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Abstract

Evaporation and groundwater fluxes are thought to regulate hydrologic variability in lakes of the northern

Great Plains, but little is known of how the relative importance of these processes may vary in time or space. To
address this issue, we measured the isotopic composition of water (d!80O, d?H) from 70 closed-basin lakes in
southern Saskatchewan, Canada. All lakes occupied endorheic basins along a long gradient of salinity (0.2-115 g
total dissolved solids L 1). Lakes exhibited synchronous seasonal changes in salinity (synchrony, S  0.78) and
d8O (S  0.84) during the dry summer of 2003 (195 mm rain), whereas coherence was reduced to 0.56 and 0.22,
respectively, during the wet summer of 2004 ( 295 mm rain). However, despite evaporative enrichment of
isotopic ratios during dry summers, hydrologic balances were regulated mainly by changes in water inflow (I)
rather than evaporation (E) in both wet and dry years, with particularly strong influence of inflow (lowest E: 1
ratio) in dry southwestern regions. Analysis of isotopic composition also identified winter precipitation or
groundwater as the most influential source of water to most lakes, despite only 30% of annual precipitation
being delivered during winter. Therefore, although seasonal variability in lake chemistry was influenced by
evaporation during summer, long-term mean chemical characteristics of prairie lakes were regulated mainly by

changes in winter precipitation or groundwater influx

Lakes are abundant in the northern Great Plains (Last
1992) despite intense evaporation (Pham et al. 2008) and net
precipitation deficits of 40 cm yr 1to60 cm yr !(Lairdetal.
1996). In general, inter-annual variability of meteorological
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conditions that affect the persistence of lakes (temperature,
seasonal precipitation) is regulated by the interplay between
air masses arising over the Arctic, Pacific Ocean, and Gulf of
Mexico (Bryson and Hare 1974), as well as global atmo-
sphere—ocean systems such as the El Niflo-Southern Oscilla-
tion (ENSO; Trenberth and Hurrell 1994), North Atlantic
Oscillation (NAO; Hurrell 1995), and the Pacific Decadal
Oscillation (PDO; Mantua et al. 1997). In addition, at a
regional scale, the spatial and temporal variability of prairie
lake hydrology is also affected by groundwater fluxes (van der
Kamp and Hayashi 1998; Fritz et al. 2000) and by an
unusually high supply of runoff from large catchments, most
of which is derived from winter precipitation (Steppuhn 1981;
Akinremi et al. 1999). However, despite these generalities,
little is known of the specific conditions under which
evaporation or water influx may control changes in lake
chemistry and persistence, nor of the relative importance of
summer and winter precipitation in the hydrologic budget of
local and regional lakes. Consequently, an improved under-
standing of the basic hydrology of prairie lakes is needed to
both forecast the effects of future climate change on lakes of
the northern Great Plains, and to better interpret paleolimno-
logical records of past climate variability in the region.
Prairie lake hydrology and chemical composition are
regulated by transfers of energy and mass to lake basins
(Pham et al. 2008). Inputs of energy tend to synchronize the
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Table 1.  Summary characteristics of study lakes. Abbreviations include Elev (elevation), cond. (conductivity), temp. (temperature), DOC
(dissolved organic carbon), TKN (total Kjeldahl nitrogen), TDP (total dissolved phosphorus), and ND (not determined). Surface-water
temperature measured at 1-m depth. Stratification (strat.) is designated as T (thermal), N (no stratification), or meromictic (M). Isotope values
from 2004 spatial survey. d!80 corrected for salinity. First 20 lakes (Antelope—Wolverine) were also sampled in each season (data not shown).

Latitude Longitude Vol. Surface Elev. Zmax Salinity Cond. Temp.

