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Abstract
Coastal salt marshes provide many ecosystem services; however, little is known of the biology of
decomposer taxa in these systems. This study employed aboveground and belowground litterbags to
characterize the fungal and mite communities associated with the dominant salt marsh grass,
Sporobolus pumilus, in the Minas Basin, Nova Scotia. Decomposition rates of aboveground and
belowground tissues and environmental variables were quantified to contextualize temporal patterns
in community composition. Aboveground litterbag mass loss peaked in July and decreased consis-
tently over succeeding months, which positively correlated with fungal richness. Fungal and mite
richness displayed inverse relationships over time, with mites gradually increasing in diversity before
peaking in November, suggesting the presence of a complex detrital network where mites and fungi
respond to different and possibly unrelated environmental cues. This study offers a first look at tem-
poral community dynamics of two neglected groups of decomposers associated with S. pumilus in
Canada.
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Introduction
Litter decomposition and its implications for carbon storage and nutrient cycling is governed by taxo-
nomically and functionally diverse decomposer communities. This occurs through a combination of
litter composition and quality (Prescott et al. 2000; Yan et al. 2018), the metabolic ability of decom-
posers (López-Mondéjar et al. 2018), and species interactions between decomposers (Hättenschwiler
et al. 2005), all of which may directly affect plant diversity and community composition (Mazzoleni
et al. 2007). Soil and litter communities are mainly composed of bacterial and fungal decomposers
as well as consumers that feed on plant detritus and fungal biomass (Berg and Bengtsson 2007).
Fungal conditioning of litter increases its palatability to shredding invertebrates (Suberkropp and
Arsuffi 1984; Danger et al. 2012), facilitating litter fragmentation. Further, fungal hyphae and spores
are palatable to grazing taxa such as Collembola and Oribatid mites (Klironomos and Kendrick
1996; Pollierer and Scheu 2021) whose feeding behaviors structure fungal communities and enhance
fungal activity (Lussenhop 1992).
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Despite the importance of decomposer communities to ecosystem function, large gaps remain in the
understanding of spatiotemporal structuring in many ecosystems (Guerra et al. 2020) such as North
American salt marshes. Salt marshes are highly productive ecosystems that support a wide range of
ecosystem services such as providing nursery habitat for fish and shellfish (Boesch and Turner
1984; Deegan et al. 2000), birds (Darnell and Smith 2004; Hughes 2004), carbon storage (Chmura et al.
2003; Alongi 2020), storm buffering (Shepard et al. 2011; Möller et al. 2014), and sediment transport
into adjacent coastal ecosystems (Krest et al. 2000). Studies of fungal and bacterial decomposers in
North American salt marshes have mainly focused on plants inhabiting the low marsh (Benner et al.
1984; Newell et al. 1989; Lyons et al. 2005), and mite communities of North American salt marshes
have not yet been the subject of any published scientific study except for a brief mention of
Oribatid mite diversity from a salt marsh in Cape Breton Highlands National Park in Nova Scotia
(Behan-Pelletier et al. 1987). More research is needed to further characterize the community compo-
sition of salt marsh decomposer communities, particularly in the high marsh.

This study employed a litterbag experiment to characterize the poorly known diversity of fungi and
mites associated with decomposing leaf litter of Sporobolus pumilus (Roth) P.M. Peterson & Saarela
(formerly Spartina patens). Taxonomic data were also related to decomposition rates and environ-
mental variables. We hypothesized that (i) aboveground plant material will decompose more quickly
than belowground material, as root material is relatively recalcitrant and the frequently flooded sedi-
ments are oxygen-poor (Howes and Teal 1994); (ii) fungal richness and mite diversity will be posi-
tively correlated with decomposition rate; and (iii) mite richness will be positively correlated with
fungal richness as mites are some of the most abundant fungus feeders in terrestrial systems.

