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ABSTRACT:
Mean annual air temperatures in Arctic regions have increased by about 2–3°C over the past 50
years. As a result, the abundance and maximum height of woody shrub species has increased
(shrubification) at sites around the circumpolar Arctic. This paper examines the extent and
impact of shrubification on relevant nutrient cycling, soil microbial community and GHG
production potential at a fen environment in the Hudson Bay Lowlands near Churchill, MB.
Greening during 1984-2017 was analyzed using Google Earth Engine, a 10-year litterbag study
was conducted to compare nutrient release patterns between a sedge and shrub dominated site,
soil microbial DNA was extracted from sites and compared, and active layer samples were
incubated to determine potential GHG production. We found that greening was extensive in the
area, methane production was lower in soils from shrub-dominated sites and shrub litters
decomposed significantly slower than sedge litters in the first year. These results suggest that it is
unlikely that permafrost is sustainable where shrubs encroach, yet the effects of permafrost thaw
on carbon cycling could be in part offset by lower microbial methane production associated with
shrubs in near surface soils.

KEYWORDS:
Shrubification, Hudson Bay Lowlands, permafrost, remote sensing, methane, carbon dioxide,
nitrogen, temperature, soil chemistry, carbon, and soil microbial community.
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1. INTRODUCTION
Increases in shrub canopy cover are strongly affiliated with rapid climate warming in
northern tundra ecosystems (Myers-Smith et al., 2011; Mekonnen et al., 2021). Mean annual air
temperatures in Arctic regions have increased by about 2–3°C over the past 50 years, which is
almost twice the rate of the rest of the world (Elmendorf et al., 2012). These ecosystems are
responding to this warming in ways that may either exacerbate or mitigate climate change, through
changes in vegetation, soils and related processes influencing permafrost thaw (Mekonnen et al.,
2021). As a result, the presence of woody shrub species has increased in tundra sites around the
circumpolar Arctic (Epstein et al., 2012; Myers-Smith, 2009). This occurrence is termed
shrubification. Shrubification has significant consequences on the biotic and abiotic profiles within
ecosystems. For example, changes in nutrient cycling, nitrogen mineralization, carbon storage and
release patterns, soil microbial communities and decomposition rates have been observed in subarctic tundra affected by shrub encroachment (Buckeridge et al., 2010; Myers-Smith et al., 2011;
Mekonnen et al., 2021).
Knowledge of long-term organic matter mineralization is important for accurate modelling
of carbon stores and fluxes in northern ecosystems where decomposition is slow. Additionally,
northward of the treeline ecotone, shrub species are typically the tallest plants occupying tundra
ecosystems underlain by permafrost, which is estimated to store twice as much carbon than
currently present in the atmosphere, mainly as frozen soil organic carbon (Subcommittee, 1988;
Schuur et al., 2008; Blok et al., 2010). Therefore, tundra ecosystems are influenced greatly by the
dynamics of permafrost processes, including permafrost thaw and active layer (the unfrozen layer
above permafrost that thaws and refreezes annually) deepening (Sturm et al., 2001). Active layer
1

depth is influenced by shrub canopy abundance and is positively correlated to permafrost thaw,
which is a major concern for greenhouse gas release from activated microbial decomposition of
organic compounds in permafrost (Blok et al., 2010; Schuur et al., 2008). Therefore, understanding
the impacts of shrubification in tundra ecosystems is relevant for determining how changing
primary producer communities will (or will not) lead to further biogeochemical feedback.
Currently, there is considerable uncertainty about the direction of these feedbacks because the
interactions and magnitude of the factors influencing shrubification are unclear (Myers-Smith et
al., 2011). The specific ecosystem impacts of shrub encroachment are complex, varying
geographically and with mechanisms that are not well understood (Myers-Smith et al., 2011).
While some generalizations can be made regarding global-scale effects of shrubification, sitespecific and even ecoregion-level feedbacks are more challenging to predict.
In tundra with very low stature preceding vegetation (lichens, mosses), shrub proliferation
changes litter inputs, causing the amount of degradable biomass available and C input in soils to
increase, however, effects may be different in denser sedge-dominated wetland sites (Arft et al.,
1999; Myers-Smith et al., 2011). Additionally, shrubs form dense thickets (increased canopy
cover) that alter the surface energy balance by modifying albedo and shading during summer and
snow cover during winter. This impacts the ground thermal regime by either increasing or
decreasing soil temperatures according to the season (Myers-Smith et al., 2011). The response of
ground thermal regime to shrubification also varies from place to place as some studies report an
overall cooling (Loranty et al., 2018) and others report overall warming (Kropp et al., 2020;
Loranty et al., 2018; Aalto et al., 2018). Shrub canopy abundance mcan affect the release rates of
greenhouse gases (GHG), such as carbon dioxide (CO2) and methane (CH4), from the microbial
decomposition of organic compounds previously stored in permafrost and from new plant root and
2

litter inputs (Schuur et al., 2008; Blok et al., 2010). Although the snow–shrub hypothesis predicts
that the expansion of shrubs into tundra ecosystems will create a positive feedback through snow
trapping, temperature warming, and enhanced nutrient cycling to promote further shrub growth,
Myers‐Smith & Hik (2013) have shown that the short-term effects of abiotic canopy cover cannot
explain variations in soil litter decomposition, carbon fluxes, and nitrate or ammonia absorption,
suggesting that abiotic influences could be less important than the biotic effects of shrub canopies
on nutrient dynamics in tundra ecosystems. Therefore, taking a transdisciplinary approach in
assessing the effects of shrubification may be a suitable way to deduce feedback directions from
shrub encroachment.
Most shrubification studies to date have been conducted in the Low Arctic (e.g., Hill &
Henry, 2011) or in northern alpine systems (e.g., van Wijk et al., 2003). Many experiments have
taken place in drier environments such as well-drained, non-forested sites in Northern Quebec (e.g.
Ropars & Boudreau, 2012) and coastal lowlands in Ellesmere Island, Nunavut (e.g. Hudson &
Henry, 2009). Shrubification in peatlands has also been widely studied in the wetlands of Northern
Alaska (Zhang et al., 2013; Euskirchen et al., 2016), though overall few shrubification studies
have been conducted in fen sites (Myers-Smith et al., 2011). The study presented herein took place
in a fen complex, offering a discussion of shrubification impacts in a relatively understudied setting
for this topic. The study site also presents a unique geomorphological setting, as it is only 4 km
from the coast and is affected by the interplay of rapid isostatic uplift, post-emergence permafrost
aggradation and anthropogenic climate warming.
To provide a descriptive overview of the consequences of shrubification, specifically in
terms of local biogeochemical cycles, this study presents a transdisciplinary field investigation of
shrubification and its impacts on relevant nutrient cycling, soil microbial community and GHG
3

