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Planning Best Management Practices 

 to Reduce Sediment Delivery from Forest 
Roads Using WEPP:Road Erosion Modeling 

and Simulated Annealing Optimization

James A. Efta, Woodam Chung

Abstract

Planning and implementation of road BMPs on a watershed scale can be a difficult task because 
of the need to prioritize locations while accounting for multiple constraints, such as the avail-
able budget, continuous maintenance, and equipment scheduling. Using simulated annealing 
(SA) as its heuristic optimizer, BMP-SA accounts for sediment being delivered to the stream 
network through incorporation of modeled road erosion predictions and alternative BMP op-
tions and scheduling for problematic road segments. BMP-SA was applied to the Glenbrook 
Creek watershed in the Lake Tahoe Basin in Nevada, US. WEPP:Road predictions were used 
to identify road segments posing an erosion risk and appropriate BMPs were identified for 
problematic segments. Using BMP-SA, modeled road-related sediment leaving the forest buf-
fer, thus entering streams, was minimized over the course of the planning horizon while 
considering budget constraints and equipment scheduling concerns. BMP-SA can be applied 
to any watershed but relies heavily on the perceived accuracy of road erosion predictions.

Keywords: forest roads, BMPs, simulated annealing, WEPP:Road, erosion modeling, road 
management, budget planning

sion	risk	is	evaluated,	not	all	potential	BMP	options	
may	be	explored	at	a	given	site,	for	reasons	ranging	
from	inexperience	of	the	prescriber	to	budget	limita-
tions.	While	a	BMP	or	set	of	BMPs	may	be	ideal	for	a	
given	site,	selection	of	BMPs	at	the	one-	to	few-seg-
ment	scale	may	not	effectively	minimize	erosion	and	
sedimentation	at	the	watershed	scale.
Optimization	strategies	have	been	employed	since	

the	1970s	to	address	multiple	management	goals	and	
environmental	constraints	 in	 forest	planning	 (Rön-
nqvist	2003,	Weintraub	et	al.	1995,	Weintraub	2006).	
Application	of	heuristic	optimization	specifically	to	
environmental concerns, including sedimentation as-
sociated	with	roads,	has	only	occurred	more	recently	
due	to	the	complexity	of	such	spatially-explicit	plan-
ning	 problems	 (Coulter	 et	 al.	 2006,	Contreras	 and	
Chung	2009,	Weintraub	et	al.	2000).	Multiple	projects	
have	 incorporated	BMPs	and/or	associated	erosion	

1. Introduction
To	minimize	 sediment-related	 impacts	of	 forest	

roads,	 Best	Management	 Practices	 (BMPs)	 are	 fre-
quently	implemented	on	forest	road	networks.	While	
BMPs	may	consist	of	a	planning	practice	or	mitigation	
strategy	(e.g.	maintaining	a	set	buffer	distance	from	a	
stream	channel),	the	term	is	also	broadly	used	in	refer-
ence	to	specific	structures	or	road	network	attributes	
that	address	sedimentation	issues.	Examples	include,	
but	are	not	limited	to:	sediment	traps;	drain	dips;	veg-
etated	or	rock-lined	ditches,	and/or	road	surfacing.	
Field	research	supports	the	effectiveness	of	specific	
BMPs	and	the	physics	behind	them	(e.g.,	Clinton	and	
Vose	2003,	Foltz	and	Truebe	2003,	Luce	and	Black	2001,	
Megahan	and	Ketcheson	1996).
In	practice,	physical	BMPs	are	generally	prescribed	

using	expert	judgment	in	the	field,	inevitably	under	
limited	budget	conditions.	Regardless	of	whether	ero-
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potential	into	cost-benefit	analyses	using	heuristics	for	
road	management	planning	(e.g.,	Aruga	et	al.	2005,	
Madej	et	al.	2006,	Rackley	and	Chung	2008).	Of	these	
projects,	however,	none	has	directly	addressed	BMP	
implementation	and	maintenance	on	an	existing	road	
network.
The	research	presented	here	fills	this	need	with	a	

decision	support	tool	designed	to	assist	managers	in	
formulating	watershed-scale	road	BMP	installation	
and	maintenance	plans.	The	decision	support	 tool-	
called	BMP-SA	uses	simulated	annealing	(SA)	as	its	
heuristic	solver	to	minimize	sediment	contribution	to	
downstream	water	bodies	by	prioritizing	road	BMP	
installations	while	accounting	for	budget	constraints,	
maintenance	requirements,	and	equipment	schedul-
ing concerns.

2. Study area
The	study	area	for	this	project	is	located	in	the	Lake	

Tahoe	Basin.	Losing	its	famed	clarity	at	a	rate	of	ap-
proximately	one-quarter	meter	per	year	for	the	past	25	
years,	the	lake	is	currently	designated	as	an	impaired	
water	body	under	Section	303(d)	of	the	Clean	Water	
Act	(Roberts	and	Reuter	2007).	Sediment	from	the	ba-
sin	road	network	has	been	 identified	as	a	negative	
contributor	 to	 the	 lake	water	 clarity	 (Murphy	 and	
Knopp	2000).

