations are inclusive of the
functional group actinomycetes, while total gram-negative bacterial concentrations are inclusive

of the functional group rhizobia. The PLFA biomass of total fungi is reported as the sum of
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saprophyte and arbuscular mycorrhizae concentrations. Values for undifferentiated PLFAs are

also reported yet were not included in this analysis.

Duplicate samples from the following four plots and horizons were included to provide some
estimate of within-plot variance: CHC1-Org, WLT1-Min, WLC1-Min, PPC2-Min. For these
particular samples, all PLFA biomass and ratio values reported and analyzed herein represent

averages of the duplicate samples.

Soil respiration

Soil respiration was measured in the SE corner of each treatment plot and in the NE corner of
each control plot (Figure 3), using PVC soil collars measuring 10 cm in diameter and 4.4 cm in
depth and were inserted approximately 3 cm deep into the soil profile. Vegetation was clipped
and removed from the area within the soil collars before each measurement. Respiration
measurements were taken using a LI-COR 6400-09 (LI-COR, Inc., Lincoln, NE, USA) fitted
with a soil chamber attachment. On a bi-weekly basis, the soil chamber was placed on the soil
collars and set to measure efflux over 3 cycles per plot. Soil respiration measurements at the

Coldharbour site began later than the other two sites due to equipment malfunction.

Soil moisture and temperature

Soil volumetric water content (VWC) was collected in each plot in conjunction with soil
respiration measurements using a HydroSense Il Soil Moisture Probe (Campbell Scientific, Inc.,
Logan, UT, USA). VWC is averaged over the length of the measurement rods, providing a
representation of the soil moisture that is present to a depth of 20 cm. Three measurements of
VWC were taken per plot on a bi-weekly basis over the period of June 28, 2020 — September 23,

2020. Three replicates within a plot were averaged resulting in one VWC value per plot per time
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point. Values obtained at WL on June 28, 2020 include measurements taken from three treatment
plots and no control plots due to human error. Values for June 3, 2020 at PP are missing due to

equipment breakage.

Soil temperature measurements at each plot were collected continually over the growing season
using iButton Temperature Data Loggers (iButtonLink LLC, Whitewater, WI, USA). The
loggers were placed in each plot at approximately 3 cm under the soil surface on June 20, 2020
and set to log temperature data every three hours until August 26, 2020. Two iButtons from the
PP site could not be recovered, therefore only four control and four treatment plots were

measured at this site.
Total soil C and N

Soils were dried at 65°C for 48 hours then ground using a mortar and pestle. Ground samples
were placed in 20-mL scintillation vials and shipped to the University of California Merced and
processed in their Stable Isotope Ecosystem Laboratory. A Costech 4010 Elemental Analyzer
was used to analyze the amount of C and N in all soil samples (Costech Analytical Technologies
Inc., Valencia, CA, USA). This instrument begins by combusting the soil sample to produce
gases that are then separated using a gas chromatograph. The CO2 and N gases then pass through
an isotope ratio mass spectrometer, after which 50 pug C and 50 pg N are packed into tin capsules
and analyzed in relation to reference samples with known C and N amounts

(isotopes.ucmerced.edu).

The amount of SOC was originally reported in %C , these values were converted using (Equation
3) to obtain the proper units utilized in the calculation of MRT. This equation was also used to

convert %N to total N pool. Original flux measurements were reported in pmols CO, mzt s,

12



and converted using (Equation 4) to obtain the proportion of C contained in the CO2 molecules
released (C-CO>). The total efflux in this equation was obtained by summing the daily efflux
values over the entire growing season. MRT of SOC was calculated by dividing the carbon pool

by the carbon flux (Equation 5).

Percent C and N values for the organic layers of plots PPT2 and PPT4 were missing due to
equipment malfunction of the elemental analyzer. To maintain an equal number of replicates
across sites and treatments, the average % C and % N values of the other three treatment organic
layers were used in C pool calculations. This method was also used for the organic horizons at
WLT2 and WLTH4 as there was not enough sample collected from these plots to send for
analysis. Original values for the N pool were not normally distributed, therefore log transformed

values were used in analysis.

To calculate total C efflux over the entire growing season, the average respiration measurements
obtained at each plot were used to estimate the daily respiration values for the days in between
sampling days that were not sampled. This extrapolation method may possibly be over- or under-
estimating the true daily respiration values, as one measurement could be used to represent daily
values of up to 4 weeks at the WL and PP sites. At the CH site in particular, the respiration
measurements obtained on July 17, 2020 were used to represent the daily respiration values for
all days between June 21, 2020 and July 31, 2020. Because respiration measurements began and
ended on different days at each site, this extrapolation method was used to begin measurements
on June 21, 2020 and end measurements on September 30, 2020 for all sites. This ensures that an
equivalent number of growing season days were used in the comparison of total efflux per
treatment and site. As one control plot at CH was continuously inundated with water in the early

growing season, respiration measurements began one month after all other plots at this site.
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When calculating the total growing season efflux, an average of the total efflux found at the

other four control plots were used to represent this one control plot with missing measurements.