production potential at a fen near Churchill, Manitoba. Our goal was to characterize ecosystem
differences in an area undergoing vegetation shifts by encroachment of tall birch shrubs (Betula
glandulosa) in a site predominated by sedges (Carex aquatilis). In particular, the objectives were
to: (1) conduct a broad assessment of shrub encroachment around the Churchill, MB, region,
including an micro-scale analysis of a large fen complex; (2) explore shrub impacts on both short
and longer term soil biogeochemical cycling by measuring contemporary microbial GHG
production and using a 10-year litterbag decomposition experiment; and (3) compare the soil
microbial communities under the two sites and aim to link microbial community changes to
changing processes and properties of the different site. We expected that shrub proliferation would
be significant in our study area, based on perspectives from community members in Churchill.
Further, based on prior linkages of shifting vegetation to carbon (C) nutrient, and GHG cycling in
peatlands elsewhere, we predicted that litter and associated nutrient turnover would be slower in
shrub sites, and likely owing to both dryer conditions and changing C substrates, and lastly,
microbial CO2 production would be higher, while CH4 production suppressed.

1.1. Background
Tundra ecosystems are globally important in relation to the rise in atmospheric CO2 and
CH4 concentrations because they contain large quantities of organic carbon that is stored belowground in frozen soils (permafrost) particularly in peatland sites with thick organic soils (Arft et
al., 1999; Schuur et al., 2015). Permafrost soils may be the largest stores of C in the biosphere,
storing approximately 1672 Pg of carbon globally. In tundra ecosystems, an increase of just a few
degrees Celsius can induce environmental changes that accelerate both plant production and the
microbial breakdown of new and stored organic carbon (Schuur et al., 2015). As a result, these
ecosystems are one of the most sensitive to climate warming, under the framework of climate4

induced shifts in vegetation communities (Kolk et al., 2016; Stiegler et al., 2016). Shifts in
vegetation communities have major impacts on carbon fluxes, nutrient cycling, and soil biological
communities (Myers-Smith et al., 2011). Therefore, there is considerable interest in understanding
how this biome will respond to warming.
Northward of the treeline ecotone, shrub species are among the tallest plants occupying
tundra ecosystems. Shrubs are a diverse group of woody plants ranging from 0.4-4m in height.
They are categorized as multi-stemmed, erect dwarf and prostate dwarf according to growth forms
(Myers-Smith et al., 2011). They form dense thickets with closed canopies, thereby decreasing
surface albedo, increasing winter snow trapping and summer shading which consequently provides
a layer of insolation that increases or decreases soil temperatures according to the season and other
interacting factors (Myers-Smith et al., 2011). Additionally, shrub species typically have
competitive advantages over other tundra plants. For example, warming and fertilization
experiments have shown dominating increases in canopy cover and shrub height. These responses
limit light availability, potentially restricting the growth of other tundra plant species (Bret-Harte
et al., 2001; Dawes et al., 2011). Therefore, shrub proliferation has significant consequences for
the regulatory capability of tundra environments in terms of biodiversity, carbon storage and
release, nitrogen availability and mineralization as well as other modifications to nutrient cycling
(Martin et al., 2017; Arft et al., 1999; Walker et al., 2006; Myers-Smith, 2009).
Shrub proliferation occurs in three general categories: (a) infilling of existing patches
through the lateral growth of current shrubs, (b) increase in growth and canopy cover and (c) an
advancing shrubline. Observations of all these categories have been reported in many Arctic, highlatitude and alpine tundra ecosystems over the past century including northern Alaska, the western
Canadian Arctic, the Canadian high Arctic, northern Quebec and Arctic Russia (Myers-Smith et
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al., 2011). The distribution of shrub species varies across regions as local abiotic and biotic factors
play a role in selecting certain species (Myers‐Smith & Hik, 2013). The increased shrub growth is
identified by ground-based observations of northern people as described by Thorpe et al. (2002),
but more broadly, these ground-based observations are supported by vegetation trends observed
via remote sensing (Raynolds, 2008). The normalized difference vegetation index (NDVI) is an
indicator of vegetation greenness, density, and health (Bunn et al., 2006). It is defined as the
difference in the intensities of reflected near infrared (NIR) and red light (R) divided by the sum
of these intensities. However, for time spans relevant to climate warming, the spatial resolution of
continuous long-term satellite records (e.g Landsat) is coarse (250 m–8 km) compared to that of
shrub patches in tundra ecosystems (1–200 m) (Lantz, Gergel & Kokelj, 2010). Therefore, higher
accuracy of mapping shrub proliferation overtime is established when satellite records are
validated with high resolution imagery (e.g., drone imagery) and in situ ‘ground-truthed’
observations as have been conducted at sites in Alaska (Raynolds, 2008).
In-situ monitoring of decomposition provides key insight for decomposition and nutrient
cycling measurements across ecosystems, including in colder, wetland sites (e.g. Moore &
Basiliko, 2006). However, these studies have generally been carried over a short duration, typically
1-2 years, with a few extending over 5 years (Moore et al., 2017). Knowledge of long-term organic
matter mineralization is particularly important for accurate modeling of carbon stores and fluxes
in cold, northern ecosystems where decomposition is slower, and notably to characterize the
feedbacks of changing plant litters. In one of the largest global litterbag decomposition studies,
Moore et al. (2017) showed that short term studies are unreliable for predicting decomposition
during the late stages of decay; the rate of decay in the first 2 years was not a good predictor of
decade-scale decay. Additionally, winter and summer decomposition rates of soil litter differ
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because the soil thermal regimes are different in the seasons affected by snow cover and shrub
shading respectively (Hallinger, Manthey & Wilmking, 2010). Generally, shrubs are woody
vegetation, with relatively recalcitrant litter. Therefore, increases in shrub abundance, and
consequently shrub litter, could reduce the overall rate of decomposition in tundra soils
(Cornelissen et al., 2007). However, increased shrub abundance in some systems may also cause
C input in soils to increase. This related feedback is still poorly understood and there are ongoing
studies to improve our knowledge of how shrub encroachment affects tundra litter decomposition
rates.
Fundamental shifts in microbial communities in Arctic soils are expected to occur due to
changes in plant cover and rising temperatures (Adamczyk et al., 2020). Warmer temperatures
promote higher decomposition rates causing an increase in C and nutrient availability as a result
of shrub expansion in Arctic tundra ecosystems (Parker et al., 2021). This is expected to stimulate
microbial activity overall, however, such change may benefit some taxa more than others, which
could lead to shifts in taxonomic and functional traits of microbial communities (Adamczyk et al.,
2020). To date, studies on soil microbial communities and their responses to vegetation change in
arctic fen are scarce.
Greenhouse gas (CO2 and CH4) fluxes are altered by increased shrub canopy (Myers-Smith
et al., 2011; Myers‐Smith & Hik, 2018). In areas with expanding shrub cover, there is increased
evapotranspiration, causing drier soils and consequently reduced methane emissions and higher
carbon dioxide fluxes (Merbold et al., 2009). From a climate warming perspective, this feedback
loop of carbon is quite complex. For instance, increased shrub cover results in localized
atmospheric heating from enhanced absorption of solar radiation, providing significant positive
feedback to climate warming (Buckeridge et al., 2010; Shaver et al., 2000). Additionally, warmer
7