Methods

Study locations
This study was conducted in the Wolfville salt marsh in Wolfville, Nova Scotia, Canada, on the mega-
tidal Minas Basin, which experiences diurnal tides. The marsh faces northward onto the Cornwallis
River, with a second fragment on the north bank. Three sites were chosen, with two situated in the
western and eastern parts of the southern portion of the marsh, divided through the middle by
Wolfville Harbour. The third site is located in the northern portion of the marsh, separated from
the other two sites by the Cornwallis River (Fig. 1). Site 1 (45.094672°, −64.355659°) was situated in
the southeast of the marsh. The site was lower than the other two, permitting more frequent tidal
inundation. Wetter sediments allowed for greater cover by Sporobolus alterniflorus (Loisel.)
P.M. Peterson & Saarela (formerly Spartina alterniflora), although the site is still dominated by
Sporobolus pumilus. Nevertheless, the relative abundance of S. alterniflorus compared with sites 2
and 3 is the most obvious distinguishing feature among the three sites. Site 2 (45.097542°,
−64.364201°) was in the southwest of the marsh, close to the bank of a creek, 0.75 km northwest of
site 1. This site was higher than site 1 resulting in drier sediments and a virtual monoculture of
S. pumilus. Plant cover was very dense at this site, lacking any bare sediment. Site 3 (45.104801,
−64.365388°) was in the northern part of the marsh, 0.85 km north of site 2 and 1.35 km northwest
of site 1, only a few meters away from the northern bank of the Cornwallis River, which was rapidly
eroding the marsh edge. This site was also composed entirely of S. pumilus; however, plant cover
was thinner than at site 2, with prominent patches of bare sediment between the plants. Individual
plants tended to grow shorter here than at sites 1 and 2. Additional discussion of the marsh plant
composition of the Wolfville salt marsh can be found in Chapman (1937), dating back to a period
when the marsh was highly disturbed due to agricultural activity, where the author notes S. pumilus
(as Spartina patens) formed isolated clumps rather than dominating the high marsh as it does now,
except for an area in the northern portion of the marsh where S. pumilus was not collected for hay,
and in this portion the grass was the dominant species.
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Litterbag design and retrieval
Overwintered shoot and root material of S. pumilus were collected from each of the three study sites
on 15 May 2019. Due to the density of the clay-rich salt marsh sediments, roots could not be separated
from the sediment in the field, so blocks of sediment were shoveled out of the marsh and transferred
to the lab in large plastic bags. Extensive and careful washing was required to dissolve the sediments
without breaking the fine root tips. Shoots and leaves were also washed to remove any attached sedi-
ments. Material was left to air dry at room temperature for three weeks to avoid killing the fungi
already present in the grass.

The litterbags were made to be approximately 18 × 25 cm from nylon window screen with a 1.8 mm
gap size and sealed with aluminum staples. Each bag was filled with 5.0 g of either shoot/leaf litter or
dried roots derived from the specific site the litterbag was to be deployed in. Thirty-six bags were
made for aboveground and belowground material for each of the three sites, in addition to some
spares to account for potential loss of litter bags (244 litterbags in total). The litterbags were set up
at the sites in early June 2019. At each site, 3 rebar poles were arranged in a triangle, each 5 m apart.
The litterbags were tied to the poles with nylon fishing line, and bags containing roots were buried
approximately 10 cm below the surface within a 2 m radius of the poles. Bags containing shoots
and leaves were fastened to the ground with nails at the same distance as the belowground bags.

Fig. 1. (a) Map of the three sampling locations along the Cornwallis River near Wolfville, Nova Scotia. (b) Litterbags deployed at site 1 in June 2019 before the
new growing season. (c) Site 2 in July 2019 showing fresh growth of Sporobolus pumilus. The site map was created using the Ecological Land Classification 2015
and Nova Scotia Topographic Database files published through the Nova Scotia government Geographic Data Directory (nsgi.novascotia.ca/gdd/).
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Litterbags were retrieved at an interval of approximately 30 days, with the first retrieval in mid-June
2019, where one aboveground bag and one belowground bag was retrieved from each pole at each site,
in addition to an extra aboveground and belowground bag from each site, totaling 24 retrieved bags
per month. This initial retrieval, approximately 10 days after the litterbags were deployed, was to act
as a control to determine how much mass loss occurred as a result of the process of preparing the
bags, deploying them in the marsh, and returning them to the lab before significant decomposition
had occurred.

Teabag decomposition
Decomposition was also measured using the tea bag index (Keuskamp et al. 2013). This method uses
Lipton® (Unilever, Toronto Ontario) Green and Rooibos tea prepackaged in nonbiodegradable mesh
bags as the substrate for decomposition, which makes this an easy, standardized method for measur-
ing decomposition rates. The tea was first weighed including the bag and tag. Three bags of each kind
of tea were buried 10 cm below the sediment surface at each site (18 bags in total). After 90 days, the
bags were retrieved, the tea was removed from the bags and reweighed. Decomposition could then be
quantified using the materials provided by teatime4science.org.

Environmental variables
At each collection interval, environmental variables were recorded for each site. Surface temperature
and salinity were recorded monthly starting in July, soil moisture was recorded in October and
November. Three measurements of each inorganic variable were recorded for each site. Surface
temperature was recorded with an infrared thermometer, soil moisture was recorded with a
Decagon (Meter Group, Pullman, Washington, United States) GS3 VWCmoisture probe, and salinity
was measured with an Oakton (Environmental Express, Charleston, South Carolina, United States)
SALT 6+ handheld salinity meter.