2
(Equation 3) S0C pool (i—cz) = soil depth (cm) X Bd (C“Zn—cs) X %C % 10,000 (Cmiz)
(Equation 4) €= CO* flux (22 = total ef flux (22 x (12 (9C) + 1+ 10°(umols C0%)) X 86,400 (350)
. _ g9c\ . gC . days
(Equation 5) MRT (years) = SOC pool (mz) =C —CO, flux (mzday) =365 (year)

Data Analysis

Repeated measures three-way Analysis of Variance (ANOVA) was used to estimate the
influence of date, site and treatment on soil respiration and soil moisture. Respiration values
were not normally distributed, therefore statistical analyses were performed on the log
transformed values while non-transformed respiration rates were used in all figures. Two-way
ANOVASs were carried out to analyze PLFA biomass of individual functional groups, PLFA
ratios, bulk density, C and N pools, and C:N values; with site, treatment and the site*treatment

interaction as the main factors. Post Hoc analyses were carried out using Tukey’s HSD test.

Non-linear regression was used to model relationships between soil respiration, soil moisture and
soil temperature. Models were fitted with 2" degree polynomials as none of the relationships

exhibited a strong linear correlation. Temperature data was logged every two hours on a
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continual basis; the values used in regression analyses were an average of the 24 — hour period
that coincided with the date that the soil respiration and soil moisture measurements were taken.
All statistical analyses were carried out using the RStudio program, version 1.2.5019 (© 2009 —

2019 RStudio, Inc.).

Results

Microbial Community Composition

Across sites total PLFA biomass values ranged from 639.93 ng/g — 20,861.26 ng/g. Total
biomass did not differ significantly between treatments (Figure 4). Total bacterial biomass did
not differ between mineral and organic horizons, nor between control and treatment samples; yet
there was a general trend observed for an increase in total bacterial biomass with treatment (F =
1.4 1,32, p = 0.236). Total fungal biomass did not differ between mineral and organic horizons,

nor between control and treatment samples (Table 1).

Further analysis of fungal communities showed no effect on concentrations of either saprophyte
or arbuscular mycorrhizae communities in any site or treatment. Yet a general trend was
observed for an increase in the biomass of arbuscular mycorrhizae with treatment (F = 1.41,32, p
= 0.243). Similarly, no effect was found on the individual bacterial communities of total GP,
total GN, actinomycetes, or rhizobia. Yet there was a general trend observed for an increase in
total GP and total GN bacterial communities with treatment (GP bacteria: F = 1.51, 32, p = 0.227;
GN bacteria: F = 1.41, 32, p = 0.244). Additionally, no effect of treatment was observed on the
biomass of protozoan communities, yet a general trend was observed for an increase in biomass

with treatment (F = 1.21, 32, p = 0.268).
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F:B ratios ranged from 0.1095 ng/g — 0.3392 ng/g, yet no significant difference was found
between treatments. However, F:B ratios did significantly differ between the three sites, with the
lowest value occurring at PP and the highest value occurring at CH (F = 4.3, 32, p = 0.023). No
interaction between site and treatment was observed. GP:GN ratios ranged from 0.4181ng/g —

2.234 ng/g, yet no significant difference was found between sites or treatments.

Soil Respiration

Average daily respiration values differed across sites (F = 61.52, 156, p < 0.0001) and with time (F
= 154.61, 156, p < 0.0001), with the PP site exhibiting the highest rates of efflux in the early
summer, and the CH and WL sites having generally lower rates of efflux throughout the entire
growing season. No effect of treatment on average respiration rates was found at any of the sites.
However, there was a general trend for treatment to decrease respiration across all sites (F = 2.71,

156, P = 0.099), with the CH site exhibiting this trend more so than the PP or WL sites (Figure 5).

We found a significant interaction between site and treatment (F = 2.52, 156, p = 0.085). At the PP
and WL sites, control plots had generally higher respiration rates in the early and mid-summer
with lower respiration rates in the late summer. An opposite effect was seen at the CH site where
treatment plots had higher respiration rates in the mid-summer and control plots had higher
respirations rates in the late summer. Between late June and early September, at the CH site,
peak respiration occurred on August 1, 2020, July 3, 2020, and June 28 at the CH, PP and WL
sites, respectively. Minimum respiration rates occurred on September 23, 2020 at the CH site,

September 20, 2020 at the PP site, and September 5, 2020 at the WL site.

Treatment had a significant effect on the cumulative C-CO, efflux over the growing season (F =

4.71,24; p = 0.0398). At all three sites the control soils had higher C-CO- efflux over the growing
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season than the treatment soils. The largest difference between treatments was seen at the CH
site where control soils had an average C-CO efflux of 811.1 g C my™d™ (+ 39.0) and treatment
soils had an average C-CO; efflux of 652.8 g C my™d™* ( 53.4). Overall C-CO; flux was largest
for the PP site with an average value of 1,159.7 g C mz*d? (+ 75.6) and lowest for the WL site

with an average value of 502.7 g C mzd™* (+ 33.8).
Soil Moisture & Temperature

Across all sites, VWC fluctuated between 4% and 58% across the months of June through
September with peak values occurring on July 7, 2020 at PP, August 1, 2020 at CH and
September 20, 2020 at WL. Minimum VWC values occurred on August 18, 2020 at PP, August
28, 2020 at CH and September 5, 2020 at WL (Figure 5). An effect of compost amendments on
soil moisture was found at the CH site with the control soils having consistently higher VWC

values than treatment soils (p-adj < 0.0001). No effect was found at either PP or WL sites.