The	Glenbrook	Creek	watershed	encompassed	the	
majority	of	the	study	area	(Fig.	1).	Glenbrook	Creek	
lies	approximately	24	km	west	of	Carson	City,	NV	and	
32	km	north	of	South	Lake	Tahoe,	CA	on	the	east	side	
of	the	Lake	Tahoe	Basin.	Elevations	in	the	Glenbrook	
Creek	watershed	range	from	approximately	1900	m	to	
2,700	m.	Soils	are	volcanic	and	granitic	in	origin	(Gris-
mer	and	Hogan	2004).	Average	annual	precipitation	at	
the	Marlette	Lake	SNOTEL	weather	station	site,	which	
lies	at	2,400	m	5.6	km	north	of	the	Glenbrook	water-
shed	boundary,	is	approximately	84	cm.	Most	precip-
itation	 in	 the	 Glenbrook	 watershed	 falls	 as	 snow	
(Rowe	et	al.	2002).	Monthly	average	maximum	tem-
perature	at	the	Marlette	Lake	SNOTEL	site	between	
1989	and	2008	was	11°	C	and	monthly	average	mini-
mum	temperature	was	–1°	C.

3. Materials and methods

3.1 Problem formulation
Simulated	annealing,	developed	by	Kirkpatrick	and	

others	(1983),	uses	a	modified	Monte	Carlo	simulation	
that	is	analogous	to	a	metal	cooling,	or	annealing,	after	
leaving	a	forge.	Initial	temperature	and	cooling	rate	are	
variables	which	control	the	number	of	iterations	and	
range	of	acceptable	solution	values.	This	optimization	
technique	is	well	suited	to	this	problem	type	for	mul-
tiple	reasons:	1)	It	can	readily	be	scaled	to	large	and	

Fig. 1 Map of Glenbrook Creek watershed vicinity, Nevada USA
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small	datasets;	and	2)	it	is	a	relatively	simple	yet	effi-
cient	heuristic	 solution	 technique	 for	combinatorial	
optimization	problems	(Kirkpatric	et	al.	1983,	Tarp	and	
Helles	1997).	During	comparison	of	neighbourhood	
solutions,	if	the	current	solution	is	superior	to	the	alter-
native,	an	acceptance	probability	is	calculated	in	order	
to	determine	whether	 the	alternative	 should	be	ac-
cepted	despite	 its	 inferiority.	 This	 unique	heuristic	
component	is	linked	to	the	temperature	variable:

 ( )
current new

tempp new e
−

=  (1)

Where	p(new)	is	the	probability	of	accepting	the	
new	solution,	current	is	the	objective	function	value	of	
the	 current	 solution,	 new	 is	 the	 objective	 function	
value	of	the	new	solution,	and	temp	is	the	value	of	the	
temperature	variable	at	the	time	of	comparison.	When	
compared	against	a	randomly	generated	value,	the	
solution	may	be	accepted	as	the	»new«	current	solu-
tion,	from	which	a	subsequent	neighborhood	solution	
will	be	formulated.	In	doing	so,	a	near-optimal	solu-
tion	may	be	reached	faster	than	if	solutions	were	for-
mulated	randomly,	since	the	»worse«	solution	may	
provide	a	bridge	to	a	superior	solution	more	quickly.	
As	temperature	decreases	(more	iterations	are	run),	so	
too	will	the	probability	of	acceptance	of	an	inferior	
solution,	thereby	reducing	solution	variability	(Fig.	2).
To	apply	this	heuristic	framework	to	the	issue	at	

hand,	the	planning	problem	can	be	formulated	as	a	
minimization	problem	with	the	amount	of	sediment	
entering	streams	as	the	objective	function	(Equations	
2	and	3,	Fig.	3).	The	formulation	below	assumes	that	

sediment	is	discounted	over	time	in	order	to	promote	
early	BMP	installation	and	subsequent	sediment	re-
duction.	A	discount	rate	of	four	percent	was	used	as	it	
is	standard	practice	in	natural	resource	economic	anal-
ysis	involving	U.S.	Forest	Service	investments	(Row	et	
al.	1981).
Minimize
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Where
Z  Total	sediment	leaving	the	buffer	through	

the	course	of	the	planning	horizon
j Planning	period
H Total	number	of	planning	periods
i Segment	number
N  Total	number	of	segments	on	the	road	net-

work
sedimen ti,j	 	 	Sediment	entering	the	nearest	water-

way	from	segment	i	during	planning	pe-
riod j 

costi,j	 	Cost	 of	BMP	 treatment	or	maintenance	
scheduled	for	segment	 i	 in	planning	pe-
riod j.

budgetj	 Budget	for	planning	period	j 
1.04(j	–	1) Discount	term	

Fig. 2 Changes in objective function value of the current solution during the simulated annealing optimization process
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Fig. 3 Flowchart describing adapted simulated annealing optimization
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Estimates	of	sediment	entering	the	stream	network	
from	each	road	segment	of	 interest	must	be	estab-
lished	prior	to	execution	of	the	heuristic.	Currently,	
there	are	a	suite	of	empirically-based	and	process-
based	erosion	models	being	used	for	estimating	road	
erosion,	each	with	varying	degrees	of	user	accessibil-
ity	 (Fu	 et	 al.	 2010).	Among	 these,	WEPP:Road	has	
gained	traction	among	US	land	management	agencies	
including	 the	Lake	Tahoe	Basin	Management	Unit	
(LTBMU)	 and	 continues	 to	 gain	 widespread	 use	
among	academic	 and	nonprofit	organizations	 (e.g.	

Briebart	et	al.	2007,	Contreras	et	al.	2008,	Inlander	et	
al.	2007).	WEPP:Road,	a	user-friendly	interface	to	the	
Water	Erosion	Prediction	Project	(WEPP)	Model	(Fla-
nagan	and	Nearing	1995),	provides	a	web	browser-
based	interface	that	requires	few	input	parameters.
In	this	study,	we	used	WEPP:Road	to	assess	poten-

tial	erosion	risk	and	threat	of	sedimentation	from	each	
road	segment	in	a	watershed	as	well	as	appropriate	
BMPs	to	address	the	erosion	risk	factor(s)	for	that	seg-
ment.	WEPP:Road	estimates	runoff	and	soil	loss	on	
three	overland	flow	elements:	the	roadbed	itself,	a	fill	
slope,	and	the	buffer	(hill	slope	area	between	the	base	
of	the	fill	slope	and	the	nearest	water	source)	(Elliot	et	
al.	 1999).	 Four	 soil	 types	 can	 be	 modeled	 by	
WEPP:Road,	along	with	four	road	designs,	three	road	
surface	types,	and	three	traffic	levels	(Table	1).	A	vari-
ety	of	other	parameters	are	also	required	by	the	mod-
el,	some	of	which	are	best	gathered	in	the	field	and	
some	of	which	are	best	collected	using	a	GIS	or	other	
data sources.

