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Abstract
An advection/diffusion modeling approach was used
to simulate the transport of larval suckers from spawning
areas in the Williamson River, through the newly restored
Williamson River Delta, to Upper Klamath Lake. The
density simulations spanned the years of phased restoration,
from 2006/2007 prior to any levee breaching, to 2008 when
the northern part of the delta was reconnected to the lake,
and 2009 when levees on both sides of the delta had been
breached. Model simulation results from all four years were
compared to field data using rank correlation. Spearman ρ
correlation coefficients were usually significant and in the
range 0.30 to 0.60, providing moderately strong validation of
the model. The correlation coefficients varied with fish size
class in a way that suggested that the model best described the
distribution of smaller fish near the Williamson River channel,
and larger fish away from the channel. When Lost River
and shortnose/Klamath largescale suckers were simulated
independently, the correlation results suggested that the
model better described the transport and dispersal of the latter
species. The incorporation of night-time-only drift behavior in
the Williamson River channel neither improved nor degraded
correlations with field data. The model showed that advection
by currents is an important factor in larval dispersal.

Introduction
Deltaic marshes at the mouth of the Williamson River
were once among the most important habitats for larvae
of the endangered Lost River sucker Deltistes luxatus and
shortnose sucker Chasmistes brevirostris, due to their location
downstream of known productive spawning grounds. In 1996,
The Nature Conservancy purchased the property surrounding
the mouth of the Williamson River and began a large-scale
restoration project that would ultimately reconnect the
Williamson River with 2,500 ha of land that had, prior to

