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automated this workflow using the flopy python module

(http://modflowpy.qithub.io/flopydoc/introduction.html).

To build confidence that MODFLOW estimates were reliable, we leveraged
empirical data on groundwater observations in beaver influenced stream reaches. We
used data from a previous study in the Bear River basin, Curtis Creek, UT (Majerova et
al., 2015), and an ongoing study at Bridge Creek, OR (Evans et al. In Preparation) for
which we were able to obtain empirical data (Figure 3.5). At each study site, groundwater
wells were installed to monitor the effects of beaver dam construction. At the Curtis
Creek site, groundwater monitoring wells were installed in 2008 and beaver colonized the
site in 2009. A detailed topographic survey of the site in 2012 provided information about
the size and location of beaver dams at the site. Using these topographic data, we
modeled beaver pond depth and surface area with BD-SWEA, and changes to
groundwater with MODFLOW, as described above. We then compared the modeled
change in groundwater elevation with the observed change in groundwater elevation
between 8/22/2008 and 9/25/2012, when water table levels were measured with a depth
sounder.

At the Bridge Creek study site, groundwater wells were installed in 2007 after
beaver had already colonized the stream reach, and location specific data for beaver dams
were not available until 2011 (Evans et al. In Preparation). Beaver dam locations were
marked in May and December of each year and the condition (intact, breached, or blown-
out) of each beaver dam was recorded, however, dam heights for each dam were not
available. We followed a similar procedure for validation on Bridge Creek, comparing

modeled changes in groundwater elevations to measured changes in groundwater






Figure 3.6. Maximum estimated beaver dam capacity for the Bear River basin.
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@® Primary dams
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Figure 3.7. Spatial distribution of the primary and secondary beaver dams for which
volume was modeled with BD-SWEA and MODFLOW at (A) 5%, (B) 25%, (C) 50%,
and (D) quasi 100% of maximum dam capacity estimated by BRAT.

Beaver Dam Water Storage
MODFLOW validation. Regressing the modeled changes to groundwater
elevation against observed changes to groundwater elevation over the period of August

2008 to September 2012 at Curtis Creek, UT produced a linear relationship described by
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an intercept of 0.19 (t = 2.541, p = 0.024) and slope of 0.67 (t = 2.16, p = 0.049). A
simultaneous linear hypothesis test indicated this relationship did not statistically differ
from an intercept of zero and slope of one at the 95% confidence level (F =3.27,p =
0.068; Figure 3.8). However, a paired t-test shows the difference between modeled and
observed points to be significantly different than zero (t = 2.34, df = 15, p = 0.034). At
Bridge Creek, OR the linear relationship between modeled and observed changes to
groundwater is described by and intercept of 0.17 (t = 2.83, p = 0.006) and slope of 0.47
(t=2.06, p = 0.044). With a simultaneous linear hypothesis test, this relationship was
determined as differing significantly from an intercept of zero and slope of 1 (F = 4.08, df
=2, p =0.022; Figure 3.8). A paired t-test indicated the difference between modeled and
observed changes to groundwater at Bridge Creek did not differ significantly from zero (t
=1.62, df =64, p = 0.111). These combined tests gave us confidence that the estimated
increases in groundwater storage associated with beaver dam building activity were
adequate for our purposes.

Beaver dam water storage. Using median dam height estimates, the total
(surface water and groundwater) estimated water storage provided by beaver dams was
0.3 million m3, 1.1 million m?, 3.1 million m?, and 6.6 million m® for each dam capacity
scenario (Table 3.2, 3.3). The extreme values (0.025 quantile at 5% capacity and 0.975
quantile dam height at quasi 100% capacity) of water storage increases were 0.1 million
m? (65 acre-feet) and 13.7 million m® (11,100 acre-feet). For 10 HU12s MODFLOW-
NWT did not converge on a solution, thus we estimated no change in groundwater
storage increases for these watersheds. With valley-bottoms covering 1535 km? of the

Bear River basin (7.9%, Table 3.1), the changes to groundwater storage in the valley
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Figure 3.8. Linear regression validation of groundwater changes estimated with
MODFLOW against groundwater elevation changes measured at wells via depth-sounder
at (A) Curtis Creek, UT and pressure transducer at (B) Bridge Creek, OR.
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bottoms accounted for 73.1%, 66.4%, 67.8%, and 71.7% of total estimated beaver
induced water storage estimates for the entire basin under 5%, 25%, 50%, and quasi
100% dam capacity scenarios, respectively (Table 3.2, Figure 3.9).

Potential beaver dam water storage volume was tied to maximum dam density,
with the Upper Bear HU8 (which has the highest dam density) estimated to provide the
most potential beaver dam water storage and the Lower Bear-Malad HU8 (which has the
lowest dam density) the least (Table 3.3). The number of modeled beaver dams was
greatest in portions of the Uinta and Wyoming mountain ranges, and potential water
storage increases spatially correspond to these regions (Figure 3.10). For median dam
heights, mean surface water storage ranged from 45.8 to 54.3 m® per pond and mean

increases to groundwater storage ranged from 134.1 to 191.3 m? per pond (Table 3.4).

Table 3.2. Estimated water storage for each dam capacity scenario with low, median, and
high estimates of dam height. Values are million m3.