soils enhance organic matter decomposition, increasing carbon dioxide released into the
atmosphere through microbial respiration. By contrast, shrubification can promote a negative
feedback by mitigating some of the C released since shrubs generally present slower
decomposition rates (Shaver et al., 2000). However, if drying is associated with shrubification,
overall microbial activity (e.g. microbial CO2 production and emissions) may increase, while the
strictly anaerobic process of CH4 production (a much more potent GHG) may decrease. Therefore,
as shrubs proliferate in arctic tundra ecosystems, it is still unclear whether these ecosystems will
become a strong source (greater decomposition, positive climate warming feedback loop) or sink
(carbon stored in shrubs, negative climate warming feedback loop) of atmospheric carbon.
Evaluating longer-term microbial decomposition rates measured with litterbag studies along with
characterizing contemporary microbial communities and GHG production across shrubencroachment fronts is important to begin to understand microbial biogeochemical feedbacks
associated with shrubification in subarctic wetlands. Currently, there is considerable uncertainty
about the magnitude and direction of these feedbacks, and it is likely that dramatic changes to
shrub abundance in tundra ecosystems could result in significant alterations to the global carbon
cycle (Myers-Smith, 2009).
The study presented herein provides an important first set of steps to understanding these
feedbacks, notably by characterizing the extent of shrubification using longitudinal remote sensing
and then linking these newly shrub dominated environments to changing soil microbial
communities, litter decomposition, and microbial greenhouse gas production.
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1.2. Study site selection and description
The Churchill area lies at the boundary of boreal forest and southern arctic ecozones, on
the Hudson Bay shoreline. From 1981-2010, the average daily winter and summer temperatures
are -24°C and 11°C respectively. Long-term weather data are available from Environment Canada
(www.climate.weatheroffice.ec.gc.ca) and other information about the area, weather and
phenology

updates

is

available

from

the

CNSC

research

website

(www.churchillscience.blogspot.com). Temperature and moisture probes are in areas similar to
the wet sedge site, but no probes have been set up in the delineated experimental area.
Two vegetation communities were used in this experiment: one dominated by sedges
(hereafter referred to as “sedge site”; 58° 44.120 N, -93° 48.382 W) and one dominated by shrubs
(hereafter referred to as “shrub site”; 58° 44.077 N, -93° 48.426 W). The area is dominated by
wetlands. Both are located about 1 km east of the Churchill Northern Studies Centre to the north
of Palsa Road (also known as Ramsey Lake road). Detailed site descriptions of sedge meadow
areas located in the immediate vicinity have been previously published in Edwards et al. (2006)
and Edwards and Jefferies (2010). The sedge site is dominated by the sedge Carex aquatilis, with
occasional incidences of other sedges such as Carex chordorrhiza and Carex gynocrates. Other
vascular plants present include Andromeda polifolia, Equisetum variegatum, Salix arctophila, and
Scirpus caespitosus. Little to no moss is present at this site. The soil contains 40% C and 2.7% N
by dry weight. There is standing water for most of the summer, which may or may not dry out in
the late summer. The shrub site is located between a large pond and the sedge site. It consists of
a large copse (c.15 m in diameter) of Betula glandulosa surrounded by smaller shrub outposts 1-2
m in diameter. Other low-lying vegetation includes Vaccinium uliginosum, Salix planifolia and
high frequencies of moss species such as Dicranum elongatum and Hylocomium splendens.
9

Various sedge and grass species, including Carex aquatilis, and Equisetum variegatum occur at
low incidences. The soil contains 42% C and 2.4% N by dry weight. The site is typically wet
during the spring and most of the summer, and gradually dries out towards mid-late August.

2. METHODS
2.1 Assessing greening trends near Churchill, Manitoba.
2.1.1. Greening trend from the Landsat archive (1984 – 2017)
Greening trends during 1984-2018 were analyzed using Google Earth Engine. We used
data from Landsat 5 (Multispectral Scanner and Thematic Mapper), Landsat 7 (Enhanced
Thematic Mapper), and Landsat 8 (Operational Land Imager and Thermal Infrared Sensor) in our
analysis. Only Tier 1 scenes representing top-of-atmosphere reflectance were used. Normalized
difference vegetation index (NDVI) values derived from Landsat 5 and 8 scenes which were
calibrated to Landsat 7 using a cross-sensor technique to accommodate for spectral differences
among sensors (Ju and Masek, 2016; Pironkova et al., 2018). Maximum NDVI during each
summer was identified for each pixel and compiled in an image stack for Mann-Kendall trend
analysis using the Kendall package in R (Windows version 3.5.2; Team, 2013). Pixels where
significant greening has occurred were identified as having positive Kendall tau values and twosided p values less than 0.05. A Mann-Kendall trend analysis was performed in R, and pixels where
the trend was not significant (p > 0.05) were removed from the image.
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2.1.2. Land cover classification:
Sentinel-2 data was used to classify land cover using the maximum likelihood technique. Highresolution multispectral data acquired using remotely piloted aircraft systems were used to
generate ground truth data. Additional ground truth data was added using open source Maxxar
spaceborne imagery. Areas experiencing significant greening were identified in the land cover
classification to identify the vegetation types that had experienced significant changes. To develop
the training data for the maximum likelihood classification, we used oblique aerial and in-situ
photographs in addition to class training pixels identified using the high-resolution RPAS-derived
orthomosaic data acquired between 23-July-2019 to 30-July-2019. A total of 8 classifications were
identified: conifer, shrubs, sedges, rock, bog, water, gravel and lichen. The accuracies of the land
cover classification results were evaluated using confusion matrices and associated metrics
including the overall accuracies and Kappa coefficients. The aerial coverage of shrub vegetation
encroachment was used in conjunction with the litter and soil nutrient and microbial datasets to
evaluate the influence of land cover change on biogeochemistry conditions.

