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Introduction

The invasion of riparian zones in the western United States by Tamarix (saltcedar) has
transformed the ecology and composition of these systems. Originally introduced in the early
19th century for erosion control and as an ornamental (Sher and Quigley, page 3), Tamarix has
since proliferated at the expense of native riparian vegetation like Populus fremontii
(cottonwood) and Salix species (willow) (Glenn et al., 2005). This shift is tied to anthropogenic
modifications of hydrology, including dam construction, river regulation, and reductions in
overbank flooding. These changes have rendered floodplains more arid and saline. Studies of
other invasive plant species have yielded the Degraded Mutualism Hypothesis (Rezacové et al.,
2020) which predicts that invasive plants may suppress or fail to support native mutualists,
particularly arbuscular mycorrhizal fungi, to the detriment of co-occurring native species.
Conversely, the Enhanced Mutualist Hypothesis predicts that some invasive plants gain
disproportionate benefits from existing microbial symbionts. In either case, changes to microbial
networks can shift competitive balances belowground, but this framework has not yet been
applied to Tamarix’s invasion of North America.

The Fountain Creek Watershed is one environment with dramatic anthropogenic changes
in water flow. Centered around Colorado Springs and extending to Pueblo, the watershed is a
927 square-mile area that drains to the Arkansas River in Pueblo, Colorado (Fountain Creek
Watershed District, 2025). Our study site lies within the Fountain Creek floodplain near the
Fountain Creek Regional Park, 15 miles south of Colorado Springs. This site has a dynamic
disturbance history, with 85% of Colorado Springs’ water being pumped across the Continental
Divide and discharged into Fountain Creek after use (Fountain Creek Watershed District, 2025).
This contributed to regular damaging floods and pollution (Fountain Creek Watershed District,
2009), such as in 2005 when a series of spills released 377,000 gallons of raw wastewater into
Fountain Creek (Theo Stein, Denver Post. 2005). However, this flooding has been reduced by
drainage and erosion mitigation projects by the Fountain Creek Watershed District since its
formation in 2009 (Fountain Creek Watershed District, 2025).

As a halophyte, Tamarix is well adapted to tolerate drought and salt stress (Shafroth et

al., 1995; Glenn et al., 2005). It exhibits traits that enhance its success in disturbed riparian



environments. These include high salt and drought tolerance, rapid seed production with flexible
timing, fire resistance, and the ability to resprout after disturbance (Glenn et al., 2005).
Moreover, Tamarix can alter the chemical properties of the soil it inhabits. Through salt
extrusion and leaf abscission, it can raise soil salinity and modify nutrient availability over time,
creating feedback loops that further suppress native vegetation (Shafroth et al., 1995). This
behavior appears allelopathic and increases the plant’s salt tolerance, but its mechanisms are
understudied (Imada et al., 2012). Chemical extrusion also allows Tamarix to engineer its
environment through the formation of “fertile islands”—Ilocalized zones beneath plant canopies
where organic matter and nutrients accumulate. In coastal and desert ecosystems, Tamarix
species have been shown to generate steep vertical and horizontal gradients in nitrogen and
phosphorus availability, especially in the topsoil (Rong et al., 2016). As Tamarix manipulates the
concentration of soil nutrients, it may be able to change the limiting nutrient of its surrounding
environment (Rong et al., 2016), impacting microbial activity and nutrient cycling, with potential
consequences for plant-microbe interactions. Comparatively, one study found Populus’ effect on
soil nitrogen content is variable, but possibly negative as net Nitrogen mineralization was
substantially lower in cottonwood compared to conifer plots in the field (Sabau et al., 2010).
However, this study looked at Populus trichocarpa (black cottonwood) in a coastal hemlock
forest rather than Populus fremontii (plains cottonwood) in a high desert riparian setting (US
Department of Commerce, 2021) and did not include salinity measurements. Another study
found total soil Nitrogen was significantly less in a native Populus tremuloides (quaking aspen)
forest in Saskatchewan than in managed Medicago sativa (alfalfa) fields (Yannikos et al., 2014)
but again this is a different species in a different environment, being compared to a legume
cultivated for nitrogen fixation.