Litterbag preparation for quantification of decomposition rates and
diversity
After each litterbag retrieval, 18 of 24 retrieved litterbags were opened and the litter was washed free
of sediment, air dried for one week, and weighed to determine mass loss (final weight compared to the
original weight recorded during litterbag preparation). The remaining 6 litterbags (one aboveground
and one belowground bag from each site) were used for quantifying the fungal richness and mite
diversity. First, mites were extracted from the litterbag contents using 40 W Tullgren-Berlese funnels.
See Krantz and Walter (2009) for detailed discussion of this sampling method. Following this, the
litter was analyzed by microscopy to compile a list of reproductively active fungi present in the
material. Belowground litterbags were found to host very few mites or reproductively active fungi,
and so only aboveground bags were used for compiling diversity data.

Microscopy and specimen identification
The litter used for quantifying fungal biodiversity was carefully scanned under a dissecting microscope
for fungal reproductive structures. Identification of species was done using light microscopy. Material
was mounted predominantly in Windex (SC Johnson, Racine, Wisconsin, United States) (dilute
ammonium hydroxide solution), as it is especially good at rehydrating dried fungal material, and
Melzer’s solution, Lugol’s solution, and 5% potassium hydroxide were used for testing amyloidity or
for the presence of ionomidotic reactions. Pretreatment with Congo Red or phloxine was used for stain-
ing nonrefractive material, where the former stains chitinous cell walls and the latter stains cytoplasm.
Specimens were examined using a Nikon (Nikon Corporation, Tokyo, Japan) SMZ-2 T stereo micro-
scope and a Leitz (Leica Microsystems GmbH, Wetzlar, Germany) SM-Lux compound microscope.
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A large body of taxonomic literature was used for identification, but the most important references for
the identification to genus level were Sutton (1980); Ainsworth et al. (1973); Barr (2004); Barr (1990);
Seifert et al. (2011); Kohlmeyer and Kohlmeyer (1979), and Jones et al. (2009). Generic monographs were
used for species-level identification such as Shoemaker and Babcock (1989), as well as many type descrip-
tions located in global species databases such as Index Fungorum (www.indexfungorum.org). Vouchers
are deposited in the E.C. Smith herbarium at Acadia University, Nova Scotia, Canada, under the acces-
sion numbers ACAD21151F – ACAD21223F.

The mites collected in this study were stored in 70% ethanol until examined microscopically.
Tullgren-Berlese extractions result in a large mix of mites of different species and instars which need
to be sorted to record the richness and abundance of species present. One or two individuals of each
morphospecies were first cleared in 85% lactic acid for 5–7 days, which macerates soft tissue, increas-
ing light transmission through otherwise opaque material. Chitinous material is preserved such as the
mite cuticle and fungal spores present in the gut, which has the added benefit of allowing for the
observation of gut contents of fungivorous mite species. Cleared specimens were then mounted in
polyvinyl alcohol (Bioquip Products Inc, Rancho Dominguez, California, United States) and dried
on a heating mat at 40 °C for one week. Polyvinyl alcohol is a pre-prepared, water-soluble, semiper-
manent mountant with an ideal refraction index for light microscopy. Slide-mounted specimens were
then identified using light microscopy primarily by consulting Gilyarov (1975, 1977, 1978); Balogh
(1972); Dindal (1990); Krantz and Walter (2009); and Walter et al. (2014). Recent monographs were
used when available, such as the monograph of Tydeidae by Silva et al. (2016), as well as national and
international species checklists such as Behan-Pelletier and Lindo (2019); Subías et al. (2012); and
Mąkol and Wohltmann (2012). The majority of mite species in North America are undescribed
(Young et al. 2019), in most cases only allowing for identification to the genus level. Following
identification of slide-mounted material, the remaining unsorted mites from each Tullgren-Berlese
extraction were counted and sorted, with each morphospecies stored in 1.7 mL microcentrifuge tubes
of 70% ethanol. Vouchers are deposited at the New Brunswick Museum in Saint John,
New Brunswick, Canada.

Statistics
Data analysis and visualization were computed with the R software environment (R Core Team 2021),
using the packages vegan (Oksanen et al. 2020), AICcmodavg (Mazerolle 2020), and ggplot2
(Wickham 2016). Vegan is a statistical package for community ecology, which was used for comput-
ing canonical correspondence analysis plots, an ordination technique used for relating community
data to environmental variables. The technique is distinguished from other ordination methods in
that it assumes that species respond normally along environmental gradients (ter Braak 1986).

