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Estimating Ground Water Yield 
in Small Research Basins 

I 

Abstract I I 
An analysis of ground water recharge in 32 small research watersheds shows the akerage flow of gound water 

out of the watershed (deep seepage) IS 459 ot streamflow and ranges from 8 to 350 mrn/year when apportioned over 
the watershed area. It n time to meld gmund water and small watershed science. The use of we11 networks and the 
evaluation of ground water well hydrographs or the use of ground water models to eltlmate &ep seepage from small 
research bwns is highly recommended. Future ~nvestigato~ are now armed with better tools necessary to estlrnate 
a11 the water and nutrients and have no need to quietly awme deep wepage is 7~ro.  

Introduction 
Sticamflow mcreases following logging. fire, or insect 

mortality are quite variable and difficult to predict. even 
when rewIts are evaluated using palred watershedc. The 
palred watershed approach uses (usually) two adjacent 
watenheds similar in size and geology. at which precipita- 
tion and streamflow are measured during a calibration 
period commonly lasting five to 15 yean (Rates and Henry 
1928). Following this calibration period, an equation is 
developed to predlct streamflow on the "treatment" water- 
qhed (usually a tree harvesting treatment) from the "con- 
trol" wiltenhed streatnflow where mature forests remn.  
Thc t:xcess of streamflow on the ttxatment watenhed 
above that predicted from the control is assigned to the 
treatment effect (tree harvest~ng). and the predicted treat- 
ment watershed strearnilow is related to variation in pre- 
ctpitation Still, sueamflow response is vanable. even 
when separate areas have s~milar preclpi tation. In theory, 
\treiimflow change with tree rrmoval should be h i l a r  
among watcrshcds ~hcn:  climate. original vegetation. soils 
and annual precipitation are similar To test this theory. I 
regressed tint-year streamflow response to tree removal 
(or long-term streamtlow reduction with tree regrowth) 
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against annual precipitation and examined the data to deter- 
mine the maxirnun~ water yleld response. 

Because bws, especially tree groups, have different 
effechve transpiration rates (Federer 1973. Swank a d  
Cmssley 1988), I l h t e d  the evaluauon to hardwoods or 
widely s p d  conifers (e g., ponderosa and pinyon pine, and 
juniper) and excluded dmeIy spaced conrfer plantatrons or 
natural stands from the evaluation Other things being equal, 
an envelope curve encompassing a data m y  of first-year 
streamflow change, as a function of annual preclpitatlon, 
should estimate the mavimum reduction In eviponanspirii- 
t~on and interceptson a~wlated wrth tree harvfiting. This 
awrnes the entrre effect of reduced evapotranspmtion and 
interception is iw%urcd as an increase in streamflow, and 
ignores any potcntl'al changes to ground water mhargc. 
Responses well below the enkelope cum are evidence of 
srgnificant aater loss from the watershed via ground water 
flow ("deep wpage") not measured at the ~tream gauge. In 
this paper, deep seepage IS defined as ground water that 
flow$ out of the watershed without first diwharsing to the 
stream upstream of the stream gauge. It IS, therefore, not 
accounted for at the swam gitupng station. 

Most data came from Bosch and Hewlett's sumtn'ary 
of 94 palred or monitored, stngle watersheds F~rst-year (or 
~cond-yew if treatments were ~mposed well into the first 
year) responseq were used for 30 basins '1~1th hardwood 
and widely spaced conifers. Additionally, two basins not 
tn Bosch and Hewlett'lr 1982 summary were included 
(Hornbeck et a1 1993). Two of thc 32 basins (Hubbard 