Over the months of June through August minimum and maximum values of soil temperatures
observed at CH were 4.0°C and 38.0°C; at PP were 1.5°C and 59.5°C; and at WL were —2°C and
66.5°C. Significant correlations were found between the variables of soil respiration, soil
moisture and soil temperature when all sites, treatments and plots were included. Soil respiration
was positively correlated with soil moisture but negatively correlated with soil temperature. Soil

moisture and soil temperature were negatively correlated (Figure 6).
Bulk Density

Bulk density values ranged from 0.29 — 0.93 g cm™ and significantly differed across sites and
between treatments (Site: F = 19.57, 24; p < 0.001; Treatment: F = 6.541, 24; p = 0.017). There

was no significant interaction between site and treatment. At PP and WL sites, average bulk
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density values were lower in the treatment soils than in the control soils, yet at the CH site, the

control and treatment soils had similar average bulk density values (Table 2).
Soil Cand N

Soil C pools ranged from 288.4 — 752.94 kg C m,* and soil N pools ranged from 23.57 — 62.74
kg N mo. C and N pools did not significantly differ between treatments yet both pools differed
between sites (C: F =6.182,24; p = 0.007; N: F = 9.932, 24; p = 0.0007). Percent soil C ranged
from 4.1 — 20.4% and percent soil N ranged from 0.32 — 1.67% and did not differ between
treatment or across sites. C:N ratios ranged from 11.1 — 14.5 and significantly differed between
treatment (F = 6.921, 24; p = 0.015). The CH and PP sites had higher average C:N ratios in the
control soils than in the treatment soils. In contrast, at the WL site, the opposite effect is
observed whereby the average C:N ratios of the treatment soils were higher than the control soils

(Table 2).

A strongly positive relationship between C pool size and C-CO; efflux was observed in the
treatment soils at all sites. No significant relationship was observed between C pool size and C-
CO. efflux in the control soils (Figure 7). A larger range in C:N ratios was observed in the
control soils, yet no significant relationships were observed between ratios and C-CO; efflux or
MRT. However, in the treatment soils a significant negative relationship was observed between
C:N ratio and C-CO: efflux; and a significant positive relationship was observed between C:N

ratio and MRT (Figure 8).
Mean Residence Time

Mean Residence Time (MRT) of SOC across sites ranged from 0.64 — 3.21 years. Average MRT

was 1.88 (+ 0.16) years in treated plots and 1.53 (+ 1.03) years in control plots (Figure 9; F =
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4.81,24; p = 0.0382). Across sites, the WL treatment soils had the highest average MRT of SOC
at 2.23 (£ 0.17) years, while PP control soils had the lowest average MRT of SOC at 1.04 (+
0.16) years. On average, compost addition treatment increased MRT by 0.35 (x 0.04) years

across sites.

Discussion

This study sought to investigate the role of compost addition on the soil microbial community
composition and the carbon sequestration potential of rangeland soils in a high elevation, arid
region with a short growing season. Specifically, it sought to answer three main questions: (1)
Does a one-time compost addition to rangeland soils induce a shift in the microbial community
one year post application? (2) Does compost addition increase or decrease the rate of CO; efflux
over the growing season? and (3) Does MRT of SOC differ between soils treated with compost

and soils not treated with compost?

Compost had no effect on the composition of the microbial community. Yet fungal to bacterial
ratios differed across sites, as well as soil moisture and soil respiration, highlighting the high
degree of site variability found in this study. Soil moisture had a stronger influence on soil
respiration than did soil temperature. While the average daily rates of CO; efflux were
unaffected by compost addition, the control soils at all sites showed higher cumulative C-CO>
efflux over the growing season. While the C and N pools did not differ between treatments, the
C:N ratios were on average higher in the control soils. Lastly, soils treated with compost had

longer MRT of SOC.

Soil Moisture & Temperature
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The soil moisture of the control soils at CH was significantly higher than the moisture found in
the treatment soils. Moreover, the average soil moisture existing across sites varied significantly.
At the CH site in particular, soil moisture was the primary driver of soil respiration. Soil
moisture values were higher in the control plots than the treatment plots. The fluctuation in
moisture over the growing season was also higher than the seasonal flux observed in the
treatment plots. This within site variation was largely influenced by the experimental design and
environmental conditions. The CH site runs parallel to an active creek approx. 200 meters to the
south, Tomichi Creek, with the control plots existing closer to the river than the treatment plots.
This influence of increased soil moisture in the control plots may present a skewed outcome
when analyzing the impact of compost on soil respiration. It was observed in the early fall at CH
that several control plots were inundated with water while the treatment plots remained dry,
possibly due to the rising tide of the nearby river during this time of year. This site also did not
receive any form of managed irrigation schedule or grazing regimes in the 2020 summer months,

unlike the PP site that received both management implementations.