Bacteria and fungi may have lower diversity under 7amarix’s chemical regimes, as
microbial diversity tends to be lower in more saline environments (Yang et al., 2023).
Additionally, increases in salinity and nitrate content have both been found to increase pH
independently and pH has been found to reduce microbial diversity even more than salinity
(Yang et al., 2023). However, total soil nitrogen tends to increase fungal diversity (Yang et al.,
2023) and increases in salinity have been found to alter biotic activity and reduce denitrification,
perhaps contributing to the accumulation of nitrate in the soil (Pan et al., 2023). Thus, while

Tamarix’s altering of soil chemistry makes it a keystone species in Lanzhou Bay, China, where it



stabilizes sand and water, buffers wind, and supports biodiversity (Rong et al., 2016), it may
influence the structure and function of soil microbial communities, particularly in arid and semi-
arid systems by directly altering the soil stoichiometry created by natural wind and water patterns
(Aguiar & Sala, 1999). Altering soil stoichiometry could contract the niche of microbes which
rely on key metabolic pathways and cycle nutrients through the system, while expanding the
niche of others. Additionally, arid ecosystems often function as two-phase mosaics with high-
cover patches acting as fertility islands surrounded by low-cover vegetation that conserves water
and nutrients, while supporting rich microbial networks (Aguiar & Sala, 1999). However, with
Tamarix’s allelopathic behavior deterring low cover vegetation from establishing within its
canopy, it may also prevent an independently functioning nutrient network from forming. Other
halophytes such as Halopeplis perfoliata rely on symbiotic bacteria that empower them to
tolerate harsh abiotic stressors, but few studies have examined the soil microbiome in relation to
halophytes (Baeshen et al., 2023). This raises the question of whether Tamarix recruits beneficial
microbes, further altering the microbial community and facilitating its global invasion. Despite
the growing body of research on the role of microbial communities in plant establishment and
success, and the estimated 80% of plants that form mycorrhizal association (Liu et al., 2020) the
specific composition and ecological function of the Tamarix soil microbiome remains
underexplored, particularly in North America. 7amarix in Saudi Arabia have been found to have
the highest bacterial species richness localized in their proximate soil crust, and fungal species
richness in their rhizosphere (Baeshen et al., 2023), but there is limited research into how
Tamarix interacts with these microbes, how that affects neighboring plants, and if this pattern
holds in North America. With soil microbial communities being influenced by their plant
community, but governed mostly by climatic factors (Liu et al., 2020), it seems likely Colorado
soils would host distinct microbial communities.

Given this history, the present work examines the soil microbiome and nutrient dynamics
associated with 7amarix in Fountain Creek, Colorado. Specifically, how microbial community
composition, diversity, and soil chemistry vary with proximity to 7amarix and the presence or
absence of neighboring cottonwoods. These results provide insight into the mechanisms of
Tamarix’s interactions with the Fountain Creek community and are extrapolated to Tamarix’s

invasion across the American southwest.



Methods
Sampling:

Three clusters of mature Tamarix were identified in Fountain Creek from undisturbed
(shaded by cottonwoods) and disturbed (not shaded by cottonwoods) plots. In early June, 0.5
gallons of the top 6 inches of soil (O and A horizons) were taken along a distance gradient from
each individual Tamarix (Om, 0.5m, 1m, 2m) and stored in Ziploc bags. Soil samples were

transported in a cooler and stored long term in a refrigerator at 37°F.

Soil Chemistry:

Nitrate content was measured in parts per million (ppm) using Spectrum Technologies
LAQUA nitrate meter, with a soil slurry composed of 40mL of deionized water, 20g of soil, and
5 drops of ammonium acetate, yielding a final soil: water ratio of 1:2. The slurry was stirred for
one minute and left to settle for 5 minutes before testing.

Salinity was measured in millimhos/cm from a room temperature slurry of 1:2 soil: deionized
water using a Kelway Soluble Salts Detector. Because this device measures conductivity, it is not
specific to NaCl and records based on all dissolved Cl- and partner ions.

ANOVAs were used to assess the relationship between status, location, salinity, and nitrate
concentration. Salinity and Nitrate concentration were visualized with bar plots and interaction

plots.

Dilution and Culture:

For each sample, soil was suspended in 300mL of distilled water, and the resulting stock

solution was serially diluted four times, each at a 1:10 ratio, to produce 10-'to 10 dilutions.

