Chapter 4
Shade, discharge and temperature interactions 
4.1 INTRODUCTION
In this chapter I explore the interactions of shade provision on stream temperature. Here the motivation is to examine timber harvesting impacts on stream temperature for entire basins, and the downstream cumulative temperature effects
 of different headwater shade scenarios. While there is general agreement about which mechanisms are responsible for summertime stream heating, vigorous debate persists over which factors predominate and whether elevated stream temperatures are cumulative and persist downstream. Finally I show the importance that shade provision is magnified under low-flow conditions. Next I review previous work on shade provision, timber harvesting, and downstream cumulative effects.

Timber harvesting and riparian shade impacts

Most of the evidence, both empirical and theoretical, strongly support the assertion that that direct solar radiation receipt is the most important mechanism responsible for stream heating and hence protection of riparian vegetation is essential (Beschta et al., 1987, Beschta and Wetherred 1984, Sansone and Lettenmaier 2001, Beschta, 1997). Several studies have measured diurnal temperature differences between closed and open stands ranging from 3°C to 6°C (Brosofske et al. 1997, Spittlehouse et al. 2004, Chen et al. 1995). Brown and Krygier (1970) recorded diurnal temperature increases following harvesting of up to 15°C for small headwater streams in coastal Oregon. Johnson and Jones (2000) showed that following timber harvesting in three basins in the H.J. Andrews Experimental Forest, maximum temperatures increased by 7°C and occurred earlier in the summer. They reported increases in diurnal temperatures ranging from 2°C to 8°C (Johnson and Jones 2000). Johnson (2004) recorded temperatures downstream of small, artificially shaded stream in the H.J. Andrews Experimental Forest in the Oregon Cascades. While mean and minimum temperatures recorded in the study remained the same, maximum temperatures downstream of the artificially shaded reach were 1 to 3°C lower (Johnson 2004). A few studies have challenged the assumption that riparian shade is an essential control over summertime stream heating and instead suggest that a warm environment and ambient air temperature are more important (Larson and Larson 1996, 1997, Sullivan et al. 1990, Zwieniecki and Newton 1999). 
Timber harvesting and downstream cumulative heating effects

Several studies have provided empirical and theoretical support demonstrating the importance of downstream cumulative heating effects. Beschta and Taylor (1988) reported increase of 6°C in the average daily maximum temperatures over a 30-year period in a forested Oregon watershed which over the same period experienced cumulative increases in timber harvesting. In a study of trout-bearing streams in Canada, Barton et al. (1985) showed that maximum average stream temperatures recorded over a three week period were determined by the upstream extent of forested buffer strips. They showed that removal of upstream vegetation resulted in elevated maximum stream temperatures for 11 sampling sites. Shrimpton et al (2000) evaluated the role downstream cumulative stream heating effects for small streams in central British Columbia and observed that increased stream heat loading following upstream forest removal was carried considerable distances (several hundred meters) downstream. 

Berman (1990), in a study of the Yakima River in Washington state, applied the Tempest stream temperature model (Adams and Sullivan 1989) to characterize thermal regimes historically tolerated by spring Chinook salmon and tested the effects of forest practices on salmon viability. The results indicated that cumulative effects as a result of upstream habitat degradation had the most significant affect on predicted stream temperatures. Alteration in the model of upstream characteristics to reflect assumed post-harvest conditions resulted in increases in predicted maximum temperatures of 6.5°C. Bartholow (2000) applied the reach-based Stream Segment temperature model (SSTEMP) to assess the role downstream cumulative effects. Model results showed a 2.4°C increase in mean daily temperatures downstream of a clearcut reach while maximum predicted daily temperatures increased by 3.6°C downstream of a clearcut.

A handful of studies have challenged the concept of cumulative downstream heating and suggest that local effects of clear-cutting or other disturbance are rapidly ameliorated. Burton and Likens (1973) showed rapid recovery of stream temperatures which flowed from clearcut to fully forested reaches in the Hubbard Brook experimental, although the authors could provide no explanation for this recovery. Zwieniecki and Newton (1999) measured stream temperatures in upstream ‘clearcut’ and downstream ‘recovery’ zones, and concluded that elevated temperatures as a result of removing riparian shade upstream rapidly return to normal trends in downstream ‘recovery zones’. However, Johnson (2004) argued that the average longitudinal temperature trend concept proposed by Zwieniecki and Newton were applied to reaches which were far too short (150 to 300 meters) to compute ‘average’ temperature trends. Caldwell et al. (1991) found no evidence of downstream cumulative effects in a study of small stream in Washington State under a variety of vegetation conditions. However, the sample size (n=9) used to generate their conclusions was very small (NCASI 2001), while shade measurements were made using canopy densiometers which have been shown to provide highly unreliable estimates of riparian shade (Ice 2001).