Over the 2020 growing season, the PP site received irrigation in the months of June and July, and
was also subject to grazing and general disturbance by a rotation of horses, cows, sheep and
alpacas. At the WL site, irrigation was implemented from approximately May 20, 2020 — July
10, 2020, yet received no disturbance from grazing. Similarly, CH received no grazing over the
2020 growing season, the sites management history however may shed some light as to the
amount of organic matter present as it was left fallow for 20+ years and received occasional
grazing after becoming a conservation easement. Moreover, Cooper et al. (2021) found the
largest increase in %SOM following compost amendment at the CH site. Yet only the WL site

had significantly different soil moisture values between treatments, with the treatment soils
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having higher values than the control soils (Cooper et al., 2021). However, one year post
amendment, this observation of significantly increased soil moisture in treatment soils was not

seen.

Although not significant, PP treatment soils also had consistently higher values of soil moisture
than the control soils. The CH treatment soils began with higher soil moisture, yet the control
soils became higher in the months of September and October. These 2019 CH findings are
drastically different from the findings observed in 2020. It is possible that the creek’s rising tide
coincided with the treatment soil’s decrease in water holding capacity, with the control soils
having higher soil moisture values beginning in September 2019, whereby this dominance is then

observed throughout the entire 2020 growing season.

Soil moisture and soil respiration were positively correlated, a relationship that has been widely
observed (Rey et al., 2002; Borken et al., 2006). Hursh et al., (2016) found that biomes with the
highest mean soil carbon content had the lowest rates of soil respiration, indicating that
respiration is less limited by carbon content and more controlled via the interaction of soil
moisture and temperature. These interactive effects were also observed across the three research
sites in this study. Whereby, a positive correlation was found between soil respiration and soil
moisture. Yet contrary to prior expectations, a negative relationship was found for soil
respiration and soil temperature. This relationship is best explained by the interaction of soil
moisture and soil temperature at these sites. Soil moisture and soil temperature also had a
negative relationship. In semi-arid ecosystems, soil respiration is more highly influenced by
precipitation events than soil temperature (Moyes & Bowling, 2013). When soil temperature was
high, respiration and moisture were low, therefore soil moisture exerted a stronger influence on

respiration as it was limited at higher temperatures.
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Microbial Community Composition

Treatment showed no significant effect on the biomass of any microbial functional group. It is
possible that changes in the soil microbial community may need more than one year post
compost amendment to detect. A lack of immediate shift in microbial community composition
following compost amendments has been previously observed in a grassland ecosystem in
Australia 3 months post amendment (Ng et al., 2015). On the other hand, following the yearly
application of straw residues to the fluvo-aquic soils in the Northern Plains of China for 27
consecutive years, Zhang et al. (2019) found increases in the abundances of GP bacteria, fungi
and anaerobes. The large breadth between these examples highlights the need for
experimentation that frequently and regularly assesses microbial community composition over an

extended time scale.

One of the longest microbial community composition studies found relating to this research was
Sullivan et al. (2006) who tested microbial community composition on a semi-arid rangeland site
in northern Colorado at two different time points. Ten years following a single biosolid
application Sullivan et al. (2006) found no difference in fungi or bacteria abundance. They did,
however, find enhanced microbial activity in mineralization of C and N and increased plant
productivity when soil moisture was sufficient, indicating that perhaps the shift in community
composition may not play as large of a role in increasing carbon sequestration compared to the
role of increased microbial activity, soil moisture and plant productivity (Sullivan et al., 2006).
This is supported by the findings from the CH site, where high microbial respiration was
correlated with high soil moisture, yet the abundance and composition of the microbial

community was unaffected by either soil moisture or nutrient availability.
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Although the abundance of fungi or bacteria did not differ across sites or between treatments,
their ratios did. Fungi to bacteria ratios were significantly different across sites, with generally
higher values occurring at the CH and WL sites, and lower values at the PP site. The varying soil
moisture contents found at each site may explain the variations observed in fungal and bacterial
abundances. Because fungal communities have a high plasticity for soil moisture fluctuation,
fungi are better adapted to soil drought than bacteria (Yuste et al., 2011; Kaisermann et al.,
2015). Therefore, in soils experiencing prolonged drought conditions, such as WL, we would
expect higher F:B ratios than soils experiencing a lower degree of drought stress, such as PP

(Swift et al., 1979).

Drought severity can be analyzed using soil moisture percentiles, whereby 21 — 30% is classified
as Abnormally Dry, 11 — 20% classified as Moderate Drought and 6 — 10% classified as Severe
Drought (droughtmonitor.unl.edu). Across treatments, WL soil moisture consistently maintained
moderate drought conditions, while PP soil moisture transitioned from severe drought conditions
in mid-August to moderate drought conditions in late September. CH treatment soils maintained
moderate drought conditions throughout the growing season, while the control soils only entered
these conditions in late August. Thus, such variations in each site’s moisture regimes could be a
possible explanation for the variation in F:B ratios observed. The western United States is
projected to experience more frequent and severe drought conditions and decrease in snowpack,
therefore, it is possible that future F:B ratios may be more heavily influenced by environmental

conditions (Zhang et al., 2021; Siirila-Woodburn et al., 2021).