3.2 WEPP:Road data preparation
A	total	of	173	road	segments	were	identified	on	

12.5	km	of	road.	Segments	were	delineated	between	
two	existing	drainage	structures,	from	a	slope	break	
or	high	point	to	a	drainage	structure,	from	a	high	point	
to	a	low	point,	or	between	a	drainage	structure	and	a	
low	point.	WEPP:Road	input	parameters	were	deter-
mined	or	measured	through	a	combination	of	field	
data	collection	and	geoprocessing	using	datasets	ac-
quired	from	the	Lake	Tahoe	GIS	Data	Clearinghouse	
(http://tahoe.usgs.gov/).	»From«	nodes	comprised	the	
entrance	or	beginning	segment	locations	for	runoff	
and	sediment	entrainment.	»To«	nodes	were	delivery	
points,	or	the	perceived	segment	outlet	for	runoff	and	
sediment.	Analysis	of	coarse	rock	content	and	soil	tex-
turing	were	performed	on	soil	adjacent	to	the	road	
grade	itself.	As	WEPP:Road	only	accepts	one	of	four	
soil	textures	(Table	1),	soil	textures	evaluated	in	the	
field	were	matched	as	closely	as	possible	 to	one	of	
those	 four	 textures	 available	 in	 the	 standard	
WEPP:Road	interface.
The	Tahoe	CA	SNOTEL	site,	the	closest	available	

long-term	climate	station	was	used	as	the	climate	in-
put	 for	WEPP:Road.	While	 the	model	 is	 running,	
WEPP:Road	uses	the	CLIGEN	weather	generator	to	
stochastically	generate	daily	climate	data	for	the	de-
sired	simulation	time	(Elliot	et	al.	1999).	Thirty	years	
of	daily	climate	data	were	generated	for	these	simula-
tions.	Per	WEPP:Road	Documentation,	thirty	years	of	
simulation	is	generally	adequate	for	obtaining	reason-
able	erosion	estimates	(Elliot	et	al.	1999).	Road	traffic	
level	was	held	constant	at	»low«	for	all	segments	(Brie-
bart	et	al.	2007).

Table 1 WEPP:Road input parameters and possible values or pa-
rameter ranges

WEPP:Road input 
parameter

Possible values/ 
allowable range

Climate N/A

Soil type

Silt loam

Sandy loam

Clay loam

Loam

Road design

Insloped, bare ditch

Insloped, vegetated or rocked ditch

Outsloped, unrutted

Outsloped, rutted

Surface type

Native

Graveled

Paved

Traffic level

None

Low

High

Road width 1 ft – 300 ft

Road length 1 ft – 999 ft

Road gradient 3% – 99%

Fill slope length 1 ft – 999 ft

Fill slope gradient 3% – 99%

Buffer length 1 ft – 999 ft

Buffer gradient 3% – 99%

Coarse rock content 0% – 100%

Years of simulation time 1 yr – 200 yrs
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Each	road	segment	was	modeled	multiple	times	
using	WEPP:Road,	first	to	simulate	erosion	under	ex-
isting	 conditions	 then	under	 the	 range	 of	 possible	
BMPs	that	were	then	incorporated	into	BMP-SA	mod-
el	inputs.

3.3 BMP-SA model input formulation
During	a	field	visit	with	a	Lake	Tahoe	Basin	road	

engineer,	site-specific	BMP	options	were	prescribed	
for	those	segments	predicted	to	yield	the	most	sedi-
ment.	From	this	visit,	along	with	personal	communi-
cation	with	other	engineers,	guidelines	were	estab-
lished	for	installing	BMPs	on	those	sites	not	visited	in	
the	field	(Table	2)	(Catherine	Schoen	and	Paul	Potts,	
pers.	comm.,	USFS	Lake	Tahoe	Basin	Management	
Unit,	July	2008).	BMP	installation	costs,	maintenance	
costs,	and	maintenance	frequencies	associated	with	a	
given	BMP	were	also	obtained	through	personal	com-
munication	(Paul	Potts,	pers.	comm.,	USFS	Lake	Tahoe	
Basin	Management	Unit,	July	2008)	along	with	the	Re-
gion	Four	Cost	Estimating	Guide	for	Road	Construc-
tion	(Table	3;	USDA	FS	2009).	For	each	potential	BMP	
scenario	on	a	given	segment,	WEPP:Road	was	used	to	
predict	the	effectiveness	of	each	potential	BMP	instal-
lation.	Up	to	four	BMP	options	were	assigned	to	each	
segment, including no treatment.
To	 account	 for	 equipment	 scheduling	 costs	 (in	

 doing	so	favoring	solutions	where	BMPs	are	installed	
in	close	proximity	in	the	same	time	period),	a	cluster-
ing	subroutine	was	developed	as	a	part	of	the	model.	