Understanding and quantifying the role and importance riparian shade effects on stream temperature is important because of all the factors controlling stream temperatures, riparian shade is the easiest to manipulate and is the factor that state and federal water quality regulators focus when assessing temperature mitigation strategies (EPA 1999, Poole and Berman 2001, Poole et al. 2001a). In this chapter, the stream temperature model, developed in chapter 2, is used to quantify the affects of different riparian shade treatments on stream temperature throughout the basin. Next I describe how different riparian shade scenarios are treated in the model.
4.2 METHODS

4.2.1 ‘Whole basin’ shade provision

Predicted temperatures were generated for two additional shade scenarios for all three South Fork Eel River watersheds: (1) a topography-only shade scenario, and (2) late seral (reference state) shade scenario. The topography-only scenario assumes no riparian vegetation anywhere and hence topography alone controls the amount of solar radiation predicted to reach the stream surface. The late seral (reference state) scenario, assumes undisturbed conditions in the riparian zone and assigns late seral tree height values to streamside vegetation. The same diameter-at-breast height relationships (DBH) outlined in the first chapter were used to calibrate late seral tree heights for the South Fork Eel River basins. Table 4.1 details late seral tree heights assigned to riparian vegetation. For the three South Fork Eel River sub-basins, where the dominant vegetation was grassland and shrubs in existing conditions, these areas were assigned mixed-hardwood tree heights. Figure 4.1 shows the assumed reference vegetation conditions for all three South Fork Eel watersheds
4.2.2 Headwaters shade provision

Downstream cumulative effects were examined for Bull Creek alone. Two scenarios were tested for headwater channels: (1) a topography-only headwater shade scenario, and (2) a full reference vegetation headwater shade scenario. In the first scenario, no riparian shade (except for that provided by topography) was supplied to headwaters. The rest of the channel network was attributed with existing vegetation conditions shade. In the second scenario, headwater channels were attributed with full, reference vegetation shade (using late seral tree heights applied in chapter 2) while the rest of the channel network was attributed with existing vegetation condition shade. The downstream cumulative effects tested by the two scenarios are limited to thermal effects alone. Headwater channels were defined using the Strahler stream order system (Strahler 1957). Bull Creek is a fourth order basin using 1:24,000 USGS blueline hydrography. All Strahler order one and two channels were assumed to comprise the headwater channel network (Figure 4.2). According to this Strahler stream order criteria headwater channels drain 81% of the Bull Creek basin area and comprise 85% of the total length of channel. Both are consistent with values presented by MacDonald and Coe (2007).

4.2.3 Flow adjustments

A 50% flow adjustment (both increase and decrease) was applied to ‘whole basin’ and headwater shade scenarios to Bull Creek. Bull Creek was calibrated using lowflow discharge data from the USGS Weott gage for the end of July, 1996. Flows for that period were very comparable (approximately 12% greater) to the long term average flows (1961-2007) recorded at the Weott gage. Reducing (or increasing) flow by 50% offers the opportunity to explore temperature effects of drought and high flow. Furthermore both a 50% increase and decrease in flow are well within the maximum and minimum flows recorded at the Weott gage (Table 2.1), 
4.3 RESULTS

