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Ecosystem Services and Watershed Management: A Literature Survey of Landscape Manipulation to Augment Water Supplies
by Dale Turner

In the arid Southwest, water supply has always been an issue for human land use planning. Within Arizona, recent warnings of long-term drought, coupled with rapid population growth, have led to renewed discussions of augmenting natural water supplies. Ideas include cloud-seeding to increase precipitation and manipulating vegetation to generate more run-off. 


At the same time, The Nature Conservancy is working through several venues to improve the health of Arizona’s forests and grasslands through better land management. While our primary focus is on the maintenance or improvement of native biological diversity, one line of reasoning to support better management has been that healthy forests and grasslands provide various services to the public, including renewable supplies of clean water.

An uncomfortable twist on this ecosystem service concept is the notion of forcing the land to provide more water.


The first study of paired watershed treatments was conducted in 1909 in Colorado, but the largest is a series of experiments conducted by the US Forest Service and partners within Arizona’s Beaver Creek watershed. This 275,000-acre area in the Coconino National Forest was established as an experimental area in 1956. Paired sub-watersheds were used to evaluate the effects of various treatments against neighboring control sites, with measurements taken on streamflow, sediment production, vegetation, timber production, recreational value, wildlife and livestock use. Several unplanned comparisons were made possible by fires that burned through this and adjacent watersheds. Treatments were completed by 1983, but publications continued through the 1990s, sometimes with early conclusions being significantly modified in later analyses.

There have been many papers published on various aspects of the Beaver Creek watershed and other water augmentation studies. For this review, I have summarized 14 primary or synthesis publications that deal with forestry and water issues, including some from other parts of the Southwest. I read but did not summarize an additional 20 publications which either covered issues tangential to this review or which were superceded by later or more-detailed reports. 

To summarize the overall results, the amount of water flowing out of a watershed can be increased by removing vegetation, but only in areas of relatively high precipitation (e.g., ponderosa pine forests), only temporarily, and at the cost of higher sediment loads and loss of some wildlife species. Significant increases cannot be realized from forest thinning, but require more intensive treatments such as clearcutting. The increase in water supply resulting from treatment on a large-watershed or landscape scale could be logically inferred, but probably could not be accurately measured as distinct from natural variations.
GENERAL TOPICS

Hibbert, Alden R. 1979. Managing vegetation to increase flow in the Colorado River Basin. USDA For. Serv. Gen. Tech. Rep. RM-66. 27 p. Rocky Mt. For. and Range Exp. Stn., Fort Collins, Colo.

This early summary looked at the potential for increasing water supplies on a regional basis, compiling the current state of knowledge for manipulation of all major vegetation types and extrapolating to a regional scale. As stated in its introduction: “The combined surface and ground water supplies in the Colorado River Basin are generally adequate for current needs. However, growing demands and use of water in the Colorado River Basin could result in a widespread water shortage as early as 1995...One method of augmenting the water supply is management of forest and brush lands to increase streamflow.” It offered the increase of 6 million acre-feet of water annually, after clearing forests or shrublands from 16% of the basin. But it noted that consideration of other social and environmental concerns would “tend to greatly reduce both treatment area and effectiveness.”

It describes increased streamflow as an amount equal to the net reduction in evapotranspiration from an area. There is little potential for increased streamflow where precipitation is lower than 18 inches and the weather is relatively warm, since much soil moisture is lost to direct evaporation and any replacement vegetation community would use about the same amount. Likewise, there is little potential in cold wet climates (e.g. tundra) because water use by existing vegetation is low.

It describes 4 major ways to reduce evapotranspiration by manipulating vegetation:

1. Reduce stand density.

2. Convert from one cover type to another that uses less water.

3. Create forest openings to collect snow in drifts, reducing evaporation.

4. Place hedgerows or fences to collect snow drifts on otherwise open plains.

It provides a conceptual scheme for producing an extra 4 million acre-feet in the Upper Colorado River basin and 2 million a-f in the lower basin. This would require treating 33% of the ponderosa pine and mixed conifer forests, along with 5-22% of the other mid- to high-elevation vegetation communities.

