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Public Comment: Tier Il Analysis

To: Forest Practices Board

From: Aimee Powell, Generational Steward
Date: August 18, 2025

Subject: Public Comment on Tier Il Analysis of Forest Practices Draft Rules

Thank you for the opportunity to submit comments on Ecology’s Tier Il Analysis. | strongly support
expanding protections for Type Np streams to safeguard water quality, cool downstream fish habitats,
and protect wildlife like amphibians, insects, and birds.

As climate change accelerates, it is imperative that Washington’s forest practice rules evolve to protect
the ecological integrity of our non-fish bearing (Type Np) streams. These headwater reaches are not only
vital for downstream water quality but also for maintaining watershed resilience in the face of
intensifying heatwaves, drought, and sediment pulses.

| endorse the Board’s proposal of enhancing riparian protections for climate resilience but oppose the
prescribed fixed-width methodology. Drawing on four centuries of Bavarian forestry heritage, where
adapting practices to microsites not only safeguarded the forests but also fueled regional economic
growth, | urge the Board to enhance Washington’s adaptive management leadership by adopting the
following:

Four Actionable Recommendations

1.  Precision Buffers in High-Impact Zones

Focus initial implementation in degraded lowland watersheds where temperature risks and pollution
converge, using collaborative vulnerability mapping. Prioritizing these areas maximizes cooling and
filtration benefits per protected acre while advancing equitable ecological outcomes.

2.  Climate-Resilient Canopy Standards

Transition from fixed-width buffers to site-specific multi-layered shade standards.

This approach:

o Effectively reduces peak stream temperatures through site-adapted canopy density (Garner et
al., 2017);

e  Stabilizes banks via diverse root systems to reduce erosion;
e Enhances biodiversity through native vegetation layers (canopy, understory, groundcover);

e Maintains flexibility for topography, soil, and wetland conditions while delivering measurable
outcomes;



e Builds on Washington-based science (Quick et al., 2024; DeWalle, 2008) where light-thinning
maintained soil carbon while accelerating structural complexity - a model for stabilizing riparian
zones along Type Np streams.

3. Economic Equity via Carbon Markets

Integrate buffer conservation into Washington’s Climate Commitment Act framework. Allow landowners
to generate verified carbon credits for exceeding shade targets, sustaining family forests through
ecological stewardship.

4. Adaptive Management Loop

Require 5-year monitoring cycles for temperature and bank stability, using:

e Temperature tracking in high-risk reaches;

e Community-involved data review processes;

e Science-guided adjustments.

Why This Works for Washington

e Cold Water Protected: Targeted shading meets temperature reduction goals.

e Ecosystem Enhanced: These buffers will directly protect the amphibians, insects, and birds that rely
on Np streams - a critical step for biodiversity.

e Working Forests Sustained: Carbon revenue offsets harvest impacts without
e compromising timber viability.

e Accountability Built-In: Regular monitoring enables adaptive management.

Heritage Stewardship Informing Policy

Heritage stewardship teaches that diverse landscapes demand flexibility. These measures protect
streams while honoring rural livelihoods, ensuring our forests remain ecologically resilient and
economically vibrant for generations.

Thank you,

Aimee Powell
Generational Steward
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A simulation experiment was used to understand the importance of riparian vegetation density, channel
orientation and flow velocity for stream energy budgets and river temperature dynamics. Water temper-
ature and meteorological observations were obtained in addition to hemispherical photographs along a
~1 km reach of the Girnock Burn, a tributary of the Aberdeenshire Dee, Scotland. Data from nine hemi-
spherical images (representing different uniform canopy density scenarios) were used to parameterise a
deterministic net radiation model and simulate radiative fluxes. For each vegetation scenario, the effects
of eight channel orientations were investigated by changing the position of north at 45° intervals in each
hemispheric image. Simulated radiative fluxes and observed turbulent fluxes drove a high-resolution
water temperature model of the reach. Simulations were performed under low and high water velocity
scenarios. Both velocity scenarios yielded decreases in mean (>1.6 °C) and maximum (>3.0 °C) temper-
ature as canopy density increased. Slow-flowing water resided longer within the reach, which enhanced
heat accumulation and dissipation, and drove higher maximum and lower minimum temperatures.
Intermediate levels of shade produced highly variable energy flux and water temperature dynamics
depending on the channel orientation and thus the time of day when the channel was shaded. We
demonstrate that in many reaches relatively sparse but strategically located vegetation could produce
substantial reductions in maximum temperature and suggest that these criteria are used to inform future
river management.
Crown Copyright © 2017 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

ing hyporheic exchange (Beechie et al., 2013; Kurylyk et al., 2014),
reducing and retaining urban runoff (e.g. Booth and Leavitt, 1999)

It is anticipated that a changing climate will alter river temper-
ature regimes. Elevated temperatures relative to historical baseli-
nes are expected for most watercourses (e.g. Beechie et al., 2013;
van Vliet et al., 2013; MacDonald et al., 2014a; Hannah and
Garner, 2015). Such changes, particularly increased maxima, may
diminish the spatial and temporal extent of suitable cool-water
habitat for temperature sensitive organisms with potential impacts
on the composition and productivity of aquatic ecosystems (Wilby
et al.,, 2010; Leach et al., 2012). Consequently, there is substantial
interest in adaptation strategies that may ameliorate the effects
of climate warming, including: riparian planting (e.g. Hannah
et al., 2008; Brown et al., 2010; Imholt et al.,, 2013; Ryan et al.,
2013; Garner et al., 2014), reconnecting rivers to their floodplains
(e.g. Poole et al., 2008; Opperman et al., 2010), restoring or enhanc-

* Corresponding author.
E-mail addresses: g.garner@bham.ac.uk (G. Garner), i.a.malcolm@marlab.ac.uk
(LA. Malcolm), j.p.sadler@bham.ac.uk (J.P. Sadler), d.m.hannah@bham.ac.uk
(D.M. Hannah).

http://dx.doi.org/10.1016/j.jhydrol.2017.03.024
0022-1694/Crown Copyright © 2017 Published by Elsevier B.V.

and reducing rates of water abstraction (Poole and Berman, 2001).
However in upland streams, where catchment hydrology and geo-
morphology have not been altered significantly by human activi-
ties, fewer of these strategies may be implemented to protect
aquatic ecosystems from thermal extremes (Beschta, 1997; Poole
and Berman, 2001). Observational datasets, frequently in combina-
tion with deterministic modelling approaches, have demonstrated
that the summer temperature of headwater streams is generally
dominated by: (1) advected heat from upstream (2) heat exchange
at the air-water column interface (e.g. Westhoff et al., 2011; Leach
and Moore, 2014; MacDonald et al., 2014a; Garner et al., 2014),
predominantly solar radiation gains (Hannah et al., 2008; Leach
and Moore, 2010; MacDonald et al., 2014a), and at some locations
(3) groundwater inflows (e.g. Westhoff et al., 2007). Recognising
the important role of energy exchange between the atmosphere
and the water column and in response to the increasing scientific
literature, river managers (e.g. The River Dee Trust; Upper Dee
riparian scheme) are increasingly advocating the use of riparian
vegetation to reduce total energy inputs to the water column,

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and thus thermal variability and extremes (e.g. Gomi et al., 2006;
Johnson and Jones, 2000; Hannah et al., 2008; Imholt et al., 2011,
2013; Garner et al., 2015).

Although there is a clear requirement for understanding the
effects of riparian cover on stream temperature, there have been
relatively few robust process based studies that provide realistic
predictions of the likely effects of land use change. Moore et al.
(2014) discussed various methods for representing the effects of
vegetation on radiative energy fluxes above streams. However, to
date river temperature models (e.g. Rutherford et al., 1997,
Watanabe et al., 2005; DeWalle, 2008; Roth et al.,, 2010; Lee
et al., 2012) have not considered the importance of vegetation
structure (i.e. leaves, trunks and branches) and location relative
to the position of the sun and the receiving waterbodies. Therefore,
they were unable to adequately account for the temporally vari-
able influence of discontinuous vegetation on the radiation budget.
Furthermore, vegetation also has a significant effect on riparian
microclimatic variables such as wind speed, relative humidity
and air temperature, resulting in large reductions in latent heat
losses (e.g. 60-87% was observed by Garner et al., 2015) in compar-
ison to open reaches (e.g. Hannah et al., 2008; Garner et al., 2015).
However, most modelling studies (e.g. Rutherford et al., 1997;
Watanabe et al., 2005; DeWalle, 2008; Lee et al., 2012) have not
considered the effects of changing microclimate as a result of ripar-
ian landuse change and so likely over-estimated the effect of forest
canopies on reducing net energy fluxes and thus water tempera-
ture. Consequently, attempts to simulate the effects of riparian lan-
duse change on water temperature have lacked the necessary
physical realism to produce accurate estimates of effect sizes.

This study aims to generate systematic, process-based informa-
tion on the effects of: (1) channel shading, (2) channel orientation
and (3) water velocity on river temperature. Previous modelling
and observational studies suggest that these three variables play
an important role in determining river temperature dynamics.
Firstly, because water temperatures are lower when vegetation is
present (e.g. Hannah et al., 2008; Hrachowitz et al., 2010; Roth
et al., 2010; Garner et al., 2015) and instantaneous differences in
temperature between forested and open locations are greatest at
sites under the densest canopies (e.g. Roth et al, 2010;
Broadmeadow et al., 2011; Groom et al., 2011; Imholt et al,
2013). Secondly, because the orientation of the channel (LeBlanc
et al., 1997; DeWalle, 2008; Li et al., 2012) and therefore the loca-
tion of vegetation relative to the path of the sun is important in con-
trolling solar radiation inputs (Lee et al., 2012). Finally, because
longitudinal temperature gradients are reduced in steeper, faster
flowing reaches compared with flatter, slower flowing ones (e.g.
Danehy et al., 2005; Subehi et al., 2009; Groom et al., 2011). Knowl-
edge of these controls and their interactions is important to inform
optimal tree planting strategies and to assess likely outcomes.

In this context, we simulate the effects of varying riparian vege-
tation density and channel orientation on the stream energy budget
and quantify their influence on water temperature dynamics under
scenarios of high and low water velocity. The effects of riparian veg-
etation on river temperature are modelled using hemispheric pho-
tographs of different riparian canopy densities under field observed
conditions and local measurements of micro-climate, thereby pro-
viding improved realism to estimates of likely effect size while at
the same time being sufficiently generalisable to provide useful
information to inform riparian planting strategies.

2. Study area

We collected field data within a 1050 m study reach of Glen Gir-
nock. This upland basin is located in north east Scotland and drains
into the Aberdeenshire Dee (Fig. 1). The catchment upstream of the
reach has an area of ~22 km? in which heather (Calluna) moorland

dominated landuse. Riparian landuse along the reach transitioned
from moorland to semi-natural forest composed of birch (Betula),
Scots pine (Pinus), alder (Alnus) and willow (Salix) (Imholt et al.,
2010). Basin soils are composed predominantly of peaty podsols
with some peaty gleys. Basin geology is dominated by granite at
higher elevations and schists at lower elevations and is thus rela-
tively impermeable (Tetzlaff et al., 2007). Within the study reach
the riverbed is composed primarily of cobble and boulder with
gravel accumulation in localised patches. The reach is 280 m above
sea level (asl) at the upstream reach boundary and 255 m asl at the
downstream reach boundary. During field data collection the mean
wetted width of the channel was 9.5 m. Previous work within the
study reach demonstrated that there are no substantial groundwa-
ter inflows and consequently that groundwater does not signifi-
cantly modify water temperature dynamics (Malcolm et al.,
2005; Garner et al., 2014). Thus, the influence of canopy density,
channel orientation and water velocity on water temperature
could be investigated in the absence of confounding groundwater
influences (e.g. Story et al., 2003; Westhoff et al., 2011).

The UK Meteorological Office record daily averages of air tem-
perature and totals of precipitation at Balmoral (<10 km north west
of the catchment). During the period 1950-2013 annual average
air temperature was 6.6 °C, maximum temperatures occurred in
June and July (daily averages 13.0 and 12.6 °C respectively) and
minima occurred in December to February (daily averages 2.4,
2.2 and 1.6 °C respectively). Between 1950 and 2013 annual aver-
age precipitation totalled 846 mm, October to January were the
wettest months (daily average totals ranged from 85.7 mm in
December to 92.5 mm in October) and February to September were
the driest (daily average totals ranged from 55.1 mm in April to
70.8 mm in August). River discharge is monitored continuously
by the Scottish Environmental Protection Agency (SEPA) in a rated
natural section of the Girnock at Littlemill (Fig. 1). Annual mean
flow is 0.530m>s~! (1969-2013). Summer flows (i.e. June-
August) are typically <0.100 m>s~! but the flow regime is highly
responsive to precipitation and so high flow events (e.g. >Qjo,
1.126 m® s~ 1) occur year-round.

3. Methods
3.1. Experimental design

Spatially distributed field data were used to parameterise a sim-
ulation experiment that investigated the influence of: (1) riparian
vegetation density, (2) channel orientation (and thus vegetation
orientation relative to the sun’s path), and (3) water velocity (a
proxy for stream gradient) on heat exchange patterns and water
temperature dynamics within a 1050 m reach of the Girnock Burn.
A single time series of discharge was used for each velocity sce-
nario thereby separating the effects of velocity and residence time
from those of varying water volume. Consequently, the effects of
each vegetation and channel orientation scenario were simulated
for a low (i.e. slow velocity: 0.023 ms~') or high gradient (i.e. fast
velocity: 0.155 ms™~!) river. We did not investigate the effects of
changing discharge because we were primarily interested in the
effects of riparian woodland on river temperature under summer
low flow conditions, when the most extreme high water tempera-
tures are expected to occur.

Firstly, a process-based water temperature model (herein
referred to as the ‘base model’) driven by spatially distributed
energy flux data temperature (Garner et al, 2014 after
Bartholow, 2000; Boyd and Kasper, 2003; Rutherford et al., 2004;
Westhoff et al., 2007, 2010; Leach and Moore, 2011; MacDonald
et al., 2014a,b) was parameterised for observed conditions within
the Girnock Burn. Previous work suggested that the base model
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Fig. 1. Girnock Burn (a) location within Scotland (b) catchment map (c) locations of field data collection sites.

adequately described spatio-temporal variability in river tempera-
ture (Garner et al., 2014), and thus is capable of providing realistic
assessments of the effects of interest. Secondly, simulations repre-
sentative of varying vegetation density, channel orientation and
water velocity scenarios were performed by adjusting selected
parameters (see sections ‘3.2 Data’ and ‘3.3 Estimation of stream
energy budget components’) in the base model (herein referred
to as the ‘simulation experiments’).

For the simulation experiments, nine hemispherical images
obtained in the field (Fig. 2; termed ‘vegetation scenarios’ herein)
were used to represent different canopy densities (i.e. 10-90% in
10% increments). The images were used to parameterise a deter-

ministic net radiation model (Leach and Moore, 2010) and simulate
radiative fluxes at 1 m intervals indicative of uniform forestation of
the entire reach. The effect of channel orientation on energy
exchanges and water temperature was investigated for each vege-
tation scenario by changing the location of north and thus the path
of the sun relative to the position of vegetation in each hemispher-
ical image at 45-degree intervals (see sun-paths on Fig. 2). Thereby,
we simulated the effects of each vegetation scenario on north-
south (N-S), northeast-southwest (NE-SW), east-west (E-W),
southeast-northwest (SE-NW), south-north (S-N), southwest-
northeast (SW-NE), west-east (W-E) and northwest-southeast
(NW-SE) flowing streams. Modelled radiative fluxes were com-
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Fig. 2. Hemispherical images used to represent (a) 10% (b) 20% (c) 30% (d) 40% (e) 50% (f) 60% (g) 70% (h) 80% (i) 90% riparian canopy density scenarios. Eight coloured lines in
each image represent the path of the sun across the sky relative to changing north in each image at 45-degree increments.

bined with linearly interpolated turbulent fluxes (i.e. sensible and
latent heat) calculated from measured micro-meteorological vari-
ables at the three automatic weather stations (Fig. 1, see below
for further details) to drive the water temperature model for each
scenario. Stream temperature was predicted along the reach at a
resolution of 50 m.

