





Fig. 40A Variation by site of channel volume change and volume extracted, 1993-1996.
For 1993-1996, at both upstream and downstream sites changes in channel volume have followed a weak
trend opposite that of volume extracted: increases in extraction are accompanied by reductions in channel
volume, and vice versa. Negative values indicate filing.
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Fig. 40B Variation by site of channel volume change and volume extracted, 1997-2002.
For 1997-2002, changes in channel volume follow the same trend as volume extracted downstream as far
as the lower HBMWD site. Farther downstream there is little relation between volume change and
volume extracted. Negative values indicate filling.
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Fig. 41 Downstream cumulative net volume change and cumulative volume extracted, 1993-2002
For the reach containing the four large upstream bars, cumulative net volume change and cumulative volume
extracted almost exactly parallel each other, suggesting a strong positive relation between the two. Downstream
from Christie Bar, the cumulative net volume change steadily declines due to aggradation, while cumulative volume
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extracted continues to increase.
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Fig. 42A Relation at sites between channel volume change and volume extracted 1993-1996
This plot shows inverse linear relations between volume extracted and change channel volume at both
upstream and downstream sites for the 1993-1996 period. The relation for downstream sites is not as
strong as it appears because the position of the line depends greatly on the rightmost point.
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Fig. 42B Relation at sites between channel volume change and volume extracted 1997-2002
For 1997-2002, the plot indicates a fairly strong (r* = 0.90) positive linear relation between change in
volume at upstream sites and volume extracted. The relation for downstream sites is not meaningful
because 1) the line is nearly horizontal, and 2) the position of the regression line depends almost entirely
on the largest point. Channel volume change appears independent of volume extracted at downstream
sites.
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Fig. 42C Relation at sites between channel volume change and volume extracted 1993-2002
For 1993-2002, the plot indicates a strong (r* = 0.93) positive linear relation at upstream sites between
change in channel volume and volume extracted. The relation for downstream sites is not meaningful
because the position of the regression line depends almost entirely on the largest point; if it were omitted,
the relation would be a horizontal line. Channel volume change appears nearly independent of volume
extracted at downstream sites.

We interpret the 1993-96 inverse relation between extraction and volume change (Fig. 42A) the same as we did
above for area: the significant aggradation which occurred in 1994-95 reduced channel volume by raising mean
elevation (Fig. 31A), while simultaneously allowing larger extraction volumes. Subsequently, the more extensive
extraction probably facilitated trapping of material redistributed from upstream, reducing increase in channel
volume.

Strong positive relations between volume change and volume extracted (Figs. 42A-B) are what one would expect

if a causal relation exists. Following additional aggradation in 1997-98, sediment input from upstream has been
relatively modest (see Fig. 44) and mining and the river have been removing material from storage (Fig. 27). As
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with cross-section area, this would lead to channel volume increasing in step with volume of gravel extracted.
The lack of relation in the downstream reach reflects its persistent aggradation.

Effects of repeated extraction: One might hypothesize that cross-sections experiencing repeated extraction have
different geomorphic response than those which have had little or no extraction. In Fig. 39, we plot, for upstream
cross-sections, 1997-2003 changes in XS mean elevation, XS width, XS area, and channel volume against number
of years with extraction. No relation is apparent in any of these plots, and we conclude that repeated extraction
produces no unique effects.
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These plots show that for upstream sites there is no relation between how often a cross-section experienced
extraction and the size of changes in XS mean elevation, XS width, XS area, or volume. Frequency of extraction
appears to have no systematic relation to changes in cross section properties.
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estimated bedload transport 1993-2002
computed using Brown's 1973 rating curves

Q at Arcata computed as 3% of Q based on
ssand suspended
Brown's long-term estimate for sand 0.25 -2 mm diameter
® 200000 i I I I ! I ! ] I
o i : : : : : H H ; Qb Arcata
>
"a B Qb + stand Arcata |
150000 — Q, Blue Lake
c b
oy B J
9 - 4
@ 100000 (— ]
£ - .
o N 4
T L J
ke 50000 |— ]
© L 4
9 _ i
o L J
3]
Q - -
0

1992
1993
1994
1995
1996
1997

998
1999
2000
2001
2002
2003
2004

Fig. 44 Estimated bedload transport by year, 1993-2002.
A density of 1.55 tons/cu. yd. was used to convert tonnages

Summary of geomorphic impacts of gravel extraction

In Table 13, we summarize the relations we observe between volume of gravel extracted and geomorphic
response. For the upstream reach, significant aggradation in 1994-95 raised bed and bar elevations and allowed
for larger-than-average extraction in 1993-96; the result is that increases in extraction were associated with
increases in XS mean elevation and decreases in mean XS area and channel volume. It should be emphasized that
these are not causal relations: the observed pattern reflects the response of both the river and the miners (and their
permitting agencies) to a large influx of sediment. No relation was found between extraction volume and changes
in mean thalweg elevation, mean confinement, or mean cross-section width.