Stock D3: D4:

. DI: UD24: UD26: UD30:
Solution 1 6>756mg/uL. 3’347 Img/ g.ozsnmg/ M1 0.02853me/ul | 0.02793mg/ul. | 0.02666mg/uL.
Dilution 1 | 2.756pug/uL 4.71pg/ul | 2.873ug/ul 2.853pug/uL 2.793pug/uL 2.666pg/uL
Dilution 2 | 0.2756pg/uL 0.471pg/ul | 0.2873pg/uL 0.2853pug/ul 0.2793pug/ul 0.2666pg/pL
Dilution 3 1 0>756ug/uL 2'0471“*‘5/ M1 0.02873ug/ul | 0.02853pg/ul | 0.02793ug/ul | 0.02666ug/ul.
Dilution 4\ 057560g/uL 3’30471“55/ 2'002873“55/ 1 0.002853ug/ul | 0.002793ug/ul. | 0.002666ug/ul.

Table 1: Micrograms of soil per microliter of water. These values were calculated based on the dilution factors and
original mass of soil added to the corresponding stock solution.




200 pL of each dilution was then ejected and spread across the surface of one Luria-Bertani
(LB, nutrient rich medium for bacterial culture) and one Rose Bengal Chloramphenicol Malt
Extract agar (RBC, antibiotic and fungistatic) petri dish. Plates were left at room temperature for

24 hours before being wrapped in parafilm and refrigerated.

Microscopy:

Visually different bacterial colonies on LB plates from each soil sample were mounted on
slides with a sterile toothpick, resulting in one slide per soil sample. A Gram stain was performed
and slides were then covered with translucent packing tape. Slides were visualized with oil
immersion light microscopy under a 100x objective, with photos taken of unique regions and
morphotypes on each slide. Qualitative observations were made of each slide for comparison

between soil sample groups.

DNA Extraction and Sequencing:

DNA was extracted from homogenized soil samples using the Qiagen Power Soil Pro kit
per the manufacturer’s instructions. A 2% agarose gel was used to assess quality. DNA
concentration and purity was further assessed with a nanodrop. After passing quality control the
extracted DNA was pooled by condition, combining the Om, 0.5m, and 1m samples into a single
‘inside the canopy’ group for each site, yielding one DNA sample from inside, and one from
outside the canopy of each Tamarix. The pooled DNA was sent to CD Genomics for meta-

amplicon sequencing of 16S rRNA (bacteria) and ITS (fungi) regions on the Illumina platform.

Bioinformatics and Statistics:

A rarefaction curve produced by CD Genomics was used to estimate the capture of our
sequencing, and the likelihood that there are taxa present that are not represented in our dataset.
Fungal ITS barcode sequences were identified using BLASTn (Altschul et al., 1990) against the
FungiDB database (Basenko et al., 2018). Sequences were queried against fungal and oomycete
genomes, with an expectation value cutoff of 0.05 and a maximum of 100 target sequences per
query. Default BLASTn parameters were applied, including a word size of 11, match/mismatch
scores of 2/-3, and gap costs of 5/2. Low-complexity regions were filtered using DUST masking.
The top hit species for each sequence were then used as queries for the NCBI Taxonomy
database (Schoch et al., 2020; Sayers et al., 2019) and taxonomy for each ASV was manually

assigned.



Amplicon Sequence Variants with less than 10 total occurrences across groups were
removed from the dataset. The DESeq function was then used in R to compare the counts of each
ASV to the total data set and determine if they are ‘enriched’ (more abundant) or ‘depleted’ (less
abundant) to a statistically significant degree (Love et al., 2014). The amplicon sequences of
highly enriched fungal ASV’s (p-value < 0.05) were subjected to a nucleotide BLAST query
through FungiDB (Basenko et al., 2018), with an e-value of 10 to determine taxonomy from the
species to phylum level. These designations were used in the following analysis.

Raw metabarcoding sequences assigned taxonomic classifications using the SILVA reference
database (Quast et al., 2013; Yilmaz et al., 2014; Glockner et al., 2017). Sequences were
uploaded in FASTA format to the SINA (SILVA Incremental Aligner) v1.2.12 web tool for
alignment and classification (Pruesse et al., 2012). The alignment was performed using the SSU
(Small Subunit) reference alignment, with terminal unaligned bases attached to the last aligned
base. Taxonomic classification was conducted using the SILVA database, with a minimum
sequence identity threshold of 0.95 and up to 10 nearest-neighbor reference sequences
considered for classification. Sequences with identity scores below 70% were excluded from
downstream analyses. The resulting taxonomy assignments were then imported into phyloseq
(McMurdie and Holmes, 2013) for further analysis.

Shannon, Chaol, and Observed indices were calculated in R with the phyloseq package.
Comparison of the community compositions and specific distributions of species in each sample
was performed with Upset Plots with the upSetR package in R and upset function (Conway et al.,
2019).