It concludes by noting that, while streamflow increases had been demonstrated on small experimental watersheds, “there is no assurance that the water yield increases projected here can be physically demonstrated at downstream reservoirs or points of use, even if transmission losses are negligible, since increased flows may not be detectable by conventional measurement techniques after combining with flows from other sources...The amount of water yield increase resulting from treatment must be taken on faith unless special gaging and statistical controls are implemented to verify the increases.” (my emphasis)

Bosch, J.M., and J.D. Hewlett. 1982. A review of catchment experiments to determine the effect of vegetation changes on water yield and evapotranspiration. Journal of Hydrology 55:3-23

This article reviewed and summarized 94 experiments world-wide and reached the conclusions that reduction in forest cover increases water yield, and establishment of forest cover on sparsely-vegetated land decreases water yield. The highest response came from conifer forests, with lower response from deciduous hardwood forests and very little response from scrub or grassland.  The level of increased outflow declined rapidly during the first five years in most cases. Comparing studies, the amount of increased water yield was clearly associated with higher annual precipitation, but increases were more persistent in drier areas because of slower vegetation recovery. Reductions in forest cover of less than 20% apparently do not change water production that can be detected by measuring streamflow.

Stednick, J.D. 1996. Monitoring the effects of timber harvest on annual water yield. Journal of Hydrology 176: 79-95.

This article reviewed and summarized 95 studies, from the U.S. only, on increasing streamflow by timber removal. It was intended as an update on the Bosch & Hewlett (1982) review, but also reflects a more sophisticated hydrological perspective, in contrast to the forestry perspective dominant in most studies.

This review confirmed previous conclusions that increased flow can be achieved, but declines over time and varies according to vegetation type and rainfall. Analysis of 35 studies in the Rocky Mountain/Intermountain region showed that at least 15% of a watershed here must be cleared before there is measurable increase in streamflow. It noted that recovery of the full natural hydrographic regime, including peak flows, low flows, and nutrient transport processes, has not been well-studied. Most studies that discuss “recovery” put that strictly in terms of total annual flow. The one contrary example, dealing with an Oregon logging study, found that the area’s hydrographic regime had not returned to pretreatment conditions 28 years after logging, though annual water yields were back to normal.

Troendle, C.A., 1983. The potential for water yield augmentation from forest management in the Rocky Mountain Region. Water Resources Bulletin 19: 359-373.

This article reviewed research on increasing streamflow through concentration of snowpack, an effect of creating openings in forest canopies. Because of changes in aerodynamics of the canopy surface, small clearcuts collect more snow (28% more in one study) than the adjacent forest upwind, with corresponding reductions in snowfall downwind. The deeper snowpack, constrained by adjacent forest, loses less water to sublimation that comes from loose snow that clings to trees or is moved about by the wind. However, snowpack in clearings gets more direct sunlight and thus loses more to evaporation, at a rate that depends on the clearing size (smaller patches have more shading from adjacent forest). Because there is no net change in precipitation on a watershed scale, the gains and losses appear to balance, so 6 different studies found no significant effect on water yield. There were effects on patterns of snow melt, with treated areas melting off sooner and the snowmelt flow rate rising faster. Also, the reduced transpiration from tree removal yielded increased total flow, as shown in other studies. 

Huff, DD, B Hargrove, ML Tharp, and R Graham. 2000. Managing Forests for Water Yield: The Importance of Scale. Journal of Forestry, 98(12):15-19.

This recent paper uses modelling to determine the increased runoff to be expected from a watershed after forest thinning. They start from the assumption that there will be an increase, though the amount of increase will be controlled by size of the area treated and the intensity of treatment. They also assume that only a small proportion of a watershed will be cut over, due to physical and social constraints (e.g., private land, protected areas, vegetation communities with naturally low plant density). Their conclusion is that, the net change in annual runoff may be indistinguishable from normal interannual variation unless the watershed is quite small. Such small increments, predicted here at less than 5% increase, could significantly increase the total volume of runoff if the watershed is large, but we may be unable to prove it due to insufficient accuracy of stream flow measurements and interannual variability. They noted that USGS considers stream-flow measurements within 5% of the actual value for 95% of observations to be “excellent”, but that potential increases in flow fall within this margin of error.