3.2. Data

Field data were collected between October 2011 and July 2013
(from Garner et al., 2014); hydrometeorological data collected on
6 July 2013 (Fig. 3) were chosen to meet the aim of the present
study. On this day, measured water temperatures (Fig. 3a) and solar
radiation gains to the water column (Fig.3b) at an automatic
weather station (AWS) sited within the reach on open moorland
(AWSgpen; Fig. 1) were high, while discharge was very low. Conse-
quently, the effects of vegetation density, channel orientation and
water velocity on water temperature were evaluated under a

‘worst-case scenario’ of high energy inputs and low flows (after
Garner et al., 2014).

3.2.1. Micrometeorological measurements

Three AWSs (automatic weather stations) were installed within
the reach (Fig. 1) to characterise spatio-temporal variability in
energy fluxes: the first was located in open moorland at the
upstream reach boundary (AWSgpen), the second was located in
semi-natural forest 190 m downstream of the upstream boundary
(named “AWS forest upstream” or AWSgys) and the third was
located in semi-natural forest 685 m downstream of the upstream
boundary (named “AWS forest downstream” or AWSgps). Hydrom-
eteorological variables measured by each AWS were: air tempera-
ture (°C), relative humidity (%), wind speed (ms~!), incoming solar
radiation, net radiation and bed heat flux (all Wm™2). The instru-
ments deployed on the AWSs are detailed in Hannah et al.
(2008). AWSs measured meteorological variables ~2 m above the
stream surface. Bed heat flux measurements were made using heat
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Fig. 3. Model input data for 6 July 2013 (a) air and water temperatures (b) solar radiation (c) wind speed (d) relative humidity (e) discharge.

flux plates buried (to avoid radiative and convective errors) at
0.05 m depth within the riverbed below each AWS. Heat flux plates
provided aggregated measurements of convective, conductive,
advective and radiative heat exchanges between the atmosphere
and the riverbed and the riverbed and the water column (after
Evans et al.,, 1998; Hannah et al., 2008; Garner et al., 2014). All
AWS sensors were sampled at 10-s intervals and averages were
logged every 15-min.

3.2.2. Stream temperature measurements

Stream temperature measurements were used to evaluate the
performance of the base model under observed conditions (i.e.
Garner et al., 2014) and provided initial conditions at the upstream
reach boundary. Water temperature was measured at 15-min
intervals using ten water temperature TinyTag Aquatic 2 datalog-
gers (manufacturer stated accuracy of +0.5 °C) and three Campbell
107 thermistors (manufacturer stated accuracy +0.1 °C) connected
to AWSs and installed at 0 (AWSopen), 190, 315, 460, 565, 630, 685
(AWSgys), 760, 815, 865, 940 1015 and 1050 (AWSgps) m down-
stream of the upstream reach boundary (Fig. 1). Prior to installa-
tion the sensors were compared (following Hannah et al., 2009)

over the range 0-30 °C and were in agreement by <+0.1 °C. Sensors
were deployed within white plastic PVC tubes to shield them from
direct solar radiation.

3.2.3. Hydrology and stream geometry

Discharge (m> s~!) was obtained from a Scottish Environmental
Protection Agency (SEPA) gauging station at Littlemill (Fig. 1). Dis-
charge was required as input to the water temperature model (see
“3.4 Modelling approach”). The time series of discharge from 6th
July 2013 (Fig. 3e) was used as input to the base model run and
for the simulation experiment model runs; values were very low
(average 0.089 m?s~!, which is equal to Qg calculated for June-
August during the period 1983-2013), stable (0.082-
0.096 m®>s~!) and exhibited no sudden changes. Water velocity
(ms™1) for the base model was calculated from discharge using a
discharge- mean velocity function for Littlemill derived by
Tetzlaff et al. (2005) and was used to route discrete parcels of
water through the reach in order to drive the flow-routing compo-
nent of the water temperature model (see ‘3.4 Modelling
approach’). For evaluation of the base model velocity was allowed
to vary temporally (at hourly intervals) in response to changing
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discharge. For the simulation experiments constant values of high
(0.155 ms™ ') and low velocity (0.023 ms™') were used at all loca-
tions and time steps. Wetted width was required as input to the
water temperature model. Spatially varying values measured at
50 m intervals along the reach were used for the base model eval-
uation, but a fixed value of 9.5 m (the mean wetted width) was
used for the simulation experiments.

3.2.4. Hemispherical images

Hemispherical images were taken at 5 m intervals along the
stream centreline using a Canon EOS-10D 6.3 megapixel digital
camera with Sigma 8 mm fisheye lens. Prior to taking each image
the camera was orientated to north and levelled ~20 cm above
the stream surface (after Leach and Moore, 2010). All images were
used to parameterise the radiation component of the base model
and thus represent the baseline (current) riparian vegetation con-
dition in the reach (i.e. Garner et al., 2014) for the model validation.
Data derived from nine of these images (each representative of 10—
90% canopy density at 10% increments; Fig. 2) were used to param-
eterise the vegetation scenarios.

3.3. Estimation of stream energy budget components

3.3.1. Net energy
Net energy (Q, Wm™2) available to heat or cool the water col-
umn was calculated as:

Qn=Q + Q.+ Qpn+ Qupy (1)

where Q, is net energy, Q" is net radiation, Q. is latent heat, Q, is
sensible heat and Qpyy is bed heat flux (all Wm™2). Heat from fluid
friction was omitted because it makes a negligible contribution to
the energy budget in this reach (after Garner et al., 2015). Herein,
positive energy fluxes represent gains to the water column while
negative energy fluxes represent losses.

3.3.2. Net radiation

A deterministic model developed by Moore et al. (2005) and
then extended and evaluated by Leach and Moore (2010) was used
to compute net radiation (Q*) at the location of each hemispherical
image. At each location net radiation was calculated as:

Q=K +L 2)

where K* (Wm™2) is net shortwave radiation (Eq. (3)) and L*
(Wm™2) is net longwave radiation (Eq. (4)).

K* = (1 -a)[D(t)g(t) +s(t)f ) ®)

L' =[f,ea+ (1 =f,)en]o(Tq +273.2)* — &,0(Ty +273.2)* (4)

where o is the stream albedo, D(t) is the direct component of inci-
dent solar radiation at time t (Wm™2), g(t) is the canopy gap fraction
at the position of the sun in the sky at time t, s(t) is the diffuse com-
ponent of solar radiation (Wm™2), f, is the sky view factor, ¢, &,; and
&y are the emissivity of the temperatures of the air, vegetation and
water respectively (all °C), ¢ is the Stefan-Boltzmann constant
(5.67 x 1008 Wm~2K*), and T, and T,, are air and water tempera-
ture respectively (both °C).

Values for atmospheric emissivity were calculated for clear-sky
day and night conditions using the equation presented in Prata
(1996); (used also by Leach and Moore, 2010; Garner et al.,
2014) and were subsequently adjusted for cloud cover using equa-
tions in Leach and Moore (2010). The emissivity and albedo were
taken to be 0.95 and 0.05 for water, and 0.97 and 0.03 for vegeta-
tion respectively (after Moore et al., 2005 and used subsequently
by Garner et al., 2014).

Gap fractions (g,) were computed as a function of solar zenith
angle (0, °) and solar azimuth (\s, °), g.(0, ), which were derived
at 5° intervals from analysis of the hemispherical photographs
with Gap Light Analyser software (Frazer et al., 1999). Hemispher-
ical photographs were converted to binary images by setting a
threshold that determines whether a pixel should be classified as
sky (white) or another object (black) such as river banks, tree
trunks, leaves or branches. An optimum threshold value of 130
was selected from candidate values of 120-190 at 10 unit incre-
ments. This threshold value minimised RMSE between observed
and modelled incoming solar radiation at AWSgys during 1 and 7
July 2013 (see Garner et al., 2014). The solar zenith and azimuth
angles were computed as a function of time (t, minutes) using
equations in Igbal (1983) so that the canopy gap at the location
of the sun could be derived from gx(0,)/) as a function of time, g
(t). Sky view factor was computed as:

2n /2
f, :%/ / g.(0,y) cos0sin 0 = do = dy )
0 0

Solar radiation measured at AWS,,en, Was used to drive the solar
radiation model for evaluation of the base model and the simula-
tion experiments in order to simulate this energy flux at 1 m inter-
vals along the reach centreline. For the simulation experiments,
time series of air temperature (used to calculate net longwave radi-
ation) were generated by linear interpolation between the two
nearest AWSs to the point along the stream centreline at which
the hemispherical photograph representative of the vegetation
scenario was taken. Net longwave radiation is a function of water
temperature; therefore initial values for this flux at the upstream
reach boundary were calculated using observed water temperature
at AWSopen.

3.3.3. Latent and sensible heat fluxes
To compute heat lost by evaporation or gained by condensation,
latent heat was estimated after Webb and Zhang (1997) (Eq. (6)).

Q, = 285.9(0.132 + 0.143 « U) (e, — ey) (6)

where U is wind speed (ms~!) and e, and e,, are vapour pressures of
air and water (both kPa), respectively. Saturation vapour pressure
(esqe) Was calculated as a function of air or water temperature, T
(K), after Stull (2000) (Eq. (7)).

2.5x10° 1 1
es(T) = 0.611 x exp {;T x (m - T)} (7)

Vapour pressure of water (e,,) was assumed to be equal to
esa(Tw). Vapour pressure of air (e,) was calculated using Eq. (8).

RH
€q = mesat(’ra) (8)

Sensible heat (Eq. (9)) was calculated as a function of Q. (Eq. (6))
and Bowen ratio (B) (Eq. (10)), where P is air pressure (kPa).

Q=Qc*p )

B =0.66 <ﬁ> % [(Tw — Ta) /(€a — €w)] (10)

For the simulation experiments, time series of meteorological
variables (i.e. air temperature, wind speed and relative humidity)
required to calculate turbulent fluxes were generated for each veg-
etation scenario by linear interpolation between the two nearest
AWSs to the point along the stream centerline at which the hemi-
spherical photograph representative of the scenario was taken.
Turbulent fluxes are a function of water temperature; therefore
initial values at the upstream boundary were calculated using
observed water temperature at AWSgpen.
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3.4. Modelling approach

A Lagrangian modelling approach was used to simulate river
water temperature (after Garner et al., 2014) in which the trajec-
tory of discrete parcels of water is followed through the reach in
order to determine the energy exchange conditions the parcels
are exposed to and thus calculate changes in their temperature
as they flow downstream and time elapses.

The reach was divided into a series of 1 m segments (s) bounded
by nodes (x). At hourly intervals a discrete parcel of water (i) with
an initial temperature was released from the upstream boundary
at AWSgpen and routed through the reach using the discharge-
mean velocity function (Tetzlaff et al., 2005). The distance travelled
by each water parcel from its location (x) at time t to its next loca-
tion (x+ 1) at time t+ At was calculated as the product of the
length of each 15-min time step (4t, i.e. 900 s) and either: (1) for
evaluation of the base model, the average velocity of the parcel
at times t and t + At or (2) for the simulation experiments, 0.023
or 0.155 ms~! for the low and high velocity scenarios, respectively.
As the water parcel travelled downstream from x towards x + 1 the
model determined the mean of each of the meteorological vari-
ables the parcel was exposed to along its trajectory through the
segments at times t and t + 1. This information was used to calcu-
late the water temperature of each parcel at 50 m intervals by inte-
gration of Eq. (11) in the deSolve package (Soetaert et al., 2010) for
R (Version 3.0.2, R Group for Statistical Computing, 2013).

OTwiy  [Ws(Qnge) + Ws(Qng ean)] /2]

x ~ ClFsy+ Foca)/2 an

where w; is the mean wetted width of the stream surface (m)
within segments 5, K?E,t/t+At)' L?;_UHA[), Qeirary Qngeeran and
Quif/e+an) are the mean net shortwave, net longwave, latent, sensi-
ble and bed heat fluxes within segments s at time t or t + At. C is the
specific heat capacity of water (4.18 x 10°Jm™ °C™") and F /¢, ar) is
the discharge [m®s~'; scaled linearly by catchment area after
Garner et al., 2014] within segments S at time t or t + At. In ‘Supple-
ment 1" we discuss the principles of Eq. (11) and demonstrate how
continuity of mass was satisfied in the high and low velocity scenar-
ios without changing wetted width or the time series of discharge
used in all simulations.

Energy exchange due to bed heat flux, which accounted for <1%
of the stream energy budget (Garner et al., 2014), was retained
within the model structure for evaluation of the performance of
the base model but omitted for the simulation experiments so as
to investigate the influence of vegetation scenarios on water tem-
perature dynamics driven by energy exchanges between the atmo-
sphere and the water column only.

4. Results
4.1. Stream energy budget

4.1.1. Net solar radiation

For each vegetation scenario and channel orientation, simulated
daily total net solar radiation flux is demonstrated in Fig. 4a while
the underlying diurnal patterns are demonstrated in Fig. 5. Total
net energy flux typically decreased as vegetation density increased
(Fig. 4a). The orientation of the channel had a limited impact on
total daily net solar radiation gains under: (1) the densest canopies
(i.e. 70-90% density; Fig. 4a), when limited portions of the stream
remained unshaded (Fig. 2d-g) and (2) under the sparsest canopies
(i.e. <20%; Fig. 4a), when vegetation did not overhang the stream,
cast minimal shade regardless of channel orientation
(Fig.2a and b) and diurnal patterns were similar regardless of
channel orientation (scenarios of 10 and 20% canopy density on
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Fig. 4. Simulated daily total (a) net solar radiation (b) net energy flux at the
upstream reach boundary under each vegetation scenario and channel orientation.
Eight coloured points in each plot represent the path of the sun across the sky
relative to changing north in each image at 45-degree increments.

Fig. 5). However, the orientation of the channel influenced net solar
radiation gains substantially under scenarios of 30-60% canopy
density (termed intermediate scenarios herein) (Fig. 4a). We com-
pare two channel orientations under a 30% canopy density in order
to demonstrate the drivers of this variability (Fig. 6). In the first
scenario the channel was orientated SE-NW and the position of
the vegetation did not provide shade from net solar radiation, as
demonstrated by minimal overlap between the sun-path and the
vegetation on Fig. 6a. Consequently, the magnitude and diurnal
pattern of modelled net solar radiation (Fig. 6b) was similar to
those under sparse canopies (e.g. scenarios of 10 and 20% density
on Fig. 5). In the second scenario the channel was orientated
NW-SE and vegetation was located so that it shaded the channel
when the sun was between south-easterly and south-westerly
sky-positions, as demonstrated by the apex of the sun-path over-
lapping vegetation on Fig. 6d. Consequently, the channel was
shaded when potential net solar radiation gains were greatest
(i.e. around mid-day) and so simulated values were low (Fig. Ge).
For all intermediate vegetation scenarios, large portions of the
sky remained unshaded (Fig. 2c-f) so that large net solar radiation
gains were simulated when vegetation did not provide shade from
the strongest gains whereas low net solar radiation gains occurred
when vegetation provided shade during these times (scenarios of
30-60% density on Fig. 5).

4.1.2. Net energy

For each vegetation scenario and channel orientation, simulated
daily total net energy flux is demonstrated in Fig. 4b while the
underlying diurnal patterns are demonstrated in Fig. 7. Net energy
flux was calculated in part as the sum of net longwave radiation,
latent and sensible heat fluxes, which are dependent on water tem-
perature. At each time step water temperature was not uniform
throughout the reach, therefore modelled net energy at the
upstream reach boundary is described in order to compare broad
differences in energy loss from and gain to the water column
between vegetation scenarios. Net energy exchange typically
decreased as canopy density increased (Fig. 4b). Beneath the spars-
est canopies, the water column gained energy during daylight
hours and lost energy overnight regardless of channel orientation
(scenarios of 10 and 20% on Fig. 7); this resulted in high daily total
net energy gains to the water column under all channel orienta-
tions (Fig. 4b). Channel orientation also had limited impact on
net energy fluxes beneath the densest canopies where energy
losses typically occurred during the day and overnight (scenarios
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of 70-90% density on Fig. 7), generating daily total net energy
losses from the water column (Fig. 4b). However, daily total net
energy exchange was highly variable under intermediate vegeta-
tion scenarios of 30-60% canopy density (Fig. 4b); the magnitude
of energy gains or losses depended on channel orientation. We
demonstrate the causes of this variability using the SE-NW
(exposed to the greatest solar radiation gains) and NW-SE (shaded
from the greatest solar radiation gains) orientated channels under
a 30% canopy density. The diurnal pattern and magnitude of net
energy flux to the SE-NW orientated channel (Fig. 6¢) was similar
to those under sparse canopies (e.g. scenarios of 10 and 20% den-
sity on Fig. 7) because vegetation did not shade the channel from
the sun around mid-day (Fig. 5a). In contrast, the NW-SE orien-
tated channel was shaded from the sun by vegetation when net

solar radiation inputs were greatest (Fig. 6d and e) and small net
energy losses or gains were simulated at these times (Fig. 6f). For
all intermediate vegetation scenarios (Fig. 2d-g), large net energy
gains were simulated when vegetation did not provide shade from
the strongest net radiation gains; small net energy gains or losses
were simulated when channels were shaded during these times
(scenarios of 30-60% canopy density on Fig. 7).