Results

Soil Chemistry:
Table 1. Summary of soil salinity and nitrate content.
Salinity Salinity Nitrate Nitrate
Location Status (mmhos/cm) Standard Error (ppm) Standard Error
0.07 0.039 39 9.02
Outside canopy Disturbed 0.2 0.039 67 9.02
0.166 0.039 41 9.02
0.06 0.207 41 6.77
Outside canopy Non-disturbed 0.1 0.207 63 6.77
0.7 0.207 45 6.77
0.186 0.144 91 12.66
Within canopy Disturbed 0.15 0.144 77 12.66
0.6 0.144 120 12.66
0.07 0.103 50 53
Within canopy Non-disturbed 0.4 0.103 53 53
0.35 0.103 56 53
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Figure 1: Interaction plot of average nitrate content in soil from within and outside the Tamarix
sp. canopy for disturbed and non-disturbed sites.



Nitrate concentrations varied by both canopy location and disturbance status (Table 1),
with a notable interaction between the two factors (Fig. 1). In disturbed sites, average nitrate
levels were substantially higher within the canopy but dropped steeply outside the canopy (Fig.
1, Tables 1). In non-disturbed areas, nitrate levels remain relatively stable regardless of location,

but still show a slight decrease (Fig. 1, Table 1).

Salinity by Condition

0.5

0.4
e
3
G 03 Status
<
E e Disturbed
:_'>,/ -4 Non-disturbed
£ 02
‘©
w

0.1

0.0

Within canopy Outside canopy
Location

Figure 2: Interaction plot of average salinity if soil from within and outside the Tamarix canopy
for disturbed and non-disturbed sites.

Like nitrates, salinity also varied by both location and status (Table 1, Fig. 2). The
average salinity was higher within the canopy of disturbed areas, but decreased sharply outside
the canopy (Fig. 2, Table 1); this pattern parallels what was observed for nitrates (Fig. 1). In non-
disturbed areas, salinity remains relatively constant, but in contrast to nitrates, it slightly
increases outside the canopy (Fig. 1).

With both salinity and nitrate, concentrations differed more in disturbed sites, with
concentrations being much higher within the Tamarix canopy (Fig. 1 and 2). In the non-disturbed
sites, the average salinity was less than 0.5mmbhos/cm under the average salinity of disturbed
plots within the canopy (Fig. 2). However, the average nitrate of the undisturbed plots was only

slightly above the average of disturbed plots outside the Tamarix Canopy (Fig. 1).



A significant relationship between salinity and disturbance status (F(1)=0.139, p>0.1),
salinity and location (F(1) = 0.31, p>0.1), or status and location with respect to salinity (F(1) =
0.428, p>0.1) were not detected. However, significant relationships between nitrate and status
(F(1) = 6.170, p<0.05), nitrate and location (F(1) = 8.723, p<0.05), and status and location with
respect to nitrate (F(1) = 6.565, p<0.05) are supported. A subsequent analysis with one-way
ANOVAs did not support a significant relationship between salinity and status (F(1) = 0.159
p>0.1), nitrate and status (F(1) = 2.65, p>0.1), salinity and location (F(1) = 0.362, p>0.1), or
salinity and nitrate (F(1) = 1.256, p>0.1). However, a weak relationship between nitrate and

location (F(1) =4.207, p<0.1) was supported.



Gram Stain:

Figure 3: Gram stain images from each soil sample. Photos were selected to show different
morphologies and reflect the broad patterns found across the slides. All images were taken under
100x oil immersion. (D=disturbed soil samples, UD=undisturbed samples)

Observationally, Gram staining revealed a higher proportion of Gram+ bacteria across

disturbed samples than in undisturbed samples, and vice versa. However, slides from UD30 had

larger organized aggregates of Gram+ bacteria than any other sample.



Metabarcoding:
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Figure 4: Rarefaction curve created by randomly selecting a certain amount of 16S (bacterial)
sequencing data from the samples, then counting the number of the species these data represent.
The darker curve represents the data from disturbed samples while the lighter represents
undisturbed samples.
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Figure 5: Rarefaction curve created by randomly selecting a certain amount of ITS (fungal)
sequencing data from the samples, then counting the number of the species these data represent.
The darker curve represents the data from disturbed samples while the lighter represents
undisturbed samples.