Baker, M.B., Jr. 1982. Hydrologic regimes of forested areas in the Beaver Creek watershed. USDA Forest Service, General Technical Report RM-90. 

Basic descriptions of inflows and outflows in the Beaver Creek watershed. Also good maps. 

The Beaver Creek watershed is on volcanic soils, and ranges in elevation from 3,100-8,000 feet. Four types of vegetation dominate, in zones of rising elevation: semi-desert scrub, Utah juniper, alligator juniper, and ponderosa pine. Research efforts have focused on the latter three communities, with some authors grouping the two juniper types into a single pinyon-juniper community.

	
	Utah juniper
	Alligator juniper
	Ponderosa pine

	Annual precip (in)
	18.0
	20.7
	25.5

	Evapotranspiration
	17.0
	15.9
	19.9

	Annual water yield
	1.1
	4.8
	5.6


This analysis concluded that the inherent low water yield of Utah juniper means that the existing vegetation or its replacement, post-manipulation, will use most of the water that falls. The naturally low vegetation density in alligator juniper communities means that very little increase in water yield can be gained from manipulation. Thus ponderosa pine communities are the only ones of these three types where there is likelihood of significantly increasing water yield.

PINYON-JUNIPER

Lopes, V.L.; Ffolliott, P.F.; Gottfried, G.J.; Baker, M.B., Jr. 1996. Sediment rating curves for pinyon-juniper watersheds in northern Arizona. Hydrology and Water Resources in Arizona and the Southwest. 26:29-33. 

Three pinyon-juniper watersheds feeding Beaver Creek were treated in 1964 to reduce tree cover:

1) 131-ha mechanically cleared by a cable pulled between 2 bulldozers (watershed 1). This did not result in significant increases in annual water yield. It did result in significantly higher suspended sediment levels in stream flows.
2) 51-ha control, untreated.

3) 147-ha sprayed with herbicide (picloram, 2,4-D) but not cleared (watershed 3). This reduced transpiration and left some shading of the soil by the dead trees. This resulted in an increase in annual water yields of about 160%. It caused elevated levels of suspended sediment, but not significantly different from the control.
Baker, M.B., Jr. 1984. Changes in streamflow in an herbicide-treated pinyon-juniper watershed in Arizona. Water Resources Research. 20:1639-1642. 

This is a more-detailed discussion of water yield on the herbicide-treated area described by Lopes et al. (1996). Eight years after herbicide treatment, the dead trees were removed and the slash burned in place. The initial increase in annual water yield declined over time, so that yields in the 6th year after tree removal were no different from the 11 years pretreatment. As an apparent corollary to the short-term increase in runoff, measurements of a single large storm event 2 years post-herbicide showed that the untreated control watershed had lower total runoff, lower peak flows, and shorter flow duration, but it had higher soil moisture recharge (81% of precipitation recharged, vs. 73%).
PONDEROSA PINE

Rich, L.R. 1972. Managing a Ponderosa Pine Forest to Increase Water Yields. Water Resources Research 8(2): 422-428.

This reported on one of the earliest water-augmentation studies in Arizona. Using paired watersheds that feed Castle Creek, near Alpine, the study involved an assortment of clearcuts and thinning on one watershed and compared its runoff to an adjacent, uncut watershed. The author tested for changes in runoff by comparing regression lines between annual runoff from 10 years pre-treatment to runoff in the 4 years post-treatment. He found a net increase in runoff, though the highest flows were in the second year post-treatment, a year with the highest rainfall during the whole study period. That wet year, along with a small number of data points post-treatment, appears to have skewed the regression analysis in a way that overstates the treatment effect. He also noted that there was no increase in sediment, but provided no data on that.