Table 2 Priority of BMP assignment for a given road segment

Condition Priority 1 Priority 2 Priority 3

Buffer slope > fill slope Outslope* Drain dips† Pave‡

Road slope > 17% Pave‡ Drain dips† Outslope*

Notes: *Delivery point reassigned to center of road segment. Not applicable on paved or graveled segments. †Drain dips applicable on any segment greater than 
46 meters (150 feet) in length. Segment length iteratively divided in half until segment length is less than 46 meters or sediment leaving buffer is zero. Not applicable 
on outsloped segments. ‡ If paving is already installed on a segment, no further BMPs can be installed

Table 3 Installation costs, maintenance costs, and maintenance frequencies associated with assigned BMPs

BMP
Installation cost

Equipment move-in 
costs

Maintenance cost
Equipment move-in 

costs for maintenance
Maintenance 

frequency

$ $ $ $ yrs

Outsloping 1,865/km 1,000 622/km 500 3

Drain dips 100/each 500 100/each 500 5

Pavement 15,2269/km 1,500 9,323/km 500 7

For	testing	purposes,	cluster	diameter	was	fixed	at	
305	 meters.	 If	 the	 same	 type	 of	 treatments	 were	
 scheduled	on	road	segments	that	are	located	within	
the	 cluster	 diameter,	 equipment	move-in	 cost	was	
counted	only	once	for	those	treatments.
Planning	horizon	was	assumed	to	be	20	years	with	

a	planning	period	of	one	year.	Three	budget	expendi-
ture	scenarios	for	BMP	implementation	and	mainte-
nance	were	modeled:	a	given	annual	budget	is	used	
for	1)	new	BMP	installation	only,	2)	new	BMP	installa-
tion	and	maintenance,	and	3)	existing	BMP	mainte-
nance	along	with	new	BMP	installation	and	mainte-
nance.	In	all	modeling	scenarios,	BMPs	were	assumed	
to	be	maintained	in	perpetuity	at	their	assigned	fre-
quencies	 (Table	 3).	When	 included,	 existing	BMPs	
were	assumed	to	start	their	maintenance	cycle	in	pe-
riod	one.	Each	scenario	was	modeled	at	multiple	initial	
budgets	to	assess	model	behavior	under	different	bud-
get	levels.	At	each	level,	it	was	assumed	that	the	an-
nual	budget	was	constant	throughout	the	planning	
horizon	and	unspent	budget	was	not	carried	over	into	
future	years.

4. Results and Discussion

4.1 WEPP:Road results
Of	the	173	segments	analyzed	in	the	study	area,	74	

of	them	(accounting	for	6.7	km,	or	53	percent,	of	roads	
in	the	study	area)	were	predicted	to	produce	sediment	
leaving	the	buffer	over	the	30-year	modeling	period.	
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Per-segment	sediment	outputs	ranged	from	0	Mg	yr–1 
to	0.6	Mg	yr–1	with	a	mean	of	less	than	0.1	Mg	yr–1. 
WEPP:Road	predicted	a	total	of	49.9	Mg	yr–1	of	sedi-
ment	leaving	the	road	and	2.7	Mg	yr–1 sediment leav-
ing	the	buffer	from	the	study	area	(Table	4).
The	well-maintained	existing	BMP	infrastructure	

on	Glenbrook	Creek	forest	roads,	as	well	as	the	water-
shed	 dry	 climate,	 partially	 explains	 the	 minimal	
amount	of	sediment	predicted	to	be	leaving	the	buffer.
Predicted	average	erosion	rate	from	native	surface	

roads	in	sandy	loam	soils	-	the	predominant	soil	tex-
ture	found	within	the	Glenbrook	Creek	watershed	-	
was	8.1	Mg	ha-1 yr-1.	In	comparison	to	regional	em-
pirical	values,	on	the	west	slope	of	the	Sierra	Nevada	
range	Coe	(2006)	observed	an	erosion	rate	of	8.1	Mg	
ha-1 yr-1	on	native	surface	roads	during	one	wet	season	
(October	through	June)	of	data	collection.	Annual	pre-
cipitation	during	this	wet	season	was	near	the	long-
term	average	of	1,300	mm.	Coe’s	study	segments	were	
in	primarily	loam	soils.	Average	road	gradients,	seg-
ment	lengths,	and	parent	materials	were	comparable	
for	both	studies.

4.2 Alternative BMP assignment
Of	the	74	road	segments	producing	greater	than	

zero	sediment	leaving	the	buffer	per	year,	38	were	as-
signed	treatments.	Thirty-six	segments	could	not	be	
assigned	BMPs	because	they	were	either	paved	(as-
sumed	to	be	an	»end	point«	BMP)	or	had	some	com-
bination	of	conditions	which	prevented	assignment	of	
BMP	treatments.	For	example,	outsloping	was	not	con-
sidered	an	appropriate	BMP	for	graveled	segments	
and	drain	dips	were	not	applied	to	segments	already	
outsloped.
The	effectiveness	of	BMPs,	defined	in	this	study	as	

predicted	reduction	in	sediment	delivery,	varied	de-
pending	on	the	characteristics	of	the	road	segment	to	
which	a	BMP	was	assigned.	Drain	dips	showed	an	
exponential	increase	in	effectiveness	as	segments	were	
divided	 into	 two	(one	drain	dip),	 four	 (three	drain	
dips),	and	eight	(seven	drain	dips),	respectively	(Table	
5).	Outsloping	was	modeled	as	being	three	times	more	

effective	at	reducing	sediment	than	one	drain	dip,	but	
an	order	of	magnitude	less	effective	than	three	drain	
dips	and	two	orders	of	magnitude	less	effective	than	
seven	drain	dips.	There	were	no	instances	where	pav-
ing	was	chosen	as	an	applicable	new	BMP.	In	every	
instance	where	pavement	was	a	potential	BMP	option,	
WEPP:Road	model	outputs	indicated	that	pavement	
increased	sediment	leaving	the	buffer	above	existing	
levels	potentially	due	to	increased	runoff	exacerbating	
ditch	and	buffer	erosion	(Table	5).	Other	researchers	
have	had	similar	results	when	applying	WEPP:Road	
to	paved	road	segments	in	the	Lake	Tahoe	Basin	(Brie-
bart	et	al.	2007).

