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Mycorem=zdiation for
Waizrshed Restoration

IN THESE BINS GROWS THE MYCELIUM OF -
Stropharia rugusoannulata

a.k.a "wine caps,” “garden giants,” or "King/
Queen Stropharia.” Ecological restoration
business Mycoevolve and UVM, in a project
funded by EPSCoOR, are growing
‘mycofilters.” Dairy effluent containing E, coli
will be added to these bins and the outflow
from the bins’ spigots will be tested to
evaluate the mycelium's efficacy as a water
filter. Mycofiltration systems can be installed
in swales, wetlands, riparian buffers, and rain
gardens by farmers and other land managers
to improve watershed health.

Questions?
Jess Rubin, yepeth@gmail.com
Dr. Josef Gorres, jgorres@uvm.edu
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- Objectives

- Context

- Pilot

- Methodology
- Findings

- Implications
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8 Water quality function uncertainty

 Riparian buffers saturate with phosphorus (P)
* Transition from P sinks to sources
= °* Minimal monitoring (data gathering)
| * Minimal maintenance (harvesting)

Limited Pollinator habitat aims

* Lack of available palettes for ecosystems and soil types
 Palettes often include limited, deer resistant species
* Long-term data gathering 1s needed to track succession

No Abenaki orientation
* Most projects do not collaborate with nor offer access



~ Worldwide freshwater health is increasingly
threatened by human terrestrial practices
- upland of catchment basins (Leopold, 1941)
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Phosphorus (P) in the Watershed

Agriculture, the largest cause of nonpoint s
(Zaring, 1996; USEPA 1992), accounts for an esti
41% of base P loading for the VT portion of Lake

Champlain (Lake Champlain Basin Program 2024).

Cyanobacterial bloom development is

correlated with increased presence of
soluble reactive phosphorus (SRP) (Cao et al.,
2016; Wang and Wang, 2009)



6t Great Extinction

Insect pollinators, providing ecosystem services to > 80%
of earth’s flowering plants, are in serious (20-40%)
population decline; an alarming situation for global
biodiversity. (Nath et al. 2023)

Homegrown National Parks (Tallamy 2020)



Unceded Wabanaki Territory

Rematriation

supports Indigenous inhabitants to creativelv stav in place
As we gather, we acknowledge this research occurs on unceded

territory of the original inhabitants of N’Dakinna, the Abenaki.
The people of the _Dawnland are the tradlt_lonal stewards ar_l_d  te
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caregivers o_f the land. Our relatl_ons_hlp_ to the la_nd calls each’ on
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person to be better caregivers of the land. We pay our respects
to the ancestors who were here for all time, our elders, and our*
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1RV4 a relat1ons past present and emerging. We honor with gratltude
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this land and all it gives.’

(Barger et al. 2025)



Crucial time to train next generation

“A significant need for practical, place-
based educational activities to cultivate
both ecological literacy and
responsibility...help students connect
their learning to the specific
environmental challenges faced by
their community.” (Fitriani et al. 2025)



Study Site History
Pre-colonial times

*As glaciers retreated, Abenaki ancestors moved seasonally

* From 12,500 Bp to 17th century Europeans’ arrival , Abenaki
ancestors followed retreating shorelines

*\V/T Pollen core studies show succession from boreal to mixed
hardwood forests with Pinus sp. & Tsuga sp.

*During Wabanaki Renaissance (1000 - 500 yrs ago) Abenaki
practiced agriculture while relying on wild, tended food patches

*Land tended by Western Abenaki involved polyculture cropping &
agroforestry; mound plantings amidst forest openings
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*Extensive trade networks throughout regions

(Robinson IV 2007; Frink 1996; Wiseman, 2001, 2005, 2018; Doherty 1989; Haviland & Power 1994).