4.2. Water temperature

4.2.1. Base water temperature model evaluation

The performance of the base water temperature model was
evaluated previously by Garner et al. (2014) for a limited number
of time steps between 1st and 7th July 2013 and deemed to be
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good. We calculated model evaluation statistics for the tempera-
ture of all water parcels released from AWSgpe, on 6th July 2013
(i.e. statistics calculated from 23 time steps at 50 m intervals
throughout the reach, thus n=483 modelled values). Nash-
Sutcliffe efficiency (0.97), percent-bias (—1.1%), and mean error
(—0.2 °C) were well-within limits proposed for watershed simula-
tions of flow and constituent processes by Moriasi et al. (2007).
Furthermore, error (simulated minus observed values) in daily
maximum (—0.6 °C), mean (—0.2 °C) and minimum (0.3 °C) water
temperatures simulated throughout the reach demonstrated that
temperatures were reproduced with high levels of accuracy.

4.2.2. Vegetation density and channel orientation effects on simulated
water temperature dynamics

Water temperature metrics were derived from all values simu-
lated throughout the reach (i.e. n =483 temperatures). Typically,
mean and maximum water temperatures decreased as vegetation
density increased but minimum temperatures were not affected
(Fig. 8). Channel orientation had little effect on simulated water
temperature dynamics under the sparsest (i.e. <20%) and densest
(i.e. >70%) vegetation scenarios, as indicated in Fig. 8 by little
spread in the distribution of temperatures for these scenarios. Fur-
thermore, under the densest canopies maximum temperatures
simulated throughout the reach did not exceed the maximum
inflow temperature at the upstream reach boundary (23.1°C).
Under canopies of intermediate density (i.e. 30-60%), varying
channel orientation was associated with large variability in maxi-
mum and mean temperatures simulated throughout the reach
(Fig. 8). For example under the 30% canopy density scenario and
low flow velocity, the highest maximum (27.9°C) and mean

(18.8 °C) temperatures were simulated for the SE-NW (exposed
to the strongest solar radiation gains) orientated channel while
the lowest maximum (23.6 °C) and mean temperatures (16.1 °C)
were simulated for the NW-SE (shaded from the strongest solar
radiation gains) orientated channel.

Spatio-temporal variability in temperature was also varied for
intermediate canopy density scenarios. As an example we compare
the SE-NW (exposed to the strongest solar radiation gains) and
NW-SE (shaded from the strongest solar radiation gains) channel
orientations under a 30% canopy density. In comparison with the
SE-NW orientated channel, the NW-SE orientated channel reduced
water temperatures throughout the reach between around 11:00
and 17:00. The magnitude of the reduction increased in the down-
stream direction and greater reductions were observed under the
low velocity condition (Fig. 9c and f). For example at noon (when
the effect was particularly prominent) under the high velocity con-
dition and NW-SE orientation water temperatures were reduced by
0.3 °Cat 50 m and 6.5 °C at 1050 m (Fig. 9¢). Under the low velocity
condition and NW-SE orientation water temperatures were
reduced by 2.8 °C at 50 m and 7.5 °C at 1050 m (Fig. 9f). Further-
more, maximum temperatures occurred later in the day under
the NW-SE orientation, around 18:00 versus around 12:00 under
the SE-NW orientation.

4.2.3. Effects of water velocity on simulated water temperature
dynamics

The velocity under which simulations were performed deter-
mined the residence time of water parcels within the reach. The
high velocity scenario resulted in shorter residence time (cf. low).
For example the parcel of water released from AWSgpen under
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the high velocity scenario at 23:00 on 23 July left the reach around
00:45 on 24 July (Fig. 9a and b) whereas under the low velocity
scenario the water parcel did not leave the reach until around
11:30 on 24 July (Fig. 9d and e).

Shorter (longer) residence times resulted in less (greater) heat-
ing and cooling of water. Consequently, simulations under the low
velocity resulted in greater differences in temperatures between
vegetation scenarios. Increasing vegetation density from 10 to
90% decreased mean temperatures by up to 5.4 °C (SE-NW orienta-
tion) for the low velocity scenario and 1.6 °C (NE-SW, E-W, SE-NW,
S-N orientations) for the high velocity scenario (Fig.8a and d).
Maximum temperatures decreased by 4.9 °C (all orientations) for
the low velocity scenario and up to 3.0 °C (NE-SW, E-W, SW-NE,

W-E, NW-SE orientations) for the high velocity scenario
(Fig. 8b and e). While minimum temperatures were reduced by
up to 0.3 °C (E-W, SE-NW orientations) for the low velocity sce-
nario and up to 0.5 °C (NE-SW, E-W, SE-NW, W-E orientations)
for the high velocity scenario (Fig. 8c and f). Furthermore, for each
intermediate vegetation scenario (i.e. 30-60% density) the lower
velocity enhanced differences in simulated temperatures between
channel orientation scenarios. For example, under the high flow
scenario and 30% vegetation density temperatures varied by up
to 0.8 °C for mean and 2.7 °C for maximum. Under the same vege-
tation scenario with a low velocity temperatures varied by 2.7 °C
for mean and 4.3 °C for maximum (Fig. 8). The effect of changing
velocity was not confined to metrics; temperatures were modified
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Fig. 8. Simulated mean (a, d), maximum (b, e) and minimum (c, f) water temperatures for (a-c) high flow velocity and (d-f) low flow velocity scenarios. Eight coloured points
in each plot represent the path of the sun across the sky relative to changing north in each image at 45-degree increments.

throughout the reach at most time steps. Spatio-temporal differ-
ences between high and low velocity conditions are demonstrated
in Fig. 9g and h for a scenario of 30% canopy density in which the
channel was orientated SE-NW (i.e. exposed to the strongest solar
radiation gains) and a scenario of 30% canopy density in which the
channel was orientated NW-SE (i.e. shaded from the strongest
solar radiation gains) respectively. Most notably, when the channel
was exposed under the low velocity condition the highest temper-
atures (>25.0 °C) occurred throughout most of the reach and per-
sisted for longer (Fig. 9g). When the channel was shaded under
the low velocity condition the lowest daytime temperatures
(<20.0 °C) occurred throughout the reach and persisted for longer
(Fig. 9h).

5. Discussion

This study quantified the influence of riparian vegetation den-
sity on energy exchange and water temperature dynamics in chan-
nels of varying orientation and with varying water velocity. The
latter is a control of hydraulic retention time within the reach,
which increases for lower gradient streams if wetted width and
discharge are unchanged. The following discussion considers the
effects of: (1) interactions between vegetation density and channel
orientation on stream heating and cooling processes and (2) water
velocity, and we identify the limitations of our approach. The

implications of the findings are discussed in the context of river
management in a changing climate.

5.1. Vegetation density, channel orientation and effects on stream
heating and cooling

Riparian vegetation reduces solar radiation inputs and conse-
quently net energy available to heat the water column (Hannah
et al., 2004, 2008; Leach and Moore, 2010; Garner et al., 2014,
2015). During the study period (Northern Hemisphere summer)
at this relatively high latitude site (57°02’N) riparian vegetation
had the greatest effect on net solar radiation and net energy inputs
when it overhung the stream centreline and therefore shaded the
stream from the greatest solar radiation inputs. Consequently dur-
ing summer, when river flows are lowest and water temperature
highest, riparian planting is only likely to be effective in reaches
where river width is sufficiently narrow and/ or trees are suffi-
ciently tall.

Around half of riparian vegetation scenarios did not typically
reduce solar radiation sufficiently to produce net energy losses
and therefore drive cooling of water as it travelled downstream.
Previous research has demonstrated that under circumstances of
net energy gain beneath a forested canopy, downstream reductions
in instantaneous temperatures are generated when cool water that
flows through exposed reaches overnight and during the early
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morning is advected through a forested reach and warms slowly
due to greatly reduced net energy gains (cf. open reaches in which
energy gains and thus rates of heating are greater) (see Garner
et al., 2014). The present study supports these observations; con-
siderably lower maximum and mean temperatures were simulated
when riparian canopies reduced net energy gains to the water col-
umn. However, net energy losses were simulated under the dens-
est canopies (i.e. 70-90%) and some channel orientations under
scenarios of intermediate (i.e. 40-60%) canopy density so that
maximum water temperatures within the reach did not exceed
those at the upstream boundary. This suggests that under (1) very
dense riparian canopies and (2) sparser canopies that provide
shade when solar radiation inputs are greatest this energy flux
may be blocked to such an extent that net energy losses occur
and so water cools as it travels downstream. Scenarios of water
cooling as it travelled downstream were not observed in an earlier
study of the current riparian vegetation condition in the reach
(Garner et al., 2014) and so we recommend field investigation of
these processes.

Previous studies have demonstrated that summary daily water
temperature metrics (especially maxima) are reduced under the
densest riparian canopies (Broadmeadow et al., 2011; Groom
et al., 2011; Imholt et al., 2013) and that the orientation of vegeta-
tion relative to the path of the sun is important in determining the
magnitude of this reduction (Lee et al., 2012). Our study demon-
strated that for intermediate canopy densities, the effect of riparian

vegetation on maximum and mean temperatures is strongly
dependent on channel orientation and thus the location of vegeta-
tion relative to the path of the sun. A canopy of 30% density could
be as effective at reducing maximum and mean temperatures as a
canopy of 60% density, provided that it shaded the water column
when potential solar radiation gains were greatest (i.e. when the
sun was between south-easterly and south-westerly sky positions
in the Northern Hemisphere), while a canopy cover of up to 60%
could have little effect in reducing maximum and mean tempera-
tures if it did not shade the channel while the sun was in these
sky-positions.

River managers are increasingly searching for ways to reduce
deleterious maximum temperatures. re-introduction of riparian
shading offers one of the most promising management approaches.
Nevertheless, river managers must work within a broader social
and economic context, where riparian planting (and associated
fencing) comes with significant financial costs and has the poten-
tial to conflict with other landuses, which in the uplands of Scot-
land includes deer stalking and grouse shooting. Our study
suggests that the channel must be shaded almost entirely to gen-
erate the greatest reductions in mean and maximum temperatures,
so this is an ‘expensive’ and potentially unachievable way to create
thermal refugia. Such dramatic reductions may be desirable at
locations where water temperatures are near, or anticipated to
exceed, lethal or sub-lethal thresholds for an organism of interest
(Beechie et al., 2013). However extensive, dense shading can also
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have environmentally deleterious effects, such as: (1) reducing
light levels, consequently primary production, macroinvertebrate
consumers, and thus food availability for fish (O’Grady, 1993;
Kiffney et al., 2003) and (2) increased surface roughness, filtration
of airborne sulphur and nitrogen compounds and thus acidified
waters (Fowler et al., 1989; Malcolm et al., 2014). Consequently,
the introduction of minimal shade targeted to appropriate head-
water reaches may be the most cost-effective and ecologically ben-
eficial method to generate cool-water refugia. Based on our results
for Northern Hemisphere streams, optimal planting would take
place on the most southerly bank of channels flowing east-west,
northeast-southwest, or northwest-southeast, and vice versa. These
planting locations could achieve considerable reductions in mean
and maximum temperatures at minimal cost while minimising
potential negative ecological consequences associated with dense
shading. Channels that are orientated north-south, and vice versa,
and thus do not have abundant southerly banks would require
denser vegetation on their west and east banks to shade the water
column from the highest solar radiation gains and thus yield
reductions in water temperature. As such, they are likely to be a
lower priority for targeted riparian planting schemes when reduc-
tions in stream temperature are a stated objective.

5.2. Effects of water velocity on stream heating and cooling

Mean and maximum water temperatures were increased and
(to a lesser extent) minimum temperatures were decreased when
water travelled at a low velocity (cf. high velocity) due to a longer
residence time within the reach and thus greater accumulation/
dissipation of heat (Subehi et al., 2009; Danehy et al., 2005;
Groom et al,, 2011). Consequently, our results suggest that riparian
planting should be targeted in slow-flowing reaches, where reten-
tion times are longer and heat accumulation, and thus water tem-
peratures, can be minimised most efficiently.

5.3. Limitations

Models are always simplifications of reality; therefore they
must incorporate assumptions (Westhoff et al., 2011). Garner
et al. (2014) discuss in full the assumptions and consequent limita-
tions of the base model. Here we identify the assumptions made in
conducting the simulation experiments and make suggestions for
improvements in future model applications.

In the experiments presented herein we sought to represent
spatial variability in micro-climate through linear interpolation
between relatively closely spaced AWS;. The effects of spatially
variable micro-climate have been often ignored in previous studies
(e.g. Rutherford et al., 1997; Watanabe et al.,, 2005; DeWalle, 2008;
Lee et al.,, 2012) but can modify turbulent fluxes and thus the
energy budget significantly (e.g. Hannah et al., 2008; Garner
et al., 2015). We considered this approach to be reasonable for
the base scenario and the good evaluation statistics suggest that
this simple method was reasonable and appropriate.

Unfortunately, with only three AWS sites, it was not possible to
separate the influence of riparian landuse from wider landscape
effects on micro-climate. Consequently, we were unable to scale
turbulent fluxes appropriately for the different landuse scenarios
where this resulted in a spatial distribution of vegetation or chan-
nel orientation characteristics that differed from the base model.
Garner et al. (2014) observed no clear relationship between the
canopy densities and micrometeorological measurements at the
three AWS locations used in this study hypothesising that microm-
eteorological measurements were therefore probably determined
by a complex combination of landuse, riparian canopy density
and interactions with surrounding topography, altitude and aspect.
Consequently, changing the orientation of the channel and thus the

location of vegetation (as in the simulation experiments) could
modify micrometeorology in ways that would not be represented
by our models where turbulent fluxes were effectively fixed from
the base model. For example, vegetation located on a bank orien-
tated into prevailing winds could provide more shelter and thus
reduce wind speeds, latent heat and net energy exchange more
than vegetation located on the opposite bank. Such processes were
not represented here and we recognise that failure to counter bal-
ance changes in radiative fluxes with changes in evaporative fluxes
under different vegetation scenarios could lead to biased model
predictions of the effects of varying landuse and channel orienta-
tion on river temperature. Future work should therefore seek to
generate an evidence base for improving the spatial representation
of micrometeorological conditions beneath forest canopies of vary-
ing characteristics, thereby allowing for appropriate scaling of
fluxes and incorporation into modelling studies such as this one.

Finally, we investigated the effects of changing velocity on
water temperature but did not investigate the potential effects of
spatially or temporally varying discharge and did not consider
the effects of changing velocity (for a fixed discharge) on wetted
width. A full investigation of the effects of velocity, wetted width
and discharge on river temperature could be conducted in future
using channel geometry data in combination with hydraulic and
hydrological models.

6. Conclusions

This study used field data from an upland Scottish salmon
stream to underpin simulation experiments and provide system-
atic, mechanistic understanding of the effects of riparian shading
scenarios, channel orientation and velocity on water temperature
dynamics. The information gained from the novel modelling
approach allows scientists and river managers to make better-
informed decisions on optimal riparian tree planting strategies,
through improved understanding of the inter-relationships
between channel orientation and vegetation density that influence
the effectiveness of riparian vegetation as a strategy for mitigating
thermal extremes. The magnitude of reductions in water tempera-
ture under a given canopy density will depend on local conditions
(Ryan et al., 2013) including the magnitude of net energy exchange
(linked to meteorological conditions but also vegetation cover den-
sity and channel orientation), water velocity and hydrology. The
experiments presented here demonstrate that where southerly
banks (in the Northern Hemisphere) may be afforested then rela-
tively sparse, overhanging vegetation is able to produce spatially
and temporally extensive cool-water refugia when thermal
extremes occur. Only in reaches where a southerly bank cannot
be afforested is dense, overhanging vegetation required, and
potentially deleterious effects should be considered in these cir-
cumstances. Additionally, planting should be targeted in slow-
flowing (e.g. low gradient) reaches where flow retention times
are longer and within which large heat loads can accumulate in
the absence of shade.

