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Critical species: 

Cascades frog

(Karen Pope’s research)

Pre-restoration Meadow Conditions



Critical species: 

Willow flycatcher

(Ryan Burnett’s 

research)

Pre-restoration Meadow Conditions



Pre-treatment Reaches Natural Beaver Reach

Pre-restoration Meadow Conditions

Images flown same day, Oct. 2014 • 100+ years of grazing

• Removal of timber from 1941-1974

• Ditching on edges of meadow by 1974

• Channel incised on average 1.6 ft, lacks woody vegetation

• Historic removal of beaver?



BDA Installation – Oct 2016





May 2017 – Wet Spring Conditions

BDAs withstood 

high winter flows



May 2017 – Wet Spring Conditions

Natural beaver dams did not 

withstand high flows



Planted 750 more willows!
Students and Teachers Restoring A Watershed (STRAW)



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

2016 2017 2016 2017 2016 2017

Negative Control Grazing Exclusion BDA/Grazing Exclusion

P
ro

p
o
rt

io
n
 A

liv
e

Childs Meadow willow survival

% Found Alive % Found Alive of planted



Carbon Sequestration – Effect of fencing

2014



Carbon Sequestration – Effect of fencing

2017



CO2

- Photosynthetic uptake

- Ecosystem respiration

CH4

N2O



Carbon Sequestration – Effect of fencing2017 carbon dioxide fluxes

Grazing Fence Fence & BDA Beaver

1
8

0
-d

a
y
 s

u
m

m
e

r 
c
a

rb
o

n
 f

lu
x

(m
e

a
n

 ±
 9

5
%

 C
I,

 g
 C

O
2
-C

 m
-2

)

-1500

-1000

-500

0

500

1000

1500

ER

GPP

NEE



Carbon Sequestration – Effect of fencing

Treatment plot (3.76 ha each)

Grazing Fence Fence & BDA Beaver
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Carbon Sequestration – Soil and ponds



Carbon Sequestration – Soil and ponds
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Tuolumne Meadows, Yosemite



Wetland soil

80 cm (2.6 ft) thick.

High organic content (20%).

Formed over the past ~2,000 years.

Groundwater wetland hydrology

45 days/season high water + 35 days from OM

Little variation b/t wet and drought years.

Vegetation?

Soil and hydrology indicate productive wetland 

plant community. 

What do we see?







Oral, 39%

Bare, 
22%

Elqu, 13%

Mufi, 8%

Anco, 6%

Casu, 
5%

Dain, 3%

Dece, 5%

Juba, 2%

Casc, 1% Trcl, 2%

Doal, 1%

Wet sites

Community composition

@ 10 other Sierra 

Nevada subalpine 

meadows

(Potter 2006)

Species Ave cover

Casc 53%

Oral 26%

Mipr 24%

Bibi 17%

Mufi 16%

Elqu 9%

Pepa 8%

Bare 1%

Carex

scop./ Oreo. 

alp.



Natural field-collected Oreostemma alpigenum



Nursery-grown, planted, field-collected Carex

scopulorum washed in the lab



Natural field-collected Carex subnigricans



Primary research question 2011-14:
Is current (native) herbivory suppressing vegetation
and altering ecosystem processes?



1869: John Muir in Tuolumne with 2,050 “hooved locusts”

1898: 214,050 sheep ejected from Yosemite by cavalry 

Gold Rush, ~1850-1900. Era of unregulated grazing
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Exclosed patches of meadow vegetation

from herbivores



Outplanted clonal sedges, Carex scopulorum and 

Carex subnigricans, into herbivore exclosures and 

controls.









Carbon flux: ER + (-)GPP = NEE







Soil + water + plants

High belowground

production

High soil

organic content

High water-

holding capacity

Dense perennial,

clonal sedges

Low belowground

production

Low soil

organic content

Low water-

holding capacity

Sparse annuals and

tap-rooted perennial



Soil + water + plants

High belowground

production

High soil

organic content

High water-

holding capacity

Dense perennial,

clonal sedges

Low belowground

production

Low soil

organic content

Low water-

holding capacity

Sparse annuals and

tap-rooted perennial



Soil + water + plants

High belowground

production

High soil

organic content

High water-

holding capacity

Dense perennial,

clonal sedges

Low belowground

production

Low soil

organic content

Low water-

holding capacity

Sparse annuals and

tap-rooted perennial

Transplanting





2017
Very wet, 177% of average

Baldwin 2018



Carbon Sequestration – Effect of fencing

Treatment plot (3.76 ha each)

Grazing Fence Fence & BDA Beaver
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Carbon Sequestration – Soil C loss