Study Site History

Colonial time period  Early 17th century: 90% Wabanaki were killed
e 18th century: colonizer land practices replaced those of Wabanaki
e 1840s colonially named ‘Champlain Valley’: VT’s wool production center
e 1840-50’s railroads increased sheep flock & dairy herd size

* Late 19th- 20th century: roads, ditches, installed without revegetating

e 1902 Shelburne Farms: “model farm” to experiment
* 1940s High soil P concentrations exacerbated by superphosphate

e Late 1950-60’s Dutch elm disease
* Nonnative species grew

e 1972 Shelburne Farms became a nonprofit: Shelburne Farms Resources

Steamer of Shelburne Point, odl by Chatles Lewts Hyde. This midcentury painting illusteates the view that
I
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(Donnis & Huyler 2000; Wiseman 2005; Frink 1994; emmet, 1996)  * 2001 Shelburne Farms designated as National Historic Landmark
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Potential for Mycorrhizae-Assisted Phytoremediation of
Phosphorus for Improved Water Quality

Jessica A. Rubin *

and Josef H. Girres

Plant and Soil Science, University of Vermont, Burlington, VT 05405, USA; jgorres@uvm.edu
* Correspondence: Jessica.Rubin@uvm.edu; Tel.: +1-802-839-8286

Abstract: During this 6th Great Extinction, freshwater quality is imperiled by upland terrestrial
practices. Phosphorus, a macronutrient critical for life, can be a concerning contaminant when
excessively present in waterways due to its stimulation of algal and cyanobacterial blooms, with
consequences for ecosystem functioning, water use, and human and animal health. Landscape
patterns from residential, industrial and agricultural practices release phosphorus at alarming rates
and concentrations threaten watershed communities. In an effort to reconcile the anthropogenic
effects of phosphorus pollution, several strategies are available to land managers. These include
source reduction, contamination event prevention and interception. A total of 80% of terrestrial plants
host mycorrhizae which facilitate increased phosphorus uptake and thus removal from soil and water.
This symbiotic relationship between fungi and plants facilitates a several-fold increase in phosphorus
uptake. It is surprising how little this relationship has been encouraged to mitigate phosphorus for
water quality improvement. This paper explores how facilitating this symbiosis in different landscape
and land-use contexts can help reduce the application of fertility amendments, prevent non-point
source leaching and erosion, and intercept remineralized phosphorus before it enters surface water
ecosystems. This literature survey offers promising insights into how mycorrhizae can aid ecological
restoration to reconcile humans’ damage to Earth’s freshwater. We also identify areas where research
is needed.



Study Site Conditions

e Poorly drained, glaciolacustrine silty clay soils
* Highly erodible soils
* In pasture for decades

* Two drainage systems: tile network & series

* SRP concentrations > VT water quality x 18 -
— | (}
o Categorized as fragmented Photo from Don Ross’ students’ report: Charlotte Adams, Lily
Calabrese, Jon Liebherr, 2014)

(Rubin and Gorres, 2022; Perrow et al. 2002; USDA 2006;
USDA NRCS 2006l; VT ANR & DEC 2017)



Current site challenges
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Abundant Common Buckthorn far beyond study area
* Current removal is miniscule in long-run
* Various vectors, (berries; birds, rodents, wind...)
* Long-term maintenance consistency

Compost pile (550 yd3) not able to be moved at this time
* Upslope surface & subsurface P inundations continue
* |f removed yesterday, 6-9 decades before tangible results

Unmapped and broken tile drains going into the study sites
* Soilvariability beyond normal for tracking P data
* Point sources of tile drain outlets impossible to locate

(Meals et al. 2010; Sharpley et al. 2013)



Expanded and

Original pilot //\
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ckthorn with 3x in 2 season works
o reduce soluble reactive phosphorus (P)

tween species but not treatment
2d than were planted

ighest P concentrations (> 3000 mg/kg)
derestimates harvestable biomass P.

1, b; Rubin et al. 2024)