4.3 New BMP installation only
In	this	modeling	scenario,	it	was	assumed	that	the	

annual	budget	can	be	used	for	new	BMP	installation	
only.	The	results	show	that	sediment	leaving	the	buffer	
produced	a	negative	exponential	trend	with	increas-
ing	annual	budget	(Fig.	4).	The	minimum	sediment	
delivery	solution	was	achieved	when	the	annual	bud-
get	reached	$20,000.	In	this	solution,	all	38	segments	
had	BMPs	applied	to	them	in	period	one	(Fig.	5).	Dis-
counted	sediment	was	reduced	from	37.8	Mg	when	no	
treatment	was	applied	over	the	20	year	planning	hori-
zon	to	10.4	Mg.	Increasing	budget	beyond	this	level	
yielded	no	reduction	in	sediment	leaving	the	buffer.
Proportion	of	segments	with	outsloping,	chosen	as	

an	appropriate	BMP,	also	increased	with	the	budget.	
In	several	instances,	solutions	with	two	different	bud-
gets	yielded	decreases	in	sediment	leaving	the	buffer	
while	having	 the	 same	number	or	 fewer	BMPs	 in-
stalled	in	period	one.	In	all	of	these	instances,	the	num-
ber	of	segments,	where	outsloping	was	installed	as	a	
BMP,	was	greater	in	the	solution	producing	less	sedi-
ment	leaving	the	buffer.	Outsloping	is	a	highly	effec-
tive	BMP	for	reducing	sediment	leaving	the	road	and	
buffer	but	also	tends	to	be	more	expensive	than	single	
drain	dips	 (Luce	and	Black	2001,	Elliot	 et	 al.	 2009,	
USDA	FS	2009).	In	addition,	there	are	limitations	for	
where	and	when	outsloping	may	be	an	applicable	
BMP.	Fig.	 6	 shows	 the	number	of	 segments	where	
BMPs	were	installed	in	each	period	for	all	three	mod-

Table 4 Predicted sediment leaving road and sediment leaving buffer in Mg yr–1 and Mg ha–1 yr–1 across the study area, Glenbrook Creek, NV. 
Average road width across each area of interest was used to calculate Mg ha–1 yr–1 values

Study area
Sediment leaving road Sediment leaving buffer

Mg yr–1 Mg ha–1 yr–1 Mg yr–1 Mg ha–1 yr–1

Entire study area 49.9 13.6 2.7 0.7

Glenbrook watershed 19.0 7.0 1.4 0.5
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eling	scenarios.	At	$3,000,	all	BMPs	were	installed	in	
the	first	seven	periods	under	the	new	BMP	installation	
only scenario.

4.4 New BMP installation and maintenance
With	maintenance	costs	incorporated	into	the	mod-

el,	a	greater	initial	budget	was	required	to	achieve	the	
same	reduction	in	sediment	as	that	found	under	the	

new	BMP	installation	only	scenario.	At	a	budget	level	
of	$6,000,	the	model	failed	to	produce	feasible	solu-
tions	because	no	possible	combination	of	BMPs	ex-
isted	below	this	budget	threshold.
Minimum	sediment	leaving	the	buffer	through	the	

course	of	the	planning	horizon	was	10.4	Mg,	the	same	
solution	as	that	found	in	the	previously	modeled	sce-
nario.	At	$6,000	annual	budget,	two	segments	had	no	

Fig. 4 Sediment leaving buffer through the 20 year planning horizon at various budgets under three modeling scenarios

Fig. 5 Number and type of BMP installed in period one at varying initial budget per period resulting from the new BMP installation only sce-
nario
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Fig. 6 With varying initial budget, number of periods required by BMP-SA to install all new BMPs. Black bars represent the new BMP instal-
lation only scenario, white bars represent the new BMP installation and maintenance scenario, and gray bars represent the existing BMP 
maintenance, new BMP installation, and new BMP maintenance scenario
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treatment	chosen	as	the	best	possible	option.	This	result	
indicates	that	the	budget	was	so	limited	that	neither	
BMP	installation	nor	maintenance	was	feasible	for	these	
two	segments.	The	number	and	types	of	BMPs	installed	
in	period	one	at	varying	budgets	for	the	new	BMP	in-
stallation	and	maintenance	scenario	was	very	similar	to	
that	seen	with	the	new	BMP	installation	only	scenario.

4.5 Existing BMP maintenance and new BMP 
installation and maintenance 
The	 lowest	 sediment	 delivery	 solution	 was	

achieved	with	a	higher	annual	budget	than	the	previ-
ous	two	modeled	scenarios	(Fig.	4).	Maintenance	of	
existing	BMPs	required	approximately	$35,000	mini-
mum	annual	budget.	Period	13	required	the	greatest	
annual	budget	as	a	result	of	numerous	preexisting	
BMPs	having	maintenance	frequencies	of	two,	three,	
or	four	years.	As	a	result,	any	new	BMPs	with	a	three-
year	 maintenance	 frequency	 (such	 as	 outsloping)	
could	not	be	installed	in	period	one	until	the	budget	
was	increased	beyond	this	minimum	level.
A	budget	of	$57,000	was	necessary	for	all	BMPs	to	

be	installed	in	period	one.	As	a	result	of	accounting	for	
maintenance	 costs,	 the	 solution	 became	more	 con-
strained,	making	 this	BMP	 installation	scenario	 less	
variable	than	the	previous	scenario.	In	general,	the	num-
ber	of	periods	required	to	install	BMPs	on	all	segments	
decreased	with	the	increase	in	the	budget	(Fig.	6).