the 1940s, composed the wetlands of the Williamson River
Delta (hereafter referred to as the Delta). In October, 2007,
the levees around the northern half of the Delta, referred to
as Tulana (fig. 1), were breached mechanically and with a
series of explosions to reconnect it to Upper Klamath Lake,
flooding approximately 1,500 ha of former agricultural land.
Then in November, 2008, roughly 1,000 ha of land in the
southern half of the Delta, known as Goose Bay (fig. 1), was
flooded through mechanical removal of several large sections
of levee. A primary goal of this restoration project was to
restore the function of these wetlands as nursery habitat for the
endangered Lost River and shortnose suckers, endemic to the
Upper Klamath Basin.
Lost River and shortnose suckers are long-lived (as
much as several decades), iteroparous lake dwellers that
typically travel into the tributaries to spawn in the early
spring (Scoppettone and Vinyard, 1991; Terwilliger and
others, 2010). Upper Klamath Lake is the current population
stronghold for both species. Large numbers spawn in the
Williamson River between river kilometers 10 and 17.5 (the
delta apex is at about river kilometer 5.6), in the Sprague
River upstream of the confluence with the Williamson River,
and as far upstream as river kilometer 120 (Ellsworth and
others, 2011). In addition, a small cohort of Lost River suckers
spawn at lakeshore spring areas along the eastern edge of
the lake (Janney and others, 2008). After the larvae leave
the gravel at the spawning grounds, they immediately begin
drifting downstream at night with the river flow (Cooperman
and Markle, 2003; Ellsworth and others, 2009). Before
restoration, the travel time between spawning grounds and
Upper Klamath Lake was as short as 1 day, resulting in many
larvae entering the lake prior to caudal fin formation and yolk
sac absorption (Cooperman and Markle, 2003). Age-0 sucker
habitat use has been described as consisting of nearshore,
vegetated areas as well as deeper, open water areas of Upper
Klamath Lake and can vary depending on water quality
conditions (Reiser and others, 2001; Cooperman and Markle,
2004; Crandall and others, 2008; Burdick and Brown, 2010;
Burdick and Vanderkooi, 2010).
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Figure 1. Upper Klamath and Agency Lakes, Oregon, after restoration of the Williamson River Delta was completed in
November 2008. Fixed larval catch sites occupied by the U.S. Geological Survey (USGS), The Nature Conservancy, and Oregon
State University are shown.
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The restoration of the Delta created myriad complex
pathways connecting the lower 3 mi of the Williamson
River channel to Upper Klamath and Agency Lakes, which
should increase the travel time to the lakes for many of the
larvae (Markle and others, 2009). The increase in emergent
vegetation associated with wetland restoration at the Delta
is expected to provide sanctuary from wind turbulence
(Cooperman and others, 2010), ample feeding and growing
opportunities (Crandall and others, 2008), and predator
protection (Markle and Clausen, 2006; Markle and Dunsmoor,
2007). All of these, in combination with the increase in time
between swim-up and entry to the lakes, could potentially
contribute to a strong year class formation and aid in
recovering these species.
It is of interest to stakeholders to know if the restoration
has been successful and to what extent larvae are using the
Delta, as well as the differences in the size and age of sucker
larvae that are found in the lakes after having spent time in the
newly restored wetlands. Collecting fish samples in an area
as large as the Delta and surrounding lake habitats is resource
intensive, and cannot be done with the spatial and temporal
resolution required to resolve the true variability in the system.
With properly defined boundary conditions, numerical models
that simulate the transport of larvae are a useful means of
augmenting net catches by providing information at temporal
and spatial scales that otherwise is unattainable. A model
can both help biologists visualize what is happening over the
large area of the Delta, and, where model simulations differ
from direct observations, can provide guidance as to where
assumptions about larvae behavior that are embodied in the
model have broken down. Furthermore, once confidence
in a model is established, it can be used to predict how
larval transport might differ under different scenarios for
the active management of the system, primarily in terms of
the lake elevation, for a given Williamson River flow and
meteorological conditions.
The application of models to the dispersal of larvae
in marine environments has received much attention in
the literature in the past several decades. These studies
are designed with one of three problems in mind:
(1) connectivity—the movement of larvae between
geographically separated populations (Hare and others,
2002; Nahas and others, 2003; Paris and others, 2009;
Watson and others, 2010), (2) adaptive sampling—the
real‑time modification of sampling strategies in order to most
effectively sample a population (Pepin and others, 2009),
and (3) recruitment prediction—the number of fish reaching
a defined size, age, development stage, or suitable nursery
habitat (Reyns and others, 2006; Hinckley and others, 2009;
Mariani and others, 2010). Examples of models applied to
the problems of freshwater dispersal are fewer (Beletsky
and others, 2007). Marine larval dispersal typically takes
place over larger spatial scales and longer time scales than
are pertinent to the problem of the dispersal of sucker larvae
through the Delta. Marine applications typically include
vertical as well as horizontal variability. In this study, done

in cooperation with the Bureau of Reclamation, the relevant
concepts that have been developed for marine larval dispersal
were adapted to a large, shallow lake with a complex spatial
geometry in which the currents are primarily wind driven.
In analogy to the recruitment prediction problem in the
marine environment, the goal is to understand how the
physical reconfiguration of the landscape at the Delta and
environmental conditions (Williamson River flow, lake stage,
and meteorology) determine the distribution of a larval cohort
after it leaves the spawning grounds (that is, the number of fish
that will occupy the habitat on both sides of the Delta before
entering the open waters of the lake).