Presently, the influence of environmental conditions on F:B ratios is well studied, however more
research needs to be done examining the influence of compost on F:B ratios in rangeland soils.

Bastida et al. (2008) found that semiarid soils amended with a sewage-sludge based compost
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showed no shift in F:B ratios two years post application. The lack of change in F:B ratios
following compost amendment in this study could be due to the timing at which soil samples
were collected. Bacteria are more dominant in the spring and fall when vegetation is less active
and/or present (Bardgett et al., 1999). In this study, soil samples were collected in the fall when
fungal community abundance may not have been fully represented. Moreover, fungal
communities are also supported by minimal soil disturbance and organic inputs (Teague et al.,
2011; Gravuer et al., 2019). PP had the highest level of disturbance with a variety of grazing

species present on a rotating basis, which could explain the generally lower values of F:B found.

Although the Bastida et al. (2008) study did not find differences in F:B following compost
addition, they did find an increase in the GP:GN ratio of the amended soils 2 years post
application compared to the unamended soil. Additionally, Zhang et al., (2019) found higher
GP:GN ratios in soils with high nutrient levels compared to soils with lower nutrient levels. No
significant difference was found in the GP:GN ratio of our study. However, there was a general
trend for a higher abundance of GN dominated soils. The lowest GP:GN value observed was
0.4181(ng/g) indicating a GN dominated soil, while 2.234 (ng/g) was the highest, indicating a
slightly GP dominated soil. There were no observations of a highly GP dominated soil in any of
the sites. Due to their ability to produce spores, GP dominance is indicative of soils experiencing
stress factors such as drought or extreme temperatures (Smit et al., 2001). The lack of strong GP
dominance could indicate that, across sites, extreme stress factors were either missing or too
weak to impact the bacterial community composition. GN dominance however is indicative of
soils with heavy metal contamination, heavy pesticide application or anaerobic conditions
(Storey et al., 2018). Heavy metals or pesticide applications are unlikely at these sites however,

the CH control soils had a high degree of soil moisture, occasionally over 50% VWC which is
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considered an inundated soil that could produce anaerobic conditions. Yet the opposite is
observed whereby the GP:GN ratios of the CH control soils were generally considered a
balanced bacterial community, indicating that perhaps anaerobic soils conditions were not
dominant at this site. Overall, the bacterial community showed no change following compost

addition.

Similarly, there was no change in the total microbial biomass found at each site. In a meta-
analysis examining compost amendments to rangeland soils, Gravuer et al. (2019) found that
compost amendments led to an overall increase in microbial biomass. The lowest and highest
values for total PLFA biomass were both obtained in PP soils. This variation in concentrations
obtained could indicate a high degree of spatial heterogeneity in community composition within
this site. Although not significant, generally higher concentrations of protozoa were also found in
the treatment soils at the PP site. Because protozoa feed on bacteria releasing nutrients to the
soil, a higher ratio of protozoa to bacteria is indicative of soils that have a base level of nutrients
high enough to support higher trophic levels (Esteban et al., 2006). Therefore, it is possible that
the compost amendments at this site could have influenced the trend for more abundant protozoa,

as compost amendments increase soil nutrient levels.

Similarly, the treatment soils at CH and PP sites exhibited generally higher abundances of
arbuscular mycorrhizae, total GP bacteria, total GN bacteria and overall total PLFAs. Arbuscular
mycorrhizae are important for litter decomposition and soil aggregate formation, two processes
that are essential for carbon sequestration to take place (Al-Maliki et al., 2021). Zhang et al.,
(2016) found that inoculation with arbuscular mycorrhizae led to a decrease in soil CO> release
and soil C depletion in semi-arid soils. If this trend continues, it could present an opportunity to

further increase the amount of C sequestration following compost amendments.
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Soil Respiration

Over the growing season, soil respiration rates varied across the three sites and also at each time
point that was sampled. Although not significant, the control soils at CH exhibited slightly higher
rates of soil respiration than the treatment soils. This observation is contrary to prior expectations
that increased soil respiration would be found in the treatment soils, as increased nutrient
availability should stimulate microbial activity (Fontaine et al., 2011; Luo et al., 2016).
Additionally, after extrapolating daily efflux values and calculating the cumulative release of C-
CO2 over the entire growing season at all sites, the control soils exhibited significantly higher

rates of efflux than did the treatment soils overall.

One possible explanation for the higher respiration rates found in the control soils could be due
to the high correlation between soil respiration and soil moisture found across all sites. It is
largely known that in general, soil moisture and soil respiration have a linearly positive
relationship (Cook & Orchard, 2008). At the CH site, in particular, the control soils exhibited
consistently higher values of VWC than the treatment soils throughout the growing season.
Whereby, at the PP and WL sites, similar soil moisture and soil respiration values were observed
between the control and treatment soils throughout the growing season. Even though a
significant difference was not observed between treatments at the CH site, a general trend was
observed supporting the theory that soil moisture was the driving factor influencing soil

respiration in this study.