4.6 Discussion of BMP-SA modeling results
Optimized	solutions	by	BMP-SA	for	different	bud-

gets	show	that	the	model	was	able	to	produce	cost-
efficient	BMP	 locations,	 types	 and	 implementation	
periods	in	reducing	sediment	delivery	under	limited	
budgets.	High	cost	efficiency	of	BMPs	was	realized	at	
low	budget	levels,	but	increases	in	the	budget	yielded	
diminishing	returns	in	sediment	reduction	(Fig.	4).
When	solutions	are	constrained	(as	in	these	types	

of	scenarios),	BMP-SA	has	the	potential	to	provide	the	

most	benefit.	A	BMP	may	be	chosen	that	is	not	neces-
sarily	the	best	for	a	given	location	due	to	the	budget	
constraint	but	serves	to	maximize	sediment	savings	
across	the	area	of	interest.	This	highlights	the	impor-
tance	of	the	clustering	subroutine	in	BMP-SA.	While	
a	sensitivity	analysis	of	cluster	size	is	beyond	the	scope	
of	this	study,	it	provides	one	future	avenue	of	research	
using	this	tool.
Discount	rate	plays	a	role	in	dictating	the	budget	

at	which	BMPs	can	be	most	cost-effectively	 imple-
mented	(indicated	by	an	inflection	point	in	budget-
sediment	reduction	plots	for	the	three	model	scenarios	
in	Fig.	4).	If	discount	rate	were	increased,	an	inflection	
point	would	also	be	reached	more	quickly	but	would	
require	a	greater	initial	budget.	Conversely,	a	lower	
discount	rate	would	result	in	a	less	rapid	reduction	in	
sediment	leaving	the	buffer.
The	maximum	possible	sediment	reduction	was	

achieved	with	all	three	modeling	scenarios,	albeit	at	
higher	budget	levels	when	maintenance	of	new	and	
existing	BMPs	was	accounted	 for	within	 the	given	
budget.	Under	the	best	possible	solution,	sediment	
leaving	the	buffer	was	reduced	by	72%	if	compared	to	
buffer	sediment	outputs	should	no	treatments	be	in-
stalled	through	the	course	of	the	planning	horizon.	
With	respect	to	the	38	treated	segments,	sediment	was	
reduced	by	nearly	93%	if	compared	to	buffer	sediment	
outputs	with	no	treatment.	Estimated	sediment	sav-
ings	with	new	BMP	installation	was	considerable,	in	
part	because	little	sediment	was	predicted	to	leave	the	
buffer	from	the	Glenbrook	Creek	watershed.	If	pre-
dicted	sediment	leaving	the	buffer	was	greater,	per-
cent	decrease	in	sediment	leaving	the	buffer	as	a	result	
of	BMP	installation	could	be	lower.	In	a	watershed	
without	a	well-developed	BMP	infrastructure,	how-
ever,	 there	would	be	more	potential	 for	a	 tool	 like	
BMP-SA	that	can	assist	field	managers	in	prescribing	
effective	BMPs	to	minimize	sediment	leaving	the	buf-
fer,	especially	when	the	budget	is	constrained.

Table 5 Predicted effectiveness of BMPs (in terms of sediment savings) assigned to problematic road segments. Average road width across 
all segments with the same BMP assignment was used to calculate erosion rates

BMP Number assigned
Minimum effectiveness Maximum effectiveness Mean effectiveness

Mg ha–1 yr–1 Mg ha–1 yr–1 Mg ha–1 yr–1

One drain dip 33 0.00 0.11 0.02

Three drain dips 7 0.02 1.51 0.53

Seven drain dips 3 0.77 2.56 1.65

Outslope segment 20 0.00 0.59 0.06

Pave segment 5 -1.37 -0.01 -0.52
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5. Conclusions
This	research	developed	a	decision	support	tool	

designed	to	increase	the	efficiency	of	BMP	planning	
on	a	forest	road	network.	Modeled	road-related	sedi-
ment	leaving	the	forest	buffer	was	minimized	over	the	
course	of	a	planning	horizon	while	accounting	 for	
budget	constraints	as	well	as	equipment	scheduling	
considerations.	 The	 solutions	 presented	 here	 used	
modeled	WEPP:Road	 erosion	 estimates	 as	well	 as	
guidelines	 for	prioritizing	 appropriate	BMPs	 for	 a	
given	road	segment.	To	minimize	sediment	leaving	
the	buffer,	these	data	were	input	into	a	model	using	
an	adapted	simulated	annealing	optimization	algo-
rithm.	Under	limited	budgets,	the	model	was	able	to	
prioritize	BMP	placements	and	types	through	a	trade-
off	analysis	between	costs	and	effectiveness	of	BMPs.
While	the	data	used	here	is	from	the	Lake	Tahoe	

Basin,	BMP-SA	can	be	applied	to	any	watershed.	The	
model	is	also	applicable	at	a	scale	greater	than	a	single	
watershed	and	can	be	easily	modified	to	accommodate	
non-linear	spatial	constraints,	such	as	scheduling	of	
equipment	and	BMP	maintenance,	though	problem	
complexity	may	substantially	increase	if	more	BMP	
locations	and	options	exist.
There	are	two	critical	assumptions	implicit	in	BMP-

SA.	One	is	that	BMPs	must	be	maintained	at	appropri-
ate	 intervals	 in	perpetuity,	 otherwise	money	 spent	
installing	BMPs	is	not	worthwhile.	In	addition,	this	
modeling	process	relies	on	the	accuracy	of	road	sedi-
mentation	 prediction	 for	 determining	 problematic	
road	segments	and	the	effects	of	BMP	installation	on	
sediment	savings.	BMP	implementation	is	often	site-
specific	in	nature.	For	that	reason,	some	road	segments	
may	not	be	able	to	be	treated	using	one	of	only	a	hand-
ful	of	generic	BMPs;	only	professional	judgment	in	the	
field	may	provide	the	ideal	option	in	such	situations.