Rarefaction curves can be used to judge the sequencing sufficiency of each sample. The

steep sloped portion represents newly discovered species diversity, while the flatter portion

represents already discovered species. That both rarefaction curves level off rapidly suggests that



further sequencing is likely to yield few unique new species. Thus, our sequencing efforts likely

captured a very high percentage of the actual microbes present in the sample.
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Figure 6: Comparison of overlapping bacterial ASVs between sites. Vertical bars represent the
number of taxa unique to or shared between the sample combinations indicated by the connected
black dots beneath them. Horizontal bars indicate the total number of taxa observed in each
sample. Sample names refer to combinations of disturbance status (U=non-disturbed,
D=disturbed) and location (0x=within canopy, 2x=outside canopy).



Alpha Diversity of Bacteria Unique to Each Sample

Observed Chao1 Shannon Simpson
0.99775
1400 ° 3 ° °
0.99750
1300 4
. ¢
o 1300
.0 6.5
2 0.99725
& 1200 .
2 1200 °
= ° é
—
o 6.4 0.99700
(@]
1100
1100
6.3 0.99675
1000 1000 &
° . .
DOx D2x UOx U2x DOx D2x UOx U2x DOx D2x UOx U2x DOx D2x UOx U2x
Sample

Figure 7: Diversity indices calculated using bacterial ASVs which were unique to one sample:
the first 4 vertical bars of figure 4.
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Figure 8: Diversity indices calculated from all identified bacterial ASVs among all samples.



Bacterial communities differed significantly among sample groups, with no more than 4
taxa being shared among any given combination of groups (Fig. 6). The values for a specific
group did not differ in rank between Observed, Chaol, Shannon, and Simpson, indices. However
bacterial diversity in disturbed plots outside the canopy is closer to the samples from non-
disturbed site within the canopy (Fig. 7 and 8). By each metric, the most diverse plots were
undisturbed plots within the canopy, and by far the least diverse plots were undisturbed outside
the canopy. Disturbed plots did not differ as much in bacterial diversity. Additionally, both fell

within the range of the undisturbed plots, with higher diversity outside the Tamarix canopy.
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Figure 9: Comparison of overlapping Fungal ASVs between sites. Vertical bars represent the
number of taxa unique to or shared between the sample combinations indicated by the connected
black dots beneath them. Horizontal bars indicate the total number of taxa observed in each
sample. Sample names refer to combinations of disturbance status (U=non-disturbed,
D=disturbed) and location (0x=within canopy, 2x=outside canopy).
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Alpha Diversity of Fungi Unique Each Sample
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Figure 10: Diversity indices calculated using fungal ASVs which were unique to one sample:
the first 4 vertical bars of Figure 4.
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Figure 11: Diversity indices calculated from all identified fungi among all samples.



Fungal communities were far more similar between sample groups than bacteria (Fig. 6
and 9) but still overlapped little. There were more fungal taxa present in all samples than any
other combination of samples, but most of the taxa present at any given site were only present at
that site (Fig. 9).

When looking at the fungi unique to each sample, undisturbed sites still held the
minimum and maximum of fungal diversity but with the lowest diversity inside the Tamarix
canopy, and highest outside it (Fig. 10). Fungal diversity of disturbed plots also does not vary as
much as undisturbed plots, but with significant differences between indices: Observed and
Chaol diversity of disturbed plots were staggered between the maximum and minimum of the
undisturbed plots, but the Shannon and Simpson diversity of the disturbed plots were only
slightly less than outside the canopy non-disturbed site diversity, with Simpson diversity being
higher than Shannon (Fig. 10).

When looking at all identified fungi, ranking varied by index. Undisturbed samples
within the Tamarix canopy had the lowest diversity by all metrics, while undisturbed samples
outside the canopy had the highest according to the Observed and Chaol indices, and
intermediate values less than those of the disturbed plots according to the Shannon and Simpson
indices (Fig. 11). Disturbed plots had intermediate values slightly closer to the maximum
according to the Observed and Chaol indices, with samples from outside the canopy having
slightly higher diversity than inside. Shannon and Simpson indices both recorded disturbed plots
inside the canopy as having the most diversity and disturbed plots outside the canopy the second
most, with disturbed outside being closer to undisturbed outside than disturbed inside, but closer

to the maximum in Shannon than in Simpson (Fig. 11).
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Figure 10 (12): heatmap indicating the abundance of the most enriched fungal ASVs across
sample groups.



Table 2: Key to enriched fungal ASVs. The species name, nutritional mode, and primary location each
correspond to the ASV ID on the left, and that row in figure 10.