Baker, M.B., Jr. 1986. Effects of ponderosa pine treatments on water yield in Arizona. Water Resources Research. 22:67-73.

Using paired Beaver Creek watersheds in ponderosa pine, annual water yield changes were measured for 3 levels of clearing (100%, 77%, 33% overstory removal; watersheds 12, 17, 8) and 3 levels of strip cuts (68%, 57%, 31% overstory removal; watersheds 16, 14, 9), along with a control plot for each treatment. Water yields increased on all treated watersheds, with the greatest responses associated with the highest levels of clearing. Increases ranged from 15-45% in the first year after treatment, but declined rapidly as the pine overstory was replaced by Gambel oak and other vegetation. Water yield from the completely cleared watershed was statistically the same as its control after 7 years, as it was on the heavily thinned watershed after 10 years and the lightly thinned watershed after 6 years. Water yield from strip cut treatments returned to normal in 3 to 7 years.
Lopes, V.L. and P.F. Ffolliott. 1995. Effects of forest harvesting practices on streamflow-sediment relationships for southwestern ponderosa pine watersheds. In: Ward, T. J., ed. 1995. Watershed management: Planning for the 21st century. American Society of Civil Engineers, New York, pp. 64-72.

This study reports on sediment yields from two Beaver Creek treatments: 100% clearcut (watershed 12), and strip cut with 57% removal (watershed 14), and the control described by Baker (1986). Data were collected 8 years after treatments. Both treatments produced significantly higher concentrations of suspended sediment, with levels off the clearcut watershed more than 5 times greater than the control, and 2 times greater off the strip cut.
DeBano, L.F., M.B. Baker, Jr., P.F. Ffolliott, and D.G. Neary. 1996. Fire severity and watershed resource response in the Southwest. Hydrology and Water Resources in Arizona and the Southwest 26:39-43.

A May 1972 wildfire, the Rattle Burn, affected 290 ha of even-aged ponderosa pine stands in the watershed of West Fork of Oak Creek. Three small watersheds with different fire intensities were measured for runoff effects during 1973-1975:

1) A nearby, unburned watershed was used as a control.

2) Moderately burned, with fire generally confine to the forest floor. Fire intensity estimated at 9,000 kjoules/sec/m.

3) Severely burned, with most trees killed. Fire intensity estimated at 35,000 kjoules/sec/m.

	Fire intensity
	Mean annual water yield (cm)
	Highest annual peak discharge (m3/s/km2)
	Number of runoff events, 1972-1975
	Total suspended sediment yield, 1972-1975 (kg/ha)

	unburned
	0.5
	0.01
	6
	3

	moderate
	2.0
	0.24
	15
	20

	severe
	2.8
	4.07
	25
	1,559


Most sediment losses occurred during first two years. It is expected that elevated runoff and sediment yields will continue longer on watersheds with more severe fire intensity.

Szaro, R.C., and R.P. Balda. 1979a. Effects of harvesting ponderosa pine on nongame bird populations. Research Paper RM-212, Rocky Mountain Forest and Range Experiment Station, USDA Forest Service.
Szaro, R.C., and R.P. Balda. 1979b. Bird community dynamics in a ponderosa pine forest. Studies in Avian Biology 3:1-66.

These two publications cover the same material from Beaver Creek, the latter in greater depth.
This study compared bird abundance and richness over 2 years in a control and 4 treatment plots of ponderosa pine forest. Treatments included: 
· “silviculturally cut” - thinning to 60-70 sq. feet/acre basal area while leaving Gambel oak (watershed 8); 
· “irregular strip shelterwood cut” – clearcut strips covering about 1/3 of the area, with thinning of the uncut areas (watershed 14);
· “severely thinned” – thinned to approx 10% of control: 28 trees/acre, 22 square feet/acre basal area, slash piled in windrows to trap snow (watershed 17);
· clearcut – all woody vegetation cut, salable wood removed, slash piled in windrows to trap snow and increase drainage efficiency  (watershed 12).