Lake (°N) (°W) (m33100) area (km2?) (m) (m) (gL 1Y (NS cm 1) (°C)  Strat. pH
Antelope 50 17 108 24 62.9 13.8 7009 5.2 10.7 17060 21.4 N 91
Arthur 52 34 105 26 11.5 2.9 540.5 4.0 16 19560 176 T,M 82
Charron 5224 104 20 13.9 4.0 5555 5.0 7 10640 18.5 N 9.0
Clair 5159 104 03 2.0 1.2 5238 3.0 22 4033 18.5 N 89
Deadmoose 5219 105 10 74.6 10.9 538.5 299 19 26250 186 T,M 9.2
Edouard 5223 104 20 2.8 1.0 5804 5.0 0.3 625 18.7 N 89
Fishing 51 50 103 30 175.5 32.1 5294 19.5 22 3589 19.1 N 86
Humboldt 5209 105 06 70.5 19.1 5435 6.0 1.5 2383 19.4 N 85
Kipabiskau 52 34 104 12 19.4 52 5219 8.0 0.4 672 19.7 N 87
Lenore, N. basin 52 30 104 59 1.4 0.5 536.8 10.0 3 1056 19.8 N 84
Lewis Crk, S. basin 5126 105 31 1.7 2.0 5255 1.3 1.7 3062 20.3 N 85
Little Manitou 5145 105 30 40.1 12.8 4929 43 50.7 66800 20.2 T 85
Middle 52 34 105 10 8.2 5.9 5339 4.0 33 38960 18.7 T 88
Rabbit 52 36 107 00 9.1 4.6 5043 49 5.6 8530 19.3 N 94
Redberry 5243 107 09 531.5 60.7 501.5 15.5 12.2 17480 19.2 T 8.7
Shannon 52 38 105 26 2.6 1.0 5489 7.3 2.4 3986 18.9 N 89
Success 50 29 108 01 3.3 0.7 7154 20.0 28 26130 19 .M 99
Wakaw 5240 105 35 36.0 10.7 510.5 10.0 22 3488 19.5 N 95
Waldsea 5217 105 12 37.2 4.7 533.1 129 17.5 22650 183 T,M 8.7
Wolverine 5201 105 14 3.4 1.4 566.3 1.5 44 8670 18 N 84
Alioth 52 30 109 33 ND ND 642 0.09 8.6 16300 30 N 86
Aroma 5215 108 33 ND ND 630 0.42 41.6 60600 23.9 N 86
Bitter 50 06 109 47 ND ND 733 0.12 25.5 35570 19.4 N 89
Blackstrap 51 44 106 28 ND ND 570 7.4 0.3 471 19.2 N 85
Brightwater 5136 106 32 ND ND 549 5.9 0.2 390 20.2 N 82
Coldspring 5220 108 34 ND ND 642 0.36 20.6 31030 25.1 N 87
Cutbank 50 32 106 59 ND ND 700 2.12 2.5 415 19.2 N 10.0
Cypress 49 28 109 28 ND ND 969 2.8 0.5 861 17.3 N 85
Dewey 50 35 107 03 ND ND 712 1.6 12.3 17920 18.2 N 95
Eaglehill 5222 109 00 ND ND 636 0.17 11.7 20510 27.3 N 95
Elkwater 49 40 110 17 ND ND 1228 8.5 0.2 451 18.8 N 88
Farewell 5228 109 22 ND ND 580 0.07 22 4340 28.5 N 91
Freefight 50 24 109 06 ND ND 1224 16 32.3 45890 214 T,M 88
Gull 50 06 108 29 ND ND 660 5 1.5 2595 19 N 85
Handsome 50 29 107 23 ND ND 754 1.3 2.6 4107 17.9 N 9.0
Harris 49 48 109 30 ND ND 851 4.1 0.3 499 19.1 N 89
Hazlet 50 24 108 38 ND ND 717 3 1.4 2354 18.2 N 8.6
Ingebrigt 50 21 109 21 ND ND 710 4.8 3.9 6610 21.8 ND 9.0
Island 49 07 108 13 ND ND 874 2.6 0.2 320 19.9 ND 10.2
Junction 49 58 109 31 ND ND 860 8.6 0.8 1495 19.8 N 88
L. Manito 52 36 109 35 ND ND 601 1.68 10.4 19140 29.2 ND 9.6