ASV BLAST Identification Ecology Location
Ascomycota Sclerotinia G list plant path
ASV_96 sclerotiorum (Bléilza ;lslirli i{: alfa ) (;) ig;;l Outside Canopy
1980 UF-70 Y 2
Parastagonospora nodorum Necrotroph (Kariyawasam et al., .
ASV_63 SN15 2023) Outside Canopy
Aspergillus aculeatus Saprotroph (Grigoriev et al., .
ASV_175 ATCC 16872 2012) Outside Canopy
Aspergillus lentulus Opportunistic human pathogen .
ASV_75 strain IFM 54703 (Swilaiman 2013) Outside Canopy
Curvularia clavata Generalist plant pathogen (Cao .
ASV_36 yc1106 etal., 2023) Outside Canopy
Neurospora discreta Saprotroph (Grigoriev et al., .
ASV_117 FGSC 8579 2012) Outside Canopy
Neurospora discreta Saprotroph (Grigoriev et al., .
ASV_168 FGSC 8579 2012) Outside Canopy
Curvularia clavata Generalist plant pathogen (Cao .
ASV_56 yc1106 etal, 2023) Outside Canopy
Curvularia clavata Generalist plant pathogen (Cao .
ASV_74 yc1106 etal, 2023) Outside Canopy
Opportunistic human pathogen
: o (Douglas et al., 2016) plant
ASV_55 Fusarium verticillioides endophyte (Xia et al., 2020) and  Outside Canopy
7600 S .
opportunistic pathogen (Masotti
et al., 2023)
Parastagonospora nodorum Necrotroph (Kariyawasam et al., .
ASV_18 SN15 2023) Outside Canopy
Colletotrichum graminicola Endophyte and plant pathogen .
ASV_160 M1.001 (Sukno et al., 2008) Outside Canopy
: : Unknown, probably plant or
t i .
ASV_53 Aspergillus campestris animal pathogen and saprotroph ~ Outside Canopy
IBT 28561 .
(Grigoriev et al., 2012)
Opportunistic human pathogen
: o (Douglas et al., 2016) plant
ASV_115 Fusarium verticillioides endophyte (Xia et al., 2020) and  Outside Canopy
7600 _ .
opportunistic pathogen (Masotti
et al., 2023)
Aspergillus steynii Unknown, possibly saprotroph .
ASV_106 IBT 23096 (Grigoriev et al., 2012) Outside Canopy
Aspergillus aculeatus Saprotroph (Grigoriev et al., .
ASV_118 ATCC 16872 2012) Outside Canopy
Sclerotinia sclerotiorum Generalist plant pathogen .
ASV_156 1980 UF-70 (Derbyshire et al,, 2017) ~ Outside Canopy
Sclerotinia sclerotiorum Generalist plant pathogen .
ASV_34 1980 UF-70 (Derbyshire et al,, 2017) ~ Outside Canopy




ASV_39

Pseudogymnoascus destructans

Bat Pathogen (Urbina et al.,

Within Canopy

20631-21 2021)
Aspergillus steynii Unknown, possibly saprotroph i
ASV_109 IBT 23096 (Grigoriev et al., 2012) Within Canopy
Colletotrichum graminicola Endophyte and plant pathogen i
ASV_161 M1.001 (Sukno et al., 2008) Within Canopy
Opportunistic human pathogen
. T (Douglas et al., 2016) plant
ASV_98 Fusarium verticillioides endophyte (Xia et al., 2020) and =~ Within Canopy
7600 o .
opportunistic pathogen (Masotti
et al., 2023)
Neurospora discreta Saprotroph (Grigoriev et al., o
ASV_196 FGSC 8579 2012) Within Canopy
Opportunistic human pathogen
: o (Douglas et al., 2016) plant
ASV_121 Fusarium verticillioides endophyte (Xia et al., 2020) and =~ Within Canopy
7600 o .
opportunistic pathogen (Masotti
et al., 2023)
Magnaporthiopsis poae Poa pathogen (Grigoriev et al., oy
ASV_138 ATCC 64411 2012) Within Canopy
Curvularia clavata Generalist plant pathogen (Cao i
ASV_177 yc1106 etal., 2023) Within Canopy
Opportunistic human pathogen
. T (Douglas et al., 2016) plant
ASV_163 Fusarium verticillioides endophyte (Xia et al., 2020) and =~ Within Canopy
7600 o .
opportunistic pathogen (Masotti
et al., 2023)
Aspergillus steynii Unknown, possibly saprotroph o
ASV_148 IBT 23096 (Grigoriev et al., 2012) Within Canopy
Opportunistic human pathogen
: o (Douglas et al., 2016) plant
ASV_26 Fusarium verticillioides endophyte (Xia et al., 2020) and ~ Within Canopy
7600 o .
opportunistic pathogen (Masotti
et al., 2023)
Sclerotinia sclerotiorum Generalist plant pathogen o
ASV_62 1980 UF-70 (Derbyshire et al., 2017) Within Canopy
Histoplasma capsulatum Saprotroph, mammal pathogen o
ASV_13 Wwu24 (Mobo et al., 2010) Within Canopy
Histoplasma capsulatum Saprotroph, mammal pathogen o
ASV.2 Wwu24 (Mobo et al., 2010) Within Canopy