Scientists and river managers can use models such as those pre-
sented here to quantify potential changes in river thermal condi-
tions associated with riparian planting schemes under both
present and future climates at relatively small spatial scales. How-
ever these models require large observational datasets that are
rarely available, and are logistically and financially unfeasible to
collect in many circumstances. Consequently, future research
should also seek to upscale the information yielded in this study
to identify readily defined proxies for sensitivity (e.g. channel ori-
entation and gradient) that can be combined with rapid riparian
canopy density assessments (e.g. Imholt et al., 2013) in statistical
models capable of predicting water temperatures at large spatial
scales (e.g. Hrachowitz et al., 2010; Jackson et al., 2017).
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Abstract: Forest restoration thinning may accelerate the development of structural complexity
toward old-growth conditions faster than a natural forest, yet associated changes in forest carbon
(C) are poorly understood. Old-growth forests are characterized by high levels of sequestered C in
aboveground biomass and soil C pools, yet active management has well-recognized negative impacts
on stored C. Effects of forest restoration thinning on forest C can be determined using longitudinal
measurements and modeling based on stand conditions and tree growth. At Ellsworth Creek Preserve
in Southwest Washington, forest restoration efforts in a second-growth temperate rainforest have
been monitored using permanent plots since 2007. Here, we compare repeat measurements from
2020, modeled forest C, and measurements of O-horizon C pools from 2022 to determine C impacts
of silvicultural treatments for old-growth restoration. We found good general agreement between
empirical measurements and models of forest C using the Forest Vegetation Simulator (FVS). However,
treatment alone was not a strong indicator for C conditions; rather, forest age and age—treatment
interactions better predicted soil C responses to restoration treatments. These data may indicate that
“light” forest restoration thinning can accelerate old-growth development with minimal effects on
soil carbon—a win-win conservation strategy for old-growth forests and the climate.

Keywords: carbon; forest; FVS; modeling; old-growth; restoration; soil; thinning

1. Introduction

The need to understand forest soils and their importance for ecosystem functions like
carbon (C) sequestration is becoming more important with the growing threat of climate
change [1]. A review of negative emissions technologies suggested that afforestation and
reforestation is the most cost-effective approach to mitigating the effects of global warming,
although forest preservation may have the most significant potential impact [2]. In many
temperate rainforest systems, less than 18% of the world’s original primary old-growth
forests remain [3]. Land-use changes and short-rotation forestry over the last century have
resulted in a deficit of these late-successional forests, and wildfire and insect disturbances
associated with climate change may reduce intact primary forests even more [4]. There is
an increasing need to understand the long-term impacts of old-growth preservation and
restoration on timber production and biodiversity [5,6] as well as for carbon storage [7-9],
especially regarding soil C [1].

Ecological restoration activities offer significant promise in restoring many structural
attributes of temperate old-growth forest ecosystems through selective harvests, small
patch cuts, thinning from below, and targeted species removal and release thinning [10,11].
Nevertheless, it is less clear how such restoration treatments will intersect with forest
carbon (C) storage and uptake, especially given the well-known effects of harvests on
long-term carbon balance [12]. Further, long-term research has demonstrated predictable
trends in soil organic matter following harvests where organic matter declines immediately

Forests 2024, 15, 1758. https:/ /doi.org/10.3390/£15101758

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f15101758
https://doi.org/10.3390/f15101758
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0003-3109-6132
https://orcid.org/0000-0003-4111-2298
https://doi.org/10.3390/f15101758
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f15101758?type=check_update&version=1

Forests 2024, 15, 1758

2 of 15

and then slowly recovers over time [13]. For example, in a 70-year-old white spruce forest in
Fairbanks, Alaska [14], thinning had a negative relationship on soil C, influenced by micro-
climatic changes to decomposition rates. Soil respiration has been found to be higher than
net primary productivity from regrowth in younger stands [15] due to high heterotrophic
respiration. It is unclear how such trends might apply to the relatively light ecological
forestry prescriptions typical of management designed to increase old-growth attributes
in wet coastal forests of the highly productive Northwestern coast [16-19]. Showcase
restoration projects, such as the silvicultural treatments in The Ellsworth Creek Preserve in
Washington State, USA (hereafter referred to as Ellsworth), provide a unique opportunity
to examine changes in soil C associated with ecological forestry in a temperate rainforest
ecosystem [20,21]. Previous work in pacific coast temperate rainforests has addressed
how aboveground structural attributes have responded to restoration treatments [9,21]
and understory plant responses to restoration treatments [21,22], but responses of whole-
ecosystem carbon storage and soil organic matter (OM) C have not been evaluated or
modeled in detail. Quantifying the accuracy of modeled relationships for forest C over
time, coincident with the comparison of C between managed and control stands, would
help us understand how management decisions are impacting C pools and the predictabil-
ity of their outcomes. Past studies have demonstrated the greatest proportion of C losses in
the O-horizon soil layer (>30%) [23]. Although deeper layers are significant [24]), we chose
to focus on aboveground carbon storage and potentially dynamic changes in the OM layer.

In this study, we (1) used measures of stand structure from 2007 and 2020 to model
forest stand C and soil OM C at the Ellsworth site using the United States Forest Service’s
(USFS) Forest Vegetation Simulator (http://www.fs.fed.us/fvs/; FVS, accessed on 1 June
2022); (2) directly measured accumulated OM pools and OM C pools in treated and
control stands more than a decade after restoration treatments; (3) compared modeled and
empirical values for stand C, soil OM, and soil OM pools; and (4) evaluated differences
in O-horizon soil C sequestration between treated and control (no treatment) plots. We
hypothesized that treated plots would show a decrease in stand C and O-horizon soil
C pools compared to control plots, driven by the removal of biomass and reductions in
O-horizon C due to reduced litter inputs and increased heterotrophic respiration and
decomposition [25].

2. Materials and Methods
2.1. Study Area and Experimental Design

The Ellsworth Creek Preserve (Ellsworth) covers approximately 2300 ha of forested
and freshwater stream systems in the Willapa Hills region of Southwestern Washington,
USA (Figure 1). The property was acquired by The Nature Conservancy (TNC) in the
early 2000s and has an elevation range from 0 to 365 m and a mild, maritime climate
characterized by cool, wet winters and relatively warm, dry summers (Western Regional
Climate Data center, https://wrcc.dri.edu/, accessed on 21 September 2023). Ellsworth
forests are typical of second-growth forests dominated by a mix of western hemlock (Tsuga
heterophylla), Sitka spruce (Picea sitchensis), western redcedar (Thuja plicata), and red alder
(Alnus rubra) [26]). Ellsworth was previously managed for timber production, and ages
typically range from 20 to 80 years old. Structurally, most stands are in the competitive
exclusion stage of stand development—a common result of systematic re-planting after
clear-cut harvesting [5,27].

A science advisory committee composed of academic and management agency repre-
sentatives assisted TNC in implementing a watershed-scale experiment designed to evalu-
ate the effectiveness of forest restoration efforts at Ellsworth in the early 2000s. Restoration
treatments were replicated across the study area. Control sites are represented by areas of
forest where no management interventions were implemented. Treated sites, however, are
areas where restoration treatments were implemented to stimulate forest growth, lower
tree density, increase species diversity and abundance, and accelerate the development
of forest structural complexity. Our analysis focused on forest structure and vegetation
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plots within two treated sub-basins (C1 and N2) and two control sub-basins (C2 and N1).
Each sub-basin contained 28 0.1 ha plots, for a total of 112 permanent plots, measured in
2007 (pre-treatment). Remeasurements took place in 2020 (post-treatment) and 60 plots
were revisited for sampling. The plots consisted of 31 plots in control sub-basins and 29
in treated sub-basins. Among these, 16 young plots (15-30 years old) and 15 mature plots
(60-71 years old) were in the control sub-basins, and 13 young and 16 mature plots were
in the treatment sub-basins. Each permanent plot contained four subplots located 10 m
from the plot center in each cardinal direction where soil carbon was measured. See Case
et al. [21] for more information.

Us Highway 101
~

il W ~

Figure 1. Map of Ellsworth Creek Preserve in Southwest Washington with sub-basins highlighted
(polygons). Sub-basins that received treatment are colored in green (N2, C1, S3). Those that had roads
removed but no thinning are colored in gray (N1, C2, S1), while a third group of sub-basins colored
in yellow (C3, S2) still have roads intact but received no treatment. Passive sub-basins are part of the
larger study design but not represented in this project.
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2.2. Treatment Applications

Restoration treatments were applied in treated sub-basins in 2009 and 2013. Treat-
ment blocks varied in size from 75 to 221 hectares. Mature stands received commercial
thinning, and young stands received pre-commercial thinning. Species removal preference
was applied in the following order: western hemlock, Douglas fir, Sitka spruce, western
redcedar, and red alder; but unhealthy trees of any species were removed first. Treatments
also avoided cutting hardwoods, tree saplings, and seedlings and minimized understory
disturbance. See Case et al. [21] for detailed silvicultural prescription details.

2.3. Forest Structure Measurements

Within all plots, measurements in both 2007 and 2020 included overstory, understory,
vertical and horizontal structures, forest health, regeneration density, and soil organic
layer depth. Protocols were adapted from Cissel et al. [28], and measurements included
tree diameter, tree height, and tree basal area (BA). Plots were randomly located within
treatment blocks and sometimes were located in treatment areas. That is to say, some of
the vegetation plots were thinned according to the treatment protocol. In 2020, repeat
measures allowed an assessment of growth and changes in forest structure. All measured
plots were located at least 30 m from the border of the associated treatment area. Geo-
and topographic data were also collected for each plot, including slope, aspect, elevation,
and topographic position. Elevation was derived from digital elevation models. See Case
et al. [21] and Cissel et al. [28] for detailed forest structure measurement methods.

2.4. Soil Sample Collection and Analysis

Soil sampling was not conducted during the initial 2007 surveys, but organic litter
(OM layer) depth was measured during the 2020 remeasurement survey (as reported in [21].
Organic litter depth was measured five times in each subplot and included all duff and
litter less than or equal to 2 cm in diameter. Measurements were made along a 2.5 m
slope-corrected transect at 0.5, 1.0, 1.5, 2.0, and 2.5 m from the subplot center, and the
orientation of these transects corresponded with the cardinal direction of the subplot (e.g.,
transects ran north in the North subplot). Using a small trowel, a small hole was dug down
to the A-horizon, and the OM layer thickness was subsequently recorded.

While OM layer thickness can be indicative of surface soil C changes, differences in
OM bulk density can also result in changes in soil C that would not be reflected in thickness
measurements alone. Accordingly, in 2022, we collected additional soil samples to directly
measure OM layer C content. Soil core samples were collected to a depth of 10 cm (below
the OM layer) from within 1 m of the subplot center using rigid 5 cm PVC soil cores, stored
in a labeled brown paper bag, then sealed in a plastic bag for transport. Organic litter depth
was subsequently measured in the field for comparison against 2020 depth measurements
described above. After samples were dried (105 °C) for at least 48 h and weighed, organic
matter was separated, and the remaining material was stratified by fragment size (>2 mm,
<2 mm, and <5 mm) using mesh sieves. Organic matter and each fragment size were then
weighed again before 5.0 g samples of organic matter were prepared in crucibles to estimate
organic matter using loss-on-ignition methods (using a muffle furnace at 5 h at 500 °C). Ash
mass was then recorded and compared to initial mass to derive approximate proportions
of C. The remaining volume of organic matter was reduced to a similar particle size for
elemental analysis for carbon/hydrogen/nitrogen ratios. Sample C and N content was
determined using 3-10 mg samples analyzed using a Perkin-Elmer Series II 2400 CHNS/O
elemental analyzer (Perkin-Elmer Inc., Waltham, MA, USA).

2.5. Forest Vegetation Simulator

To model changes in stand and soil OM over time, we used the Forest Vegetation
Simulator (FVS) developed by the USFS. The base FVS model predicts changes in tree
diameter, height, crown ratio, and crown width, as well as mortality and C storage estimates
based on standardized national scale allometric biomass estimation equations [29]. Live tree
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metrics, including height, age, DBH, live crown ratio, and species, as well as stand metrics,
including slope, elevation, and aspect, were formatted for use in FVS and comparisons on
the sub-basin-level.

We constructed models using both 2007 and 2020 data. Initial runs constructed from
2007 data were used for comparison with remeasured data from 2020 and 2022 to FVS
models (see statistical analysis below), validating the usefulness of the modeling approach
produced with initial data from 2007. Once validated, models for forest C pools through
2040 were constructed using the remeasured data from 2020. Control models—*“grow-only
runs”’—were generated by running FVS without any forest management activities to simu-
late our control plots. These runs were constructed with no management activities selected
and were conducted in the Pacific Northwest Coast Variant. In active treatment models,
management activities were represented by thinning and pruning operations with the thin-
from-below component following the parameters described above for commercial thinning
and pre-commercial thinning groups, respectively (Section 2.2, Treatment Applications).
All models used a maximum stand density index (SDI) of 600 and a site index (SI5g) value
of 98. In addition to stand visualization and standard tree list outputs, we enabled carbon
and fuel outputs using the carbon reports and fire and fuels extension [29]. Specifically, we
compared aboveground total, standing dead, down dead, floor, and total stand C pools
for each stand in both treated and control groups. We also loaded summary reports from
FVS to retrieve conventionally used metrics in forestry such as BA and Quadratic Mean
Diameter (QMD).

2.6. Statistical Analysis

First, we compared empirical measurements of stand variables (IPH and BA) and
C content (total aboveground C, stand total C, and OM layer C) in 2020 and 2022 to
FVS modeled values (based on 2007 data) using a mixed-model restricted maximum
likelihood (REML) approach. The REML methodology is used to analyze linear mixed
models and may prevent nuisance parameters from having any effect and prevent false
positive associations. Stands in the study were treated as random effects to account for
repeat sampling within individual stands. Data type (model vs. empirical) and stand
treatment were treated as main effects, stand age was used as a covariate, and data type by
stand treatment interactions and age by model type interactions were treated as potential
interaction effects. Means comparisons within significant model interaction terms were
conducted using Tukey’s Honestly Significant Difference tests (o« = 0.05).

For the comparison of empirical data on soil OM, simple nested Analysis of Variance
(ANOVA) was used to examine the differences between treatments in the OM layer, OM
bulk density, C content, and total OM C. In these analyses, samples were nested within
stands, and the treatment type was used as a main effect.

Values among treatments were compared over time in long-term modeling (2020-2040)
using repeated-measures ANOVA, where distinct stand structure (BA, TPH) and carbon
(aboveground C, OM C, and total C) pools were treated as response variables; treatment
type, year, and treatment by year interactions were treated as main effects; and individual
stands nested within years were treated as random effects.

All analyses were conducted in the statistical program JMP Pro 16.2.0 with an « of
0.05 for determination of statistical significance.

3. Results
Forest Vegetation Simulator Models and Comparisons

Our data demonstrated nearly universal underestimation of TPH, BA, and C stocks
(p < 0.05) in models developed from 2007 compared to empirical data from 2020, driven
by poor modeling of tree regeneration. Variation was high for empirical measurements
(CV =26.5%—46.4%), but empirical data in 2020 were significantly different from the FVS
models in TPH, BA, aboveground C, and total stand C (p > 0.05; Figure 2; Table 1). Values
for BA, TPH, aboveground C, and total stand C were all lower in models based on 2007
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data than in empirical inventories in 2020 in the active stands (Figure 2; Table 1). For BA
(p < 0.0001, R? = 0.92), the factors treatment, run type, and stand age were all significant.
The interaction between treatment and run type was not significant, but the interaction
between age and run type was significant (Table 1), indicating that there was convergence
among modeled and empirical stand BA in older stands but not younger stands (Figure 3).
The overall model for TPH (p = 0.006, R? = 0.74) demonstrated significance for factors
treatment and run type (Table 1) but not for other variables or interaction effects. Above-
ground C results (p < 0.001, R? = 0.95) mirrored results for BA where treatment, run type,
age, and age by run type were all significant, and convergence in modeled and empirical
data occurred with age (Table 1, Figures 2 and 3). Interactions between treatment and
run type were not significant (Table 1). Total stand C mirrored both BA and aboveground
C results, and treatment, run type, age, and age by run type interactions were again sig-
nificant (p < 0.001, R? = 0.95; Table 1, Figure 2). Convergence in run type results again
occurred in older stands (Figure 3). Modeled data also reported that tree regeneration
should have been lower, and carbon losses in the treated stands following thinning should
have been higher than observed (p < 0.05). Accordingly, modeling results from 2007 data
for control stands were much closer to empirical measurements in 2020 and 2022 than for
active management stands.