2.2 Litter nutrient analysis and decomposition rates
2.2.1. Litter collection and litter bag assembly
Carex aquatilis litter and live Betula glandulosa leaves were collected in fall 2008.
Immediately after collection, they were air-dried and kept in cold storage over the winter. In
preparation for the litter bags, C. aquatilis litter was cut into pieces approximately 1 cm long, and
the B. glandulosa leaves were left unprocessed but with all woody material (stems) removed. After
the litter preparation, ten grams of dry material for both litter types were weighed in the spring of
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2009 and placed in nylon bags with a mesh opening of approximately 40um. A total of 100 litter
bags were assembled for each litter type. The litter bags were labelled in the field with a numbered
metal tag: B. glandulosa were labelled 100-200 and C. aquatilis were labelled 201-300.
2.2.2. Field setup
Ten sites were chosen within each vegetation community at random with at least 2 m apart,
and in areas with litter on the ground nearby areas where the litter was originally harvested. C.
aquatilis bags were placed in the wet sedge meadow areas and B. glandulosa bags were placed
among the B. glandulosa shrubs. Two stakes containing five attached litter bags were hammered
into the ground at each site. The attached litter bags were spread in the shape of a circle with a
radius of approximately 1 m and secured with metal anchors to prevent submerged litter bags from
floating to the surface. B. glandulosa bags were placed in the field on August 17, 2009, and C.
aquatilis bags were placed in the field on August 18, 2009.
2.2.3. Sampling, litter decomposition rates and nutrient analysis
Every summer for the first 5 years, a maximum of 10 bags were collected in each
vegetation type, then again in summer 2018, in spring 2019, and the remainder of the bags were
collected in fall 2019. Samples were processed to remove roots then dried in a drying oven at 60℃
for 24 hours. The dry mass was recorded and compared to the original 10 g mass to plot a mass
loss over time curve. The curve was used to determine the annual rate of decay constant, k. The
dried samples were grinded to fine grains in a Willey Mill to pass 2-mm sieve. The ground samples
were processed using a combustion elemental analyzer to measure total organic C, N, and S and a
high temperature acid digestion followed by inductively coupled argon plasma emissions
spectrometry (ICP-OES) analyses (for other elements: P, K, Ca, Mg, Mn, Zn) at the Hazlett lab at
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the Canadian Forest Service’s Great Lakes Forestry Centre (Sault Saint Marie, Ontario; see
Pugliese et al. 2014 for more details). Additionally macronutrient ratios (C:N and N:P) were
calculated from the “totals” data.
To determine the relative annual rate of decay, litter decomposition was calculated as the
proportion of initial mass remaining at each sampling time. In addition, we determined the
exponential decay constant, k, assuming a single exponential decay model:
Mt = M0e-kt

(1)

where Mt = litter mass at time t, and M0 = initial mass. Decay constants were determined for shrubs
and sedges from the slope of regressions of the ln-transformed proportion of initial mass remaining
against time (Moore, 1984; Olson 1963). Additionally, using results from Figure 3, we sectioned
the decay graph in two parts to illustrate the long-term variability in k over time. T-tests were
conducted to assess nutrient concentration differences between the two soil plots (p< 0.05).

2.3 Soil properties (moisture, pH and nutrients)
Soil samples were collected from the sedge and shrub sites then stored in a freezer. 5 g of
thawed, field-moist soil was placed in preweighed aluminum dishes. The soil samples were dried
overnight in an oven at 60°C then dried samples were cooled and weighed to calculate the moisture
content. Additionally, the dried soil samples were grinded to fine grains in a Willey Mill to pass
2-mm sieve. 5g of field-moist soil was weighed in an Erlenmeyer flask where 50 mL of 2.0M KCl
solution was added. The Erlenmeyer flask was stoppered, and the slurry was shaken for 30 minutes.
pH was measured in the KCl slurries. Then, the solution was filtered into 60 mL Nalgene bottles,
frozen, then transported to the Great Lakes Forestry Centre lab noted above to be analyzed for
NO3-N and NH4-N. Additionally, the grounded soil samples were processed using a combustion
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elemental analyzer to measure total organic C, N, and S and a high temperature acid digestion
followed by ICP-OES analyses (for all other elements: P, K, Ca, Mg, Fe, Mn, Zn, Al, and Na; see
Pugliese et al., 2014 for specific analytical details). Total macronutrient elemental ratios (C:N and
N:P) were calculated. T-tests were conducted to assess nutrient concentration differences between
the two soil plots (p< 0.05).

2.4 Soil DNA extraction and microbial sequencing analysis
Complete soil microbial community profiling was described using Illumina-MiSeq
sequencing of 16s rRNA of soil samples. 10 shrub and 10 sedge soil samples were taken from
different areas within the sedge and shrub sites then stored in a freezer for future DNA extraction.
Microbial DNA was extracted from 0.25 grams of peat from the active layer using a Metagenome
Bio Inc., SOX soil DNA extraction kit. High-throughput sequencing of the 16S rRNA gene on the
Illumina MiSeq platform was utilized to reveal microbial (bacterial/archaeal) community structure,
targeting