4.3.1 Bull Creek: ‘whole basin’ shading effects
The spatial distribution of predicted temperature change for topography-only shade conditions are shown in Figure 4.3. Temperature changes of up to 5°C are apparent for North-South oriented tributaries in the Northwest portion Bull Creek. West-to-East oriented channels in the Western portion of the basin also show increased temperatures but no more than 2 to 3°C. Most of the mainstem Bull Creeks show temperatures increasing by 2 to 3 °C. Downstream of the Squaw Creek confluence, predicted temperatures show substantial warming, with a change of up to 5°C down at the mouth. Predicted temperatures for the reference shade scenario shown in Figure 4.4, show reductions throughout the basin but the magnitude of change is significantly less than with the topography-only scenario. The spatial pattern of temperature change for reference shade provision shows only modest reductions in temperature for tributaries in the Northwest portion of the basin (Squaw, Harper, and Cow Creeks). Predicted temperatures fort tributaries in the Western portion of the basin (Cuneo, Mill, and Burns Creek) show more significant temperature reductions (up to 2.5°C). Predicted temperatures for the mainstem Bull Creek are lower everywhere by at least 1.5°C, and downstream of the Slide Creek, down to Albee Creek, temperature reductions of at least 2.5°C are achieved. 
Thermal longitudinal profiles plotted for all three shade scenarios (existing conditions, reference conditions, and topography-only) are shown for the mainstem Bull Creek (Figure 4.5), Cuneo Creek (Figure 4.6), and Squaw Creek (Figure 4.7). All thermal profiles show characteristic asymptotic form, warming up quickly and continuing to warm but at reduced rates downstream. Contributions from cooler (or warmer) water from tributary inflows are apparent, especially for the existing vegetation and reference vegetation shade profiles. For the mainstem Bull Creek, temperatures warm downstream for all three scenarios, but at different rates (Figure 4.5). Predicted temperatures for topography-only continue to increase down through the entire profile. By contrast, temperatures level off for both the existing conditions and reference shade scenarios. The thermal dilution effects provided by Squaw Creek (approximately 17 km downstream) are very apparent for the existing vegetation conditions, less so for reference conditions, and almost non-existing for topography-only shade conditions (Figure 4.5). 

Thermal profiles for Cuneo and Squaw Creeks strongly demonstrate existing shade conditions and the impacts (if at all) of different shade scenarios). For Cuneo Creek (Figure 4.6), the strong similarities between the topography-only and existing vegetation shade scenarios suggests shade provision under current conditions is generally absent. Thermal profiles for existing conditions and reference conditions for Squaw Creek (Figure 4.7) are almost identical, demonstrating that current condition shade provision is at or near reference. An even more striking result is revealed for topography-only shade provision for Squaw Creek (Figure 4.7), which shows an initial rapid rise in temperature within the first 1 kilometer, and then continues to increase, exceeding 21°C at the downstream-most end.
4.3.2 Elder Creek: ‘whole basin’ shading effects
Predicted temperatures for topography-only shade provision are shown in Figure 4.8a. The magnitude of temperature increase is comparable to Bull Creek. Mainstem temperatures increase everywhere by at least 3°C, and more than 4°C down at the mouth. Even for small North-South oriented tributaries, where terrain shade effects should be greatest temperatures increase by up to 3°C. Predicted temperature change for reference shade provision shows much more modest reductions (Figure 4.8b). Mainstem Elder Creek temperatures decrease by no more than 1.5°C, while most of the mainstem decreases by 1°C. Tributary temperatures show even more limited temperature reductions. Thermal profiles for the three shade scenarios for Elder Creek are shown in Figure 4.9. The shape of each profile is very similar to Squaw Creek as illustrated in Figure 4.7. Elder Creek thermal profiles for existing conditions and reference vegetation conditions are almost identical, demonstrating that existing vegetation shade conditions are close to full reference shade conditions. As with the Squaw Creek example, the topography-only thermal profile for Elder Creek (Figure 4.9), shows rapid initial temperature increase and continues to increase down through the profile, exceeding 21°C at the mouth.
4.3.3 Rattlesnake Creek: ‘whole basin’ shading effects
Predicted temperature changes for the topography-only shade scenario are shown in Figure 4.10. Temperatures increases of up to 5°C for some tributaries. Foster Creek for example, shows an increase of more than 5°C down towards the mouth. However, Foster Creek headwaters which are oriented East-to-West indicate temperature increase of only 2 to 3°C, compared to the North-South oriented downstream end. Strong orientation-led warming of up to 4°C is also apparent along Elk Creek. Cummings Creek is also largely North-South oriented but the tributary flows through Coastal Belt Franciscan lithology. As a result, the higher modeled groundwater seepages for this terrain results in temperature increases of no more than 3°C at the downstream end of Cummings Creek. Predicted temperatures for the mainstem Rattlesnake Creek increase everywhere by at least 2 to 3°C, but by up to 4°C downstream of tributaries draining through Melange terrain.