The Akaike Information Criterion (AIC) is a model selection equation for determining which model
best explains the variance in a dataset by weighing the goodness of fit of a model with the number of
parameters included in it, where a larger number of parameters results in a greater penalty for the
model due to the risk of overfitting. Expanding on this, the corrected Akaike Information Criterion
(AICc) also incorporates sample size into its judgement of the models’ predictive value, making it
useful for model selection with biological data (Anderson et al. 1998).

Results

Litterbag decomposition
Decomposition of litterbag contents (detrital Sporobolus grass) occurred most rapidly for above-
ground litterbags containing shoots and leaves (p < 0.001) (Fig. 2a). Shoot-containing bags lost
1.72 ± 0.16 g (44% of initial mass) between June and November, and root-containing bags lost
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1.02 ± 0.18 g (32% of initial mass). Between setup and the first collection interval, shoot-containing
bags lost 0.19 ± 0.08 g (SE), while root-containing bags lost 0.57 ± 0.05 g (Fig. 2b). The initial interval
between setup and June retrieval was intended to test how much mass would be lost due to handling
rather than decomposition. Decomposition rate was not significantly different among the three sites
for either root- or shoot-containing bags. Mass loss rates peaked in June and July before stabilizing
by October and November. Soil temperature was positively correlated with shoot decomposition rate,
whereas variation in root decomposition rate was best explained by a model involving salinity, soil
moisture, fungal richness, and mite diversity (Table 1).

Of the environmental variables recorded from the three study sites, surface temperature and soil salin-
ity did not differ significantly between sites. However, while moisture was not significantly lower at
site 3 compared to sites 1 and 2 overall (F(2,15) = 2.7, p = 0.1), it should be noted soil moisture data
were only collected for the months of October and November. Along with the observed difference in
topology and plant community composition, sediments at sites 1 and 2 were probably somewhat wet-
ter than site 3 (Supplementary Table S1).

Tea bag decomposition assay
Fourteen of 16 tea bags were recovered from the sites; two at site 1 were lost. Decomposition rate con-
stant (k) was significantly higher at site 3 than site 2, indicating a higher mass loss rate (Fig. 2c). One
of the tea bags at site 1 was much lighter than all the others in the study and this resulted in high stan-
dard error. The stabilization factor S represents the proportion of litter that is resistant to decomposi-
tion. S value was significantly lower at site 3 than at site 2, and again standard error was very high at
site 1. 80.41% ± 8.27 of the rooibos tea dry weight remained after 90 days, and 31.05% ± 3.51 of the
green tea remained.

Fungal community composition
Seventeen fungi were observed fruiting in S. pumilus shoots during this study (Table 2); eight were
teleomorphic and nine were anamorphic. A relatively large number of apparently undescribed species
were encountered, in most cases only allowing for the identification of morphospecies within genera.

Fig. 2. Decomposition rates of plant materials. (a) Dry weights of below-ground litter bags over time. (b) Dry weights of aboveground litter bags over time.
(c) Decomposition rates (k) of buried tea bags at each site. Each point represents an average of three measurements. Error bars represent standard error of
the mean.
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The exact number of true species may be smaller than this depending on anamorph–teleomorph
relationships, which were not determined in this study. Monthly richness peaked in July, when
13 species were encountered across the three sites (Supplementary Table S1). Five species were
encountered in June, August, September, and October, and 2 species were encountered in
November. The most abundant taxa were Septoriella sp. 1, Septoriella sp. 2, Phoma sp. 1, and
Pseudohalonectria halophila. Septoriella sp. 1 was encountered only in June and July in very fresh
leaves, and was present in later months only as empty pycnidia as leaf tissue became increasingly
fragmented. Septoriella sp. 2 was present from June to October, but by September most pycnidia were
invaded by bacteria which partially decomposed the remaining conidia. Phoma sp. 1 was encountered
from June to October (but was not observed in August), and appeared fresh regardless of the state of
decomposition of the leaf litter. Pseudohalonectria halophila was very commonly encountered in
October and November; however, it was only in an immature state. This species seems to represent
an important member of the late successional community, with the only other co-occurring fungal
taxon encountered during these later months being Leptosphaeria cf. pelagica. Ten species were
cumulatively found at each of the three sites, each supporting a somewhat different assemblage.
Fungal species richness decreased predictably over time (Fig. 3a), displaying a significant positive
correlation with shoot litterbag weight and surface temperature; however, shoot litterbag weight
appears to be more important than surface temperature for structuring fungal communities
(Table 1). Fungal richness and mite richness were inversely correlated (Fig. 3b). Canonical
correspondence analysis showed surface temperature and shoot mass loss were the best predictors
of fungal community composition (Fig. 4).

Table 1. Multiple regression analysis.