For 1997-2002 and 1993-2002, the upstream reach exhibits strong positive linear relations between volume
extracted and changes in mean width, mean XS area, channel volume, and a strong negative linear relation with
mean XS elevation. That is, increases in volume extracted are associated with increasing channel width, XS area,
and volume, and with decreasing mean XS and (more weakly) thalweg elevation. Confinement change shows no
relation to volume extracted.

In the downstream reach, no significant relations exist between volume extracted and change in any of the
geomorphic variables, presumably because of the persistent post-1993 aggradation.
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Table 13 -- Summary of Mad River relations between gravel extraction and geomorphic response,

1993-2003
upstream sites downstream sites
1993-1997 1997-2003 1993-1997 1997-2003
fnerease w ith decrease with increase with
. increasing . . . . . . .
XS mean elevation . increasing extraction; | increasing extraction; no relation
extraction;

weak relation

mod. strong relation

moderate relation

XS thalweg elevation

no relation

decrease with
increasing extraction;
moderate relation

increase with
increasing extraction;
weak relation

no relation

XS confinement

no relation

no relation

no relation

no relation

increase with

slight increase with

XS width no relation increasing extraction; | increasing extraction; | probably no relation
rel. strong relation relation suspect
decrease with . . .
. . increase with decrease with
increasing . . . . . . .
XS area extraction: increasing extraction; | increasing extraction; no relation
. strong relation moderate relation
moderate relation
decrease with . . .
. . increase with decrease with
increasing . . . . . . .
XS volume . increasing extraction; | increasing extraction; no relation
extraction;

moderate relation

strong relation

relation suspect

Implications for extraction volume or “safe yield”

We believe that the geomorphic analysis in the preceding section provides tools for assessing the potential impact
of gravel extraction on mean channel geomorphology, and a means for estimating the average amount of gravel
that might be extracted annually without undesired geomorphic consequences, i.e., “safe yield”. Our approach is
outlined below.

Estimation of “zero-effect” extraction volume for the upstream reach

The strength of the 1997-2002 and 1993-2002 upstream mean elevation, width, XS area, and channel volume
regressions (all have r* > 0.85), together with the even distribution of points along the regression lines suggest that
these relations have real predictive power under present or long-term average conditions in the upstream reach.
Specifically, as long as the reach experiences, on the average, small to moderate influx of sediment from
upstream, and small to moderate volumes of extraction, we can use the regressions to predict geomorphic
response to increased or decreased extraction levels. On the other hand, major aggradation and/or channel
reorganization -- such as might be caused by a 20-year or larger flood — can reset the relation and create a less-
predictable state. Greatly increased extraction of gravel from the reach is also likely to create a different set of
relations. Unless there is a sound physical or theoretical basis, regression equations should not be applied to
conditions lying greatly outside the range of data used in their creation.

To estimate a “zero-effect” extraction volume for the upstream reach, we set the regression equations for mean
XS elevation change, mean width change, mean XS area change, and mean channel volume change each equal to
zero (i.e., no change) and solved for the corresponding per-site extraction volume. Dividing this by the number of
years the regression spans yield the annual per-site “zero-effect” volume. Multiplying these estimates by 5 (the
number of upstream sites) yields the annual “zero-effect” volume for the entire upstream reach. Our estimates
and the equations used are given in Table 14 below.
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Table 14 -- Estimates of “zero-effect”” volume from regression equations

annual "zero-effect" volume
cu. yd.
variable equation years spanned | no years per site reach
XS mean elevation Az =0.325 - 0.000005V 1997-2002 6 10200 51000
XS width Aw =-98.9 +0.00102V 1997-2002 6 16200 81000
XS area AA =-693 +0.010V 1997-2002 6 11300 56500
channel volume AO =-303412 + 3.064V 1997-2002 6 16500 82500
channel volume AO =-252047 + 1.632V 1993-2002 10 15400 77000

This analysis suggests that an annual mean extraction rate of about 55,000 — 85,000 yd*/year from the upstream
reach should have minimal effect on channel enlargement under current conditions. Actual extraction from this
reach has averaged 135,000 yd*/year.