Predicted temperature changes for reference shade conditions are shown in Figure 4.11. The magnitude of change for this scenario is similar to the topography-only scenarios. Reductions of up to 5°C are predicted for several headwater reaches associated with Melange terrain. However, reductions of only to 2 to 3°C are achieved for the mainstems for these tributaries (which include Foster Creek, Elk Creek, and the headwaters of Rattlesnake Creek). For tributaries draining Coastal Belt lithology, notably Cummings Creek, temperatures decrease by up to 2°C, but most of the tributaries, temperatures decrease by no more than 1°C.
Thermal long profiles for the three shade scenarios for Rattlesnake Creek are shown in Figure 4.12. All three profiles show the characteristic asymptotic form and each profile shows extremely rapid heating within the first 1 kilometer. The topographic-only shade profile continues to warm downstream, while both the existing condition and reference shade profiles show significant cooling between 1 to 2 kilometers before continuing to warm downstream. Reference shade conditions results in significant downstream cooling compared to the topography-only shade profile. At the downstream-end of Rattlesnake Creek, predicted reference shade temperatures are more than 5°C lower than topography-only temperatures.
4.3.4 Bull Creek: downstream cumulative effects
Thermal profiles for two headwater (Figure 4.2) shade scenarios: (1) headwaters assigned reference shade tree heights, and (2) headwater channels assigned topography only shade, are shown for mainstem Bull Creek in Figure 4.13. Predicted temperatures for both scenarios closely track temperatures for existing shade conditions. The magnitude of increased warming (topography-only headwater shade scenario) or cooling (reference shade headwater scenario) is more significant for both profiles within the first 10 kilometers. Both headwater profiles converge downstream the 10 kilometer mark. For the reference headwater scenario, downstream cooling effects are comparatively small. The difference between existing and reference shade profiles down toward the mouth is less than 1°C. Cumulative downstream warming is more apparent for the topography-only headwater shade scenario. The difference in temperature down at the mouth between existing and headwater topography-shade is slightly more than 1°C. 
4.3.5 Bull Creek: ‘whole basin’ and downstream cumulative shade and discharge effects

Thermal profiles for combined discharge and shade effects are shown for ‘whole basin’ (Figure 4.14) scenarios and headwater scenarios (Figure 4.15). For both topography-only and reference vegetation shade conditions, thermal long profiles are shown for a 50% increase and 50% decrease in flow.
Both sets of profiles show a strong non-linear temperature response – especially for flow reductions for upstream areas for all profiles. All headwater topography-only shade profiles (Figure 4.15) are cooler than ‘whole basin’ topography-only profiles (Figure 4.14). Effects of tributary inflow (warm and cool) are minor for ‘whole basin’ topography-only profiles. By contrast tributary inflows (particularly downstream of Squaw Creek) results in cooler predicted temperatures (Figure 4.15), especially for 50% flow reduction scenarios. Reductions in predicted temperatures due to shade effects are also apparent for this scenario downstream of 15 kilometers. Below this point, late seral vegetation (and hence taller trees) dominate. This, combined with the West-to-East orientation of the lower mainstem Bull Creek, and cool temperatures delivered by the Squaw Creek, results in mainstem temperatures cooling by more than 2°C.

All reference shade profiles for ‘whole basin’ shade scenario are cooler and fluctuate less than their headwater reference shade counterparts.