Response Predictor B Std. Error t R2 df F p

Fungal richness Intercept −3.94 2.06 −1.92 — — — 0.08

Surface temperature 0.07 0.09 0.77 — — — 0.5

Shoot litterbag weight 1.85 0.76 2.42 — — — 0.03*

Model summary — — — 0.49 2,11 7.28 0.009**

Mite diversity Intercept 2.19 0.49 4.50 — — — 0.0006***

Shoot litterbag weight −0.35 0.15 −2.42 — — — 0.03*

Model summary — — — 0.26 1,13 5.85 0.03*

Shoot decomposition rate Intercept −0.13 0.19 −0.69 — — — 0.5

Surface temperature 0.04 0.01 0.01 — — — 0.01*

Model summary — — — 0.39 1,12 9.29 0.01*

Root decomposition rate Intercept 2.94 0.78 3.78 — — — 0.004**

Salinity 0.02 0.005 4.29 — — — 0.002**

Soil moisture −0.04 0.009 −4.22 — — — 0.002**

Fungal richness 0.09 0.02 3.69 — — — 0.004**

Mite diversity −0.29 0.11 −2.67 — — — 0.02*

Model summary — — — 0.77 4,10 12.73 0.0006***

Note: Each model achieved the lowest AICc (corrected Akaike Information Criterion) given the following combinations of variables: biotic response variables used surface temper-
ature, salinity, shoot litterbag weight, and soil moisture as predictors. Decomposition rates used surface temperature, salinity, soil moisture, fungal richness, mite diversity as predic-
tors. * denotes p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001.
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Table 2. List of fungal morphospecies encountered in this study, arranged by class and family.

Class Family Species

Dothideomycetes Didymellaceae Epicoccum nigrum

Leptosphaeriaceae Leptosphaeria cf. pelagica

Phaeosphaeriaceae Phaeosphaeria sp.

Phaeosphaeria spartinicola

Phaeosphaeria cf. moravica

Septoriella sp. 1

Septoriella sp. 2

Pleosporaceae Alternaria maritima

Sordariomycetes Nectriaceae cf. Fusarium

Phomatosporaceae Phomatospora bellaminuta

Pseudohalonectriaceae Pseudohalonectria halophila

Xylariaceae Anthostomella cf. tenacis

Incertae sedis Incertae sedis cf. Microsphaeropsis

cf. Mycosphaerella

Phoma sp. 1

Phoma sp. 2

(a) (b)

(c) (d)

Fig. 3. Richness and abundance of mites and fungi at the three sampling sites. (a) Decreasing fungal richness over
time. (b) Negative correlation between mite richness and fungal richness. (c) Increasing mite abundance over
time. (d) Increasing mite richness over time.
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Mite community composition
Twenty-six mite species were encountered in this study (Table 3). The most species-rich group were
the Trombidiform mites, represented by 15 species, followed by the Oribatid mites with 8 species.
Mesostigmata, Astigmata, and Endeostigmata were each represented by 1 species. The families
Erythraeidae, Tarsonemidae, and Tydeidae were the most species-rich families present. Erythraeidae
was represented by two undescribed species of Abrolophus, and a species that could not be resolved
to the genus level. Of the Tarsonemidae, there were two undescribed species of Steneotarsonemus,
and a third species not identified to genus. Of the Tydaeidae were two undescribed species of
Brachytydeus resembling B. manitobensis, and Tydeus sp. similar to the European species T. kochi.
The most abundant Oribatid mites were Pelopsis bifurcatus, Diapterobates notatus, and Hermannia
subglabra, all of which have previously been reported from Nova Scotia salt marshes (Behan-
Pelletier et al. 1987).

Across all three sites, 1534 mites were collected, 977 of which were immature instars. In the early
months, abundance was very low but rose steadily throughout the study (Fig. 3c), showing a strong
temporal trend but in the opposite direction as predicted. Richness followed a similar trend to abun-
dance (Fig. 3d). Shannon diversity increased with time, but this was not significant (p = 0.1, R2 = 0.1)
because of low absolute abundance in June, resulting in higher evenness and consequently higher
Shannon diversity values. Omitting the month of June results in a significant correlation (p < 0.03,
r2 = 0.3). Notably, Isobactris levis was the only member of the obligate marine family Halacaridae
encountered, observed only in June. Pseudoeupodes sp. and Nanorchestes cf. amphibius were fairly
abundant in October and November, but not observed in earlier months. In total, 21 species were
observed at site 2, 15 species at site 1, and 14 species at site 3. Shoot litterbag weight was the best

Fig. 4. Canonical correspondence analysis (CCA) triplot depicting relationships between mite species and sam-
pling locations at each sampling time, constrained by environmental variables and decomposition rates.
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predictor of mite diversity (Table 1), while canonical correspondence analysis revealed shoot mass
loss and surface temperature were the best predictor of mite community composition, with late-season
species clustering together and most of the remaining species clustering near the origin (Fig. 5).