Brook No. 2 In New liampshtre and Mmcell No 4 in Min- 
nesota, (Table I )  hove explicil estimates of ground water 
flow bypassing the stream gauge. At Hubhard Brook, a 
thln (4 m) layer of till overl~es bdrock conslstlng of pelit~c 
schistc with granrtic d~kes. The amount of ground water 
recharge (depth of water over the entire basin) to bedmck 
for high-elevation >ite\ at Hubbard Brook IS estimated at 
25 mm (T~edernan et al. 1997; Ro~enberry and Wlnter 
1993). The amount of ground water recharge at Marcell 
occul.s though a clay loam till o w  deep sands and vanes 
fram 50 to 200 mrn (N~chols and Verry 2001) As a check 
on use of the envelope culw, these two locationc with 
tirst-year ~treamtlow responses. enhanced with ground 
water recharge estimates, shauld fidl on or near a theoreti- 
cal envelope curve 

Data from eight ~atersheds were clocely al~gned on a 
theoretical envelope curve at the upper edge of the water 
y~eld response data array. These eight responses were used 
In a hea r  regression to appmxlmate the position of the 
envelope curve and its 95% confidence interval. 

Results 
F~gure 1 shows the array of first-year st~eamilow 

response (Q, ) versus annual precipitation (P) In millimeters 
for 32 watenhed studies. Eight of the points at the upper 
edge estimate a theoretical envelope curve as a function of 
annual preciprtatlon. 

where F = 708, a = 2 x and R2 = 0 99 
The t ~ o  utcs with known values for ground water 

recharge ate shown as black dots, open d~amonds below the 
black dots ~nd~cnte only the mensurd strearnflm resptlnae. 
Relponlz data from watersheds with both m e a s u d  strean1- 
flow and ground ~ a t e r  seepage should fall on the envelope 
curve inclusion of the hrghest data value (black dramond) 
may have unduly influenced the regression, however. its 
exclusion yields virtually the same envelope curve (Q, = 61 
+ 0.28P). Additionally, there ib visually no difference 
between qiks in semiand vs. humid areas w~th mpect to t k  

Table 1 
Changes in Watei- Yield Following Tree Harvesting or Tree Growth 

1st or 
Annual 2nd k r. 
Stream stream 

Annual Flow Flow 
Watershed A m  Vegetation Prccip. w/trees Rcsp0a 

No, Country Imation Name/No. Ha TreeType Mm mm Treatment nun 

I L S A  BeavcrCrL1 1 124 Junrper & Prnycm 457 20 200% Lshlerdhum O 
2 L S A Wdver Cr L ' I  3 146 Jumper & Prnyon 457 18 82'3 he~b 10 
1 C S A Beawer Cr L I t 147 lunipt?~ R Plti)on 457 18 83% herh w 
4 U S 4  k.ipi~n~hltelGtpCY) B 81 Mr .  Aspn 12 Con 536 157 1006 c h n u l  31 
5 L '  A Wagon Wheel GqCO B 52 84% Aqwn 12 Con 5-Xi 157 IWR ~Iearcut 47 
6 b 9 A E.nt11 N X  McCrcc Cr 514 Porulewa & Dg ).lr 579 112 104 burned 91 
7 U S A Entrat WA Bums Cr 563 Ponde~osa & Dg FII 597 155 IOW4 him 74 
K C S A PI&crCo CA C 5 0 1  Woudlvld 635 I45 99%k1tlccl 1 1  1 
9 U S  4 3BdrAZ C 39 C-ral 638 58 10% buincd 122 

10 L'S A Srerra Anchd ,92 WtHLnlan 100 Pondenxi 812 87 8Jr4 clearcut 112 
11 L S A  M a e l l  MS. 4 34 a s p  817 t iI IOtYb upldnd  levc cur I I*  
I:! 1' S 9 Marcell UXa " 4 14 Aspen W 17 162 100% upland cle;urut 180 
13 Japm Krtilr.tn8 Kadunt 17 X ~ s u  I l l3  :YO IW clearcut -35 
14 Japan TatsunoLuchv~ma- 