the

V4

region

of

SSU

rRNA

while

employing

the

(515FB

(5’-

GTGYCAGCMGCCGCGGTAA-3’)/806RB (5’-GGACTACNVGGGTWTCTAAT-3’)) primer
pairing. Raw sequences data were obtained from Metagenom Bio and were first quality filtered
using the BBMap package (Bushnell, 2015). Forward and reverse reads were aligned and
processed with the DADA2 package (Callahan et al., 2016) to produce exact amplicon sequence
variants (ASVs). For taxonomic assignment, the Silva version 132 for DADA2 database was used
for identifying bacterial and archaeal assemblages. The R (R Core Team, 2013) based package,
phyloseq (McMurdie and Holmes, 2013), was applied to visualize Bray-Curtis beta diversity
through non-metric multidimensional scaling 17 (NMDS) ordination.
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2.5 Greenhouse gas production potential
Near surface soil samples (upper 10 cm) were collected from sedge (9 samples) and shrub
dominated environments (8 samples) in August 2019. In vitro microbial GHG production, also
referred to as “production potentials” (e.g. Moore & Basiliko, 2006) was measured using jar
incubations of soil from both vegetation communities at room temperature (21°C) in anaerobic
and aerobic conditions. 20-25 g of soil was placed in 250 mL glass Bernardin® canning jars,
accompanied by 40 mL of water for aerobic conditions (to ensure a slurry that would facilitate
oxygen movement with turbulent mixing) and 25 mL of water for anaerobic conditions. Anaerobic
conditions were established by sealing jars, evacuating using a manifold apparatus (hoses with
needles to connect to container septa) with a vacuum pump on one end and a N2 tank on the other.
First, the samples were evacuated (30 - 40 seconds), sealed off the pump-side of the manifold and
backflush with N2. The outflow on the N2 tank should be at 10 psi or below to ensure that the
container did not explode. This step was repeated at least 4 times and removed the jars when the
pressure was nearly at ambient. The jars were incubated at room temperature over a period of 3
days for aerobic conditions and 4 weeks for anaerobic conditions. Aerobic jars were shaken on an
orbital shaker during the incubation period.
Gasses were sampled by extracting 10 mL of headspace from the jars with a syringe every
day of the incubation period for aerobic conditions and on day 7, 14 and 28 for the anaerobic
conditions. The samples were analyzed for CO and CH through gas chromatography (GC;
2

4

Greenhouse Gas model, SRI Instruments, Torrance, CA, USA) using a Porapak-Q column (80/100
mesh) maintained at 65˚C to separate gases and a flame ionization detector with in-line methanizer
(reducing CO to CH using a Ni-catalyst; Godin et al. 2012). A standard gas containing 1000 ppm
2

4

CO and 10 ppm CH in an air balance (Praxair Inc., Sudbury, ON, Canada), was run before each
2

4
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of the 17 samples for calibration and subsequent calculations of CO and CH concentration,
2

4

approximately 4 to 10 runs (Godin et al., 2012). The CO and CH concentrations were compared
2

4

between the two sites for both oxic and anoxic conditions using a t-test analysis (p = 0.05).

3. RESULTS
3.1 Greening trends near Churchill, MB.
Greening trends from Sentinel-2 archives indicate significant and widespread greening in
the Hudson Bay Lowlands between 1984 and 2018 (Figure 1). In Northeastern Manitoba, this
trend is most pronounced towards the coast, including in the areas near the Churchill Northern
Study Centre and the study site. Both the shrubs and sedges sites are situated within pixels that
have experienced relatively moderate greening (tau = 0.29 to 0.45, two-sided p < 0.01) since 1985.

Figure 1. Greening trends from Sentinel-2 data acquired in 2018.
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Figure 2. Mann Kendall tau values for a trend analysis in NDVI between 1984 - 2017. Only
pixels with a significant trend are included (p < 0.05).

3.2 Litter and Soil Nutrient Analysis
3.2.1 Comparing rates of nutrient release between the two substrate litterbags.
After 10 years, the differences between the slopes on the ln (Mt/M0) as a function of time
graph (Figure 3, panel b) were not quite significant (p = 0.0535, F = 3.807), indicating that there
was no difference between the rate that shrub leaves, and sedge litter decayed. Conversely, we
observed a plateau in Figure 3 near year 2, that became prominent after year 3. This plateau
indicates negligible rates of nutrient release. Therefore, Figure 4 partially verified our hypothesis
that at least initial rates of decay (years 0 to 1) were significantly different between the shrubs and
sedges, however, as time progressed, this change became negligible.
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Figure 3. Comparing decomposition (proportion of initial mass remaining) between live B.
glandulosa (shrubs) leaves and C. aquatilis (sedges) litter over 10 years. Values are means
with standard error bars.
For years 0 to 1, the linear regression for shrubs was y= -0.3487x, R2 = 0.8317, and y= 0.5934x, R2 = 0.9091, for sedges. The differences between these two slopes were highly significant
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(p= 0.0003, F=16.10). Therefore, the decay constants, k, were statistically different, meaning that
the shrub litterbags decomposed at a much slower rate than the sedge litterbags in the first year.
Conversely, the difference between the average annual rate of decay from years 2 to 10 was not
statistically significant (p = 0.4380, F = 0.6078), therefore, the rates of decay were similar between
the two plant types during this time period. We concluded that the litterbag experiment depicted a
general model of annual rate of nutrient release where in the short term, shrubs present reduced
rates of nutrient release, whereas long term trends eventually level out and no significant
decomposition difference between the two plant types.

Figure 4. Comparing the average annual rate of decay between live B. glandulosa (shrubs)
leaves and C. aquatilis(sedges) in two parts: a) years 0 to 1; b) years 2 to 10. Values are
means with standard error bars.
Substrate C:N and N:P ratios over 10 years had opposing trends. Where the C:N ratio
decreased exponentially, the N:P ratio increased exponentially, eventually tapering off to a plateau
(Figure 5). We analyzed these results with similar methods as the litterbag decomposition (Figure
3) to illustrate variations in C, N and P trends over time. The C:N ratio was higher for shrubs
whereas the N:P ratio was higher for sedges over 10 years (Figure 4). Additionally, no significant
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differences were found between the N:P ratios over time, whereas within the first year of
decomposition, shrubs had a significantly higher C:N ratio than sedges (p = <0.0001, F = 34.16).
Similar to the litterbag decomposition trend, no significant differences between the slopes of sedge
and shrub C:N ratio was observed after year 1. Significant differences in base cation concentrations
were also fairly common within the first year of decomposition, for example, Mg, Ca, and Zn
(Figure 8.3).
We analyzed the ‘contemporary’ soil state (year 2019) for differences in NH4+, NO3-N
extractable P and K, soil pH, moisture, and base cations. We found that the only significant
differences between the two substrates was the calcium content of the soils, where shrub dominated
soils had a higher calcium concentration (Table 8.2).