Discussion
This study assessed the biodiversity of two decomposer communities associated with the decomposi-
tion of Sporobolus pumilus leaf litter in a Nova Scotia salt marsh. A litterbag study was employed to
quantify decomposition rate of shoots and roots, and mite and fungal communities were surveyed
from litterbag contents. Decomposition of aboveground material occurred more rapidly than below-
ground material, with aboveground bags losing 44% of initial mass by November and belowground
bags losing 32%. Aboveground decomposition occurred more rapidly than in other studies, such as

Table 3. List of mite morphospecies encountered in this study, arranged by order and family.

Order Family Species

Astigmata Acaridae Acotyledon cf. sokolovi

Mesostigmata Blattisociidae Cheirsoseius sp.

Oribatida Ameronothridae Ameronothrus lineatus

Brachychthoniidae Brachychthoniidae sp.

Cepheidae Ommatocepheus sp.

Hermanniidae Hermannia subglabra

Humerobatidae Diapterobates notatus

Hydrozetidae cf. Hydrozetes

Phthiracaridae Phthiracarus sp.

Punctoribatidae Pelopsis bifurcatus

Trombidiformes Eupodidae Pseudoeupodes sp.

Erythraeidae Abrolophus sp. 1

Abrolophus sp. 2

Erythraeidae sp.

Halacaridae Isobactrus levis

Iolinidae Microtydeus sp.

Microdispidae Microdispidae sp.

Nanorchestidae Nanorchestes sp.

Triophtydeidae Triophtydeus immanis

Stigmaeidae Cheylostigmaeus sp.

Tarsonemidae Steneotarsonemus cf. badulini

Steneotarsonemus sp. 2

Tarsonemidae sp.

Tydeidae Brachytydeus sp. 1

Brachytydeus sp. 2

Tydeus cf. kochi
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Foote and Reynolds (1997) and Windham (2001), both of which found approximately 30% mass loss
after 6 months using litterbags of similar design to this study. Root decomposition of S. pumilus is less
frequently studied than shoots and leaves, and root decomposition rates appear to be highly variable
in response to variation in sediment type and nitrogen content (Conn and Day 1997). Seventeen fun-
gal species were encountered, with species richness peaking in July and falling rapidly by November.
By contrast, 26 mite species were encountered, occurring at relatively low abundance and richness in
the summer months and peaking in October. Fungal richness and mite diversity across sites was most
strongly associated with shoot litterbag weight and surface temperature, while salinity and moisture
were not associated.

Site characteristics and decomposition
Aboveground litter bags were found to decompose more rapidly than belowground litterbags,
supporting our first hypothesis. The dense, waterlogged sediments may explain why roots decom-
posed more slowly than aboveground material. Clay-rich salt marsh sediments are generally hypoxic,
especially with periodic tidal inundation (Colmer et al. 2013). Structural differences also exist between
root and shoot material which might explain differences in their decomposition rates. Sporobolus
roots are also relatively high in lignocellulose, which is resistant to decomposition (Hodson et al.
1984); however, Ferrer et al. (2020) found that marine fungi are surprisingly efficient at degrading this
substrate. The compositional differences between litter types and the implications for decomposition
rates have also been observed between different species of salt marsh grasses. Frasco and Good (1982)
found that S. pumilus decomposes more slowly than the relatively nitrogen-rich S. alterniflorus, but
they also suggested the presence of aerenchyma in the stems of S. alterniflorus increase its surface area,
potentially facilitating decomposition.

Fig. 5. Canonical correspondence analysis (CCA) triplot depicting relationships between fungal species and sam-
pling locations at each sampling time, constrained by environmental variables and decomposition rates.
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Differences in decomposition among the three salt marsh sites were less pronounced. We found that
site 3 exhibited higher decomposition rates as well as a lower soil moisture level, although there was
no significant correlation between decomposition rates and soil moisture. This may be because this
site is geographically higher than sites 1 and 2, resulting in less frequent tidal inundation. Similar
results were observed for the tea bag decomposition assay, where decomposition rate (k) was highest
at site 3. Overall, tea bag mass loss was similar to that reported by Marley et al. (2019) at two Scottish
salt marshes. Soil moisture is positively correlated with decomposition in both the laboratory
(Lee et al. 2014) and the field (Cortez 1998; A’Bear et al. 2014), sometimes exhibiting a nonlinear rela-
tionship where decomposition rate decreases at very high-water contents (Roper 1985; Wang et al.
2019), although this may only occur if soils become anaerobic (Day 1983). In a study of decomposi-
tion rates of S. pumilus and S. alterniflorus, Halupa and Howes (1995) found moisture was the most
important factor regulating decomposition rates of aboveground material, which increased exponen-
tially with increasing moisture.