Discussion

Soil Chemistry:

Our results diverge from prior studies in the undisturbed plots. The homogenization of soil
chemistry and even reversing of the salinity gradient where cottonwoods are present is novel.
The history of Tamarix invasion aligns with the expectation that if cottonwoods manipulate soil
chemistry, they will reduce salt and nitrate concentrations. However, while cottonwoods
tolerance of soil chemistry conditions is somewhat studied, the effects of cottonwoods on their
proximate soil remain understudied and largely unknown. Our results call for further study of
cottonwood dominated soils, particularly in riparian saline environments, and of the mechanisms
by which cottonwoods may manipulate their environment.

These findings do partially reflect prior studies such as Rong et al. (2016), in revealing a
chemical gradient which decreases concentration with increased distance from Tamarix canopy
centers. Additionally, their finding that this gradient was strongest in the topsoil suggests our
sampling would capture this pattern. Rong et al. (2016) did find that in coastal wetlands
horizontal variations may not be important at the community level, however the history of
altered flow along Fountain Creek and reduced frequency of flooding events which would flush
salt through the system or fully saturate topsoil allows accumulation of salt and may amplify this

effect relative to their study site.

Distribution of Microbial Diversity Across Conditions:

When cottonwoods are not present and soil chemistry is variable, fungi are more diverse
in soils with more concentrated soil chemistry, and bacteria are less diverse. With a lack of study
into the environmental conditions and physiological mechanisms that mediate Tamarix salt
extrusion, future research could investigate whether salt extrusion is a plastic behavior
influenced by soil nitrogen content, which allows Tamarix to hold nitrogen in proximate soil.

When cottonwoods are present and soil nitrogen is consistent, fungal diversity is higher
outside the Tamarix canopy, and bacterial diversity is far lower. This suggests that Tamarix does
not directly support proximate fungi, whether that be through root exudates, habitat creation, or

direct mycorrhizal association. This would be consistent with the Degraded Mutualism



Hypothesis and oppose the Enhanced Mutualist Hypothesis. This also reflects the results of Titus
et al. (2002) which found that Tamarix of the Mojave Desert were non-mycorrhizal.

At the surface level, these findings oppose each other—our data suggest that Tamarix
associates more with bacteria than fungi but also engineers its surrounding soil chemistry to
favor fungi at the expense of bacteria. With the lack of enriched mycorrhizal fungi in our data
set, and documented trends of soil nutrients and depth in Tamarix soils, it appears that Tamarix is
concentrating nutrients in its proximate topsoil while also acting according to the Degraded
Mutualism Hypothesis, in turn excluding any present mycorrhizae and its plant neighbors from
vital resources. With strong niche partitioning according to depth leading to higher fungal
competition in shallower soil, but a higher proportion of mycorrhizae at greater depths being
observed in forest soils (Mundra et al., 2021), symbiotic fungi should have but may not have
been captured in our sampling of the top 6 inches of soil. This means that further research and
identification of fungi deeper in Tamarix’s rhizosphere and tissues, as well as mapping of the
Fountain Creek mycorrhizal community may be necessary to confirm this.

When comparing the distribution of diversity across conditions, we find that fungal
communities are more similar in composition across conditions than bacteria, but both are very
specific to each site. This demonstrates that both Tamarix and Populus are likely affecting the
microbial community, whether that be through direct association or manipulation of soil
chemistry. Additionally, the presence of fungal genotypes which are distributed across sites
suggests that there are fungal taxa playing key roles in the Fountain Creek plant community and
linking Tamarix and Populus ecologically, whether those fungi be pathogens, saprotrophs, or
plant symbionts. Our enrichment analysis shows the same lack of overlap in diversity between
conditions and details that the most abundant fungal genotypes are among those specific to each
site, rather than those shared (Fig. 12). It also finds that the most abundant fungi are mostly
saprotrophs and plant pathogens, further suggesting a nutrient hoarding behavior by Tamarix
(Table 2). If Tamarix freely exchanged nutrients, symbiotic fungi would be supported and likely
be more abundant in the dataset. However, without sampling deeper in the soil and sampling of
foliar endophytes and mycorrhizae within the plant's tissues, this is inconclusive.