We would like to emphasize that we are not recommending here that upstream extraction be reduced to this “zero-
effect” amount. Regression equations have inherent uncertainty (scatter about the line) which creates error in the
estimates; this error could easily be on the order of 20 —30% or more. In addition, the regression relations do not
predict changes at individual cross-sections or specific individual sites; they predict mean change for an average
site. They do suggest, however, that the upstream reach cannot support extraction in excess of the current amount
without undesired effects, and that it might be prudent to manage the upstream reach, if possible, for smaller
volume.

We point out here that channel enlargement by widening/bank erosion must at some point encounter natural limits
as the material of the lower terraces — especially those created by deposition in the 1955 and 1965 floods-- is
consumed. At that point the channel can enlarge only by cutting down.

Estimation of “zero-effect” extraction volume for the downstream reach

As stated earlier, the downstream reach has undergone persistent deposition since 1993, and there are no
meaningful relations between volume extracted and changes in geomorphic properties. Instead, we approach this
by observing that from 1993-2002 the downstream reach has experienced 1) mean yearly extraction of 44,000
yd’/year and 2) mean yearly net deposition (volume increase) of 42,000 yd*/year. For the 1997-2002 period these
volumes are 48,000 yd*/year and 30,000 yd’/year respectively. Thus under current conditions at least 45,000 —
50,000 yd*/year can be extracted and still have net deposition of 30,000 — 40,000 yd*/year. This suggests that it
might be possible to increase extraction in the downstream reach without undesirable consequences. An increase
in extraction equal to half the mean net deposition — i.e., of 15,000-20,000 yd3/year -- does not seem
unreasonable if it is balanced by reductions in extractions from the upstream reach. It would still allow annual
mean net aggradation of 15,000 — 20,000 yd*/year, which would presumably limit undesired geomorphic effects.

SUMMARY

The Mad River has undergone significant geomorphic changes since 1992. We quantified these geomorphic
changes by using the extensive cross section and air photo data set and explored possible relationships to gravel
extraction. The following condenses what we learned from this analysis.

Changes in Stored Sediment

The large, unconfined upstream sites have been major losers of stored sediment, largely through bank erosion
rather than downcutting, while the confined or semi-confined downstream sites have undergone significant
aggradation.

Between 1993 and 1997 the three upstream bars experienced moderate net channel enlargement, while the two
downstream bars underwent slightly greater net filling, leaving the upstream reach as a whole slightly aggraded as
of 1997 (aggradation occurred chiefly in 1993-94; see Fig. 28). From 1997 to 2003 the upstream sites, with the
exception of Johnson Bar, experienced massive channel enlargement due mainly to channel widening and bank
erosion. Our estimate of 960,000 cu.yd. net loss in 1997-2003 compares well with Fehlman’s (2004, p. 7)
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estimate of “more than 800,000 cubic yards.” Most of the enlargement occurred in 1998-2000 (Fig. 28), with a
decreasing rate of enlargement since 2001. Overall, from 1993-2003, the upstream reach lost about 945,000 cu.
yd., or 95,000 cu. yd./year. Our air photo-based analysis of bank erosion volume for 1993-2003 yielded a value of
about 1,081,000 cu. yd. (all of which was from the upstream reach), agreeing reasonably well with the volume
based on XS alone using the double-end-area method.

With the exception of Essex Bar in 1993-1997, all downstream sites have experienced persistent net aggradation
(filling) since 1993. From 1993-2003, the downstream reach gained about 425,000 cu. yd., or 43,000 cu. yd./year.
Thus for the mining reach as a whole, there was a net loss of about 520,000 cu. yd for the 11-year period.

Active Channel Area

Active channel areas since 1951 have roughly tracked peak flows (see Fig. 5), with the most significant increases
in active channel occurring in response to large floods (e.g., Dec., 1955 and Dec., 1964). Large floods appear to
widen the active channel, while extended periods with no large floods allow the channel to narrow as vegetation
destroyed by the previous large flood encroaches on fresh deposits. The largest flood of record (81,000 cfs)
occurred in December, 1964 (water year 1965), causing widespread destruction of previously stable floodplain
and terrace surfaces and resulting in an active channel area of about 1000 acres, or twice that today. The active
channel shrunk back to the pre-1964 condition within about a decade, and continued to shrink until the early
1980s, when it became quasi-stable at about 600-700 acres. Although active channel area has increased steadily
since 1992, it remains below 700 acres.

Cross Sectional Changes

Temporal and spatial relationships were evaluated between extraction volumes and several measurements taken
from the cross sections: mean XS and thalweg elevation, XS area and width, and channel confinement.