The results for two headwater shade profiles are particularly striking. Predicted temperatures for the reference headwater shade scenario with a 50% flow reduction (light blue dashed line, Figure 4.15) are generally cool but fluctuate considerably up to 5 kilometers. Downstream of this location, temperatures increase significantly and continue to increase, exceeding predicted temperatures for the headwater topography-only shade scenario. Temperatures cool slightly downstream of the Squaw Creek confluence, but remain generally very. By contrast, predicted temperatures for the headwater topography-only shade profile for a 50% increase in flow show rapid warming in the first 5 kilometers and continues to warm but much more slowly downstream. Towards the mouth, predicted temperatures for this scenario are cooler and almost precisely match predicted temperatures for existing vegetation conditions (Figure 4.15). In both cases, the 5 kilometer distance appears to be significant (see dashed vertical line on Figure 4.15). Upstream of this location, predicted temperatures for the headwater topography-only scenario for a 50% increase in flow are higher than the reference-shade scenario with a 50% decrease in flow. At approximately the 5 kilometer location, the profiles intersect, and then downstream predicted temperatures for the headwater reference scenario increase more rapidly and continue to warm, while predicted temperatures for the topography-only only scenario level off asymptotically (Figure 4.15). 
The results for these two headwater shade and flow scenarios suggest that upstream of the 5-kilometer location, shade provision is the most important control over predicted stream temperatures. While downstream of the 5-kilometer location, the results suggest that discharge is the most control. 
This downstream handoff in dominant stream heating mechanism is not apparent for the ‘whole basin’ shade and discharge scenarios. Predicted temperatures appear to converge upstream at approximately the 3 kilometer location (dashed vertical line, Figure 4.14). However, unlike the headwater shade profiles, downstream of the 3 kilometer, predicted temperatures continue to rapidly increase for the topography-only shade scenario for a 50% increase in flow. By contrast, predicted temperatures for ‘whole basin’ reference shade with a 50% decrease in flow fluctuate considerably but remain cooler than the topography-only scenario throughout the profile downstream of the 3 kilometer mark (Figure 4.14). The implication of these results is that shade provision along the mainstem Bull Creek offers significant temperature benefits under reduced flows. By contrast, removing shade results in significant increases in temperatures with a 50% increase and decrease in flow. For both these scenarios, temperatures continue increase along the entire mainstem Bull Creek, and only appear to be leveling at the downstream end.
4.4 DISCUSSION

Model predictions for all three basins for the different shade scenarios strongly show the temperature benefits of tall trees, even for areas which are already in near reference state conditions (for example, Elder Creek, and Squaw, Cow, and Harper Creeks with the Bull Creek basin). For, ‘whole basin’ reference vegetation shade, the magnitude of temperature reduction ranges from 0.5 to 3°C, with the higher reductions associated with areas where little or no existing shade exists (e.g. Cuneo Creek in the Bull Creek basin). 

Removal of all vegetation results in significant increases in temperatures for all three South Fork Eel basins, although the distribution of temperature increase is not uniform. The magnitude of predicted temperature increases is more than 5°C for areas which are characterized by late seral vegetation (Elder Creek, three Bull Creek tributaries (Squaw, Cow, and Harper Creeks)). Similar increased temperatures are also predicted for two tributaries in Rattlesnake Creek (Foster and Elk Creek), both of which were already predicted to be very warm for current conditions. Both tributaries drain through Melange lithologic terrain. The combination of increased heat loading and low water volume explains the elevated predicted water temperatures.
Predicted temperatures after applying different riparian shade to headwater channels (Figure 4.2) do not show strong downstream cumulative effects (Figure 4.13). However, upstream of approximately 10 kilometers, predicted temperatures differ by up to 5°C for the two scenarios. Downstream of this location, thermal inertia effects appear to be responsible for the convergence of the profiles, such that at the downstream end of Bull Creek, the difference in predicted temperature between the two scenarios is less than 2°C. These results would appear to offer partial support for the contention that elevated upstream temperatures are not transmitted cumulatively downstream (e.g. Zwieniecki and Newton 1999). However, the scenarios I show which combine different headwater shade provision and different flows strongly indicate that downstream cumulative effects are significant and that headwater shade provision is important. The thermal profiles shown in Figure 4.15 suggest important headwater shade and discharge interactions, and that the temperature response to these controls is a function of position in the watershed. The headwater reference shade scenario with a 50% reduction in flow suggests higher up in the watershed (i.e., above 5 kilometers), tall trees moderate stream temperatures, but in general, reductions in flow offsets any temperature benefits from riparian shade provision. These results offer important insight into potential climate change impacts. A warmer climate in California is likely to lead to increased drought frequency and persistent low flows. Throughout this dissertation, the effects of flow have been shown to be strongly non-linear, particularly for flow reductions. The reference shade headwater profile for reduced flow (Figure 4.15) demonstrates the importance of headwater shade provision to provide even partial temperature benefits. While the ‘whole basin’ reference shade profiles for a 50% reduction in flow shows that mainstem shade provision offers additional and important stream temperature benefits.
Alternatively, the topography-only shade scenario with a 50% increase flow, suggests that downstream (.i.e., downstream of 5 kilometers), increased flow can fully offset the effects of eliminating headwater shade. This result suggests that removing trees throughout the headwaters in order to increase water yield could potentially provide significant temperature benefits. However, this action would almost certainly result in more general stream environment deterioration, including, for example, increased bank instability, and decreased food availability for aquatic ecosystems. Stream temperatures may also still increase due to elevated soil temperature and hence elevated water temperatures conveyed via saturated subsurface flow pathways (St-Hilaire et al. 2000).
4.6 CONCLUSION