This influence of site variability is also exhibited in the timing at which each site reached peak
efflux. The variation in peak efflux is important for understanding when the soil microbial
community shifts from processing labile C to non-labile C. Whereby, the breakdown of labile C

initially stimulates microbial activity in support of C sequestration, yet the processing of non-
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labile C supports an overall loss of soil C to the atmosphere. This occurs at the PP and WL sites
in the early summer, however this switch occurs at the CH site in late summer which could be
attributed to the deeper organic layer existing at CH than at PP or WL. Moreover, the CH soils
contained higher initial amounts of labile C, which could account for the extended labile C

processing time observed.

Overall, soil respiration is the combined efflux of CO> from both heterotrophic respiration and
plant root respiration. An increase in plant productivity will lead to an increase in both plant
biomass and root biomass. Therefore, increased plant biomass resulting from compost
amendments could also increase root respiration and thus the release of CO. to the atmosphere.
Cooper et al. (2021) found significant increases in plant biomass at all three sites within just one
month following compost amendment. Yet our findings showed the control soils exhibiting
significantly higher rates of cumulative C-CO: efflux over the growing season compared to
treated soils. Therefore, it is possible that the influence of increased plant productivity and root
respiration from compost amendments was not influential enough to make a significant impact

on total CO; efflux one year post application.

Ryals and Silver (2013) found that a single application of green waste compost increased CO>
release over a three-year period, but also that this increased microbial respiration was offset by
the increase in net plant productivity. In essence, the magnitude of CO. absorbed by the plants
was larger than the amount released from the microbes; supporting the theory that compost can
increase carbon sequestration in a relatively short amount of time. In general, however, Gravuer
et al. (2019) found in a meta-analysis of compost amendments to rangeland soils that there is a

general lack of studies addressing the long-term effects of compost amendments on climate
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mitigation. This lack of knowledge highlights the importance of supporting the study of single

compost applications to rangeland soils, collecting data from multiple and ongoing time points.

Soil C & N Pools and Mean Residence Time

The MRT values ranged from a minimum of 0.64 years to a maximum of 3.21 years. These
values are relatively low when compared to global studies. Chen et al. (2020) estimated MRT of
SOC to range from 0.47 — 56.75 years across global biomes. However, in this study MRT values
were calculated based on respiration rates taken over a single growing season. It is possible that
MRT may be longer in the winter months. Therefore, by only assessing the growing season, the
reported MRT values could be an underestimate of the true annual MRT of SOC at these sites.
Moreover, it has been observed that German grassland ecosystems have an average MRT of
SOC of 29 years (Poeplau et al., 2021). The driving factor increasing MRT of SOC in such
grassland ecosystems, compared to other biomes, was the influence of increased root-derived
organic C inputs (Poeplau et al., 2021). In essence, the C pool exerted a stronger influence on
MRT of SOC than did the CO; efflux. Contrary to our findings, where the CO> flux exerted a

stronger influence on the MRT of SOC than did the C pool.

Soils treated with compost had longer MRT of SOC than soils not treated with compost. This
effect has been previously observed whereby compost additions to annual grassland soils
increased net SOC storage (Ryals & Silver, 2013). As the carbon pools did not significantly
differ between treatments, the difference in C-CO; efflux between treatments was responsible for
the differences observed in MRT of SOC. The control soils had higher rates of C-CO- efflux
over the growing season, resulting in shorter MRT of SOC. This finding is contrary to prior
expectations as nutrient inputs should have an effect of increased microbial activity and

respiration of CO (Sullivan, 2006; Zhang et al., 2013).
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Although the C and N pools did not significantly differ between treatments, the C:N ratios were
significantly higher in the control soils. This is contrary to expectations as the C:N ratio of the
compost was relatively high. This may indicate that the treatment soils experienced less N
limitation, thereby utilizing more of the N pool and supporting the increased plant productivity
that was found at all three sites four months post compost application (Cooper et al., 2021). In
general, compost additions support increased plant productivity directly via the increase in soil
N. Zhou et al. (2018) found that high plant diversity and plant productivity supported the
accumulation of SOC via the influence of increased litter quality. It is possible that the
combination of increased plant productivity and increased nutrient utilization influenced the

longer MRT of SOC found in the composted soils.

Another possible explanation could be attributed to the strong influence that soil moisture had on
soil respiration at these sites. Controls soils at the CH site had significantly higher levels of soil
moisture than the treatment soils. The CH site also showed the largest difference in cumulative
C-CO efflux observed between treatments, with efflux being much higher in the control soils.
This effect has been previously observed whereby abundant precipitation accelerated soil C
decomposition producing faster C turnover times (Chen et al., 2013). However, when compared
to mean annual temperature and mean annual precipitation, soil N storage has been shown to

exert a stronger influence on MRT of SOC across ecosystems (Chen et al., 2013).