Objectives and Scope
This report presents the results of a modeling study
of the transport of larval suckers from spawning grounds
in the Williamson River, through the Williamson River
Delta, and into Upper Klamath and Agency Lakes. Water
currents simulated with a calibrated hydrodynamic model
for the Upper Klamath and Agency Lake system (Wood and
others, 2008) were used in this study to transport the larvae
through the combined Upper Klamath Lake/Agency Lake/
Williamson River Delta system. This modeling approach was
used to address three objectives. First, the effect of opening
up both sides of the Delta on larval transport and on larval
catches at the mouth of the Williamson River and along
the shorelines in Upper Klamath and Agency Lakes was
described. Second, the implications of nighttime-only drift
behavior for sampling strategies at larval catch sites within
the Delta were examined. Third, the accuracy of the model
assumptions was assessed by comparing model simulations to
measurements of larval density. Qualitative and quantitative
(using rank order correlation analysis) comparisons were
made between the simulated results and larval catches. Several
examples of qualitative comparisons between simulated fish
densities and model simulations were found in the literature
(Ellien and others, 2004; Arnold and others, 2005; Petrone and
others, 2005, Mariani and others, 2010); however, attempts to
quantitatively assess the performance of a model in simulating
fish densities by comparing to measurements from net catches
as done in this study appear to be rare.
In pursuing these objectives, we used a density
(advection-diffusion equation) approach. The density approach
is limited to describing the advective transport of larvae by
currents, in combination with passive diffusion, and therefore
cannot be used to simulate the active dispersal resulting from
horizontal swimming. Nighttime-only drift was incorporated,
even though it is non-passive behavior, by “freezing” the
density in the river channel during the day. The advantage of
this approach is that it yields concentration information at all
locations within the numerical grid at fine temporal resolution,
and therefore allows the comparison of simulated results
directly to larval catch densities.
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Methods
Larval Datasets
The larval catch data used for this report were collected
by three agencies: Oregon State University (OSU), The Nature
Conservancy (TNC), and the USGS. Larvae were collected
during 4 years between 2006 and 2009 at fixed sites by TNC
and OSU and at random sites by TNC. The USGS collected
larvae in 2008 and 2009 at fixed and random sites. Twenty‑two
fixed sites (fig. 1) were visited multiple times during a
season, and were consistent across years, whereas random
sites (fig. 2) were visited once and not intentionally repeated
within a season. Qualitative differences in the sites visited
by the different agencies are apparent. The OSU sites used in
this study, with the exception of site W1, were outside of the
Delta and close to the shoreline in either Upper Klamath Lake
or Agency Lake. The TNC sites were in shallow water (less
than 1.0 m deep) either in the Delta or along the levees. The
USGS sites were in deeper water than the OSU and TNC sites
and consequently farthest from shorelines or levees (primarily
within Tulana) and also in Upper Klamath and Agency Lakes
across from the levee openings.
Oregon State University data were collected during
daylight using a larval trawl (table 1) having a 2.5 m long,
1 mm bar mesh Nitex® net with a 0.8 × 1.5 m opening
mounted on an aluminum frame with runners (LaBolle and
others, 1985). The trawl was set 3–12 m offshore in water
as much as 1 m deep (range 0.2–1.0 m), allowed to soak for
10 minutes, then pulled to shore with ropes. Sampling from
2006 to 2009 took place the first full week of April through
late July, with samples collected at the fixed sites every third
week for a total of six sampling surveys. In Upper Klamath
Lake, two samples were collected from each of ten fixed sites
from 2006 to 2007 (fig. 1). The mouth of the Williamson River
changed because of restoration in late 2007. Both the former
river mouth site (OSU-W1) and the new river mouth site
(OSU-U6) were sampled in 2008 and 2009. In Agency Lake,
two samples were collected from each of two fixed sites. Two
samples collected at a single site were considered replicates
for the purposes of this study.
The Nature Conservatory data were collected during
daylight in pop nets set in water as much as 1 m deep (range
0.1–1.0 m). The nets consisted of two 1 in diameter PVC
frames (each approximately 2.56 m2), one weighted with
rebar to serve as the lead line and the other wrapped in foam
core to act as a float. One-meter wide, fine mesh mosquito
netting connected the two frames to form a cube. The nets
were open at the bottom and top, allowing them to be set
in vegetation. To set the nets, both frames were submerged