Table 1. Mixed-model results comparing run type by FVS modeled (2007) data and empirical
(2020-2022) results from Ellsworth Creek treatment stands across active and control treatments.

Effect Af gen ** F p
BA Treatment 14.97 14.1182 0.0019
Run.Type 14.97 50.4598 <0.0001
Stand Age 15.23 36.5626 <0.0001
Treatment:Run.Type 14.97 3.9925 0.0642
Stand Age:Run.Type 15.03 4.7280 0.0461
TPH Treatment 15.01 8.4556 0.0108
Run.Type 16 12.1081 0.0034
Stand Age 15.2 0.0711 0.7933
Treatment:Run.Type 16 2.4303 0.112
Stand Age:Run.Type 15.05 2.8498 0.112
Aboveground C Treatment 14.97 11.5283 0.004
Run.Type 14.97 63.2752 <0.0001
Age 15.36 37.8432 <0.0001
Treatment:Run.Type 15.04 4.1703 0.0592
Stand Age:Run.Type 16 4.9621 0.0416
Total Stand C Treatment 14.98 11.5921 0.0039
Run.Type 14.97 58.8258 <0.0001
Age 15.37 29.5479 <0.0001
Treatment:Run.Type 14.97 2.5344 0.1323
Stand Age:Run.Type 15.04 8.2344 0.0117
Soil OM Treatment 2.083 5.9772 0.1294
Run.Type 7.109 0.7224 0.4231
Age 0.558 0.9083 0.5971
Treatment:Run.Type 17.82 10.6954 0.0043
Stand Age:Run.Type 3.681 2.1882 0.2191

Note: FVS modeled based on 2007 data versus empirical data from 2020-2022. ** Numerator is 1 for all df values.
Only denominator is shown.
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Figure 3. An overall comparison of data collected in 2020 and 2022 to FVS model estimates produced
with 2007 inventory data. Panels show basal area (A), trees per hectare (B), aboveground C (C), forest
floor OM C (D), and total stand C (E). Teal points show stand estimates by FVS, and orange points
reflect manual measurements in 2020 and 2022.
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For forest floor OM C values, an interaction effect between run type and treatment was
significant (Table 1), but no other effects were significant. Tukey’s HSD tests showed active
treatment manual measurements were significantly greater than control treatment manual
measurements and all modeled values in 2022 (Figures 2 and 4). Based on manual empirical
soil data only, thinning treatments had a significant effect on soil OM C (p = 0.0272) where
OM C was marginally higher in the active treatment stands (Figure 4). Active stands largely
had values between 10 and 20 Mg C ha~!, while control stands tended towards a median
value closer to 10 Mg C ha~!. Stand age was significantly related to soil OM C for stands
<70 years old, as OM C declined with age in a negative exponential fashion (LOG [soil OM
C]=6.13 — 0.09 x stand age]; R2=091, p = 0.003; Figure 5). When all stands were included,
soil OM C trends with stand age were better described by a polynomial function where OM
C declined until approximately age 50 and then increased again towards the 70+ year old
stands (soil OM C = 16.7 — 0.31 x [stand age] + 0.07 x [stand age]z; R2 =0.88, p = 0.0006;
Figure 5). Stands <50 years old suggested a trend where active treatments were generally
higher in soil OM C compared to controls (Figure 5B). For stands greater than 50 years
old, control and active treatments showed similar values (Figure 5C). Nevertheless, across
all ages, the treatments were very similar in % OM C, and median values were generally
between 47% and 49% C (Figure 4A). OM bulk density was also similar across treatments
(Figure 4C).

Soil Carbon Dynamics
%C measured in 2022 B Model Estimates for Floor C
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Figure 4. A comparison of forest floor C estimates from empirical versus modeled estimates. Panels
show %C and bulk density (A,C, left side), and modeled and empirical forest floor OM C values
(B,D, right side). Model estimates were produced using 2020 data and overestimated empirical
observations (D).
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Figure 5. Comparison of soil C variables using empirical measurements from 2022, approximately
14 years after treatments began. Panel (A) shows a comparison of stand age effects. Comparisons
between treatments are also shown for stands <50 years old (B) and greater than 50 years old (C).

The FVS Models based on 2020 data suggested that treated plots had reduced BA,
TPH, aboveground C, and total C compared to controls (Table 2). Year was also a significant
effect for BA, aboveground C, and total C (Table 2), as all variables except forest floor OM C
increased with time (Table 2, Figure 6). There was no significant interaction between treat-
ment and year for any response variable (p > 0.05). Interestingly, even when the FVS model
was run through 2110 (90 years after the 2020 stand survey), results uniformly suggested a
significant year and year by treatment interaction effect but no effect of treatment alone
(p > 0.05). This result was apparently due to a convergence in values between treatments
by about 2090 (Figure 7).

Long-term convergence among models suggested overlapping 95% confidence inter-
vals and that the active plot C is likely to represent >80% that of control plots by 2040 and
>90% of control plot C by 2100 (Figure 7). Since our early model comparisons suggested
significant underestimation of model results, especially in active management stands, these
estimates of model convergence are likely conservative, and convergence in C values
among treatment types is likely to be sooner.
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Table 2. Repeated-measures ANOVA results comparing FVS modeled (2020 data) over time from
2007 to 2040 Ellsworth Creek treatment stands across active and control treatments. Treatment and

Year are main effects and Treatment*Year is an interaction.

Effect df F p
BA Treatment 1,50 9.0499 0.0041
Year 1,50 1.7505 0.0019
Treatment*Year 1,50 0.0331 0.8564
TPH Treatment 1,50 7.8758 0.0071
Year 1,50 0.5066 0.4799
Treatment*Year 1,50 0.0133 0.9088
Aboveground C Treatment 1,50 7.6966 0.0078
Year 2,50 18.7569 <0.0001
Treatment*Year 2,50 0.0063 0.9371
OMC Treatment 1,48 13.6534 0.0005
Year 2,48 0.0811 0.7770
Treatment*Year 2,48 0.0295 0.8643
Total C Treatment 1,48 12.4876 0.0009
Year 2,48 16.5111 0.0002
Treatment*Year 2,48 0.0123 0.9120
Model Results Using 2020 Remeasurements
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Figure 6. Model results from FVS using data taken in 2020. Panels are divided by active treatment
(Actv) and control stands (Ctrl). Panels show basal area (A), trees per hectare (B), aboveground C (C),
forest floor C (D), and total stand C (E). Blue lines represent the mean for each metric.
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Figure 7. FVS model results from 2020 data modeled through the year 2110. Means are represented
along with 95% CI bars. Note the convergence in lines over time as managed stands approach control
stands in structure and C content. Each error bar is constructed using a 95% confidence interval of
the mean.

4. Discussion

Previous work focusing on aboveground structure and understory species found quick
recovery of aboveground canopy cover, tree growth, and sapling density in response to
restoration treatments for old-growth restoration at Ellsworth Creek [21]. Nevertheless,
modeling efforts in Northwest forests have long demonstrated the carbon consequences
of active management, as thinning and gap treatments that remove aboveground carbon
and photosynthetic biomass have an intuitively obvious effect on reducing stand C—even
over the long term [12]. The C consequences of silvicultural practices for restoration of old-
growth structural attributes are not well modeled or understood, but reduced C storage in
treated stands is expected in the short term. In our analysis, we found statistical differences
between modeled and empirically measured values of TPH, BA, and total aboveground
C and total stand C in 2020, where the modeled values tended to be lower, especially for
treated stands.
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A more detailed analysis of aboveground stand metrics at our site [21] found higher-
than-expected regrowth and sapling density following restoration treatments. The data
from 2020 reflect this higher-than-expected sapling growth and density; however, the statis-
tical results suggested that models built on existing forest structure (e.g., control plots) may
more reliably project carbon stores aboveground, and simulated management projections
(active treatments) are more challenging. This might be due to insufficient regeneration
establishment models developed for the Pacific Northwest Variant of FVS [30]. Forests
in the PNW tend to respond to disturbance with rapid regrowth. Measuring the growth
of saplings and seedlings is often separate from tree measurements, and trees smaller
than 14.5 cm DBH were not cut according to our treatment methods (also represented
in the model) and may have been present in 2007 and then became much larger by 2020.
Treatments indeed varied in timing (2009 and 2013) and may affect our empirical data,
which can be a source of error, but this effect was not a clear driver in our study.

The relatively light treatments associated with old-growth restoration coupled with
rapid tree growth and sapling responses [21] resulted in similar stand C storage over time,
even when differences between treatments remained significant through 2040 projections.
Our long-range projections suggest that average differences in TPH may converge in the
different treatments relatively rapidly, and agreement in BA, total tree C, and total stand C
will occur even faster. For example, by 2040, models suggest both active and control stands
will average within ~25-50 Mg C ha™! of each other in total stand C, though individual plots
may have higher or lower values in control and treatment stands, respectively (Figure 2). By
2107, projections indicate that total stand C may be near within 10% of each other for both
treatments, approaching the anticipated ceiling for C storage in PNW forests [31]. Total tree
C (Mg ha™1) similarly is projected to range around 50-300 Mg ha~! in active treatments
by 2040, and 200400 Mg C ha~! in control treatments, with both treatments approaching
400-500 Mg ha~! by 2100. Meanwhile, the C stores in trees are likely to be associated with
larger trees (stands with larger QMD) and fewer trees (lower TPH in most stands).

Caution should be employed when interpreting these data, and differences among
treatments are likely conservative. Regrowth models for FVS are notoriously inaccurate,
especially for Western Washington, where forests are characterized by explosive regrowth
and individual tree maturation is highly variable. Our analysis did not include any re-
growth calibration to the base partial-establishment model in FVS, which is insufficient
for modeling regrowth by itself in the Pacific Northwest [30,32]. Generally, FVS underes-
timated aboveground C in both active and control stands, but especially in active stands
(Figure 3). These known errors suggest that our models of future C may overestimate the
treatment differences and further suggest that the gap in C storage between active and
control stands may be negligible within decades. A caveat is that this is for stands where
ecological restoration was the goal, treatments were light and variable, and tree regrowth is
rapid due to high rainfall and moderate temperatures. These results are unlikely to apply to
more extreme production-oriented cuts, and we note that our results did still indicate less
C over time in treated stands—consistent with well-documented effects of timber harvests
on C storage.

Earlier work at our site found no difference in soil OM litter depths [21]. Similarly,
our results suggest treatments were conducted at the Ellsworth Creek Preserve 10-14 years
ago and may have already recovered to pre-treatment soil OM and C levels. We expected
thinning treatments to result in reduced C because of reduced litter inputs, but microclimatic
changes resulting from canopy reductions have been found to drive recovery of soil C pools
in coniferous forests within a couple decades [33]. Although we also expected age to play a
role in the accumulation rate and recovery of soil C following treatments, the interaction
of treatment by age had a much stronger effect than treatments. Both young and mature
control plots represent forests in the stem exclusion phase of succession, but mature control
forests possess significantly greater soil C than their younger controlled counterparts. In
active stands, higher OM C in young stands was likely an artifact of post-harvest debris
and reduced decomposition during dry conditions.
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Forest floor OM C was much more variable in our empirical measurements than in
model projections (Figure 4), and this is likely due to overly simplistic assumptions in
the soil OM content associated with a given stand age in FVS. Soil OM C is notoriously
variable, and variation is much likely more predictable when accounting for microsite
effects and species composition differences that can result in fast or slow decomposition [32].
Additionally, though, soil OM C was underestimated by models in the treatment stands and
overestimated by models in the control stands. Underestimates may have been associated
with low initial tree density, underestimated litter contributions to the forest floor during
harvests, and overestimated increased decomposition of litter following harvest [34,35].
Additionally, the high moisture and leaf litter quality associated with trees in a high rainfall
temperate rainforest could result in faster litter decomposition, and hence lower OM C, in
the untreated stands than predicted by FVS. The lack of a reliable regeneration model also
reduces the accuracy of modeling new recruitment unless a planting event occurs, and in
many stands, regeneration was higher than expected following harvests at our sites [21].
Early in stand development, these results may emphasize the need for better modeling of
regeneration and OM inputs associated with harvest treatments.

Nevertheless, averages of soil OM C from both modeling and empirical measurements
were within one 95% confidence interval of the empirical measures in both managed and
unmanaged stands. Empirical measurements may give higher OM C estimates when high
litter inputs associated with harvest activities are not properly accounted for. Our direct
measurement of values in 2022 suggested similar % C between treatments, and similar bulk
density of the OM layer between treatments, and any differences in soil OM C (e.g., higher
in the active treatments) were likely associated with higher OM inputs or reduced decom-
position, rather than differences in OM quality or density. Over longer periods of time,
realized climate changes could result in drier conditions, further reducing decomposition.

Logging debris following treatments typically results in high OM values, followed
by rapid decomposition, and therefore soil C declines [35]. Interestingly, our study design
(where active and control treatments were variable in age) resulted in an opportunity to
examine the data in the context of stand age where our data align well with traditional
interpretation of curves in soil OM content though time following harvest—the “Covington
Curve” [36]. Both active and control treatment stands had OM C values that suggested a
curve where initial high OM C was followed by a reduction by stand age 40-50, followed
by a gradual increase in soil OM C by age 80 (Figure 5A). Again, our results suggested far
more variability between plots within treatments than between treatments. Importantly
though, our analysis was limited to surface soil OM C, and we did not examine patterns
with soil depth. Soil OM leaching and depth profiles in mineral soils may either exaggerate
or nullify patterns in soil C found by looking at the OM layer only [36]. Further analysis of
soil C at greater sample depths [23,25] would also help inform our understanding.

5. Conclusions

These data from the Ellsworth Creek Preserve suggest that light-prescription ecolog-
ical forestry treatments aimed at restoring old-growth conditions have resulted in small
differences in above-ground stand C but have not resulted in significant differences in forest
soil surface OM pools. Our comparison of modeled values and empirical measurements
suggest that modeled estimates of C pools were frequently underestimated. Our model
projections suggest that convergences in future stand C and OM C content are likely in
coming decades and may occur sooner than expected. Small differences in stand C pools
among treatments may be explained based on the relatively light harvest activity associated
with skip and gap silvicultural prescriptions for old-growth structural development, rapid
regrowth by retained trees and saplings, and high soil OM variability based on microsite
conditions. Additionally, the role of stand age since complete harvest may have played
a more dominant role in the response of soil OM C storage. We expected to see greater
reductions in soil C for young managed stands. Indeed, soil OM C was lower in managed
stands, but mature stands suffered greater C losses compared to younger counterparts.
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The combined effect of age and treatment was significant, indicating that C resilience to
disturbance may change with age. Future projections greatly simplify variation, but our
comparison of modeled and field data over thirteen years suggests that projections give re-
alistic values within 95% confidence intervals of empirical measurements. Accordingly, the
projections of rapid C recovery following small-scale treatments suggest that lost soil OM
C associated with harvest disturbance and altered microclimate may be rapidly recovered
in subsequent decades.
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GUIDELINES FOR RIPARIAN VEGETATIVE SHADE RESTORATION
BASED UPON A THEORETICAL SHADED-STREAM MODEL'

David R. DeWalle®

ABSTRACT: Guidelines for riparian vegetative shade restoration were developed using a theoretical model of
total daily radiation received by a shaded stream. The model assumed stream shading by nontransmitting, verti-
cal or overhanging, solid vegetation planes in infinitely long reaches. Radiation components considered in the
model were direct beam shortwave on the stream centerline, diffuse atmospheric shortwave, shortwave reflected
by vegetation, atmospheric longwave, and longwave emitted by vegetation. Potential or extraterrestrial short-
wave irradiation theory was used to compute beam shortwave radiation received at the stream centerline, and
view factor theory was used to compute diffuse radiation exchange among stream, vegetation, and atmospheric
planes. Model shade effects under clear skies were dominated by reductions in receipt of direct beam shortwave
radiation. Model shade effects with cloudy skies were dominated by the “view factor effect” or the decreases in
diffuse shortwave and longwave radiation from the atmosphere balanced against increases in longwave radia-
tion from vegetation. Model shade effects on shortwave radiation reflected by vegetation were found to be negli-
gible. The model was used to determine the vegetation height (H) to stream width (W) ratios needed to achieve
50, 75, and 90 % shade restoration for mid-latitude conditions on clear and cloudy days. Ratios of vegetation
height to stream width, for dense nontransmitting vegetation, generally ranged from 1.4 to 2.3 for 75% shade
restoration at a mid-latitude site (40°N). The model was used to show H/W needed for E-W vs. N-S stream
azimuths, varying stream latitudes between 30° and 50°N, channels with overhanging vegetation, channels
undergoing width changes, as well as the limits to shade restoration on very wide channels.