Carbon budget component Wet Dry

Below-ground live plant biomass, control plot mean 177.47 206.68 g m-2

Below-ground live biomass C content a 33.79 33.79 %

Below-ground live plant C, control plot mean 59.97 69.84 g C m-2

Above-ground live plant biomass, control plot mean 128.11 200.09 g m-2

Above-ground live biomass C content b 43.70 43.70 %

Above-ground live plant C, control plot mean 55.98 87.44 g C m-2

Below-ground biomass : Above-ground biomass 1.39 1.03 ratio

Below-ground C : Above-ground C 1.07 0.80 ratio

Soil organic matter, by mass (in top 80 cm) c
17.13 10.96 %

Soil organic matter C content d 55.61 55.35 %

Soil bulk density 
d

0.50 0.63 g cm
-3

Soil C content (in top 80 cm) 38.10 30.57 kg C m
-2

Mean summer C loss (2012-14 control plot NEE) 0.62 0.51 kg C m-2

Soil C pool lost per summer, control 1.64 1.66 %

Mean summer C loss in fenced plots 0.55 0.53 kg C m-2

Soil C pool lost per summer, fenced 1.44 1.75 %



Carbon Sequestration – Other studies

Carbon loss rates in degraded wetlands

(ER dominant):

-- 1400 gC m-2 yr-1  Tropical peatland

-- 573 gC m-2 yr-1  Rockies

Carbon accumulation rates (NEE)

in functional wetlands:

-- 75-100 gC m-2 yr-1  Sierra Nevada

-- 83 gC m-2 yr-1  Rockies

-- 37-134 gC m-2 yr-1  Andes

Max. loss rate is 5-10x faster than max. accumulation 

Observed loss in grazed Childs and 

Tuolumne

~ 500 gC m-2 yr-1 

Observed accumulation in fenced 

Childs

~ 50-100 gC m-2 yr-1 

Est. long-term acc. in Tuolumne

~ 83 gC m-2 yr-1  (based on C14 dates, 

soil depth, and C content)



Carbon Sequestration – Projections

Ongoing accumulation value

75 gC m-2 yr-1

x 208.2 ha = 156 Mg C per year

x $16/Mg C = $2,500 per year

In perpetuity.

Observed loss in grazed Childs

~ 500 gC m-2 yr-1 

~1.3% of upper soil C stock lost per 

year (does not account for deeper C 

stocks)

**At this rate, all will be gone in 80 

years** (does not account for slower 

rates as soil C declines).

Observed accumulation in restored 

Childs

~ 75 gC m-2 yr-1

Stop-loss value

500 gC m-2 yr-1 

x 208.2 ha = 1,041 Mg C per year

x $16/Mg C = $16,600 per year

x 80 years = $1.3M



Questions?





May 2015-Today

• Collect data

Fall 2015 

• Cattle exclosure fence

• Planted willow stakes

Fall 2016

• Installed 6 BDAs

Timeline



BACI Design:

• 2 treatments

• 2 controls

Monitoring:

• Above and below-ground 

carbon

• Hydrogeomorphic

conditions

• Response of targeted 

wildlife species:

▪ Willow flycatcher

▪ Cascades frog

Study Design



Pre-treatment Reaches – Cross-sectional profile

Pre-restoration Meadow Conditions

2016 Water level data – Transect 7



Natural 

Beaver 

Reach –

Cross-

section 

Profile

Pre-restoration Meadow Conditions



BDA installation – Oct 2016









BDA 

Inundation

• Full inundation in 

less than 24 hours

• Mapped surface 

water extent from 

aerial drone flight 

approximately 2 

weeks after install 

= roughly 3-4x 

predicted extent



• 3 seasons:  2017-2019

• Continued hydrogeomorphology, 

GHG monitoring, and amphibian 

and avian ecology

• BDA maintenance as needed

Post-Treatment Monitoring

Dec 15 2016 Flood



Aug 31 2017 – Summer Conditions

Leaky dams - BDA 

maintenance required



September 2017 – Summer Conditions

BDA maintenance - repacked 

dams from meadow materials



October 10 2017 – Fall Conditions

BDAs at full capacity 

following maintenance





WY 2017 - Wettest Winter on Record

Dec 15 2016 Flood

Jan 30 2017 Snow and Ice on BDAs



Tuolumne Meadows



Combination ground- and surface-water

South to north transect distance (m)
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1200 yrs BP ash 

layer found at 40-70 

cm depth in well 

holes

Base of meadow 

sediments 

estimated @ 2300 

yrs BP

Tuolumne 

Meadows soil 

stratigraphy

(Wood 1975)

~20% Organic 

matter



(Ankenbauer and

Loheide 2016)

Organic matter sponge



(Ankenbauer and

Loheide 2016)