Lonetree 50 29 106 56 ND ND 576 3 33 5260 18.2 N 96
Luck 5103 107 03 ND ND 577 0.43 17.1 24950 19.9 N 9.1
Macklin 5219 109 56 ND ND 639 1.54 1 1877 22.5 N o9l
Manito 52 47 109 46 ND ND 591 5.71 24.9 40420 26.6 T 8.6
Mason 50 21 109 22 ND ND 689 0.96 7.7 12390 21.4 N 82
McLean 52 36 109 22 ND ND 613 0.09 26.3 47050 29.6 N 91
Milden 51 24 107 25 ND ND 590 0.25 8.4 14760 25.7 N 86
Notokeu 49 45 108 16 ND ND 711 1.8 2.7 4287 17.4 N 9.2
Opuntia 5147 108 34 ND ND 606 0.24 8.3 15370 29.5 N 92
Pellitier 49 59 107 56 9.7 29 825.0 8.5 0.4 654 18.6 N 88
Pike 51 54 106 49 ND ND 478 2.2 0.2 403 22 N 86
Reesor 49 39 110 06 ND ND 756 6.3 0.2 285 20.1 N 87
Reflex 5239 110 00 ND ND 589 1.9 115.8 137800 25 N 93
Richmond 5159 108 01 ND ND 662 0.43 37.7 54800 23.3 N 88
Shrimp 5135 108 37 ND ND 680 2.4 0.5 851 21.1 N 88
Sink 5226 109 11 ND ND 624 1.86 4.5 8430 26.7 N 88
Snakehold 50 30 108 28 ND ND 858 3 52.7 70600 21.4 ND 52
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Table 1. Extended.
HCO; DOC Cl SOy Na K Ca Mg TKN TDP d?H disO
(mgL ) (mgL ") (mgL ') (mgL ) (mgL!) (mgL!) (mgL!) (mgL!) (meL 1) (L) (%) (%0)
914.4 68 524 12478 3670 265 14 1650 4062 250 79 7.3
190.0 61 467 33265 3240 370 49 4360 3681 253 85.9 5.3
802.3 39 424 8689 1490 210 46 1630 2491 131 66.6 5.3
ND ND 79 2511 584 63 126 285 1722 103 99.6 8.3
134.6 41 7136 14673 5950 303 48 1900 2607 62 74.6 6.7
ND ND 6 209 30 22 35 59 1983 20 84.3 6.5
461.0 19 64 2366 344 76 98 406 1187 16 67.8 6.8
368.2 21 176 1271 199 64 104 240 1474 111 ND 8.0
ND ND 8 201 26 11 47 50 742 9 95.8 8.8
251.2 35 215 4670 748 169 40 900 2233 28 84.6 7.8
242.5 32 71 1889 307 61 142 264 1907 610 93.5 8.5
167.5 159 19009 49690 16500 905 48 10950 6337 437 85.7 4.5
1365.7 143 2760 51587 9990 768 25 9450 8009 324 77.8 4.6
108.2 36 157 7296 1250 134 33 1230 2214 57 80.9 6.5
412.1 39 273 17584 2580 230 18 3020 1973 35 65.3 5.7
323.3 23 51 2936 271 110 59 640 1465 40 66.6 6.3
1771.4 53 1286 20182 6900 406 5 2400 2951 84 82.7 6.1
3001.7 16 79 1261 336 36 220 356 934 15 83.3 7.6
402.3 31 4973 20214 3860 317 325 3360 2027 45 100 6.8
1158.9 44 292 20214 739 173 189 900 2864 68 82 4.7
412.3 60 1467 27277 7780 244 50 1730 5123 681 97.7 9.3
1259.6 268 7071 64670 14700 1140 26 10080 8933 555 85.5 6.5
540.2 59 3724 25455 10825 390 5 1420 3010 713 73.4 5.3
495.4 10 11 129 39 6 37 26 707 17 114.8 12.8
158.6 8 9 90 30 4 35 19 406 12 126.2 14.8
791.0 219 1848 24069 7530 372 14 3020 9564 900 91.5 8.0