Additionally, finding that different ASVs of generally ubiquitous saprotrophic genera of
fungi like Aspergillus (Kwong et al., 2013) are grouped by condition suggests that different

metabolic toolkits are needed to decompose plant tissues at those sites, and that Tamarix,



Populus, and varied soil chemistry may be altering nutrient cycling and flow through the
Fountain Creek community. The relative lack of diversity in enriched endophyte taxa is also
surprising, as they are found in the photosynthetic tissues of all major plant lineages (Apigo, A.,
& Oono, R., 2022) and so should be abundant in the litter layer surrounding a deciduous shrub.
This could be explained by a low association between Tamarix and symbiotic fungi, but further
research and tissue metagenomics are necessary to validate this. The presence of several animal
pathogens is also curious, particularly Pseudogymnoascus destructans, which is found in soils,
spread by bat feces (Meteyer, 2018), and has a maximum growing temperature of 20°C
(Campbell et al., 2020). P. destructans is the causative agent of white nose syndrome in bats, the
leading cause of bat multiple mortality events (cases in which > 10 dead bats were counted or
estimated at a specific location within a year or less) in the United States (Oshea et al., 2016).
Without a direct documented relationship between Pseudogymnoascus and any plant species, or
between its bat hosts and Tamarix, its presence is difficult to explain. However, Mexican free-
tailed bats (Tadarida brasiliensis) have been observed feeding on Diorhabda (the northern
Tamarix beetle) which have been released multiple times in Colorado since 1998 as a biocontrol
agent of Tamarix (USDA, Gaffke et al., 2022). Thus, through multitrophic interactions Tamarix
could be supporting North American bat food sources, as well as acting as vector site for the
spread of White Nose Syndrome. This is corroborated by the presence of Histoplasma
capsulatum, which can be pathogenic and spread by bat feces (University of Adelaide Australia,
2022)

It is important to note that many fungi, including H. capsulatum (University of Adelaide
Australia, 2022) exhibit dimorphic lifecycles, in which they switch morphologies and sometimes
nutritional mode, based on environmental conditions and life stage (Souza and Tabord, 2021).
Therefore, identification of fungi solely by culture-based methods may miss associations and life
histories that molecular identification would catch, biasing a surface level review of fungal taxa
within a large sample. While an investigation of the relative diversity of fungi exhibiting each
nutritional mode, and the fulfillment of available each niche would be a valuable contribution to
this study, it is unrealistic at this time because of these identification challenges and the lack of a
comprehensive database which includes taxonomic designations, identifying genetic sequences,

and possible nutritional modes for each morphology of each fungus included.



Conclusion

This studies application of 16S RNA and ITS Ribosomal RNA metabarcoding, soil
nitrogen and salinity testing, culture, and microscopy to the proximate soil of Tamarix in
Fountain Creek, Colorado found strong differences in soil chemistry, microbial diversity, and
soil microbial composition. These differences appear to be influenced by proximity to both
Tamarix and Populus fremontii, possibly through direct manipulation by these plants as well as
intermediate mechanisms such as altering soil abiotic conditions. We also identify a number of
future research directions necessary to fully understand the effects of Tamarix and Populus on
their surroundings. These range from evidence of a possible multitrophic influence of Tamarix
on bat fitness, to a mechanism by which Tamarix may hoard resources in its proximate soil.
Similar studies applying metagenomics and soil chemical analysis to the tissues of Tamarix and
Populus as well as the soil microbiome of Populus are necessary to provide a complete picture of
the biotic and abiotic gradients between the two plants and elucidate their effects on Fountain
Creek soil and plant communities. New information infrastructure is identified as a massive boon
to future fungal ecology studies. The mapping of mycorrhizal networks through GIS and multi-
locus microsatellite DNA analysis as done by Beiler et al. (2009), or the use of stable or
radioactive isotope labelling as described by Watts and Williams (2022), would detail the
relationships of both Tamarix and Populus with their neighbors, and allow a more

comprehensive understanding of nutrient flow through the Fountain Creek system.
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