Figure 5. Comparing C:N (a) and N:P (b) ratios for shrub and sedge litterbags over 10
years. Values are means with standard error bars.
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3.3 Soil Microbial Communities
Figure 6 shows a) phylum, b) class and c) order classification of the samples.
Unfortunately, we were unable to profile all soil samples. We were able to analyze only 1 shrub
sample duplicate and 6 sedge samples (out of the 38 samples in total) because of sequencing errors.
Therefore, the microbial data for this thesis should be interpreted with caution. This experiment is
currently being redone for later journal publication purposes. Nonetheless, a few preliminary
distinctions between shrubs and sedges may be deduced for this thesis. For example, in the phylum
classification, Firmicutes, Proteobacteria, Actinobacteria and Bacteroidetes seem to increase from
shrub to sedge. Whereas both Rokubateria and Verrucomicrobia greatly decrease from shrub to
sedge. Additionally, we observed a decrease in Acidobacteria from shrub to sedge. In the class
classification, Deltaproteobacteria are present in sedges but absent in shrubs and
Gammaproteobacteria appear to increase from shrubs to sedges. In the order classification,
Betaproteobacteriales increase from shrubs to sedges and Chthoniobacterales decrease from shrubs
to sedges.
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Figure 6. Phylum, class and order classification of the soil samples. Labels in the 100s are
shrubs and 200s are sedges.
3.4 Soil microbial CO2 and CH4 production
As expected, CH production was higher (p < 0.01) in the sedge sites (Myers-Smith et al.,
4

2011; Lawrence & Swenson, 2011), however, there were no significant differences in CO

2

production under either oxic or anoxic conditions between soils from shrub and sedge sites (Figure
7; p= 0.72).
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Figure 7. In vitro microbial GHG production over time under oxic (CO2) and anoxic (CO2
and CH4) conditions in soils from sedge and shrub dominated sites. Values are means with
standard error bars. Differences between sites were not significant at any time point for
CO2, while CH4 production was significantly higher in the sedge sites at all measurement
points.
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4. DISCUSSION
4.1 Greening patterns are not uniform along the Hudson’s Bay Lowlands
In the context of this initial study, we were able to illustrate widespread greening across
the Churchill/Hudson’s Bay Lowlands (Figure 1), but this change did not occur uniformly across
the region. This result is not uncommon. Mekennon et al., (2021) explained that while attention is
often paid to areas with shrub expansion, similar remote sensing work has shown aerial photos that
reveal areas with little to no change in shrub cover. This may be because shrub cover expansion is
more prominent in landscape positions with active disturbance regimes (e.g., permafrost-related
patterned-ground, floodplains, hillslopes) (Frost and Epstein 2014). In Northeastern Manitoba,
this trend is most pronounced towards the coast, including in the areas near the Churchill Northern
Study Centre and the study site. Therefore, it is difficult to disentangle the component of this
greening that is associated with vegetation succession in the context of isostatic rebound (at a rate
of ~10mm/year (Sella et al., 2007)) from the component that is attributable to warming-induced
vegetation changes. Regardless, we expect that large proportional increases in greening reflect
shrub vegetation proliferation and ongoing research is evaluating differences in greening among
varying land cover classes.

4.2. Soil dynamics influencing shrub growth
Soil moisture, soil pH, nutrient availability, microbial community, and other environmental
conditions such as snow dynamics and active layer depth are co-varying factors that affect shrub
success. These factors receive less assessment compared to warming measurements (air
temperature) because they are difficult to control and monitor in observational studies (Mekennon
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et al., 2021). It is widely reported that warmer air and ground temperatures increase the dominance
of shrub species in tundra ecosystems (Arft et al., 1999; Myers‐Smith & Hik, 2018). Specifically,
Fraser et al. (2014), established a relationship between NDVI increases and temperature increases,
reporting that NDVI increases in shrub growth in The Tuktoyaktuk Coastal Plain (TCP) occurred
during decades characterized by mild winters, suggesting that increased air temperature likely
promotes the growth of arctic shrubs and will potentially be a positive feedback of shrub growth
in the future as arctic temperatures are projected to increase over the next few decades.
Additionally, tundra environments affected by warming sea ice dramatically drive shrub
proliferation (Myers‐Smith & Hik, 2018; Loranty et al., 2012). Fraser et al. (2014) demonstrated
that the ultimate cause for regional warming and shrub expansion in TCP (low arctic study area)
from 1980 to 2011 may be a reduction in the Beaufort summer sea ice extent. Similar relations
were reported in the Hudson’s Bay Lowlands where our study site is also affected by declining sea
ice (Bhatt et al., 2010). Supporting this finding, Kumar et al. (2010) and Screen and Simmonds
(2010) concluded that declining sea ice cover is the most important driver of Arctic amplification.
They argued that when sea ice is reduced, strong positive temperature trends during autumn and
winter are observed as heat is returned to the atmosphere during freezing. Ultimately, these trends
are expected to continue.
Based on the snow-shrub hypothesis, we expected changes at our study site that reflect
shrubification in regards to warming dynamics, i.e, increased nutrient mineralization, changes in
soil chemistry that represent increased nutrient availability due to increased overall decomposition
from higher energy input (warmer soils), increase in heterotrophic, biopolymer-degrading bacterial
taxa and C cycling changes that reflect overall C storage by recalcitrant shrubs (Myers-Smith et
al., 2011; Klarenberg et al., 2020). Instead, we observed little to no changes in soil characteristics.
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The soils affected by shrubification (shrub site) presented no significant difference in pH, moisture,
soil fertility (NH4+ and NO3-), and exchangeable base cation concentrations (C, N, P, K, Mg etc.)
when compared to the sites unaffected by shrub encroachment (sedge site) (Table 8.2). The only
detectable difference was the higher concentration of calcium in the shrub dominated soils.
According to Hobbie and Gough (2002), moist, non-acidic tundra with lower net primary
productivity, has higher concentrations of base cations, particularly calcium, in soil and plant
biomass. Although our findings show no differences in base cations between the two sites, the
moisture and pH conditions at our shrub site are relatively consistent with descriptions that imply
a moist, non-acidic environment. Additionally, it may be that changes seen in community structure
and CH4 production (the key impacts) are due to direct symbiotic relationships between the plants
and the microbes as well as more specific (and subtle- total C, C:N) organic chemical changes in
the soils from the shrubs that we did not measure. Lastly, previous work at this cite showed a one
year preliminary analysis of ground surface temperature where it was concluded that mean annual
ground surface temperature at the shrub site was 2.6˚C while it was -1.0˚C at the sedge site, with
approximately twice as many thawing-degree-days at the shrubs site compared to the sedge site
(Robinson et al. 2020). Clearly, the effects of shading by the shrub foliage during summer was
minimal compared to the cooling effects of the wet soil conditions and ponding at the sedge site.