117.8 36 55 2265 930 53 25 242 2287 63 63.4 5.7
311.6 19 9 204 106 19 44 61 1604 567 86.4 7.7
166.8 50 482 26364 3570 283 23 2330 3255 37 90.7 7.7
729.4 158 2967 7573 4830 314 19 298 9786 409 82.9 5.4
312.5 12 28 31 23 5 38 38 658 9 91.3 9.7
750.1 43 136 830 871 24 14 17 6338 1991 95.4 9.0
812.4 212 9363 92923 9580 2010 16 7840 5317 329 81.9 5.1
227.4 23 88 1261 466 35 97 212 1887 433 107.5 11.2
513.7 45 34 2163 930 73 72 182 3138 937 87.2 7.0
402.7 14 6 145 54 7 29 27 865 52 125.6 14.2
271.6 23 32 1098 336 21 90 202 1821 464 116.3 10.8
892.5 40 295 2891 1530 18 21 272 2343 260 100.9 9.6
39.7 19 3 15 8 19 26 16 1504 103 88.9 10.3
262.6 17 42 618 200 16 72 78 1243 389 113.7 11.3
2494.7 341 976 7122 5090 187 1 232 3907 960 75.7 3.1
387.1 41 76 2689 1230 80 12 238 2823 67 77.7 6.0
227.6 91 865 32568 5190 400 33 3400 6345 204 80.3 6.8
692.4 48 69 377 416 39 25 52 3538 944 98.7 8.0
657.8 130 660 32883 13500 318 21 1050 9081 381 85.8 33
181.9 54 3304 19153 12350 326 2 495 3142 354 108.6 7.1
1131.7 155 651 6589 3020 42 23 532 4140 346 82.4 7.0
342.4 74 289 18837 1850 255 263 2100 4939 205 87.6 6.0
984.2 30 42 1704 1210 41 21 83 ND 1182 88.2 7.9
571.3 50 693 7013 3500 120 41 416 3948 214 64.4 3.6
353.6 12 21 181 88 17 22 76 852 16 85.2 9.0
180.7 12 19 50 38 5 21 28 854 10 97.5 8.8
491.5 6 1 17 4 2 43 14 410 10 98.8 10.7
5888.8 818 64038 6788 47400 273 1 151 2286 18 87.1 2.8
690.0 293 1204 61961 17300 840 17 5390 6174 287 90.1 6.6
206.6 27 23 350 66 40 46 71 1965 52 94 8.9
1291.9 68 708 2465 2020 72 36 254 6352 4454 88 6.5
136.3 402 14043 77307 18400 934 87 12400 2067 1408 86.4 6.0
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Table 1. Extended continued.
HCO; DOC Cl SO, Na K Ca Mg TKN TDP d?H dieo
(mgL ") (mgL!) (mgL ) (mgL ) (@mgL ") (@mgL!) (@mgLY) (@mgLYH (meL ! (ML (%) (%0)
370.0 188 584 4040 5090 444 12 3500 7099 131 79.8 5.6
276.6 18 5 32 39 5 22 40 1149 12 77.8 6.3
891.6 54 353 22289 2840 236 13 2010 3046 103 81.8 5.8
584.7 47 56 1903 784 52 73 199 3982 344 98.7 9.2
2172.7 604 3783 35438 17400 971 3 1480 61 865 77.6 34
940.3 185 16187 53524 24000 532 658 4220 10292 1455 79.2 53
426.5 69 5010 84601 28000 544 39 1640 4880 181 76.6 4.5
3459 50 85 7166 1120 135 381 1140 3215 51 87.6 7.1
666.1 337 1358 89644 18100 642 398 7580 3816 375 83.3 5.8
800.6 348 1764 6229 5500 558 1 27 5227 2463 92.6 4.9
1301.6 156 1260 12195 4920 329 3 1280 5132 211 75.9 4.2
657.7 241 3026 121724 43100 814 46 6460 10071 220 86.6 5.9