(KEY TERMS: restoration; stream temperature; riparian ecology; best management practices; modeling; radia-
tion view factors; vegetation overhang angles; stream azimuth; extraterrestrial solar radiation.)
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INTRODUCTION management practice (Broadmeadow and Nisbet,
2004; Kauffman et al., 1997; Poole and Berman,
2001; Roni et al., 2002; Rutherford et al., 1997a;

Restoration of riparian vegetative shade to improve Watanabe et al., 2005). Many streams have lost ripar-
water temperature regimes and help rehabilitate ian vegetation due to human disturbances (agricul-
aquatic ecosystems is becoming a common watershed ture, forestry, urbanization, mining, etc.) or natural
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disasters (high winds, fire, flooding, etc.) which has
resulted in increased maximum daily stream temper-
atures and loss or modification of aquatic ecosystems
(Bartholow, 2000; Borman and Larson, 2003; Brown,
1970; LeBlanc et al., 1997; Lynch et al., 1984; Moore
et al., 2005; Scarsbrook and Halliday, 1999; Swift and
Messer, 1971; Wilkerson et al., 2006; Zwieniecki and
Newton, 1999). Shifts in aquatic macro- and micro-
flora and fauna due to changing thermal regimes in
streams caused by changes in shading have been
reported in many regions (Whitledge et al., 2006;
Parkyn et al., 2003; Sweeney, 1993; Harding et al.,
2006). Spring-fed headwater streams in karst terrain
found in states like Pennsylvania have been partially
converted from cold-water to warm-water fisheries by
loss of shade (Grant, 2005), which provided further
local incentive for this paper.

A major question that arises in re-establishing
riparian shade is what amount and type of shade is
necessary to significantly affect the heat balance of
the stream. Other related questions are whether
smaller headwater streams can be significantly
shaded by short grass and shrub vegetation rather
than taller trees, the benefits of using overhanging
vegetation, effects of stream width changes during
shade restoration, and the effectiveness of shade res-
toration on larger streams and rivers.

Small headwater channels with shade from rela-
tively tall, dense trees, receive most of their radiation
as longwave radiation from vegetation and a varying
component of transmitted shortwave radiation. In
these situations, emphasis can be placed on specifica-
tion of the buffer zone width, height, leaf area index,
tree crown diameter, and/or density to be maintained
or cultivated. Forested buffer zone widths ranging
from about 9-30 m width are generally considered
adequate to maintain thermal regimes in such small
streams (Beschta et al., 1987; Sridhar et al., 2004;
Lanini et al., 2004; Wilkerson et al., 2006; Zwieniecki
and Newton, 1999). An alternative approach for
transmitted radiation is specification of the crown
cover above the channel (Tate et al., 2005) or the
fraction of incoming shortwave radiation transmitted
by vegetation (Amaranthus et al., 1989; Davies-Colley
and Payne, 1998). For example, forest streams may
only naturally receive 10-20% of above-canopy solar
radiation during summer when maximum tempera-
tures occur, but receipt of only 30-50% of incoming
solar after restoration is often considered desirable or
acceptable (Davies-Colley and Quinn, 1998; Broad-
meadow and Nisbet, 2004; Rutherford et al., 1997a).

Transmission of shortwave radiation through vege-
tation is a complex process that depends upon an
attenuation coefficient, the plant or leaf area index,
arrangement and clumping of plant parts and the
path length for radiation transmission within vegeta-
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tion. Applicability of simple exponential Beer’s Law
models to transmission of shortwave radiation has
been tested (Aubin et al., 2000; Baldocchi et al., 1984;
Federer, 1971; Link et al., 2004) and found primarily
suited to relatively homogeneous vegetation layers.
Transmission in more heterogeneous or discontinuous
vegetation can be analyzed using more data-intensive
simulation models (Li et al., 1995) or hemispherical
photography of the plant canopy along channels
(Hardy et al., 2004).

At the other extreme, where riparian vegetation is
completely absent or very sparse, shading may be ini-
tially limited to that caused by stream banks and local
topography. In this situation, the ultimate height and
overhang of vegetation in relation to stream width
and stream azimuth, which control shadow lengths
and receipt of direct beam shortwave radiation, become
more important variables. Ratios of vegetation height
to stream width are proposed in this paper as a useful
way to characterize shade. The greater importance of
shade for smaller headwater channels, where the
lower water depths can lead to more-rapid and greater
heating of the stream, than for deeper, higher-order
channels where heating is less rapid is well known
(Poole and Berman, 2001; Chen et al., 1998b; Ruther-
ford et al., 1997b). Experimental development of shade
restoration guidelines is difficult due to the large num-
ber of controlling variables, and modeling is probably
the best way to infer such guidelines.

Models vary in treatment of shortwave and long-
wave fluxes and effects of riparian shade. Models gen-
erally include a reduction in the receipt of shortwave
radiation by shaded streams (Meier et al., 2003; Sinok-
rot and Stefan, 1993) or separate reduction procedures
for direct beam shortwave radiation with consideration
of transmission by vegetation and diffuse shortwave
radiation from the atmosphere (Bartholow, 2002; Chen
et al., 1998a; LeBlanc et al., 1997; Quigley, 1981; Ruth-
erford et al., 1997b; Sridhar et al., 2004; Welty et al.,
2002; Tung et al., 2007). Topographic shading is con-
sidered separately from vegetative shading in some
applications where transmission by vegetation is con-
sidered (Bartholow, 2002; Chen et al., 1998a; Ruther-
ford et al., 1997b). Diffuse atmospheric shortwave
radiation received by shaded streams is generally
reduced by the view factor from the stream to atmo-
sphere and in some applications view factors are
also used to compute atmospheric longwave radiation
(Bartholow, 2000; DeWalle, 1974; Quigley, 1981,
Rutherford et al., 1997b; Chen et al., 1998a; LeBlanc
et al., 1997; O’'Driscoll and DeWalle, 2006; Tung et al.,
2007). Longwave radiation exchange corrections with
view factors become important when the radiating
temperatures and emissivities of riparian vegetation
are significantly different from that of the atmosphere.
Shortwave radiation reflected to the stream by
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riparian vegetation has not generally been considered;
DeWalle (1974) found negligible amounts of reflected
shortwave radiation received by rivers in large valleys.
View factors can be computed from measurements
along shaded channels (Rutherford et al., 1997b; Welty
et al., 2002) or by heat transfer theory (Holman, 1972)
assuming simple geometric shapes for shaded stream
cross-sections (DeWalle, 1974). Overhanging vegeta-
tion effects have been implicitly considered in a few
models where crown diameter of trees is allowed to
overlap the channel width (Chen et al., 1998a; Quigley,
1981). As vegetative shading will affect direct beam
and diffuse shortwave differently, shading effective-
ness should also vary between clear and cloudy days.
Overall, application of models to specific locations
requires considerable site-specific data inputs.

Shade restoration in this paper is defined as the pro-
cess of converting the incoming radiation regime of
exposed streams, typically dominated by direct beam
shortwave radiation and atmospheric diffuse short-
wave and atmospheric longwave radiation, into the
incoming radiation regime typical of heavily shaded
streams dominated by longwave radiation from vegeta-
tion. Due to the lack of general guidelines for shade
restoration for channels that initially have little to no
shade, the major objective of this paper was to deter-
mine an index of shading needed to reduce all-wave
radiation received by exposed streams to 50, 75, and
90% of that for fully shaded streams for various stream
azimuths and latitudes, based upon vegetation height
to stream width ratios. Other sub-objectives were to:
(1) quantify the net impact of increased shading on
direct beam solar radiation relative to other shortwave
and longwave radiation fluxes to the stream, (2) esti-
mate the relative importance of increased shade on
shortwave radiation reflected to small streams by
riparian vegetation, and (3) determine the impact of
overhanging vegetation on stream radiation receipt in
terms of an overhang angle.

SHADED STREAM MODEL

A shaded stream model was developed assuming
an infinitely long, horizontal stream plane which was
shaded by two adjoining, parallel, nontransmitting
vegetation planes of equal height (Figure 1). Shading
by both vertical and overhanging vegetation planes
was considered. Direct beam shortwave radiation
receipt on the stream centerline was computed using
potential or extraterrestrial solar irradiation theory
(Lee, 1978) for entire days. Diffuse shortwave and
longwave radiation receipt by the stream plane was
computed using radiation exchange view factor the-
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FIGURE 1. Model of an Infinitely Long Shaded
Stream Section With and Without Vegetation
Overhang Used in the Theoretical Analysis.

ory (Holman, 1972), which assumes isotropic diffuse
radiation exchange.

Shortwave Radiation

Shortwave radiation reaching a shaded stream sur-
face was modeled as the sum of a direct beam solar
(Kdpeam) and two diffuse shortwave radiation compo-
nents; one diffuse component representing shortwave
from the atmosphere (Kl aum giffuse) and the other dif-
fuse reflected by riparian vegetation (Kl ,eq diffuse) aS

Kistream = [FP : Klbeam] + [sta : Klatm diffuse]

(1)
+ [2FS—V ! Klrefl diffuse]a

where Klgream is daily total incoming shortwave
radiation at the stream surface, FP is the ratio of
daily potential or extraterrestrial solar irradiance on
the centerline of a shaded plane to that on an unob-
structed plane at the top of the atmosphere, Klpeam is
the incoming daily shortwave beam radiation reach-
ing an unobstructed horizontal surface, F_, is the
view factor from stream plane to atmosphere plane,
Klatm diffuse 1S the incoming daily shortwave atmo-
spheric diffuse radiation reaching an unobstructed
horizontal surface, Fs_, is the view factor from
stream plane to vegetation plane on one bank, and
Kl eq aiffuse 1S the incoming daily shortwave diffuse
radiation received and reflected by vegetation planes.
FP can be determined by theoretical analysis of beam
irradiation, ignoring atmospheric attenuation, at the
stream center-line for a given H/W and stream
azimuth, latitude and time of year (summer solstice
assumed). The necessary view factors F,_, and Fy_,
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were derived from heat transfer theory and shaded
stream reach geometry. The incoming radiation totals
K‘l’beam’ K‘Latm diffuse» and K‘Lreﬂ diffuse Can be mea-
sured, extrapolated from published data, as in this
analysis, or computed using theoretical relationships
(Niemel4 et al., 2001; Igbal, 1983).

Longwave Radiation

Longwave radiation received by shaded streams
derives from atmospheric longwave emissions reach-
ing the stream plane and longwave radiation emitted
by vegetation along both banks as

Llstream = [sta : Llatmos] + [2FS*V . leeg]’ (2)

where Ll eam is the daytime total longwave radia-
tion received by the stream surface, Llmos is the
daytime longwave radiation received from the atmo-
sphere on an unobstructed surface, and Liveg is the
daytime longwave radiation emitted by riparian vege-
tation. Longwave radiation fluxes from vegetation or
the atmosphere can also be measured, extrapolated
from published data or computed using the Stefan-
Boltzmann law where

Ll=¢oT?, (3)

where Ll is the longwave flux density in W/m?, ¢ is
the emissivity of the radiator (atmosphere or vegeta-
tion), o is the Stefan-Boltzmann constant or
5.67 x 10~® W/m?/K*, and T is the absolute tempera-
ture (°K) of the radiator. Emissivity of clear sky var-
ies mainly with water vapor content, whereas
emissivity for cloudy sky is increased by cloud cover
(see Duarte et al., 2006; Crawford and Duchon, 1999).
Emissivity for vegetation generally exceeds 0.95
(Oke, 1987). Given the low longwave reflectivity of
vegetation and soil (<5%), reflection of longwave radi-
ation to streams was ignored in this analysis.

METHODS

Fraction of Potential Solar Irradiation

Equations describing the solar altitude and solar
azimuth angles for any latitude, time of year, and
time of day (List, 1968) were used to establish times
of sunrise and sunset on the shaded stream (Fig-
ure 1). Height of the vegetation (H), stream width
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(W), and stream azimuth were varied to simulate a
range of conditions. Once the times of sunrise and
sunset on the stream plane were established, the
potential solar irradiation of the unshaded or shaded
stream plane during a day was computed as (Frank
and Lee, 1966)

I=(I,/r*)[(t2 — t;) - sin lat - sind
+3.8197 - cos lat - cos d - (sin wt, — sinwzy)],

4)

where I, is the solar constant (1360 W/m?), r is the
radius vector which corrects for varying earth-sun
distance, ¢, is the sunset time, #; is the sunrise
time, lat is latitude, d is solar declination which
varies with time of year, and o is the daily angular
velocity of the earth’s rotation (27 radians per
24 hours).

The stream centerline was used as the point of ref-
erence for FP computations and stream azimuths
were varied from N-S to E-W. Vegetative shade alti-
tudes, or angle between the stream centerline and
the top of the vegetation plane in the direction of the
sun, were computed for incremental 0.1 hour time
steps from sunrise to sunset on an unobstructed hori-
zontal plane. Sunrise occurred on the stream center-
line whenever the solar altitude exceeded the shade
altitude and sunset on the stream occurred whenever
solar altitude fell below shade altitude. Double sun-
rise and sunset times can occur particularly for E-W
stream azimuths, where the stream centerline would
be shaded at noon but illuminated for a period in the
morning when the sun was in the East and for a per-
iod in the afternoon when the sun was from the West.
Calculations were conducted for the summer solstice
(June 21, solar declination = +23.5°) when the sun is
at its maximum elevation during the year for a given
latitude; shading would be greater at other times of
year. Emphasis was given to computations for 40°N
latitude, which generally represents conditions in the
mid-latitudes of the United States (U.S.), but results
for 30°N and 50°N latitudes are also shown.

Knowing the appropriate sunrise and sunset times
for the unobstructed and shaded stream plane and
values of r and d from ephemeris tables (List, 1968;
Frank and Lee, 1966), the fraction of potential or
extraterrestrial beam radiation received by the
stream was computed as

FP = stream /Ihorizontal (5)

using Equation (4) for shaded (Igream) and exposed
(Inorizontal) Stream conditions, respectively. FP was
then be used to represent the fraction of beam short-
wave radiation reaching the stream plane over a
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given day using Equation (1). Double sunrise and
sunsets required two integrations to obtain FP and
Iiream for a given day.

Effects of varying vegetation overhang angle on FP
were computed from simple geometry within the
shaded stream reach. Overhang angle was defined as
the angle between the vertical and a line from the
stream edge to the bottom edge of overhanging foliage
(Figure 1). Effects of overhang angle were given as a
family of curves (Figure 4), each for a different H/W
without overhang, showing how the effective H/W
ratios increase with increasing overhang angle. Over-
hang angle also affects the view factor from the stream
to vegetation for a given H/W as described below.