For mean XS elevation, a relatively strong (r* = 0.85) inverse linear relation between 1997-2002 volume extracted
and 1997-2003 change in mean elevation at upstream sites was found (see Fig. 32B). No such relation exists for
the downstream sites. The decrease of mean elevation with increasing extraction at upstream sites is what one
would logically expect, and suggests that the inverse relation between mean elevation and extraction is not merely
an artifact of the amount of extraction permitted, but may have predictive value. The pattern for mean thalweg
elevation changes is similar to that described above for mean elevation, since thalweg elevation tends to track
mean XS elevation.

For the 1993-96 period, no consistent relation between mean width change and volume extracted at either
upstream or downstream sites (see Fig. 36A). However, for the 1997-2002 period, mean width change strongly
parallels volume extracted at relatively unconfined upstream sites, i.e., greater extraction volumes are
accompanied by greater increases in width (see Fig. 36B). In the confined downstream reach the relation is weak
because cross-section width stays nearly constant, regardless of volume extracted. Relationships between
extraction volume and changes in width were similar to those for XS area. Little quantitative relation between
channel confinement changes and amount of gravel extracted.

We found inverse linear relations between volume extracted and change in mean XS area at both upstream and
downstream sites for the 1993-1996 period (see Fig. 39A). The upstream relation for 1993-1996 was moderate (r°
= 0.71), while for later period (1997-2002), a strong (r* = 0.95) positive linear relation between change in mean
XS area at upstream sites and volume extracted was found (see Fig. 39B). Mean XS area change appears
independent of volume extracted at downstream sites.

Strong positive relations between volume change and volume extracted (Figs. 42A-B) are what one would expect
if a causal relation exists. Following additional aggradation in 1997-98, sediment input from upstream has been
relatively modest (see Fig. 44) and mining and the river have been removing material from storage (Fig. 27). As
with cross-section area, this would lead to channel volume increasing in step with volume of gravel extracted.
The lack of relation in the downstream reach reflects its persistent aggradation.
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Implications for gravel extraction

The upstream reach of the Lower Mad River functions differently from the downstream reach in ways that
determine its response to gravel extraction. Since the late 1990°s the upstream reach has lost about one million cu.
yd. of stored bed and bank material. During the same period, the downstream reach has aggraded. Our ‘zero
effect’ analysis suggests that an annual mean extraction rate of about 55,000 — 85,000 cu. yd./year from the
upstream reach should have minimal effect on channel enlargement under current conditions. Actual extraction
from this reach has averaged 135,000 cu. yd./year.

We reiterate that we are not recommending that upstream extraction be reduced to this “zero-effect” amount due
to inherent uncertainty (scatter) in regression analysis. However, we are confident in saying that the upstream
reach cannot support extraction in excess of the current amount (135,000 cu. yd./year) without undesired effects
(continued large losses in stored sediment and attendant habitat impacts), and that it would be prudent to manage
the upstream reach for smaller annual average volumes.

As stated earlier, the downstream reach has undergone persistent deposition since 1993. Although mean annual
extraction has been 44,000 cu. yd./year, mean yearly net deposition (stored sediment volume increase) has
amounted to 42,000 yd*/year for the same period. This suggests that it might be possible to increase extraction in
the downstream reach without undesirable consequences. An increase in extraction equal to half the mean net
deposition (i.e., 15,000-20,000 cu. yd./year) does not seem unreasonable if it is balanced by reductions in
extractions from the upstream reach. It would still allow annual mean net aggradation of 15,000 — 20,000
yd’/year, which would presumably limit undesired geomorphic effects.

Conclusion: This analysis suggests that, under current conditions, overall “zero effect” extraction on the Mad
River is on the order of 85,000 yd*/year for the upstream reach and 50,000 — 70,000 yd’/year for the downstream
reach, or a total of 135,000 — 155,000 yd3/year for the entire river. Given the uncertainties in this approach, the
current average extraction of 175,000 yd’*/year is not unreasonable, but certainly appears to be an upper limit. The
270,000 yd*/year that Kondolf and Lutrick (2001) suggest might be extracted appears much too high, while the
112,000 yd*/year suggested by Knuuti and McComas (2003) is probably unnecessarily low.
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Appendix A

XS mean & thalweg elevation vs time for each XS
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Appendix B

XS mean elevation vs streamwise distance, by bars
1993, 1997, 2003
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Appendix C

Thalweg profiles, by bars
1993, 1997, 2003
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Appendix D

Confinement vs streamwise distance, by bars
1993, 1997, 2003
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Appendix E

XS area changes with time, by bars
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Appendix F

XS area vs streamwise distance, by bars
1993, 1997, 2003
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Appendix G

XS width vs time, by bars
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Appendix H

XS width vs streamwise distance, by bars
1993, 1997, 2003
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Appendix I

Mad R Cross-Sections
1993, 1997, 2003
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