4.3. Litter nutrient cycling
The annual decomposition constant, k, indicated that our shrub litters decomposed
significantly slower than sedge litters in the first year, then tapered off (plateaued) until year 10
(figure 3). Hence, the specific-ecosystem impacts of shrub encroachment on litter nutrient cycling
are complex (Myers-Smith et al., 2011). Across tundra ecosystems, winter and summer litter
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decomposition rates differ because the soil thermal regimes are different in the seasons, in regard
to snow cover and shrub shading (Hallinger, Manthey & Wilmking, 2010). Additionally, shrubs
are woody vegetation, described to have relatively recalcitrant litter. Therefore, increases in shrub
abundance, and consequently shrub litter, could reduce the overall rate of decomposition in tundra
soils (Cornelissen et al., 2007). However, there is opposing evidence that in the winter, warmer
soils as a result of shrub snow cover will increase litter decomposition and nutrient release rates.
These results likely indicate that tissue chemistry characteristics, rather than regional and microclimates, are the overriding controls on decomposition rates of this species.
Sampling was done once a year, but the month was unknown for some of the samples. The
months were between June-August, but growing patterns vary across these months which could
make a significant difference in the mass remaining data. Despite the uncertainty of the sampling
dates, the estimates of the difference in decomposition rates are conservative between the plant
species. In our study, tissue collection occurred at the same time, but the sedge leaves had begun
to senesce, while the shrub leaves were still mainly green. Typically, senescent leaves decompose
slower than live material because of lower nutrient availability due to plant resorption (Bothwell
et al., 2014). Thus, it is likely that fresh C. aquatilis leaves would degrade faster than reported for
senescent leaves (or conversely that senescent shrub leaves would decompose even more slowly
than the fresh leaves used here). Along with the woody characteristics of shrubs that were not
characterized in our study, B. glandulosa leaves also have a high lignin content compared to C.
aquatilis. Moore (1984) reported a 20% lignin content in shrub leaves, which may account for the
initial differences in k between the two species. Lignin content, and lignin: nitrogen ratios are
generally good predictors of decay rates across and within different litter types (Chapin et al.,
2011).
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Based on our mass-loss profiles (Figure 3; Figure 4), it might be said that shrubs will lead
to storage of more C in soils, however additional data on litterfall rates between species would be
needed to conclude this. Keeping all other factors that influence shrubification constant, a shift
from sedge to shrubs might lead to more C storage in litters and surface soils in Tundra ecosystems.
This is supported by Laurel et al. 2018, who claim that this translates to a negative feedback to
climate from these sub-Arctic ecosystems. However, previous studies have also shown that an
increased abundance of shrubs might cause more snowpack, which then induces a warmer surface
ground due to insulation effects (Sturm, Racine & Tape, 2001; Strum et al., 2001; Hinzman et al.,
2005). Consequently, this warming would deepen the active layer and thaw permafrost that may
facilitate carbon release via decomposition, making shrubs part of a positive feedback to climate
change. Based on preliminary temperature data presented by Robinson et al., 2020, such warming
may indeed take place at this study site. Thus, these important systems need to be further studied
with combined field and laboratory approaches to understand their overall contribution to
enhanced or reduced future carbon storage and their influence on future climates.

4.4 Microbial greenhouse gas production and communities
Although CH4 production was higher (p < 0.01) in the sedge sites, as expected (MyersSmith et al., 2011; Lawrence & Swenson, 2011), it was not conclusively due to dryer conditions
either facilitating or caused by the shrub encroachment (both sets of soils were saturated). This
may be consistent with subtle, yet important changes in soil organic matter chemistry not captured
in our broader-spectrum soils analyses, and very direct plant-microbial symbiotic and syntrophic
linkages. Strong linkages between sedge communities and methane production have been seen
across fens with vegetation gradients in Alaska (Hines et al., 2008). There were no significant
differences in CO2 production under either oxic or anoxic conditions between soils from shrub and
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sedge sites (figure 7; p= 0.72), in contrast to our prediction that drier soils would be associated
with shrubs and have higher bulk rates of microbial C mineralization to CO2 (if lower CH4
production). Dominant sedges in wetlands are more typically found in wet environments, while
sites with dominant shrubs may show increased evapotranspiration, thereby drying soils and
presenting more aerobic conditions. Myers-Smith et al., (2011) suggested that increased
evapotranspiration from greater shrub biomass could dry soils leading to higher microbial
production of CO2, which is contrary to the results obtained in this study.
From supplemental figure 8.3, we made conclusions that the total N and P in the shrub and
sedge sets samples over time are quite similar. These patterns between sedges and shrubs over
time are unchanging, which is consistent with seeing few to no soil nutrient pool differences. This
gives strong weight to the idea that the specific and more nuanced plant litter organic chemistry
and plant-microbe interactions are driving the CH4 patterns seen. Controls on methanogenesis are
also very nuanced, where bulk C turnover (CO2 production) is not.
Increased evapotranspiration has been documented in areas with expanding shrub cover,
and more detailed characterization of water tables and soil moisture with in-situ logging devices
is needed in our sites. Increased evapotranspiration results in drier soils and consequently reduces
methane emissions but increases carbon dioxide fluxes (Merbold et al., 2009). From a climate
warming perspective, the feedback loop of carbon is quite complex. For instance, increased shrub
cover results in localized atmospheric heating from enhanced absorption of solar radiation,
providing a significant positive feedback to climate warming (Buckeridge et al., 2010; Shaver et
al., 2000). Additionally, warmer soils enhance organic matter decomposition, releasing carbon
dioxide into the atmosphere. By contrast, increased woody growth by shrubs stores carbon since
shrubs are recalcitrant, which may promote a negative feedback by mitigating some of the carbon
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dioxide released as a result of higher decomposition rates in warmer soils (Shaver et al., 2000).
Therefore, as shrubs proliferate in arctic tundra ecosystems, scientists are still unclear as to whether
these ecosystems will become a strong source (greater decomposition, positive climate warming
feedback loop) or sink (carbon stored in shrubs, negative climate warming feedback loop) of
atmospheric carbon. In the current case, that microbial CH4 production decreased substantially in
shrub sites despite no changes in soil moisture, and that prolonged anaerobic incubation at lab
temperature could not stimulate rapid production, is consistent with more direct plant-microbial
linkages, either from specific organic chemical changes in the litters not characterized in our
analyses (Moore and Basiliko 2006), or more direct influence of plants on the soil microbiome.
That bulk microbial C mineralization measured as CO2 was not affected by shrubification is
perhaps consistent with these more nuanced linkages affecting a very specific guild of
microorganisms (the methanogenic Archaea) who rely on very specific substrates controlled by
syntrophic fermentative bacteria and subtle soil chemical conditions (Brauer et al., 2020).
The Arctic tundra soil environment is characterized by a few months of unfrozen conditions
(growing season) when the majority of microbial activity takes place. The short growing seasons
constrain decomposition rates which result in a large accumulation of organic carbon in tundra
arctic soils (Wallenstein, McMahon, & Schimel, 2007). Climate warming can either increase
decomposition rates or increase net primary productivity and cause net carbon storage. Therefore,
the balance of carbon and patterns of nutrient release in these ecosystems depends on the
interactions and response of both plant communities and soil decomposer communities
(Wallenstein, McMahon, & Schimel, 2007; Collins et al., 2018). Fungi are more closely associated
with plant species identity than bacteria because of the major role fungi play in plant litter
decomposition (Collins et al., 2018). Fungi are the primary decomposers of woody and recalcitrant
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plant litter, therefore, shrubification has strong impacts on soil fungal diversity and communities.
Higher levels of lignin-rich litter in shrub soils favor saprotrophic wood decomposer fungi
common to the Basidiomycota (Rinnan & Bååth, 2009). For instance, studies have shown that in
arctic tundra, Ascomycota and Chytridiomycota were more abundant in grass soils than in shrub
soils, while Zygomycota and Basidiomycota fungi were more abundant in shrub soils.
Unfortunately, there is a limited number of studies examining sub-Arctic soil bacterial
communities. Given the wetland environmental context of our study where soils were generally
saturated to the surface (anoxic microbial environments prevailing), and notably under
circumneutral to only slightly acidic soil conditions bacteria and archaea are nearly certainly more
important in litter decomposition and C mineralization than fungi (Myers et al., 2012).
With the clear caveat that there were few shrub soil samples analyzed, we did see some
broad and important differences in the microbiomes of sedge v shrub soils. There was a noted
increase in members of the phylum Acidobacteria, which are common in acidic wetland and forest
soils (Seward et al., 2020; Ward et al., 2009), though we note that our sites were all generally
circumneutral pH. In the sedge sites, consistent with high microbial methane production, we saw
markedly higher abundances of taxa from two key phyla that contain a diverse range of
fermentative bacteria- the Bacteroidetes and the Firmicutes (Seward et al., 2020). Certain members
of these phyla are known to live syntrophically with methanogens, and nearly all wetland
methanogens rely directly upon them (Brauer et al., 2020). This is consistent again with more
nuanced effects of shrubification leading to changes in microbial community structure and marked
decrease in microbial CH4 production, while there were generally no changes seen in the broader
soil environment (pH, water saturation, macronutrient concentrations, e.g.) and only short-lived or
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no impacts on litter decomposition rates and microbial C mineralization measured as aerobic or
anaerobic CO2 production.