Modeled Storage VVolume for Percent

Modeled of Maximum Estimated Dam
Dam Capacity (million md)
Height quasi
Storage Type Quantile 5% 25% 50% 100%
Surface 0.025 0.02 0.12 0.28 0.54

0.5 0.08 0.44 1.00 1.88

0.975 0.17 0.99 2.23 4.26

Ground 0.025 0.05 0.35 0.77 1.86
0.5 0.19 0.87 2.08 4.77

0.975 0.21 1.69 4.02 9.42

Total 0.025 0.08 0.47 1.05 2.40
0.5 0.26 131 3.07 6.65
0.975 0.38 2.68 6.26 13.68
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Table 3.3. The number of modeled primary and secondary beaver dams, total length of
perennial stream (Stream Length), modeled dam density, total change in water storage
(TS), change in surface water storage (SWS), and change in groundwater storage (GWS)
at median dam height for each HU8 under each BRAT dam capacity scenario. Values for
TS, SWS, and GWS are million cubic meters.

Dam
BRAT Prim- Second- Stream Density TS TS SWS GWS
cap- ary ary Length (dams/ (acre- (mil. (mil. (mil.
HUS8 acity Dams  Dams (km) km) feet) m’) md) md
Upper
Bear 5 87 455 1605 0.3 200 0.08 0.02 0.06
25 461 2498 1605 1.8 1446 053 0.18 0.36
50 973 5193 1605 3.8 320.7 126 040 0.86
100 1703 9572 1605 7.0 594.1 257 073 184
Central
Bear 5 60 305 1027 0.4 13.7 0.04 0.02 0.03
25 332 1659 1027 1.9 851 028 010 0.17
50 581 3350 1027 3.8 1645 055 020 035
100 1074 6115 1027 7.0 305.8 123 0.38 0.86
Bear
Lake 5 40 235 975 0.3 103 0.06 0.01 0.05
25 218 1158 975 1.4 544 016 0.07 0.10
50 418 2327 975 2.8 1183 052 015 0.37
100 751 4088 975 5.0 2246 124 028 0.97
Middle
Bear 5 44 228 1208 0.2 71 002 001 o0.01
25 202 1170 1208 1.1 206 0.09 0.03 0.06
50 418 2443 1208 2.4 889 029 011 0.18
100 840 4394 1208 4.3 1715 069 021 047
Little
Bear - 5 32 165 651 0.3 66 005 001 0.04
Logan
River 25 145 854 651 15 316 016 0.04 0.12
50 331 1771 651 3.2 744 028 0.09 0.19
100 547 3350 651 6.0 1389 056 0.17 0.39
Lower
Bear - 5 22 106 1124 0.1 32 000 0.00 0.00
Malad 25 126 573 1124 0.6 206 0.09 0.03 0.06
50 204 1182 1124 1.2 424 0.17 0.05 0.12
100 369 2094 1124 2.2 89.8 036 011 0.25
Entire
Basin 5 285 1494 6591 0.3 2136 0.26 0.08 0.19

25 1484 7912 6591 14 1059.2 131 044 0.87
50 2925 16,266 6591 2.9 24925 3.07 1.00 2.08
100 5284 29,613 6591 5.3 5393.7 6.65 188 4.77
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Figure 3.9. Estimates of water storage provided by beaver dams modeled at 5%, 25%,
50%, and quasi 100% of maximum dam capacity for 0.025, 0.5, and 0.975 dam height
quantiles. The shaded area is the potential range of storage volumes between 0.025 and
0.975 dam height quantiles.
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Table 3.4. Mean and standard deviation (SD) values of potential increases to surface
water (SW) and groundwater (GW) for individual beaver dams.

Modeled Mean Mean

dam SW SD SW GW sSDGW
BRAT height ~ volume volume volume volume

capacity quantile  (md (m°) (m°) (m°)
5 0.025 12.26 19.48 12498 681.75
0.500 45.78 57.03 134.07 259.60
0.975 105.61 132.12 264.43 564.63
25 0.025 13.69 27.08 84.85  227.27
0.500 49.88 60.81 165.30 303.61
0.975 11228 132.82 307.79  476.17
50 0.025 14.79 32.85 64.27 97.83
0.500 52.34 63.24  155.79  193.43
0.975 117.12  136.88 302.95 390.99
100 0.025 15.57 31.87 75.30  100.57
0.500 54.31 64.34 191.26  248.96

0.975 123.01 14119 381.60 502.90

Projected Snowpack Decreases

Fitted estimates for the A, A, M and v parameters of the Richard’s equation
representing the relationship between elevation and mean maximum SWE were 1955,
0.56, 616, and 3.4 for the Upper Bear HU8 and 1892, 653, 0.92, and 9.9 for all other
HUS8s, respectively. Under warming scenarios of 1 °C, 2 °C, 3 °C, and 4 °C lambda,
which represents the elevation of the snowline, was shifted upward to 2121 m, 2288 m,
2455 m, and 2621 m for the Upper Bear HU8 and 2059 m, 2226 m, 2392 m, and 2393 m
for the rest of the basin under each respective scenario (Figure 3.11). For the entire basin,
water stored in snowpack decreased by 1.0 billion m2, 1.9 billion m?, 2.5 billion m?, and

2.9 billion m3 under 1 °C, 2 °C, 3 °C, and 4 °C warming scenarios at mean peak SWE
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Figure 3.10. The number of beaver dams modeled and the potential change in water
storage resulting from beaver dam construction for each HU12 in the Bear River basin
under dam capacity scenarios of 5%, 25%, 50%, and quasi 100%.

(Table 3.5), this accounts for a loss of approximately 22%, 41%, 54%, and 63% in the
basin’s annual maximum peak snow water equivalent. The maximum estimated water
storage increase from beaver dam construction (quasi 100% capacity scenario) accounts
for 1.3%, 0.7%, 0.5%, and 0.4% of volumetric SWE losses under the respective warming
scenarios of 1 °C, 2 °C, 3 °C, and 4 °C (Figure 3.12). Within the basin’s valley bottoms

we estimated losses from decreasing peak SWE to be 53.7 million m?, 93.5 million m?,