View Factors

View factors were used to approximate exchange of
diffuse radiation between plane surfaces in the
stream-atmosphere-vegetation system. The view fac-
tor between two infinitely long parallel planes of
width = W separated by distance H was computed
(Hottel, 1931) and used to represent the view factor
from the stream to the atmosphere as

Foy =14 (H/W?)'? - H/W (6)

As the sum of view factors from a plane surface to
all surfaces in the hemispherical view above the plane
must add to unity, 1 — F_, represents the view factor
from the stream to the vegetation along both banks
(2F_,). Alternatively, the view factor between two infi-
nitely long planes sharing a common edge with a 90°
included angle can be computed (Siegel and Howell,
2001) and used to represent the view factor from the
stream plane to vegetation along one bank as

Fyyooo = 1/2{1+ H/W —[1+ (H/W)]'*} (7)

The view factor from an infinitely long stream
plane to an overhanging infinitely long vegetation
plane with an included angle <90° (o) can be simi-
larly computed (Schroder and Hanrahan, 1993) as

Foy coo=1/2{d+1—[4>+1—-24cosa)*}, (8)

where A = H/(W sin o) and 0 > F_,__g9 < 1. In Equa-
tions (6-8), the term W is analogous to the width of
the stream plane and H to the vertical height of the
vegetation plane. Equations (7) and (8) can also be
used to compute view factors from stream to vegeta-
tion planes of unequal heights on opposing banks,
although only symmetrically shaded stream sections
are considered here.

JouRNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

Modeling Radiation Received by Streams

Radiation received by shaded streams using Equa-
tions (1) and (2) was computed for mid-latitude condi-
tions (40°N) using representative radiation data from
Pennsylvania (Table 1). Emphasis is placed upon
clear-sky and the summer solstice conditions when
maximum solar radiation and maximum stream heat-
ing are likely to occur, although results for cloudy
conditions in summer are also given. Potential or
extraterrestrial solar irradiation on a horizontal sur-
face at the top of the atmosphere for the summer sol-
stice (42.81 MJ/mZ/day at 40-42°N latitude) was used
as a starting point (Frank and Lee, 1966). Clear-sky
global radiation (direct beam plus diffuse shortwave)
on this date of 29.54 MJ/m? was next computed using
a June clear sky (<10% cloud cover) clearness index
of 0.69 for northcentral Pennsylvania (NASA Surface
Meteorology and Solar Energy Tables). The clearness
index is the fraction of radiation at the top of the
atmosphere which reaches the earth’s surface as
global radiation during clear-sky days (days with
<10% cloud cover). Global radiation was apportioned
to 80% solar beam (Klpeam = 23.63 MJ/m?) and
20% diffuse shortwave from the atmosphere (Kl m =
5.91 MJ/m?) based upon analysis of the beam vs. dif-
fuse fractions of clear-sky radiation days at the
NOAA SURFRAD network Penn State station during
June-July 2002-2006. Representative clear-sky, day-
time, incoming longwave flux from the atmosphere
(L4 atmos = 16.4 MJ/m?) was also based upon measure-
ments at the Penn State SURFRAD site based upon
a 14-hour daytime period.

TABLE 1. Daytime Radiation Totals for Clear and Cloudy
Days Used to Model Effects of Riparian Vegetative
Shade for Mid-Latitude (40°N) Conditions.

Clear Day, Cloudy Day,

Radiation Component MdJ/m? MdJ/m?

Direct beam shortwave 23.63 3.4
(K‘Lbeam)

Diffuse atmospheric 5.91 13.7
incoming shortwave

(K atm aittuse)

Shortwave received by 3.27 E- and W-facing 2.18
unobstructed vertical 1.52 N-facing 1.02
planes® (Kl yert) 2.25 S-facing 1.48

Atmospheric incoming 16.4 19.7
longwave radiation
(Ll’atmos)

Longwave radiation emitted 20.66 20.66

by vegetation? (Liveg)

Used to compute Kiveg, source DOE NREL website for Williams-
port PA, see text.
2Approximately 18°C average vegetation radiating temperature.
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Blackbody radiating temperatures and fluxes of
longwave radiation from riparian vegetation during
clear days are not known. As a first approximation,
longwave emitted from vegetation (Liveg) was
assumed equal to the June average outgoing radia-
tion flux from the ground surface of unirrigated grass
turf and row crops measured at the Penn State
SURFRAD site (L,es = 20.66 MJ/m?). Based upon
Equation (3), this flux is approximately equal to a
blackbody radiating temperature of 18°C for vegeta-
tion, which is probably a conservative estimate for
clear days. Sunlit edges could radiate at much higher
temperatures during parts of the day; for example,
with E-W stream azimuths the South-facing vegeta-
tion could receive solar radiation at near normal
incidence and heat at times to much higher tempera-
tures than vegetation on the opposite bank which
was facing North. Mean air temperatures during
clear days in summer at the Penn State SURFRAD
site averaged about 22°C and model results using a
vegetation temperature of about 25°C (22.5 MJ/m?)
are also shown.

Shortwave radiation reflected from vegetation
planes along streams also presented special prob-
lems, as no measurements of reflected radiation
from vegetation along streams were available. Esti-
mated clear-day shortwave radiation received on
unobstructed vertical planes (Kl er¢) facing N, E, S,
and W at Williamsport, Pennsylvania for June
(DOE National Renewable Energy Laboratory web-
site) was used to approximate shortwave received
by vertical vegetation planes. Fluxes for North- and
South-facing vertical planes were associated with
an E-W stream azimuth, while fluxes for East- and
West-facing vertical planes, which were equal, were
associated with a N-S stream azimuth (Table 1).
These fluxes for unobstructed vertical planes were
assumed to be entirely diffuse radiation and were
corrected for the reduction in amount of radiation
that could reach the vegetation from the atmo-
sphere as shading increased using the view factor
from the vegetation to atmosphere (F,_,) and then
multiplied by an assumed albedo for vegetation of
0.2 to estimate Kl,en giffuse. The view factor from
vegetation to atmosphere, F, ,,was derived from
other view factors previously discussed, since by
symmetry in the shaded stream section, F,_, = F,_q
and by reciprocity F,_s = Fs_, W/H (Holman, 1972).
Thus, the reflected shortwave radiation from vege-
tation for use in Equation (1) was

Klreﬂ diffuse = 0.2F - W/H Klvert (9)

Substitution of Equation (9) into Equation (1), con-
verts the third term in Equation (1) to

JAWRA

2Fsy - Klreﬂ diffuse = (2) (0'2)F§7v ’ W/H . Klvem (]0)

where the product 2F_,>W/H becomes the effective
view factor from stream to vegetation along both
banks controlling receipt of reflected shortwave radia-
tion to the stream.

Cloudy days were also modeled where it was
assumed that incoming shortwave to an unobstructed
plane was only 0.4 of potential, with 80% being dif-
fuse shortwave and 20% being direct beam short-
wave, which was representative of partial to heavy
cloud cover days in Pennsylvania. For cloudy-day
modeling, shortwave radiation reaching vertical vege-
tative planes was reduced to two-thirds of that for
clear days (based upon clear to average day ratios
given on DOE NREL website for Williamsport),
incoming atmospheric longwave was increased to
19.7 MJ/m? for the daytime period (based upon data
at the Penn State SURFRAD site) and longwave
emitted from vegetation was not changed.

RESULTS

Fraction of Potential Solar for Shaded Streams

Effects of stream shade on the daily fraction of
direct beam solar radiation reaching the stream cen-
terline are summarized in Figure 2 for E-W, N-S, and
intermediate stream azimuths as a function of H/W
for latitude of 40°N on the summer solstice.

Increasing shading or H/W produces a gradual cur-
vilinear reduction in receipt of direct beam solar radi-
ation as expected, but for E-W streams the curves
shows a more complex pattern due to occurrence of
double sunrises and sunsets. For E-W streams a
threshold or inflection point exists where the fraction

1 7
\\ === E-W azimuth
0.8 ] \ \ \ —
0.6 \ \\ ENE-WSW
o ] \ \
L 0.4 RN NE-SW
- /v\‘\\\
] NS ST~
0.2 | Ry Sy
0:--..,....,....,....,....
0 1 2 3 4 5
H/W

FIGURE 2. Fraction of Potential Extraterrestrial Solar Irradiation
(FP) Received on a Shaded Stream Centerline on the Summer
Solstice and a Latitude of 40°N as a Function of Stream Azimuth
and the Ratio of Vegetation Height (H) to Stream Width (W).
Vegetation overhang angle = 0°.
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of beam radiation received begins to drop rapidly for
increasing shade angles or H/W ratios, which repre-
sents the point where the maximum shade angle [arc-
tan H/(W/2)] begins to exceed the maximum solar
altitude for that day. This threshold also marks the
initiation of double sunrise and sunsets on the stream
centerline as vegetation height (H) increases relative
to stream width (W). For dense shade (e.g., H/W = 5)
FP is reduced to values less than 0.1, equivalent to
10% of beam solar radiation received.

Importance of stream azimuth in controlling effec-
tiveness of riparian shading from shortwave radiation
has been documented by several investigators. Ice
(2004) described the varying shading effect of vegeta-
tion buffers through interactions with stream azi-
muth. Modeling studies have also shown that E-W
azimuth streams can experience double sunrise and
sunsets under certain shading conditions (University
of Washington 2001).

Latitude can have a major influence on the direct
beam radiation reaching the stream for E-W streams
(Figure 3a), but has a smaller influence on the direct
beam receipt for N-S streams (Figure 3b). Generally
for a given H/W, the fraction of potential solar beam
radiation received is greatest for 30°N latitude and
least for 50°N latitude. The threshold for onset of dou-
ble sunrises and sunsets exists at H/W = 1 for latitude
of 50°N, and for a latitude of 30° the threshold occurs
at H/W =4. No similar threshold exists for N-S
streams where the fraction of direct beam solar
received for a given H/W is only slightly reduced with
increasing latitude over the range of 30-50°N latitude.

Vegetation overhang can reduce the fraction of
direct beam solar radiation that reaches the stream
beyond that due to shading by vegetation without
overhang (see Figure 4). An effective H/W ratio can
be defined which accounts for shading by overhang-
ing vegetation to compute changes in FP using
Figures 1 and 2 for beam shortwave radiation
received. For example, shading by vegetation with
H/W =1 with a 0° overhang angle can be increased
to an effective H/W =4 with just a 20° overhang
angle. The effect of overhang angle can be great
where H/W is initially larger, but has a very limited
effect where H/W is initially lower (Figure 4). For
example, for an initial H/W = 0.2 with 0° overhang, a
64° overhang angle is needed to achieve an effective
H/W = 1; however, if the initial H/W = 0.6 with 0°
overhang, only a 18° overhang angle is needed to
achieve an effective H/W = 1.

View Factors for Shaded Streams

Radiation exchange view factors vary with the
ratio of vegetation height to stream width and the

JouRNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

1 — a. East-West
0.8 -

0.6 -. \
o b \

Lat =30

o ———-Lat=40
0.4 ] ‘. \\\

0.2 e T

b. North-South Lat =30
N -——-Lat=40

o 0.6 N

o ] N
0.4 E RN
0.2 ' -\?-n?:s

0.8

e

FIGURE 3. Effect of Latitude (30-50°N) on the Relationship
Between Fraction of Potential Solar Irradiation (FP) Received on
the Stream Centerline and the Ratio of Vegetation Height (H) to
Stream Width (W). Upper graph (a) shows curves for E-W stream
azimuths and the lower graph (b) shows N-S stream azimuths.
Vegetation overhang angle = 0°, summer solstice.

amount of vegetation overhang. View factors from the
stream to atmosphere without vegetation overhang
vary from 100% view of the atmosphere at H/W = 0
to about 10% of the view at H/W = 6 (Figure 5). One
minus this view factor gives the view factor from the
stream to the vegetation along both banks used to
compute longwave radiation receipt. The composite
view factor expression used in Equation (10) to com-
pute diffuse shortwave reflected by vegetation to the
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FIGURE 4. Overhang Angle Effects on the Effective Ratio of Vege-
tation Height (H) to Stream Width (W) to be Used to Determine FP
for Direct Beam Shortwave Radiation Shading. Each Line Shows
the Variation in Effective H/W With Overhang Angle, Beginning
With a 0° Overhang Angle or Vertical Vegetation Plane.
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FIGURE 5. View Factors Used to Model Radiation Received by a
Shaded Stream as a Function of Vegetation Height to Stream Width
Ratio: Fs_, = View Factor From Stream Plane to Atmosphere,
2F_, = View Factor From Stream Plane to Vegetation Planes Along
Both Banks, 2F,_,>W/H = Composite View Factor Derived to Com-
pute Diffuse Reflected Shortwave Radiation From Both Vegetative
Planes to the Stream. Vegetation overhang angle = 0°.

stream (2F2, - W/H) is also shown in Figure 5. As
H/W and hence shading increases, this view factor
for reflected shortwave initially increases because the
increasing view from stream to vegetation dominates,
reaches a peak of 18% at H/W =1, and then
decreases because the view factor from vegetation to
atmosphere begins to dominate.

Vegetation overhang reduces the view from the
stream to the atmosphere and increases the view to
vegetation along the banks (Figure 6), which
increases the importance of longwave emitted and
shortwave reflected to the stream by vegetation. For
example, the view factor from the stream to vegeta-
tion on both banks with H/W = 1 and zero overhang
is about 0.6, but this view factor increases to about
0.72 with just a 10° overhang angle and to about 0.9
with 20° overhang angle. Note that a maximum view
factor from the stream to vegetation along both banks
of 1.00 is achieved relatively easily at small H/W < 1
with only 30° overhang angles. Long overhanging
branches from trees and shrubs or stems from
grasses which do not reach a very great height above
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FIGURE 6. Overhanging Vegetation Effects on Radiation Exchange
View Factor From Shaded Stream Plane to Vegetation Planes
on Both Banks as a Function of Vegetation Height (H) to Stream
Width Ratio (W) for Several Different Vegetation Overhang Angles.
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the stream plane (H) may still be effective in altering
the reflected shortwave and emitted longwave radia-
tion received. Overhanging planes are also assumed
to be nontransmitting and thus are solid planes in
the model.

Modeled Radiation Received by Shaded Streams

Modeled shortwave and longwave radiation compo-
nents received by shaded streams based upon Equa-
tions (1) and (2) are shown in Figure 7 for a N-S
stream azimuth and Figure 8 for an E-W azimuth,
respectively. Results are based upon clear-sky mid-
latitude conditions on the summer solstice without
overhanging vegetation. Figure 7 shows total daytime
radiation received on a N-S stream varied from about
46 MJ/m? with no shade to about 25 MJ/m? with
H/W = 5. The reductions in total radiation received
are largely caused by reductions of shortwave beam,
with reduction in shortwave atmospheric and long-
wave atmospheric radiation being largely offset by
increases in longwave radiation received from vegeta-
tion. Shortwave reflected to the stream by vegetation,
based upon modeling assumptions, was negligible,
but rose slightly and then declined as shading
increased. At H/W = 5, which simulates heavy shade,
radiation received was reduced by about 45% and
dominated by longwave radiation (80% of the total)
received from vegetation.

In Figure 8, analogous radiation components for
an E-W stream azimuth are given for clear-sky,
mid-latitude conditions. Patterns of changes of radia-
tion components with increased shading on E-W
streams are similar to those for a N-S stream except
for the shortwave beam radiation, which differs
according to FP with azimuth as shown in Figure 2,

50 North-South Stream

Total incoming

40

FIGURE 7. Modeled Daytime Components of Radiation Received
by Shaded N-S Streams for Clear-Sky, Mid-Latitude (40°N)
Conditions at Various Vegetation Height (H) to Stream
Width (W) Ratios. Vegetation overhang angle = 0°.
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FIGURE 8. Modeled Daytime Totals of Radiation
Received by Shaded E-W Streams for Clear-Sky, Mid-
Latitude (40°N) Conditions at Various Vegetation Height (H)
to Stream Width (W) Ratios. Vegetation overhang angle = 0°.

and very slight differences in reflected shortwave
radiation due to differences in shortwave received by
vertical vegetation planes. Regardless of stream azi-
muth, vegetative shade effects on FP and receipt of
shortwave beam radiation were most important dur-
ing clear days.

The role of changes in diffuse shortwave and long-
wave radiation (total minus shortwave direct beam
radiation) contributions to the stream with shade
increases on clear days is shown in Figure 9. The
changes in the sum of all diffuse fluxes with
increased shading are negative and quite small, less
than 1 MJ/m?, thus it is clear that most changes in
total radiation received are due to changes in short-
wave beam radiation. Small differences in the sum of
diffuse shortwave and longwave radiation fluxes with
azimuth are due to minor differences in the amount
of shortwave reflected from vegetation in the model.
Increasing the assumed vegetation temperature from
about 18°C to about 25°C, also shown in Figure 9,
caused a minor peak at H/W =1, but again the
changes in the sum of diffuse components remained
small and the overall effect of increased shading on
diffuse shortwave and longwave radiation was gener-
ally negative. Even though the total diffuse flux does
not change appreciably with increased shading, dif-
fuse shortwave plus longwave radiation equals about
85% of the total received at H/W = 5 or heavy shade
conditions and represents the minimum amount of
radiation achievable by shade restoration programs.