Acknowledgements
We	would	like	to	thank	Bill	Elliot,	Randy	Foltz,	and	

Jun	Rhee	at	the	Rocky	Mountain	Research	Station	in	
Moscow,	ID,	for	their	cooperation	and	insight	through	
the	course	of	this	collaboration.	Paul	Potts,	Catherine	
Schoen,	and	Jim	Harris	of	the	USFS	Lake	Tahoe	Basin	
Management	Unit	also	have	our	thanks	for	their	time	
on	the	phone,	in	meetings,	and	in	person	through	the	
duration	of	this	project.	This	study	was	funded	by	the	
Tahoe	Science	Program	and	administered	by	the	USDA	
Forest	Service	Pacific	Southwest	Research	Station	in	
cooperation	with	the	Rocky	Mountain	Research	Station	
(Project	No.	P010)	along	with	significant	cost	match	and	
in-kind	contribution	from	The	University	of	Montana.

6. References
Aruga,	K.,	Sessions,	J.,	Miyata,	E.	S.,	2005:	Forest	road	design	
with	soil	sediment	evaluation	using	a	high-resolution	DEM.	
Journal	of	Forest	Research	10:	471–479.
Briebart,	A.,	Harris,	J.,	Norman,	S.,	2007:	Forest	Road	BMP	
Upgrade	Monitoring	Report	2003-2005.USDA	Forest	Service,	
Lake	 Tahoe	 Basin	Management	Unit.	Available	 online	 at	
http://www.fs.usda.gov/Internet/FSE_DOCUMENTS/
fsm9_045815.pdf;	last	accessed	Aug.	8,	2012.
Clinton,	B.	D.,	Vose,	J.	M.,	2004:	Differences	in	Surface	Water	
Quality	Draining	Four	Road	Surface	Types	in	the	Southern	
Appalachians.	Southern	Journal	of	Applied	Forestry	27:	100–
106.
Coe,	D.,	2006:	Sediment	production	and	delivery	from	forest	
roads	in	the	Sierra	Nevada,	California.	M.Sc.	thesis,	Colorado	
State	University,	Fort	Collins,	CO.,	110	p.
Coulter,	E.	D.,	Sessions,	J.,	Wing,	M.	G.,	2006:	Scheduling	for-
est	road	maintenance	using	the	analytic	hierarchy	process	and	
heuristics.	Silva	Fennica	40(1):	143–160.
Contreras,	M.	A.,	Chung,	W.,	Jones,	G.,	2008:	Applying	ant	
colony	optimization	metaheuristic	to	solve	forest	transporta-
tion	planning	problems	with	side	constraints.	Canadian	Jour-
nal	of	Forest	Research	38:	2896–2910.
Contreras,	M.	A.,	Chung,	W.,	2009:	Designing	skid-trail	net-
works	to	minimize	skidding	cost	and	soil	disturbances.	In	
Proc.	of	the	32nd	Annual	Meeting	of	the	Council	on	Forest	
Engineering,	June	15–18,	2009,	Kings	Beach,	CA.
Elliot,	W.	 J.,	Hall,	D.	E.,	Scheele,	D.	L.,	1999:	WEPP:Road:	
WEPP	interface	for	predicting	forest	road	runoff,	erosion	and	
sediment	delivery.	Available	online	at	http://forest.moscowfsl.
wsu.edu/fswepp/docs/wepproaddoc.html;	last	accessed	Jun.	
2,	2012.
Elliot,	W.	E.,	Foltz,	R.	B.,	Robichaud,	P.	R.,	2009:	Recent	find-
ings	related	to	measuring	and	modeling	forest	road	erosion.	
In	Proc.	of	the	18th	World	IMACS	/	MODSIM	Congress	on	
International	Congress	on	Modelling	and	Simulation,	Ander-
ssen,	R.S.,	R.D.	Braddock,	L.T.H.	Newham	(eds.).	Cairns,	Aus-
tralia,	July	13–17,	2009.
Flanagan,	D.	C.,	Nearing,	M.	A.	(eds.),	1995:	USDA-water	ero-
sion	prediction	project:	hillslope	profile	and	watershed	mod-
el	documentation.	NSERL	Report	#10,	USDA-ARS	National	
Soil	Erosion	Research	Laboratory,	West	Lafayette,	Indiana,	298	
p.
Foltz,	R.	B.,	Truebe,	M.	A.,	2003:	Locally	Available	Aggregate	
and	Sediment	Production.	Transportation	Research	Record	
1819,	Paper	No.	LVR8-1050.
Fu,	B.,	Newham,	L.	T.	H.,	Ramos-Scharron,	C.,	2010:	A	review	
of	surface	erosion	and	sediment	delivery	models	for	unsealed	
roads.	Environmental	Modelling	and	Software	25:	1–14.
Grismer,	M.	E.,	Hogan,	M.	P.,	2004:	Simulated	Rainfall	Evalu-
ation	of	Revegetation/Mulch	Erosion	Control	in	the	Lake	Ta-
hoe	Basin	–	1:	Method	Assessment.	Land	Degradation	and	
Development	15:	573–588.
Inlander,	E.,	Clingenpeel,	A.,	Crump,	M.	A.,	Van	Epps,	M.,	
Formica,	S.,	2007:	Inventory	and	Sediment	Modeling	of	Un-