M ~ r n ~ t a n l  23 4kanlatsu 1 153 29.: 100'4 v lmru l  Z(W 
IS L' S A Ledrig hdge PA. 1977- 2 43 Central h x d w d b  12b5 2 looc* ~ k u t  239 
16 C S 4 f*c.mo\c N VA4 7 24 91ixd h d r d w d s  1217 658 lUOWrle.inul 258 
17 1' S. 4 GI nnt koreu GA 18 165 H a l \ % a d s  L119 467 I(Wj% rlednut 254 
18 U S A  H u k d B m L N H *  2 16 Hardwoodc 13-M 902 100% clearcut 312 
19 L S A H u b h d  Brmk NH*' 2 16 Haidwood\ 1316 001 100l.r ~ k y r v t  '337 
10 Austral Melhoum. Vrctona G~cuxhurn 2TtX) h d y p t u s  14M 850 file mJ regrmsth 240 
21 \ ' S  A bemow WVA 3 W M l r d  hard~ooll\ 1-XI0 607 91%) iledrcut 253 
22 I.' S A Fcnmw WVA I U) M~red  h d w o d s  1 5 4  584 8 5 8  clea~cut (cc) 130 
23 1, S A Cowwtd I\;C 1 16 M r \ d  hydw(~d4 1715 7;4 I{fid4 cc &xi wnc bum 1 SO 
21 U S A  CoweemhC 3 9 Mixed hJrdwood\ 18 I 4  (107 I O W C  clcmut to agr 1127 
25 C S 4 Cowecla KC 6 9 Mired hardwads 1854 838 8OG rle.ir~ut to p s s  261 
26 1' S A Couew hC 17 I4 Mlltcd hddwomir 1895 775 1 CU% clentuut 414 
27 L'S A Coaeeta 1')lO I 3  16 M I W ~  h i u d w d r  1%) 889 lOc4 demcut 362 
28 L S A Cowcet~ 1963 rttp.tr I3 16 M~xed hntvhcnds IW) 889 IW1+ rlescut 375 
29 Kenya K~rn.ak~a A 5 Moniau ard hnmhoo 2014 568 'MI% clearcl 457 
30 U S 4  CowcchYC 37 44 hltxed hdawds 2244 1583 1011% clewcut 255 
31 NZ Mamar M7 5 llirr bat* and hardwood 2600 2 0  101)6 cleaut  650 
12 kp Kr~rhihuch~ 7 3 hlFZ h l w o t d ,  4Od,i ion 2641 2075 100'4 clc,ucut 21% ! 

*Drh are trnnl Rnwh ant1 Hrwlert (l9Y21 or Hmehuh a 51 1%; 
* L B ~ r n \  urth prwnd \tuJrrs (ituhhdrJ B t c d  -Tizdeni.in er al . I W  md M ~ n r l l  Nrihols Vem 2OfKlt hrte .i w ~ o d  line a1 drta mrlh ettinated 

gmund water in~terw* In Hater >reld\ tncludd 



Figure 1. First- (or second-) year streamflow resp6Ge to* hardwood or widely spaced conifer removal. Black diamonds and 
black dots are used to generate an envelope curve for the entire data array. Black dots represent measured ta lus  for ground 
water recharge at the   marc ell and Hubbard Brook sites (the open diamonds below tbe black dots reprwnt streamftow only), 
See Table 1 for locations a d  data murces. 

general rclationshp or the cnvelopc curve (Figure I). Locations plottrng k low the envelope curve rndicate 
According to the regresion model, removal of dectduous significant deep seepage (or leakage at the ctream gauge). 
trees (or widely spaced conifen) from a basin should gamer Sites sign~ficantly d i f fe~nt  from  em seepage fall below 
an extra water yield equivalent to 278 of the annual precip the 95% confidence limit (dashed lines m F~gure 1). The 
itation less a constant of 60 mm. estimates of deep seepage, including points that plot 
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Table 2 
Predicted Total Water Yield Response to the First or Second Year after Tree Hemovel (in mm) 

Predicted F i o r  Predicted Dew- 
Total S d Y e a r  Total &hated Relow 

Watershed i lnnd WaterYIPh3 Streamflow Water Yield Deep Emelope 
Ns. Lucution No. h i p .  l t e s p c ~ ~ e  Rryumsl  Weqmwe Seepage CWve 