and secured underwater with two cinderblocks. A long line
attached to each cinderblock enabled them to be pulled
away from the net without disturbing the sampling area and
allowed the foam‑wrapped upper frame to “pop” up, enclosing
the section of water. Each net was set for a minimum of
30 minutes prior to sampling to ensure each site had recovered
from disturbances resulting from setting the net. Two to four
samples were collected at each site, usually within 1 hour of
each other. These samples were considered to be replicates for
the purposes of this study, although generally one net was set
in emergent or submerged vegetation and one was set nearby
on substrate with no vegetation, and the depth sometimes
varied between the replicate nets.
In 2006 and 2007, pop nets were set in South Marsh
and two lakeshore fringe wetlands in Upper Klamath Lake
along the Goose Bay shoreline (fig. 2). After restoration in
November 2007, the Tulana area of the delta was added to the
aforementioned sampling areas for the 2008 sampling period;
Goose Bay, after being flooded in October 2008, was added in
2009 (fig. 2). Each sampling area was visited every other week
in 2006 and 2008 and weekly in 2007 and 2009. A maximum
of eight nets were set at random points within each sampling
area each week; however, beginning in 2008 two fixed sites
were visited weekly in Tulana and beginning in 2009, two
fixed sites were visited weekly in Goose Bay (fig. 1).
The USGS used plankton nets during daylight to collect
larvae from the top of the water column. These nets had
0.3 m diameter mouth openings, a 2.5 m long tail, 800 μm
mesh Nitex netting, and a removable cod end. A General
Oceanics, model 2030R, mechanical flowmeter was mounted
in the mouth of each net so that the volume sampled could
be calculated. The net was towed parallel to a boat at
approximately 1 m/s for 3–5 minutes or until algae began to
clog the mesh. After retrieval, all material was meticulously
removed from nets and samples were immediately preserved
in 70–95 percent ethanol. One, two, or three replicate tows
were performed at each site.
The USGS sites consisted of both random and fixed sites.
The random sites were selected using a stratified design from
deep (greater than 1.5 m) areas in Agency Lake, Tulana, and
Upper Klamath Lake, and two shallow (0.5–1.1 m) areas in
Tulana (Burdick and Brown, 2010, fig. 2). In 2008, USGS
located fixed sites on the lake side of the four breaches that
were made in the levees surrounding Tulana (sites 25976,
25977, 25978, and 25979); in open water inside Tulana (site
25980); in about 1 m of water on the east side of Tulana (site
25535); and offshore of the mouth of the Williamson River
(site 25981) (fig. 1). In 2009, additional fixed sites were added
in the Goose Bay oxbow, nearshore in the western part of
Goose Bay, and offshore in the eastern part of Goose Bay (not
shown in fig. 1).
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Table 1. Summary of larval catches in three gear types, Upper Klamath Lake, Oregon, 2006–09.
[Pop nets were set by The Nature Conservancy; larval trawls were set by Oregon State University; plankton nets were set by the U.S. Geological Survey. Small:
fish sized 10–13 mm; Mid: fish sized >13–16 mm; Large: fish sized >16–19 mm. Abbreviations: >, greater than; /, no larval catch data; mm, millimeter]

Larval trawls
Year

2006
2007
2008
2009

Restoration
status

Levees intact
Levees intact
Levees breached around
Tulana
Levees breached around
Goose Bay