The only environmental variable measured in this study that significantly correlated with above-
ground decomposition rates was surface temperature. Temperature and decomposition rates were
both highest in the summer months. Temperature positively impacts decomposition rates either inde-
pendently or in combination with moisture levels (Kirschbaum 1995; Ise and Moorcroft 2006). Soil
salinity was not correlated with aboveground or belowground decomposition rates. Salinity at sites
1 and 2 were on average above 35 ppt, the average salinity level of sea water. This is likely due to
infrequent tidal inundation of the high marsh, followed by periods of evaporation. Rain can have a
desalinating effect on the soils, where high marsh habitats can exhibit salinities only somewhat higher
than terrestrial habitats or salinities at higher concentration than sea water depending on inundation
frequency and rainfall frequency (Callaway et al. 1990; Xin et al. 2017). Fungal activity is inhibited by
high salt concentration (Malik et al. 1979; Rath et al. 2019), but the impact of soil salinity on decom-
position rates in salt marshes is variable (Hemminga et al. 1991; Qu et al. 2019).

Fungal richness
Shoot decomposition rate was the best predictor for both fungal and mite richness; however, only
fungal richness was positively correlated with shoot decomposition rate, partially supporting hypoth-
esis 2. Temporal changes in fungal community composition were more likely tied to the decomposi-
tion state of the grass rather than to seasonality due to the substrate specificity observed in many of
the species encountered. For example, Septoriella sp. 2 and Phaeosphaeria cf. moravica principally
developed in shoots, whereas Septoriella sp. 1 was exclusively found in leaves, and the occurrence of
these substrate-specific species coincided noticeably with the decomposition state of the litter. Leaf
tissues fragmented more readily than stems as decomposition progressed, and the remaining leaf tis-
sue from August–November mainly supported old, empty fungal fruiting bodies. In later months the
only fungi present were those that fruit on stems rather than leaves, as stems were less fragmented,
with the two Phoma spp. uncommonly occurring in the fragmented leaf tissue.

Fungal succession has been studied in another salt marsh grass, S. alterniflorus, where community
composition was also found to be temporally variable (Gessner 1977), and species richness was high-
est shortly after substrate tissue death. Gessner (1977) also noted a spatial organization of species,
with aerial tissues supporting “terrestrial” species and lower tissues hosting more “marine” species
that often produce specialized spores bearing appendages for aquatic dispersal. A similar pattern of
vertical stratification was observed in fungal communities of another salt marsh plant, Phragmites
australis (Van Ryckegem et al. 2007). The only spatial partitioning of species noted in this study
was between stems and leaves, and no such vertical stratification was observed. S. pumilus plants
produce a much narrower stem than S. alterniflorus and P. australis, which leads to plants often
becoming windswept or knocked over. This could result in a less pronounced difference in inundation
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frequency between upper and lower plant tissues. Also, plants that occur in the high marsh are
inundated less frequently than plants of the low marsh.

Of the 17 fungal morphospecies present, only 4 were hyphomycetous. Of these, two were found only
once (Trichoderma sp., Epicoccum nigrum), and one was only observed as loose spores in sediment
attached to plant tissues (Fusarium sp.), suggesting that it may grow on some substrate other than
S. pumilus. The production of spores or conidia in an enclosed structure (e.g., pseudothecia, pycnidia
etc.) is the most representative reproductive strategy for fungi on S. pumilus, which reflects the general
trend for marine fungi as a whole. Hyde et al. (2000) reported 444 marine species worldwide, of which
only 56 are hyphomycetous or basidiomycetous, both of which are typically characterized by exposed
sporogenesis (Kohlmeyer and Kohlmeyer 1979). Enclosed reproductive structures immersed in the
substrate tissues may be the preferable reproductive strategy for fungi in S. pumilus as they would
shelter the sporogenous cells from most abrasive forces caused by water currents or by friction
between adjacent plants as they are blown by wind.

Fungal diversity from salt marsh inhabiting Sporobolus spp. have received very little attention in
Canada. Another study that surveyed fungal diversity associated with Sporobolus spp. in the
Wolfville salt marsh reported 18 species from S. alterniflorus and 3 species from S. pumilus (Boland
and Grund 1979), none of which from the latter species were found in the present study. A recent
study of arbuscular mycorrhizal fungi from S. pumilus reported a single species commonly found col-
onizing root material (d’Entremont et al. 2018). Additionally, Miller and Whitney (1983) surveyed
fungi from living S. alterniflorus material in Atlantic Canada, reporting 26 predominantly terrestrial
generalist species.