It has also been observed that soil C storage is supported by soil N additions (Lu et al., 2011;
Chen et al., 2013; Huang et al., 2020). Increased N concentrations can stimulate cellulolysis,
accelerating the degradation of labile C (Sinsabaugh et al., 2005; Grandy et al., 2008). However,
increased N concentrations can also inhibit lignin-degrading enzymes, decelerating the

degradation of recalcitrant C (Sinsabaugh et al., 2005; Janssens et al., 2010). No relationship
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between C and N pools was observed in this study, however, C pool size and C-CO; efflux were
positively correlated in the treatment soils only. While cumulative C-CO; efflux was
significantly higher in the control soils, it appears that C inputs still stimulated C-CO; efflux in

the treatment soils, most likely resulting from an increase in microbial activity.

Moreover, in the treatment soils only, C:N ratios were positively correlated with MRT and
negatively correlated with C-CO- efflux. Conen et al. (2008) observed the opposite effect
whereby as C:N ratios decreased, SOC stability increased. Decreasing soil C:N ratios can be
used as an indication that microbial activity is taking place (Kramer et al., 2003). Initially, it was
expected that increased microbial activity in the treatment soils would lead to a higher C-CO-
efflux than the controls soils. As a positive relationship between C pool and C-CO; efflux was
observed in the treatment soils only, it can be inferred that microbial activity was indeed
stimulated. Contrary to expectations, however, the control soils exhibited higher cumulative C-
CO. efflux than the treatment soils. Indicating that through an increase in microbial activity, one-
year post compost amendment, SOC was sequestered in the treatment soils for a longer period of
time than in the soils not amended with compost. The MRT values obtained in this study are
relatively low, Lal et al. (2015) estimates that MRT values need to be on the order of decades to
millennia to make a significant impact on the reduction of global atmospheric CO,. However,
this study gives a representation of the influence that compost can have on soil C sequestration
one year post application, providing a baseline used in determining the impacts to be expected
with the scaling up of such land management practices on rangelands for the sequestration of

global atmospheric carbon.

30



Management Implications

Compost applications to rangeland soils can help mitigate climate change by increasing soil
carbon sequestration. Composting can also increase plant productivity providing direct benefit to
ranchers and their cattle. Ranchers may also benefit from the use of this data in connection with
carbon market programs. For example, the Savory Institute implements a program whereby
ranchers are rewarded if they can provide verifiable results that their management techniques are
improving ecological health (https://savory.global/land-to-market/eov/). Additionally, under
California’s cap and trade programs, ranchers can receive carbon credits if they can demonstrate
that their land is sequestering carbon (https://www.c2es.org/content/california-cap-and-trade/).
For the best results, ample irrigation is necessary. Special care must also be taken when scaling
up this strategy that CO> emissions released during transportation of the compost does not offset
the amount of C being sequestered in the soil. This study is unique, however, as the compost was
locally sourced and provides a relatively inexpensive and sustainable source of compost for

ranchers in this area.

Specifically, when Gunny Gold compost was applied to rangeland soils at a 5 cm thickness level,
carbon storage was observed after one year. This compost is a low cost and locally sourced
option for land managers of the Gunnison Valley, and is also rich in nitrogen, phosphorus and
potassium, essential nutrients that support plant growth. Thereby feed for cattle is an additional
co-benefit received by these amendments. Using the municipal waste compost amendment across
the valley would provide the co-benefits of reducing greenhouse gas emissions associated with
such waste, recycling the waste in a responsible manner while also improving soil health and

increasing feed for cattle. Applied broadly, this technique will have higher effectiveness. With
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increased soil health, carbon storage and plant productivity, the benefits of this technique

outweigh the costs in perennial grasslands.

Conclusions

We found that a single application of compost to rangeland soils in the Gunnison Valley of
Colorado increased the MRT of SOC. No shifts in microbial communities were observed, it may
be that these shifts require longer than one year post application to detect. Soil moisture exerted a
stronger influence on soil respiration than did soil temperature. Compost treatment has no effect
on daily average respiration rates, however the cumulative release of C-CO. over the growing
season was higher in the non-composted soils. As the C pools were not significantly different
between treatments, the significance lies in the difference in efflux observed. Overall, the three
main takeaways from this research lie in the influence that compost had on carbon storage within
the perennial grasslands of the Gunnison Valley. Firstly, the MRT of SOC can be increased
through the use of compost amendments. Secondly, compost additions stimulated soil C
processing, yet decreased soil respiration. Thirdly, following compost amendment, after one
year, the overall support of soil health and plant productivity supported the sequestration of
atmospheric carbon. Therefore, this management strategy may be used to increase soil C

sequestration in rangeland soils thereby supporting the mitigation of climate change.