Pop nets

Total number of fish
Total
caught by size
number
of nets
Small Mid Large
set

Plankton nets

Total number of fish
caught by size

Total
number
of nets
set

Small

Mid

Large

Total number of fish
Total
caught by size
number
of nets
Small Mid Large
set

106
100
114

518
26
363

518
264
523

165
86
187

138
178
207

548
449
419

440
785
777

128
257
205

/
/
228

/
/
572

/
/
66

/
/
4

117

154

105

50

244

408

448

79

331

195

42

0

Samples collected by each agency were either fixed
in 10 percent formalin, and later switched to 50 percent
isopropanol for long-term storage, or preserved in
70–95 percent ethanol. Smaller catostomid larvae, less than
14 mm in the OSU catches or less than 15 mm in the USGS
and TNC catches, were identified as either Lost River suckers
or a grouping of shortnose and Klamath largescale suckers
based on pigmentation patterns. Identical protocols were
used by all agencies to identify species (Simon and others,
unpub. data) and results were cross checked to minimize
bias. There is no method for distinguishing between larval
shortnose and Klamath largescale suckers. Some suckers had
indeterminate patterns and were classified as unidentified
suckers. The method of classification of larger catostomid
larvae was different at each agency. At TNC, larvae larger
than 15 mm were classified as unidentified suckers. At USGS,
post-Weberian vertebrae of larvae over 15 mm were counted if
they were visible and if the species was in doubt. Those with
greater than 44 vertebrae were classified as Lost River suckers,
those with less than 44 vertebrae were classified as shortnose/
Klamath largescale suckers, and those with 44 vertebrae were
classified as unidentified suckers (Markle and others, 2005).
At OSU, fish larger than 14 mm were cleared and stained
(Potthoff, 1984). Post-Weberian vertebrae were counted
on these fish, and species assigned based on post-Weberian
vertebral counts as previously indicated.
Because some samples were fixed in formalin while
others were preserved in ethanol, differential larval shrinkage
may have introduced some degree of bias in the results.
Nominal concentrations were 10 percent formalin and
70–95 percent ethanol, but the inability to make precise
mixtures in the field could also contribute to differential
shrinkage. Most shrinkage occurs within 1 day and in a
study of larval inland silversides, mean shrinkage after
21 days was 3.9–4.1 percent for 80–100 percent ethanol and
2.2–3.2 percent for 5–10 percent formalin (Cunningham and

others, 2000). Because the larvae used for otolith ageing
followed the methods of Terwilliger and others (2003) and
were preserved in ethanol, all measurements include shrinkage
from live lengths and age estimates are based on shrinkage
of perhaps 4 percent. The 1–2 percent difference in shrinkage
between formalin and ethanol is considered trivial for our
analyses and no corrections were made.