In this chapter, the simple, process-based stream temperature model presented in the last chapter was applied to assess the role and importance of riparian shading in controlling summer time stream. The model includes the facility to alter riparian tree height and thus impose different controls on the amount of direct shortwave radiation reaching the stream surface. Two shade scenarios were tested against the existing vegetation shade conditions examined in the previous chapter. Insolation predictions for topography-only shade accounted for terrain-effects alone on the amount shortwave receipt at the stream surface. While predictions for an assumed reference state (or late seral vegetation) scenario, quantified differential shortwave radiation receipt at the stream surface as a result of applying full riparian shade to the near stream environment. 

The results for headwater shade scenarios for different flow conditions offer strong support for the argument for more protection for small headwater streams. (Ligon et al. 1999). For example, under existing California Forest Practice Rules small, non-fish bearing streams receive little or no protection (Ligon et al. 1999). However, these channels comprise most of the network length and drain most of the watershed area (MacDonald and Coe 2007). Results for the headwater shade thermal profiles show temperature benefits, albeit limited, from full reference shade provision. More importantly, however, shade provision for these channels will be necessary to counter the effects of lower flows. As the results show, even under full shade provision, the effects of lower flow results in significantly warmer predicted temperatures.
Table 4.1
Diameter-at-breast height (DBH) to reference tree height conversions1.

	DBH (inches)
	Tree Height (Meters)

	
	Shrubs3
	Mixed Hardwood
	Mixed Pine
	Mixed Fir
	Mixed Conifer 

and Hardwood
	Mixed Oak
	Mixed Hardwood and Conifer
	Mixed Conifer

	<= 242
	25
	30
	30
	30
	30
	25
	35
	35

	> 24
	25
	30
	30
	30
	30
	25
	35
	35


1 Areas identified as wet marsh or meadow for existing vegetations conditions are left unchanged for reference condition scenarios. We assume that wet marsh and meadow vegetation types were also the reference conditions vegetation type.

2Reference heights for all vegetation classes are only changed for those habitat types with DBH <= 24".  For DBH > 24", the tree heights are kept the same as for current vegetation conditions.
3 Includes all grassland, shrub, and forbs vegetation assemblages. 

Figure 4.1
Assumed reference vegetation conditions. Bull, Rattlesnake, and Elder Creeks. South Fork Eel River Basin.
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Figure 4.2
Headwater channels as defined by Strahler Order 1 and 2 channels. Bull Creek.
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Figure 4.3
Change in predicted temperature Bull Creek between existing vegetation conditions and topography-only shade conditions
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Figure 4.4
Change in predicted temperature between existing vegetation conditions and reference shade conditions. Bull Creek


[image: image4]
Figure 4.5
Thermal long profiles for three different shade scenarios. Mainstem Bull Creek
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Figure 4.6
Thermal long profiles for three riparian shade scenarios. Cuneo Creek, Bull Creek.
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Figure 4.7
Thermal long profiles for three riparian shade scenarios. Squaw Creek, Bull Creek
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Figure 4.8
Change in predicted temperature between existing vegetation shade conditions and (a) reference vegetation shade, and (b) topography-only shade conditions. Elder Creek.
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Figure 4.9
Thermal long profiles for three riparian shade scenarios. Elder Creek
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Figure 4.10
Change in predicted weekly average temperature (WATS) between existing vegetation and topography-only shade conditions. Rattlesnake Creek.
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Figure 4.11
Change in predicted weekly average temperature (WATS) between existing vegetation and reference vegetation shade conditions. Rattlesnake Creek.


[image: image11]
Figure 4.12
Predicted thermal longitudinal profiles for three riparian shade scenarios. Mainstem Rattlesnake Creek
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 Figure 4.13
Thermal long profiles for different headwater shade scenarios. Mainstem Bull Creek
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Figure 4.14
‘Whole basin’ thermal long profiles applying different shade and flow Mainstem Bull Creek.
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Figure 4.15
Thermal long profiles for different cumulative headwater shade and flow scenarios. Mainstem Bull Creek
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� Downstream cumulative effects are defined as the repeated, synergistic downstream impacts as a result of changes in land management practices upstream and which result in these changes being propagated and amplified downstream (Dunne et al. 2001, FEMAT 1993)
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