*lant Palette for Restoration at Shelbur

ne Farms

Abenaki Uses Myco Type Mar Apr May Jun Jul Aug Sept Oct Nov Hosts

“lora Scientiific Name Common Name
Trees
Acer rubrum Red Maple e.m AMF - Mative & honey bees, Crecopia moths, other moth larvae, birds
Acer saccharinum Silver Maple e.m AMF Birds, Crecopia moth
Alnus incana Speckled Alder m,c ECM/AMF _ Songbirds, waterbirds, mammals
Carya ovata Shagbark Hickory ea ECM Insectivorous birds
Cornus Sericea Red Osier Dogwood m,a AMF Waterfowl, marsh & shore birds, butterflies, Spring Azure
Quercus bicolor Swamp White Oak e AMF Songbirds, ground birds, water birds, mammals
Salix nigra Black Willow m ECM/AMF Songbirds, water fowl, Mourning Cloak, Viceroy, Red Spotted Purple, Tiger Swallowtail
Salix petiolaris Meadow Willow a ECM/AMF MNative bees, bumblees, honeybees, Mourning Cloak, Viceroy
Tilia americana Basswood eau ECM MNative & honey bees, birds
Ulmus americana American Elm a,m AMF - Birds, Mourning Cloak, Columbia Silkmoth, Question Mark, Painted Lady, Comma Butterfly
Shrubs
Amelenchier candensis Eastern Shadbush em AMF _ MNative bees, birds
Cephalanthus occidentalis Buttonbush m AMF Mative bumblebees, honey bees, birds, butterflies, Titan Sphinx, Hydrangea Sphinx
Hamamelis virginiana Witich Hazel m AMF Gnats, native bees, moths
llex verticillata Winterberry m AMF - Honey bees, birds, butterflies, EIf larvae host
Sambucus canadensis Elderberry m AMF Mative, bumble and honey bees, birds, butterflies, Titan Sphinx, Hydrangea Sphinx
Viburnum fentago Mannyberry e.c,m AMF Birds, butterflies, Spring Azure
Yerennials
Achillea millefolium Yarrow m AMF Native bees
Hierochloe odorata Sweet Grass m,u AMF MNative bees
Asclepias syrnaca Milllkweed e m,u AMF MNatve bees, bumble bees, honey bees, butterflies, monarchs
Carex comosa Longhair Sedge u AMF — MNesting for insects and birds
Chelone glabra Turtlehead m AMF Hummingbirds, butterflies, Baltimore Checkerspot
Eupatorium perfoliatum Boneset m AMF MNative bees, birds, butterflies
Eutrochium maculatum Joe Pye Weed m AMF _ Mative bees, birds, butterflies
Hypericum perforatum Great 5t Johnswort m AMF Mative bees, bumblebees, moths, butterflies
Iris versicolor Blue fllag Iris m AMF 1 Birds, hummingbirds
Lobelia cardinals Cardinal fllower m AMF Butterflies, hummingbirds
Nicotiana rustica Tobacco C AMF Hummingbirds, bees, moths
QOenothera biennis Common evening primrose e,m AMF MNative bees, moths, humming birds, birds
Physalis grisea Ground Cherry e, m AMF MNative bees, Subflexa straw moth
Symphyotrichum novae-angliag ME Aster e,m AMF Birds, butterflies
Verbana hastata Blue Vervain e, m AMF MNative bees, butterflies, Junonia coenia, birds
Zizia aurea Golden Alexander m AMF MNative bees, wasps, flies, bumblbees, butterflies (Black Swallowtail)
lative Ground Covers
un Geranium maculatum Craneshbill e AMF MNaitve bees, bumblebess, birds
Prunelfa vulgaris Heal all* m AMF — Mative bees, bumblebees, Clouded Sulful butterfly
Sedum ternatum VWoodland stonecrop AMF MNative bees, butterflies, birds
Trifolium pratense Red Clover™ m AMF — Bumble bees, honey bees, butterflies, hummingbirds
Tussilago farfara Coltsfoot® m AMF MNative bees, hoverflies, birds
Waldsteinia fragarioides Barren Strawberry e AMF Flies
shade Asarum canadense Wild Ginger m AMF _ Butterflies, Pipeline Swallowtail
Pycantheum virginanum Mountain Mint e.m AMF Bees, flies, wasps, butterflies, beetles
Sanguinaria canadensis Bloodroot m, u AMF MNative bees
Viola sororia Purple violets e AMF _ Birds




Concept Map of Design




Site Preparation, Installation, Maintenance
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unless authorized.
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Quantitative Data Collected

Phosphorus

e Total Pin soil
Mehlich-3 P in soil

SRP-WEP in soil water
Plant P (Concentrations, Biomass)

Mycorrhizae
* Root Colonization Counts
* DNA of fungi in soil

Pollinator Habitat
* Plant Speciesrichness




Mycorrhizal Data; Checking Assumptions

Mean % Mycorrhizal Colonization between Treatments
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Statistically significant difference for:
* Treatment (p < 0.001) (RVM > RV)



Phosphorus in Soil & Soil Water Data

TP (mg/kg) year 2 in 2025 For all 3 P metrics, Statistically significant difference for:
1000- — oy | o Treatment (p <0.001) (OIV >RV & RVM)
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Total Plant P Data

Plant P Biomass Statistically significant difference for:

« Category (p <0.001) (Shrub > Fruit > Herbaceous)

 For Species (p =0.014)
Plant P concentration Statistically significant difference for:
« Category (p < 0.001) (Herbaceous > Fruit > Shrub)

2025 Plant P Biomass Across Species 2025 P Plant Concentrations Across Treatments
- ) 4000 -
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Plant Species Richness (Counts) 2025 Plant Richness (May-August)
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Planted versus Migrated _
2025 Plant Richness (May-August)

Migrated:
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1. Endemic mycorrhizae may not be necessary in Findings and applications
riparian forested buffer restoration

2. Cyclical harvest & coppicing seems to facilitate P
mitigation (& can be calculated)

3. Designing a native multi-synusial palette can . ey, A
increase pollinator habitat & allows for succession h

4. Co-designing palette with the land’s Original
Peoples offers a model for reconciliation

5. Abundant eco literacy opportunities



Application of data

Inform Best Management Practice for RFBs

* Calculations that demonstrate P reduction is occurring
* Addition of phytoremediating maintenance (harvest)

* Benefits of multi-synusial design

Phosphorus (P) Pays Program
 Farmers get paid to reduce P

Harvest Assistance via Reclaiming the Commons
*  While contributing to food & medicine security

Pollinator habitat enhancement
* Pollinator education to grow eco-literacy

Maintenance through service learning
e Train restoration workers in regenerative strategies

Educational Manual for the Farm
* To be shared with other research/education farms

Fact sheets
* For state agencies and practitioners
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Questions, Insights..

WwWw.mycoevolve.net

Jessica.Rubin@uvm.edu
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https://www.inaturalist.org/projects/restoring-forested-riparian-forest-buffers?tab=identifiers
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* Native and migrated plants are crucial for pollinators



Raw inoculum
Glimpse into soil 2024 DNA Budthor corirl pre]
Buckhom control post

Festored (no oculton)

Restored (inoculated)

AMF genus

Raw inoculum 1 ‘ ‘ Acaulospora -

. Archaeospora
. Diversispora -
Claroideoglomus

. Paraglomus -
Glomus

Buckthorn control pre -

Buckthorn control post -

Restored (no inoculation) - ‘
25 50 75

Restored (inoculated)

100

0
% read abundance

Functional group

. sooty_mold . pollen_saprotroph

. foliar_endophyte ectomycorrhizal
arbuscular_mycorrhizal nectar/tap_saprotroph

. mycoparasite . animal_parasite
dung_saprotroph . unspecified_saprotroph

. wood_saprotroph . soil_saprotroph

B pant_pathogen [l itter_saprotroph

. Undefined . Other

0 o5 50 75 100
% read abundance

- Endemic mycorrhizae complex
-Fungal communities arise seasonally

Not a direct transfer of fungi via inoculation
Dung saprotrophs in restored inoculated

Current endemic growing strategies may
encourage generalists



M ore d eta i I_S on P la nt P U pta ke 2025 Plant TP Concentrations

4000

E Boneset
- _
) T m  Elderberry
2025 Plant P Concentrations Category & Treatment -.E- 30001 T % A Ground Cherry
4000 _ § 1 Heal 5||
- S ®  2000- | : e
2 3000+ .!'E" : ©  Meadow Willow
g’ o l B Red Osier Dogwood
o 2000 E 1000 - A  Sweet Grass
& O 7 v Yamow
5 o :
Plant Species
0_
& @ @ 025 Plant P Biomass
<t & L
2 4
& )0 _
N 1 Eupatorium maculatum
Plant Category 10~ Bl Sambucus candensis
Bl Phyalis grisea
20000 1 Prunella vulgaris
[ 1 Verbascum thapsus
10000 - [ Salix petiolaris
i Bl Cornus sericea
0 B Hierochloe odorota
Achillea millefolium



Restored (inoculated) Restored (no inoculation)

More on 2024 Soil DNA

(5.9%) 25
{49.0%)

11
g 21 6%}, a
{0.0%) (17.6%)
0

(0.0%)

Restored (inoculated) Restored (no inoculation)

13
(20.6%)

Buckthorn control post

We used high-throughput amplicon sequencing with genera fungal and
AMF-specific primers because the general fungal primers (ITS) do not work
well for AM fungi. We used the dada2 bioinformatics pipeline to process
raw sequences and clustered at 97% OTUs (operational taxonomic units).
Taxonomy was assigned by blasting representative sequences against the
UNITE database to identify general fungi and the MaarjAM database to
identify AM fungi. Analysis was done based on the relative read abundance
or presence/ absence of general fungal OTUs and AM fungal taxa.