Although highly seasonal patterns of evaporation can also
increase observed slopes of LEL relative to theoretical
expectations (Gibson et al. 2008), the relative humidity at
our sites during April to September was too low (monthly
mean 48%) to greatly bias LEL determinations.

In our analysis, dp was derived directly from measure-
ments of precipitation during 1990-2005 (Environment
Canada unpubl.), whereas d* was derived using the
equation of Gat and Levy (1978; Gat 1981),

0 ggooron — hdy ze | b€ 10€ e ™

in which h is evaporation flux-weighted mean annual
humidity derived from long-term climate normals (Envi-
ronment Canada, http://www.climate.weatheroffice.ec.gc.
ca) of humidity and evaporation (R. Warren, Agriculture
and Agri-Food Canada, Regina, Canada pers. comm.), da
is a measure of atmospheric moisture that is assumed to be
in equilibrium with dp (Gat and Bowser 1991) as

dya — dp { e* 2
and eis the total isotopic separation factor calculated as
€disoorczn — € Z €&k 3

In both Eq. 2 and 3, €* is the equilibrium fractionation
effect that describes mass-dependant partitioning between
IH 160, 'H 2H!60, and 'H!®O (Horita and Wesolowski
1994) and is a value that is not significantly different from
those reported by Majoube (1971) for temperatures ranging
from 0°C to 25°C. Thus €* is estimated empirically from

e qso — 10°lna— L7.685= 6.7123 | 10° | T
£ 1.6664 |
Z 0.3504 |

100 T 4
100 1O

and,
e pu — 10°ma— 11588 | T3 | 10©

L£1620.1] T> | 10¥° = 79484
I T 108 L£161.04=29992
1 100 1%

where T is evaporation flux-weighted temperature in Kelvin
(K) obtained from Environment Canada long-term climate
data (http://www.climate.weatheroffice.ec.gc.ca). In contrast,
ek in Eq. 3 is the equilibrium kinetic effect that describes the
differences in molecular diffusivities of isotopes, and which
varies as a function of the relative humidity deficit of typical
lake evaporation. We estimated ek using the equations
derived by Gonfiantini (1986) and Araguas-Araguas (2000);

d(d2H~12~5I l{h 6
and

d(dISO —~ 142 I 1{h 7

Finally, the parameter dsg, which represents the expected
isotopic composition of a closed basin fed by dp in isotopic
steady state (e.g., E:1 1) was determined by

{1
dss disoorder — dpZ m Jd* | 1zZzm 8

where

mazooran — hgL 108 e

| i{h=z 108« ©

In this calculation, m is the enrichment slope defined by
Welhan and Fritz (1977) and Allison and Leaney (1982).

Isotope mass-balance—To determine the relative influence
of evaporation and water inflows on the water balance of
individual lakes, we calculated E: 1 ratios using the surface-
water d?H and d!8O values observed in the 2004 spatial
survey, local climatic parameters (humidity, temperature,
evaporation), and experimentally determined fractionation
factors described in the previous section. In this calculation,
we assumed that all lakes receive water only from precipi-
tation (closed basins), that each lake is well mixed, and that
all sites are in isotopic steady state (Gibson and Edwards
2002). With these assumptions, the E : I ratio was calculated
for each lake using both d!80O and d?H as,

E lasooran — GLde 1 de L ¥ 10

where d; represents the isotopic value of input to each lake
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Fig. 2. (a) Isotopic water-balance model identifying a Sas-
katoon, Saskatchewan, Canada-based Local Meteoric Water Line
(solid line; LMWL) and theoretical Local Evaporation Line
(dashed line; LEL). Data for LEL were based on Saskatoon long-
term (1971-2000) climatic parameters. LMWL is defined based on
mean annual amount-weighted isotopic signatures of total (dp),
summer (Opsummer), and winter precipitation (dpywineer), as well as
the mean isotopic value groundwater (dgroundwater)- Oss 1is the
isotopic value of a basin in isotopic steady state (evaporation
inflow) and d* is the theoretical limiting isotopic enrichment (both
closed circles) of a desiccating basin if fed by amount-weighted
average precipitation. (b) The position of an individual lake (grey
circle) along the LEL can be used to determine the rela-
tive importance of evaporation (E) and water inflow (I), whereas