Cloudy-day results showed that varying H/W could
also be effective in reducing the radiant energy
received by streams, but results varied little between
N-S and E-W stream azimuths (Figure 10). Regard-
less of azimuth, maximum radiant energy received by
the stream for cloudy days declined curvilinearly
from a maximum of 37 MJ/m? at a H/W = 0.0 to a
minimum of about 22 MJ/m? at H/W = 5. Radiation

JouRNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

23.5
23
22,5
22
21.5
21
20.5 ‘ ‘ ‘ ‘

N-S 25°C

MJ m2

o
-
N
w
=N
(3,

FIGURE 9. Modeled Variation in the Sum of Diffuse Shortwave
and Longwave Radiation Components Received by a Shaded
Stream With Varying Vegetation Height (H) to Stream Width (W)
Ratios for Clear-Sky, Mid-Latitude (40°N) Conditions. Results are
given for both N-S and E-W stream azimuths and for two assumed
vegetation radiating temperatures (18°C and 25°C). Vegetation
overhang angle = 0°.

received without shading was dominated by diffuse
atmospheric shortwave and atmospheric longwave
radiation, while with heavy shade radiation received
was dominated by longwave radiation emitted by veg-
etation. Under cloudy conditions, shade effects on
view factors from the stream to atmosphere and vege-
tation played a dominant role.

APPLICATIONS

Shade Height Requirements

Modeled total radiation loads on shaded streams in
Figures 7, 8, and 10 were used to estimate H/W
needed for shade restoration in mid-latitude sites
(40°N) in the U.S. with zero overhang (Table 2).

40 4
35 1 E-W
30 § <
25 4
20 /
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5
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0 1 2 3 4 5

HW

MJ m2

FIGURE 10. Modeled Variation in the Sum of Total Radiation
Received by a Shaded Stream Under Cloudy-Sky, Mid-Latitude
(40°N) Conditions as a Function of Vegetation Height (H) to Stream
Width (W) Ratios for Both E-W and N-S Stream Azimuths. Vegeta-
tion overhang angle = 0°.
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Ratios for three levels of shade restoration are given,
50, 75, and 90%, which might be relevant to those
planning a shade restoration program. Based upon
radiation totals in Figure 7 for N-S streams, restora-
tion to 50, 75, and 90% of heavy shade can be
achieved by vegetation height to stream width ratios
of 0.7, 1.4 and 2.5, respectively. Restoration for E-W
streams would require much greater H/W ratios of
1.8, 2.3 and 3.3, respectively (Figure 8). For example,
if 50% shade restoration is desired, a 4-m wide
stream would require vegetation height of about
2.8 m for a N-S stream azimuth, but about 7.2 m veg-
etation height for equivalent shading for an E-W
stream azimuth. Shade heights of 2.8 m are possible
with tall grass or shrub vegetation for N-S, but for
E-W streams young, pole-sized woody vegetation
would likely be needed. Blann et al. (2002) found that
grasses and forbs could be as effective as taller woody
vegetation in shading streams in Minnesota based
upon modeling results. Whitledge et al. (2006) noted
that potential for shade restoration was greater for
narrower and N-S azimuth streams in the Missouri
Ozarks based upon modeling results. Ratios needed
for other stream azimuths would be intermediate to
these values and in rough proportion to changes in
FP with azimuth shown in Figure 2.

Stream bank height above the water surface is
implicitly included in the vegetation height used in
these examples. Entrenched streams may be partially
shaded by banks and actual vegetation height from
restoration efforts can be added to bank heights for
purposes of this computation. Exposed stream banks
will have a somewhat different albedo than vegeta-
tion, but as reflected shortwave is not a major compo-
nent in shade computations, this effect should be
negligible. Shading by topography can also be effec-
tive and the same H/W ratios in Figures 2 and 3 can
be used to include topographic effects on direct beam
radiation receipt by streams. The assumption of zero
vegetation transmission in this analysis permits
shading by stream banks and topography to be added
with little error.

TABLE 2. Predicted Vegetation Height/Stream Width
Ratios Needed to Achieve 50, 75, and 90% Shade
Restoration for Clear and Cloudy Days for Mid-
Latitude Conditions (40°N) Overhang Angle = 0°.

Vegetation Height to Stream Width
Ratios for Shade Restoration

Sky Conditions/ 50% 75% 90%

Stream Azimuth Restoration Restoration Restoration

Clear days/north-south 0.7 14 2.5

Clear days/east-west 1.8 2.3 3.3

Cloudy days/all 0.8 1.6 2.7
azimuths
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Cloudy day modeling results (Figure 10) were also
used to infer impacts of shade restoration (Table 2).
On cloudy days for all stream azimuths, model
results suggest that 50, 75, and 90% of shade restora-
tion could be achieved with H/W of 0.8, 1.6, and 2.7,
respectively. Estimates for N-S and E-W streams
differed only slightly and average ratios were used.
These H/W ratios for cloudy days, where a larger
fraction of diffuse shortwave radiation is received,
are intermediate between clear-day estimates for N-S
and E-W stream azimuths.

Grant (2005) studied the temperature increases in
six stream reaches in Pennsylvania during summer
in relation to FP and view factors to the atmosphere
using a similar modeling strategy as used here based
upon extrapolation of relationships for larger rivers
from DeWalle (1974). He found that temperature
increases were moderated by riparian vegetation
where the view factor from stream to atmosphere
(Fy_p)was <0.40 and where the fraction of shortwave
beam radiation reaching the stream centerline (FP)
was <0.75.

Vegetation Overhang Effects

Vegetation overhang increases the effective H/W of
vegetation and can be an important consideration in
shade restoration programs for small streams, as
shown in Figure 4. For example, 6-m high vegetation
along a 4-m wide E-W azimuth stream would only
give a ratio of vegetation height to stream width of
1.5, which is below the ratio of 2.3 needed to produce
75% shade restoration (Table 2). However, if this veg-
etation also had an overhang angle of 10° over the
stream, then according to Figure 4, the effective H/W
for direct beam shortwave would be increased to
about H/W = 2.8, which is adequate to produce 75%
shade restoration, as long as net changes in other
radiation fluxes (e.g., reduced diffuse atmospheric
shortwave and atmospheric longwave vs. increased
longwave from vegetation) did not offset the change.
Vegetation overhang of 10° with H/W = 1.5 essen-
tially gives an increase in view factor from the
stream to vegetation along both banks from 0.68 to
about of 0.84 according to Figure 6; however, the sum
of diffuse shortwave and longwave radiation received
with this increased view was still only slightly less
than that without overhang as was found in the
model without overhang. Thus, impacts of overhang-
ing vegetation on shading guidelines can be deter-
mined largely by analyzing effects on shortwave
beam radiation using Figures 2 and 4 for clear sky
conditions.

Analysis suggests that preference should be given
to plant species that have overhanging foliage and
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branches to benefit the most from shade restoration
programs. Rapidly growing overhanging grass and
shrub vegetation can be used to provide quick shade,
while slower growing woody vegetation becomes fully
established. Planting riparian vegetation very close
to the banks to get the most overhang could be very
important in increasing the effective height of shorter
grass and shrub vegetation for a given stream width.
Planting near stream banks does increase the risk of
loss of plant material due to bank collapse over time
and the effect of channel width changes is considered
below. Vegetation overhang in this analysis also
assumes no transmission by foliage, thus only dense
overhanging vegetation should be considered when
using these guidelines.

Impacts of Stream Width Changes

Use of Figures 7, 8, and 10 and Table 2 implies
that changes in width of channels over time can also
cause significant changes in shading needs. For
example, 90% shade restoration on a 1-m wide
stream with N-S azimuth would require a H/W = 2.5
on clear days and H/W = 2.7 on cloudy days or a veg-
etation height range of 2.5-2.7 m. If the channel
width increased to 2 m during shade restoration, the
required vegetation height range needed for 90%
shade restoration would double to a range of 5-5.4 m.
If shade height were fixed, then such channel widen-
ing would effectively reduce the level of shade resto-
ration that was obtained. Of course, channel
narrowing during a shade restoration program could
render the existing vegetation more effective than
originally planned.

Restoration on Wide Streams

Given the natural limits on vegetation height that
can be achieved with mature trees, Table 2 for 40°N
latitude implies that there are some practical limits
on the maximum stream width that can be apprecia-
bly affected by shade restoration programs. Assuming
that if 30 m is the maximum vegetation height that
can be achieved, then 50% shade restoration could
only be achieved for E-W streams up to about 17-m
wide (H/W = 1.8 needed) or N-S streams up to 43-m
wide (H/W = 0.7 needed). Maximum stream widths
that could be restored for other stream azimuths
would fall within this range. In addition, as the time
required for these maximum vegetation heights to be
reached is significant, shade restoration programs on
such wide streams would be a very long-term invest-
ment. There are many other good reasons for restora-
tion of riparian vegetation along very wide streams,
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but lowering water temperatures by shading is proba-
bly not one of them.

Shading on wide streams would be somewhat more
effective at higher latitudes and less effective at
lower latitudes, at least for E-W stream azimuths.
Based upon Figure 3, the maximum E-W stream
width for 50% restoration by 30-m tall vegetation
would be about 25-m at 50°N latitude compared to
about 17-m width at 40°N latitude.

Latitude Effects

Effects of latitude on shade restoration require-
ments can be easily demonstrated using Figures 3a
and 3b by considering only shortwave beam radiation
reaching the stream, which is justified based upon
modeling results. The vegetation height to stream
width ratio (H/W) needed for 50% shade restoration
(FP = 0.5) in Figure 3a for E-W stream azimuths is
about 1.2, 1.9, and 4.8 for 50°, 40°, and 30°N lati-
tudes, respectively. In Figure 3b for N-S streams, the
H/W ratios needed to achieve 50% restoration with
varying latitudes are about 0.66, 0.74, and 0.82 for
50°, 40°, and 30°N latitudes, respectively. Shading
would be obviously much more effective at higher lat-
itudes than lesser latitudes for E-W streams, but
relatively unimportant for N-S streams.

Assumptions and Limitations

Analysis of stream shade involved several key
assumptions that affect the application of results.
Analysis was based upon the premise that daylight
totals of radiation received by streams from sunrise to
sunset provide a useful index to riparian vegetation
shading. Results thus apply to idealized long channel
reaches which are longer than the distance traveled by
a slug of water during the daylight period. Analysis
was also based upon daily direct beam shortwave radi-
ation received on the stream centerline rather than
radiation integrated over the entire width of the chan-
nel. Ultimately the effectiveness of radiation received
in heating a stream will depend upon how discharge is
distributed across the channel (e.g., whether the bulk
of the flow occurs along one bank or near mid-stream).
In this analysis, for the long straight channel reaches
modeled, the stream centerline was simply used as the
reference point. Impacts of shade on stream tempera-
ture regimes can depend upon many other factors such
as water velocity, water depth, wind speed, humidity,
air temperature, channel bed conductivity (Johnson,
2004), groundwater inputs (Story et al., 2003; Mellina
et al., 2002), and vegetation characteristics includ-
ing transmission and longitudinal distribution of
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vegetation along the channel (Burton and Likens,
1973; Scarsbrook and Halliday, 1999; Rutherford et al.,
2004), that cannot be easily generalized. Computation
of shade restoration impacts on stream temperature
would require case-specific calculations using one of
the several available models including radiation
components given in Equations (1) and (2).

Analysis also treated vegetation as nontransmit-
ting planes, which means shading guidelines should
only be applied to dense or wide vegetative riparian
buffer zones or very dense overhanging vegetation.
Transmission of solar radiation by vegetation would
increase the amount of radiation reaching the stream
and increase the H/W ratio shade restoration guide-
lines shown in this analysis as well as blur differ-
ences in shading guidelines due to stream azimuth.
However, shade restoration guidelines also represent
summer solstice conditions which would equate to
greater shading at other times during the growing
season, somewhat compensating for the nontransmit-
ting assumption in this analysis. A definition of buf-
fer zone characteristics needed for “nontransmitting”
vegetation is not prescribed here, but reference can
be made to the buffer widths typically recommended
for restoring or maintaining shade; widths ranging
from about 9-30 m width are generally considered
adequate to maintain thermal regimes in small
streams (Beschta et al., 1987; Sridhar et al., 2004;
Wilkerson et al., 2006; Zwieniecki and Newton, 1999).
Other accommodations for effects of radiation trans-
mission by vegetation would be to only use the larger
H/W for 90% shade restoration given in Table 2 or to
estimate transmission using Beer’s law and apply the
resulting increase in FP to Figure 2.

An estimate of increase in FP due to transmission
of shortwave radiation by vegetation can be made
based upon the Beer’s Law in the form (Jarvis et al.
1976):

AFP = ¢ K LA (Eq.II)
Where LAI is the leaf area index of the plant commu-
nity and K is an extinction coefficient. LAI can be
measured, but impacts of clumping and non-foliar
components can be problematical (Bréda 2003). The
attenuation coefficient (K) of plant stands varies with
many factors including solar altitude and path length
of radiation through the vegetation (Sridhar et al.
2004, Pomeroy and Dion 1996), which makes applica-
tions to buffer zones of finite dimensions (width,
height, density) and varying stream-buffer geometries
problematical. Regardless, as a rough approximation,
if LAI =5, representing dense vegetation and
K =0.47 representing mean broad-leaved forest
(Bréda 2003), then AFP = 0.095. Pro-rating AFP by
the fraction of the day when the stream is actually
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shaded (e.g. multiplying by 1-FP) is also needed. For
example, given FP = 0.5 (/W = 1) in Figure 2 for a
NE-SW stream azimuth at 40°N latitude without
transmission, this level of transmission increases
FP received by 0.0475 (=AFP(1-FP)) and increases
the solar beam radiation reaching the stream to
FP = 0.5475 (H/W = 0.9). Viewed alternatively, shade
requirements in Figure 2 would have to be increased
from about H/W = 1.0 at FP = 0.5 without trans-
mission to about H/W = 1.1 at FP = 0.4525 with
consideration of transmission, to get the same shade
restoration.

CONCLUSIONS

Vegetative shade effects on receipt of daily total
shortwave beam radiation were found to dominate
model results for clear weather conditions on the
summer solstice. Increases in longwave radiation
from vegetation due to increased shading were essen-
tially offset by decreases in atmospheric diffuse short-
wave and atmospheric longwave radiation based
upon assumptions used in the model for clear
weather. Consideration of view factors from the
stream to vegetation and atmosphere and exchange
of diffuse shortwave and longwave radiation were
more important for cloudy weather conditions. Model
results also indicated that shortwave radiation
reflected by vegetation to the stream would be small
and could be ignored. Measurements of all diffuse
and direct and shortwave and longwave radiation
fluxes received by shaded streams appear to be lack-
ing, but are needed to support future modeling
efforts.

Ratios of vegetation height to stream width for
dense, nontransmitting riparian buffers are given as
general guidelines for use by ecosystem managers to
help plan shade restoration programs. For example,
shade height to stream width ratios needed to reduce
all-wave radiation received on the stream centerline
to within 75% of that on a fully shaded stream ranged
between 1.4 to 2.3 for mid-latitudes (40°N) depending
on cloud conditions and stream azimuth. Ratios
needed to achieve shade restoration will be greater for
E-W than for N-S stream azimuths with clear sky, but
stream azimuth would be relatively unimportant with
cloudy weather. On small streams, shade restoration
is possible with grass and shrub vegetation for N-S
azimuths for some configurations, but taller woody
vegetation may be needed for E-W azimuths depend-
ing upon stream width. Regardless, dense vegetation
overhanging the stream can greatly enhance shading
and measurements of overhang angles can be used to
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estimate this enhancement. Changing stream widths
during shade restoration programs can also cause
important shifts in ratios needed for restoration.
Shade effects on E-W streams were especially effec-
tive for streams at higher latitudes. On larger
streams, opportunities for shade restoration, with or
without overhang, are limited to widths less than
about 17 m for E-W azimuths and widths less than
about 43 m for N-S streams for clear-day, mid-latitude
conditions.
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