5. CONCLUSIONS/IMPLICATIONS
Shrub proliferation has been a widespread occurrence in tundra ecosystems over the past
decades, yet few studies have addressed the extent and impacts of shrubification in subarctic fen
environments. To address this knowledge gap, this study presented a transdisciplinary field
investigation of shrubification and its impacts on relevant nutrient cycling, soil microbial
community and GHG production potential at a fen near Churchill, Manitoba. We found that (1)
widespread greening has taken place in the Hudson Bay Lowlands between 1985 and 2017,
including at the study site near the Churchill northern Studies Centre; (2) organic soils from shrub
dominated sites had a significantly lower microbial methane production than soils from the sedge
dominated fen even after 1 month anaerobic incubation at room temperatures, but there were no
differences in microbial carbon dioxide production; and (3) shrub litters decomposed significantly
slower than sedge litters in the first year, yet, there were no significant differences in the nutrient
cycling from plant litter or soil pools between the shrub and sedge sites (except for a higher
concentration of calcium in shrub dominated soils). We were unable to accurately compare the soil
microbial communities under the two sites because of data processing errors. However, ongoing
research will seek to reassess the microbial profiles under the two sites to potentially link microbial
community changes to changing processes and properties of the different sites. Nonetheless,
results from this study suggest that in this fen, although shrubs encroachment may reduce carbon
release rates, posing as a potential mitigation to climate warming, it is unlikely that permafrost is
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sustainable where shrubs encroach, yet the effects of permafrost thaw on carbon cycling could be
in part offset by lower microbial methane production associated with shrubs in near surface soils.
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7. Tables and Figures
For the purpose of simplicity (reading) I have left the figures in-text
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8. Appendix: Supplementary Information

Figure 8.1. Representative sedge meadow sites used in the study.
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Figure 8.2. Representative shrub sites used in the study.
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Figure 8.3. Comparing base cations for shrub and sedge litterbags over 10 years. Values
are means with standard error bars.
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8.4 Alpha Diversity

Figure 8.4. Richness/Shannon Simpson plots showing alpha-diversity.
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8.5 Beta Diversity

Figure 8.5 Non-metric multidimensional scaling (NMDS) showing beta-diversity (BrayCurtis). The closer the points are, the more similar they are in terms of community
structure. There is clear separation between sedge (200s) and shrub (100s), unfortunately
not enough data points to make concrete deductions.
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Table 8.1: Comparing mean extractable elements between sedge-dominant and shrub-dominant
soil. A t-test analysis was conducted to show no significant difference between the two soil plots.
p< 0.05

NH4 (mg/g dry soil)
NO3-N
Extractable P (ppm)
Extractable K (ppm)
Soil pH

Mean
0.269
NA
139
566
7.051

Shrubs

SE
0.048
NA
31
156
0.112

Mean
0.385
NA
152
669
6.924

Sedges

SE
0.064
NA
24
100
0.118

CI (95%)
ns
ns
ns
ns
ns

Table 8.2: Comparing mean cation elements between sedge-dominant and shrub-dominant soil.
A t-test analysis was conducted to assess differences between the two soil plots. p< 0.05
Shrubs
N%
C%
C:N
P (ppm)
N:P
C (g)
N (g)
S (ppm)
Ca (ppm)
K (ppm)
Mg (ppm)
Na (ppm)
Mn (ppm)
Fe (ppm)
Moisture content

Mean
2.30
46.97
21.56
1000.81
23.50
2.35
0.12
301.58
39693.91
1167.63
4354.91
426.67
543.91
5618.08
0.87

Sedges

SE
0.19
0.54
1.85
79.24
1.61
0.03
0.01
218.35
2395.50
190.50
161.28
21.75
178.53
3169.98
0.02
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Mean
2.29
46.68
20.80
835.00
28.71
2.33
0.11
127.38
26792.06
1238.86
3320.82
503.18
549.91
4640.13
0.87

SE
0.12
0.36
1.12
62.08
2.66
0.02
0.01
70.33
2265.03
150.52
243.74
40.98
230.77
1242.67
0.01

CI (95%)
ns
ns
ns
ns
ns
ns
ns
ns
****
ns
ns
ns
ns
ns
ns