The resulting habitat changes on treatment plots showed in increase in those species which require more open habitat, and decrease or elimination of those species that require dense foliage and a closed canopy. It had different effects on different foraging guilds, with some whole guilds eliminated from clearcuts, and some new species found on treated plots. A few species (red-faced warbler, hermit thrush, western flycatcher) bred almost exclusively on the control plot, and a few (rufous-sided towhee, mountain bluebird) almost exclusively on the clearcut. Overall species richness was greatest on strip cuts and lowest on clearcut, with a shift from habitat specialist species to habitat generalists. Density of breeding bird pairs was greatest on silviculturally cut and lowest on clearcut.

These results were strongly affected by the growth of Gambel oak on the treated areas, which provided improved habitat for a number of species. 

	
	control
	silviculturally cut
	irregular strip
	severely thinned
	clearcut

	avg. # pairs breeding/yr
	110
	147
	144
	84
	16

	species richness
	21
	22
	23
	19
	7


Articles With No Findings Significant to This Review

Baker, M.B., Jr., L.F. DeBano, and P.F. Ffolliott. 1995. Soil loss in piñon-juniper ecosystems and its influence on site productivity and desired future conditions. In: Shaw, D.W., E.F. Aldon, and C. LoSapio, tech. coords. 1995. Desired future conditions for pinyon-juniper ecosystems. 9-15. USDA Forest Service, General Technical Report RM-258.

Baskett, J. 1976. Economic impacts of United States Forest Service policies on local communities: An interindustry analysis of the Salt-Verde Basin, Arizona. Ph.D. Dissertation, University of Arizona, Tucson, Arizona.

Bohren, C.F. and D.B. Thorud. 1973. Two theoretical models of radiation heat transfer between forest trees and snowpacks. Agricultural Meteorology 11:3-16.

Boster, R.S., P.F. O'Connell, and J.C. Thompson. 1974. Recreation uses change Mogollon Rim economy. Arizona Review 23(8-9):1-7.

Brown, T.C. and T.C. Daniel. 1986. Predicting scenic beauty of timber stands. Forest Science 32: 471-487.

DeBano, L.F., M.B. Baker, Jr., and P.F. Ffolliott. 1995. Effects of prescribed fire on watershed resources: A conceptual model. Hydrology and Water Resources in Arizona and the Southwest. 22-25:39-44.

Dong, C. 1996. Effects of vegetative manipulations on sediment concentrations in northern-central Arizona. MS Thesis, University of Arizona, Tucson, Arizona.

Ffolliott, P.F.; Baker, M.B., Jr. 1977. Characteristics of Arizona ponderosa pine stands on sandstone soils. Gen. Tech. Rep. Pap. RM-44. Fort Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Forest and Range Experiment Station. 

Heede, B.H. 1984. Overland flow and sediment delivery: an experiment with small subdrainage in southwestern ponderosa pine forests (Colorado, USA). Journal of Hydrology 72:261-273.

Lopes, V.L. and P.F. Ffolliott. 1993c. Sediment rating curves for a clearcut ponderosa pine watershed in northern Arizona. Water Resources Bulletin 29:369-382.

Lowe, P.O., P.F. Ffolliott, J.H. Dieterich, and D.R. Patton. 1978. Determining potential wildlife benefits from wildfire in Arizona ponderosa pine forests. USDA Forest Service, General Technical Report RM-52.

Neff, D.J., C.Y. McCulloch, D.E. Brown, C.H. Lowe, and J.F. Barstad. 1979. Forest, range, and watershed management for enhanced wildlife habitat in Arizona. Arizona Game and Fish Department, Special Report No. 7.

Pearson, H.A. 1972. Estimating cattle gains from consumption of digestible forage on ponderosa pine range. Journal of Range Management. 25:18-20. 

Pearson, H.A.; Davis, J.R.; Schubert, G.H. 1972. Effects of wildfire on timber and forage production in Arizona. Journal of Range Management. 25:250-253. 

Reynolds, H.G. 1972. Wildlife habitat improvement in relation to watershed management in the Southwest. Arizona Watershed Symposium Proceedings 16:10-17.
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