12
{19.0%)

Raw inoculum
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* Native and migrated plants are crucial for pollinators



Survivability Data Plant Survival across Treatments

* Not all survived in the nursery 500~ B RVA1

* Not all survived once planted % B RV?2

* Some reproduced S m RV3
3 Bl RVM1

Results: s B RVM2

* No statistical difference in plantings’ survival % mm RVM3

between treatments (p = 0.823) *
* Species had statistical significance (p <0.001)

for survival Planned 2024 2025

e Timeline




No need for Glyphosate

* 3xin 2 seasons cut back =90% death rate, rest is easy to strip
* habitat for overwintering invertebrates, fungi, early migrants...

Research indicates glyphosate can "

Ly i %

hat Hérm

* increase P cycling in soil & water while contributing complex compouns
terrestrial & aquatic ecosystems.

* contribute to P saturation in soils and decrease soil capacity to absorb and retain
phosphate; adding to water quality impairment.

(Borggaard and Gimsing 2008; Hébert et al.
2019; Lima et al. 2023; Lozano 2024; Su-
2025; Sun et al. 2019;Henry 2023; Rigden
2023; Rubin et al. 2024)




Phosphorus in Soil & Soil Water Data

TP (mg/kg) year 2 in 2025 For all 3 P metrics, Statistically significant difference for:
1000- — oy | o Treatment (p <0.001) (OIV >RV & RVM)
900 B RV
;ﬁ 800 # mm RVM For TP:
ff 7004 | ‘ . Date (p <0.001) (6/9/25 > 8/9/25)
= 68007 * Not between RV & RVM (p = 0.997)
500 '
400 ; .
6/9/25 8/5/25
Mehlich 3 (mg/kg) year 2 in2025
Data harvest dates
g 15 1 oIV
WEP-SRP Year 2, 2025 For Mehlich 3 not : g = RV
400 « RV & RVM: (p=0.132) 5 ‘
=1 oIV o 2 10- mE RVM
T 300 B RV  Date: (p — 0055) g
S B RVM g’
& 2004 oy 5+ #
UIJ -
L 400- For SRP not for: 2 * ‘
= =
‘ RV & RVM: (p = 0.064) < 0 . :
’ 6,-‘9I.-"25 BISI;‘ZS y Date (p = 0064) 6/9/25 815125

Data Harvest Dates Data harvest dates




Mycorrhizal Data; Checking Assumptions

Mean % Mycorrhizal Colonization between Treatments

80-

60—

40

20-

% Mycorrhizal Colonization

0-

m RV
BN RVM

Statistically significant difference for:
* Treatment (p < 0.001) (RVM > RV)

* Treatment with category (p < 0.009) Herbaceous
* Treatment with species (p = 0.023) SWG

% Mycorrhizal Colonization 2025 Across Plant Category

% Mycorrhizal Colonization

80—

Il |noculated
60— Bl Uninocoulated
40—

20

0 I I I

% Mycorrhizal Colonization 2025 Across Plant Species

100

50

BN Inoculated
Bl Uninoculated

% Mycorrhizal Colonization

Plant Species
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* Native and migrated plants are crucial for pollinators



Current site challenges

v 1ls 3 AW Fat

Ll

Abundant Common Buckthorn far beyond study area
* Current removal is miniscule in long-run
* Various vectors, (berries; birds, rodents, wind...)
* Long-term maintenance consistency

Compost pile (550 yd3) not able to be moved at this time
* Upslope surface & subsurface P inundations continue
* |f removed yesterday, 6-9 decades before tangible results

Unmapped and broken tile drains going into the study sites
* Soilvariability beyond normal for tracking P data
* Point sources of tile drain outlets impossible to locate

(Meals et al. 2010; Sharpley et al. 2013)



Mycorrhizae arise
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Cordaites

Archaeopteris Lycopsida

Mycorrhizal symbiosis
at the dawn of land flora

Earliest fossil evidence for plant-fungal
interactions found in 407-million-yr-old
Rhynie chert

Mycorrhizal
| status
| unknown
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(Strullu-Derrien et al., 2015, 2018)
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