J. A. Efta and W. Chung Planning Best Management Practices to Reduce Sediment Delivery from Forest Roads ... (167–178)

178 Croat. j. for. eng. 35(2014)2

paved	Roads	for	Stream	Conservation	Planning.	P.	156–165	in	
Proc.	of	the	2007	International	Conference	on	Ecology	and	
Transportation,	Leroy	Irwin,	C.,	D.	Nelson,	and	K.	P.	McDer-
mott.	(eds.).	Center	for	Transportation	and	the	Environment,	
North	Carolina	State	University,	Raleigh,	NC.
Kirkpatrick,	S.,	Gelatt,	C.	D.,	Vecchi,	M.	P.,	1983:	Optimization	
by	Simulated	Annealing.	Science	220:	671–680.
Luce,	C.	H.,	Black,	T.	A.,	2001:	Spatial	and	Temporal	Patterns	
in	Erosion	from	Forest	Roads.	P.	165–178	in	Influence	of	Urban	
and	Forest	Land	Uses	on	the	Hydrologic-Geomorphic	Re-
sponses	of	Watersheds,	Wigmosta,	M.	S.	and	S.	 J.	Burges.	
(eds.).	Water	Resources	Monographs,	American	Geophysical	
Union,	Washington,	D.C.
Madej,	M.,	Eschenbach,	E.	A.,	Diaz,	C.,	Teasley,	R.,	Baker,	K.,	
2006:	Optimization	strategies	for	sediment	reduction	prac-
tices	on	roads	in	steep	forested	terrain.	Earth	Surface	Pro-
cesses	and	Landforms	31:	1643–1656.
Megahan,	W.	F.,	Ketcheson,	G.	L.,	1996:	Predicting	Downslope	
Travel	of	Granitic	Sediments	from	Forest	Roads	in	Idaho.	Wa-
ter	Resources	Bulletin	32:	371–382.
Murphy,	D.	D.,	Knopp,	C.	M.,	2000:	Lake	Tahoe	Watershed	
Assessment:	Volume	I.	USDA	For.	Serv.	Gen.	Tech.	Rep.	PSW-
GTR-175,	753	p.
Rackley,	J.,	Chung,	W.,	2008:	Incorporating	forest	road	erosion	
into	forest	resource	transportation	planning:	a	case	study	in	
the	Mica	Creek	watershed	in	Northern	Idaho.	Transactions	of	
the	ASABE	51:	115–127.
Roberts,	D.	M.,	Reuter,	 J.	E.,	2007:	Draft	Lake	Tahoe	Total	
Maximum	Daily	Load	Technical	Report	California	and	Ne-
vada.	Available	online	at	http://terc.ucdavis.edu/publications/

LakeTahoeTMDLTechnicalReport.pdf;	last	accessed	Aug.	8,	
2012.
Rönnqvist,	M.,	2003:	Optimization	in	Forestry.	Mathematical	
Programming	97:	267–284.
Row,	C.,	Kaiser,	H.	F.,	Sessions,	J.,	1981:	Discount	Rate	for	
Long-Term	Forest	Service	Investments.	Journal	of	Forestry	79:	
367–369.
Rowe,	T.	G.,	Saleh,	D.	K.,	Watkins,	S.	A.,	Kratzer,	C.	R.,	2002:	
Streamflow	and	Water-Quality	Data	for	Selected	Watersheds	
in	the	Lake	Tahoe	Basin,	California	and	Nevada,	through	Sep-
tember	1998.	U.S.	Geological	Survey	Water-Resources	Inves-
tigations	Report	02-4030,	118	p.
Tarp,	P.,	Helles,	F.,	1997:	Spatial	Optimization	by	Simulated	
Annealing	and	Linear	Programming.	Scandinavian	Journal	
of	Forest	Research	12:	390–402.
USDA	Forest	Service,	2009:	Cost	Estimating	Guide	for	Road	
Construction.	Available	online	at	http://www.fs.usda.gov/
Internet/FSE_DOCUMENTS/fsbdev3_015406.pdf;	 last	 ac-
cessed	July	5,	2012.
Weintraub,	A.,	2006:	Integer	programming	in	forestry.	Annals	
of	Operations	Research	149:	209–216.
Weintraub,	A.	P.,	Church,	R.	L.,	Murray,	A.	T.,	Guignard,	M.,	
2000:	Forest	management	models	and	combinatorial	algo-
rithms: analysis of state of the art. Annals of Operations Re-
search	96:	271–285.
Weintraub,	A.,	Jones,	G.,	Meacham,	M.,	Magendzo,	A.,	Mal-
chauk,	D.,	1995:	Heuristic	procedures	for	solving	mixed-inte-
ger	harvest	scheduling-transportation	planning	models.	Ca-
nadian	Journal	of	Forest	Research	25:	1618–1626.

Received:	March	4,	2014
Accepted:	July	11,	2014

Authors’	addresses:

James	A.	Efta,	Forest	Hydrologist*
e-mail:	jefta@fs.fed.us
USDA	Forest	Service-	CusterNational	Forest.
1310	Main	Street
Billings	MT	59102
USA

*	Formerly	Graduate	Research	Assistant
The	University	of	Montana
32	Campus	Drive
Missoula	MT	59812
USA

Assoc.	Prof.	Woodam	Chung,	PhD.
e-mail:	woodam.chung@oregonstate.edu
Department	of	Forest	Engineering	 
Resources	and	Management
Oregon	State	University
267	Peavy	Hall
Corvallis,	OR97331-5703
USA

*	Corresponding	author