basin and was estimated as dp, di is the isotopic value of
surface waters at each site, and dg is the isotopic composition
of evaporation which cannot be directly measured. Fortu-
nately, dg can be estimated using a robust linear resistance
model of Craig and Gordon (1965) which quantifies the
isotopic behavior of surface waters evaporating under
normal conditions. This linear resistance model takes into
account both equilibrium fractionation effects and kinetic
fractionation effects, and is most appropriate for regions with
either low relative humidity during summer ( 50%), or low
seasonal variation in evaporation (Gibson et al. 2008). The
equation for dg is reformatted from Craig and Gordon (1965)
by Gibson and Edwards (2002) and Gibson et al. (2002) as:

de— 1z108e | doLhdsLe
I 1€hz108« © !
and, with substitution of Eq. 10 and 11, yields
E Tasooraon — 1€Lhz 100 &
Ihgte T g T’

dLd 1 dLad ™

When calculated as above, E:I is unity when a lake
exhibits steady-state evaporation (E 1), whereas a ratio
greater than one indicates a basin desiccating towards its
theoretical limiting isotopic enrichment, and E: 1 1.0
indicates a basin with inputs that exceed evaporative losses
(Fig. 2b). Although it is possible to derive E:1 estimates
using either d!80 or d2H, we used d!80-based estimates
because they are more commonly used by other researchers
(Gibson et al. 2005), and because there was good
correlation between d!80- and d?H-derived estimates of
E:1 (r 0.7, p 0.001). In prairie lakes, addition of
isotopically depleted groundwater will lead to an underes-
timate of E:I when estimated relative to the theoretical
LEL, but will not alter the general conclusions concerning
the relative importance of evaporation and water influx as
controls of overall lake hydrology.

We approximated the relative influence of summer
precipitation vs. winter precipitation by determining the
perpendicular distance of each basin to the theoretical LEL
using the 2004 spatial survey data and following the
procedures of Wolfe et al. (2007). In lakes without
groundwater, positive values represent conditions in which
surface waters are more similar to the isotopic values of
summer rainfall (dpgummer) than would be expected from the
amount-weighed input of precipitation, whereas negative
values suggest that lake water is more characteristic of
winter precipitation (Opyiner; Fig. 2b). In instances where

r

offsets of individual lakes from the LEL can help identify the
relative influence of summer (S) and winter (W) precipitation on
the isotopic signature of lake waters (Wolfe et al. 2007). See
Methods for further details.
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Fig. 3.

Seasonal changes in Z-transformed time series of (a) lake water salinity (g TDS L 1), (b) d!80 signatures, and (c) d?H during

a year with a dry (2003) and wet (2004) summer. Seasonal samples were collected during a 2-week interval centered around calendar day-

of-year (DOY) 120 (spring), 200 (summer) and 280 (autumn).

Because isotopic enrichment was greater in mid-summer
(DOY  200) than during autumn 2004 (DOY  280;
Fig. 3), calculated E:I ratios based on DOY 200 likely
overestimated the importance of evaporation to annual
water balances. As expected, the isotope signatures of lakes
were more similar to that of winter precipitation or
groundwater than to that of summer precipitation during
2004 (Fig. 5b). Specifically, 72% of lakes had isotopic
values that fell below the theoretical LEL during 2004, with
a mean (6SD) distance to LEL of 4.22 6 6.22.

Unexpectedly, seven lakes exhibited positive offsets from
the LEL that were in excess of that expected from mean
summer precipitation during the past 15 yr.

Ratios of E:I were spatially structured in 2004, with
greater influence of evaporation in the northwest, and
greater effects of water inflow in the southwest and
northeast (Fig. 6a). In particular, the strong north—south
gradient of E:I observed in western lakes (longitude

107°W) contrasted sharply with estimates of mean annual
precipitation deficit based on long-term meteorological