------ k ----.-- --- ---- --I 

1 Bz,r\.er Cr. LT I 45 7 64 0 b4 61 12 
2 BzJver Cr, LT 3 457 f4 1 0 b+ -59 12 
3 Redbcr Cf . L"r 3 157 M 30 64 .u 
4 W.agou W k l  Gap. CO B 536 86 -34 86 52 8 
5 Wagon W k I  Gap, CO B 5-36 kb 17 86 39 
6 Enlldt. W h AZCCICC 579 97 91 97 6 
7 Ent~at. W 4  Bums Cr 597 1 02 74 102 28 
X Plaer Co. C 635 112 It1 112 f 
9 XBar, AZ C (538 113 132 113 - 19 

10 6err.4 4 n c h  4/. Workman Cr 813 161 111 161 49 
I I Marcell. Mh' 4 817 162 114 I 62 48 
I 2  M~cctb Mh af~w 4 Xi7 1 62 1x0 1 62 18 
I 3  K I ~ ~ N  ffitatan~ l t l j  242 205 242 37 
14 T&\unnkuch~ym-.MY 1153 L52 2(r) 252 43 
15 Leddmg Rldge. P4, 1977 2 128s 288 239 288 49 
I h Fel now, WV 7 1217 270 258 270 12 
17 Grmt P o m t .  GA 18 1219 270 2-54 270 16 
I8 Hubbml Brook S H  2 13-16 302 312 302 -10 
19 Hubhd  Hrmh. 9H w l g ~  2 1336 303 337 302 35 
20 Mdbcwrc, V~ctona Gncebum 1460 335 240 335 95 33 
I1 Ennow. W V  1 15Or) 336 253 346 93 30 
12 F-cmnw WV I 1524 352 I30 252 222 159 
22 Coseeta I 1725 -km 150 -107 %7 189 
24 COHWIY 3 18 14 43 1 127 43 1 304 3 5  
25 Caweta 6 1 ir51 442 265 442 177 107 
26 Cowccta 17 1895 453 414 453 39 
27 C o ~ e e w  1930 I I I900 4-54 362 154 92 2 1 

1 

28 Cowvccta 1963 rcpcdt 11 1LXX, 454 375 4-54 79 8 
29 KimdLa A 101 4 4SS 457 455 28 
3 O kcncho 5anihtct 37 1244 547 2 55 547 292 214 
31 kl.i~m.ii M7 26tU 643 650 643 7 
32 K m h u c h  2 264 1 ti 54 218 654 436 350 

. - ------ ------ 
k p  \.!rp&g to gn~und adter ( h i d  \rtucQ lr e\tt~rwtcd h) buhtranng nwrcurcd tinr or k.~ond y c u  mponwc tn)m the prcd~ctcd rn\ckp, ~ u n r '  nrponw: 
~ F I ~ U I C  11 Bold \aIucs In the Id,; cult~tnn Are \rgntficanrl> different lu = 0 115) fron~ the hr'enieltlpz c~irevc" ngmuon 



s~gn~ficatly distant from the theoretical envelope curve, 
are tabulated in Table 2. The assigned nun~bers for each 
watershed included in Table 2 are arranged 1 through 32 
(left to right, In F~gure 1). Note that watersheds Nos. 16 and 
17 have nearly identical values and plot as one black dla- 
mond. 

Twenty-seven basins ind~cate deep seepage based an 
their position below the envelope cume The amount of 
deep seepage varies fmm I to 136 mm (0.04 to 17 inches) 
annually. Thlhuteen basins have deep seepage significantly 
beyond the 95% confidence interval (CI, mngmg from 8 to 
350 mm [0.3 to 14 inches)). 

The estimated amounts of deep ieepage average 98 
mm 43 mm (95% CI) and amount to two to five times the 
measured first-year streamflow response. The deep seepage 
esbmates average 45% of measured streamflow on treed 
watersheds pnor to. harvest Deep seepage IS a significant 
component of water and nutrient budgets for many small 
research watersheds. 
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