Future Research

This study highlights the need for more in-depth and longer lasting research studying soil carbon

storage. This research could be further strengthened through several series of more in-depth
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analysis to understand the deeper mechanisms at play as to the relationships between microbial
activity, soil respiration and nutrient cycling. The higher flux observed in the control soils was an
unexpected outcome of this study that could be better understood with an incubation study
testing efflux over time at varying levels of nutrient inputs. An incubation study could also be
conducted to assess the contribution that root respiration adds to the overall soil respiration.
Assessing the amount of carbon and nitrogen within the biomass of the soil microbes would
provide insight as to the level of activity that occurred as well. Furthermore, analysis of the plant
tissues for their composition of nutrients would provide insight into the role of plant productivity

and nutrient cycling in the process of increasing carbon storage.
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Figure 4. Mean +SE ratios of Fungi:Bacteria, Gram(+):Gram(-) and total PLFA biomass (ng/g)
found in the organic and mineral horizons of the control and treatment soils at the Coldharbour
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Table 1. Mean = SE phospholipid fatty acid biomass concentrations of fungal and bacterial communities. Total n = 38 samples. PLFA biomass
units: micrograms/gram. (A.M. = Arbuscular mycorrhizae; Sap. = Saprophytes; Act. = Actinomycetes). (C = Control; T = Treatment). (Gram +
includes actinomycetes, Gram — includes rhizobia, Total Fungi is the sum of AB and Sap., Total bacteria is the sum of Gram + and Gram —). No

significant differences were found within groups across sites or treatments.

Site n Total' Total_ Gram Gram AM. Sap. Act. Rhizobia Protozoa
Fungi Bacteria + —
CH C oOrg 5 0702 2605 13(02) 13(0.3) 0.3(0.06) 0.4 (0.1) 0.4 (0.007) 0.004 (0.004) 0.01 (0.01)
Min 0
T Og 5 09(0.3) 32(08 15(0.3) 16(0.4) 04(0.1) 0.5(0.1) 0.4 (0.09) 0.003 (0.002) 0.01 (0.007)
Min 0
PP C Org 4 06(0.2) 2709 12(04) 15(0.4) 0.2(0.08) 0.4 (0.1) 0.4 (0.1) 0.0 (0.0) 0.02 (0.01)
Min 4 03(0.1) 1.6(0.3) 09(0.2) 06(0.1) 0.1(0.04) 0.2 (0.07) 0.3(0.08)  0.004 (0.001) 0.007 (0.003)
T Og 5 20(.8 7727 3310 43(16) 08(0.3) 1.2 (0.5) 1.1(0.3)  0.02(0.01) 0.1 (0.07)
Min 5 03(0.1) 1.8(0.6) 09(0.3) 08(0.2) 0.1(0.03) 0.2 (0.08) 0.3(0.1)  0.005 (0.002) 0.006 (0.003)
WL C Org O
Min 5 1.1(01) 41(04) 21(0.2) 20(0.2) 0.4(0.04) 0.7 (0.08) 0.7(0.07)  0.007 (0.004)  0.03 (0.01)
T Org O
Min 5 08(0.2) 35(0.8) 18(0.3) 1.6(0.4) 0.3(0.08) 0.5(0.1) 0.6 (0.1)  0.006 (0.004)  0.03 (0.01)
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Figure 5. Mean = SE soil respiration and volumetric water content for the sites: (A, B) Coldharbour; (C,
D) Parker Pastures; (E, F) Wiley Lane.
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Figure 6. Relationships between soil respiration rates, soil volumetric water content (0 — 20 cm)

and soil temperature (3 cm) in all treatments at all sites.
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Table 2. Mean + SE Bulk Density (g/cm?®), % Nitrogen, % Carbon, Nitrogen Pool (kg N/m2), Carbon Pool (kg C/m2) and Carbon:Nitrogen ratio

within each treatment at each site. (C = Control, T = Treatment, CH = Coldharbour, PP = Parker Pastures, WL = Wiley Lane). Total n = 43

samples.

Site Bd %N %C N Pool C Pool C:N

PP C 0.76 (0.08)? 0.8 (0.2) 10.4 (2.7) 38.5 (6.3) 460.4 (76.0) 11.9 (O.l)"’lb
T 0.61 (0.04)5’lb 1.1 (0.09) 12.2 (1.05) 47.9 (1.9) 539.4 (20.1) 11.2 (0.08)?

CH C 0.41 (0.03)b 0.8 (0.05) 11.9 (1.05) 34.8 (1.9) 467.4 (20.4) 13.4 (O.Z)bC
T 0.41 (0.03)ID 0.9 (0.06) 11.5(0.8) 36.2 (1.8) 462.2 (19.4) 12.7 (0.1)°

WL C 0.78 (0.04)? 0.3 (0.02) 4.8 (0.2) 28.2 (2.2) 361.1 (26.7) 125 (0.2)b
T 0.61 (0.04)ab 0.6 (0.01) 8.03 (0.3) 29.5 (2.9) 374.7 (36.6) 12.7 (0.09)b°
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Figure 7. Relationship between carbon pool and CO: flux between treatments at all sites.
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Figure 8. Relationships between the C:N ratio, MRT and CO- flux between treatments at all

sites.
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Figure 9. Average (xSE) Mean residence time (MRT) of Soil organic carbon (SOC) for each site

and treatment.
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