Mite richness
Contrary to expectations, mite richness was negatively correlated with fungal richness, refuting our
third hypothesis. This was due to mite richness increasing gradually over the course of the season,
rather than following fungal community dynamics as predicted. As fungi are directly responsible for
the decomposition of the leaf litter, high fungal richness in the early months is understandable. Mite
abundance and richness were lowest during June and July when fungal richness was at its highest, sug-
gesting spores and conidia of S. pumilus associated fungi may not be an important food source for salt
marsh mites despite the abundance of S. pumilus litter in the high marsh. The increasing mite abun-
dance over time may be explained by the following.

1. Leaf litter becomes palatable to mites only after it has been sufficiently decomposed by fungi and
bacteria. Some larger Oribatid mites have been observed to use higher plants as a major food
source (Kaneko 1988), belonging to a feeding guild known as macrophytophages, most widely
represented by the Ptychoidea (Schuster 1956). Macrophytophagous taxa were mostly absent
from the study although Hermannia subglabra, a relatively abundant Oribatid mite in later
months, is possibly a macrophytophage given that a congeneric has been reported as feeding
primarily on woody tissue in juvenile stages (Wallwork 1958). A drawback of this explanation
is that much of the increased mite abundance over time is driven by small-bodied taxa that
probably lack the mouthparts capable of feeding directly on leaf litter such as Nanorchestes sp.
and Brachytydeus sp. 2. The latter species was the most abundant mite encountered in this
study, and gut contents were sometimes observed in cleared specimens. Gut contents were
found to contain large quantities of intact fungal spores. Analyzing gut contents was not a focus
of this study and so only a few individuals were examined in this respect, however it may be that
this species is too small to possess chelicerae powerful enough to macerate plant cell walls or
even fungal cell membranes.

2. Mites mostly do not rely on S. pumilus litter and its associated fungi for food. Other food sourc-
es may be more important such as algae. Leaf litter in this study became increasingly encrusted
with cyanobacteria, and diatoms are abundant in surface sediments (Laird and Edgar 1992).
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Fungi from sources other than S. pumilus may also be important food items. A slide-mounted
specimen of Brachytydeus sp. 2 had gut contents containing approximately 100 ascospores most
likely belonging to an unidentified member of the Thelebolaceae, a family of coprophilous asco-
mycetes. Also, one slide-mounted specimen of Cheiroseius sp., a predatory mite, was found with
Phaeotrichum sp. spores attached to one of its hind tarsi. This fungal genus occurs exclusively in
rodent dung. Additionally, cleistothecia of this fungus were occasionally encountered in the
ethanol-containing Tullgren-Berlese mite extractions during this study. This suggests dung
may be frequented by some salt marsh mites as a food source. Three species of Phaeotrichum
are reported from eastern Canada: P. hystricinum and P. cylindrosporum from porcupine dung
and P. circinatum from lemming dung. The Phaeotrichum species encountered is possibly an
undescribed species from mouse or vole dung, as neither porcupines nor lemmings are likely
to be found in the Wolfville salt marsh. The impacts of small rodents and their dung on adjacent
communities does not appear to have been studied.

3. Mite diversity may have been responding to the accumulation of fresh leaf litter as the season
progressed. Richness and abundance peaked in November, which is approximately the time of
year when the shoots and leaves of S. pumilus die off before winter. The litterbag experiment
employed in this study used overwintered leaf litter from the previous growing season, so the
apparent disconnect between litter decomposition and mite diversity may have instead been
due to the mites exhibiting a preference for fresh leaf litter and the fungi associated with it.
Given that the litterbags are permeable to mites, changes to litter quantity and quality outside
the litterbags cannot be ruled out as an important factor increasing mite richness and abun-
dance overall. Mites obtained from litterbags possibly represent a sample of the entire salt marsh
litter-inhabiting mite community rather than mites that have a preference for overwintered leaf
litter. Additionally, there may be other factors related to seasonality that mites may be utilizing.

Conclusions
This study quantified aboveground and belowground decomposition rates for S. pumilus, the domi-
nant salt marsh grass in Nova Scotia salt marshes. Shoots and leaves on average lost 44% of their mass
after 6 months, and roots lost 32%. This study also provides a first examination of the temporal
dynamics of two important decomposer groups associated with S. pumilus in Canada. Fungal and
mite communities both exhibited pronounced compositional changes over the course of the experi-
ment, with the two communities appearing most active at opposite ends of the decomposition proc-
ess. Future studies into relationships between salt marsh fungi and mites should consider the role of
dung as a source of novel species and as an important source of nutrients entering salt marsh
sediments.
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