Hydrodynamic Model
The UnTRIM hydrodynamic model solves the governing
equations for flow and transport on an orthogonal unstructured
grid using the efficient and stable algorithms of Casulli and
Zanolli (2002). The details of the three-dimensional Upper
Klamath Lake model and its calibration and validation
for 2005 and 2006 (Wood and others, 2008) are provided
elsewhere and not repeated here. A one-layer version of the
UnTRIM hydrodynamic model of the lake described in Wood
and others (2008) was used in order to speed computation
time. The use of a one-layer model removes the effects of
water density on the flow, which is not important in the
present analysis. In this case, because transport through the
Delta is the primary interest, and the flow is expected to be
well-described by two dimensions, the benefit of running
more simulations in the available time outweighed the loss of
accuracy that occurred by using a one-layer model.
The unstructured orthogonal grid used in the UnTRIM
model is particularly well-suited to describing the small scale
features and complicated boundaries associated with the
Williamson River channel and the levees remaining around
the channel and the Delta. The elevations within the Delta
were obtained from a composite of data interpolated to a grid
with 100 ft horizontal spacing (L. Friend, ZCS Engineering,
Inc., written commun., 2009). The grid was built from
pre‑project survey data, in combination with the engineered
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design modifications for the project, and then modified with
additional surveys to collect data where the design elevations
differed from the “as built” elevations. These data were used
to generate the bathymetry data in the new Williamson River
and Delta parts of the grid, which were then merged into
the existing grid for the rest of the lake. Because this study
spans the years 2006 through 2009, three versions of the
numerical grid were used. A “pre-project” grid was used for
2006 and 2007 simulations. Tulana was flooded in autumn
2007, and therefore a grid that included only that side of the
Delta was used for the 2008 simulations. Goose Bay was
flooded in autumn 2008, and therefore a grid incorporating
both the Tulana and Goose Bay sides of the Delta was used
for 2009 simulations (fig. 2). All three grids incorporated the
Williamson River channel upstream to the Modoc Point Road
bridge (river kilometer 7.4). A Manning formulation was
used for the bottom friction in these new areas of the grid.
A Manning’s n of 0.026 was used within the channel, to be
consistent with a calibrated one-dimensional HEC-RAS model
(Graham Matthews and Associates, 2001), and a Manning’s
n of 0.05 was used in the Tulana and Goose Bay parts of the
Delta, also consistent with Graham Matthews and Associates
(2001) and Daraio and others (2004).
The boundary conditions needed to run the model include
wind forcing at the surface and inflows at the Williamson and
Wood Rivers, as well as the outflow at the Link River Dam.
The wind forcing was obtained from a spatial interpolation of
10-minute data collected at six meteorological sites (fig. 1).
Because critical wind data from rafts located on the lake
were not always available as early in the spring as required
for simulations of larval drift from spawning sites in the
Williamson River, some of the wind data from rafts was
reconstructed using the artificial neural networks technique
described in Buccola and Wood (2010). Missing wind data
for May 10–16, 2006, and May 3–9, 2007 were reconstructed
using this method.
The initial lake elevation and the elevations to which
model elevations were compared came from three stage
gages located around Upper Klamath Lake (fig. 1). Flow
information is required at three boundaries: the Williamson
River at Modoc Point Road, the Link River at the outlet of
Upper Klamath Lake (the Link River Dam), and the Wood
River, which empties into Agency Lake. Williamson River
and Link River streamflows were obtained from USGS
streamflow gaging stations (fig. 1). “Wood River,” as used
here, is the sum of inflows at the Wood River channel and
two other canal flows, the Fourmile and Sevenmile canals,
which are channelized diversions from the Wood River and
empty into Agency Lake not far from the Wood River mouth.
These flows were not recorded during the time period of this
study, except Sevenmile flows in 2006. Flows from all three
of these sources were recorded in 2004 and 2005 during May
and June (Graham Matthews and Associates, 2009; fig. 1).

When the 2004 and 2005 data were combined, the average
ratio of those combined flows to the Williamson River flow
was approximately 0.6. Therefore, the sum of these flows
(Wood River, Fourmile Canal, and Sevenmile Canal) was set
to a constant value of 0.6 times the average Williamson River
flow for May 15 to June 30 in each year (15.3, 23.0, 10.9, and
28.7 m3/s in 2009, 2008, 2007, and 2006, respectively). The
sensitivity of transport through the Delta to the value of the
ratio of these flows to the Williamson River flow has been
shown to be small (Wood, 2012).

Larval Density Simulations
The hydrodynamic model was used to simulate larval
density during the springtime larval drift period of 2006
through 2009. The simulation period was 70 days in each year,
starting about 4 days prior to the date when the first significant
drift of larvae was observed at the Modoc Point Road bridge.
The dates simulated were May 10–July 20, 2006; May 3–
July 13, 2007; May 15–July 25, 2008; and May 14–July 24,
2009.

Williamson River Boundary Condition
Larval-sucker density data collected in the thalweg at
the Modoc Point Road (Tyler and others, 2004; Ellsworth
and others, 2009) were used to construct the upstream
boundary condition for a numerical tracer. Fish captured in
the Williamson River drift at the Modoc Point Road were
identified as either one of two taxa, Lost River sucker (LRS)
or a group of suckers identified as either shortnose or Klamath
largescale sucker (SNS/KLS), making it possible to use
two tracers to simulate the Lost River and SNS/KLS sucker
larvae separately. Fish with indeterminate characteristics were
classified as unidentified suckers. The larvae tend to pass the
Modoc Point Road bridge in two or more “pulses.” The first
pulse is dominated by LRS larvae, and subsequent pulses
are dominated by SNS/KLS larvae. Because the larvae are
known to drift at night, these drift data were usually collected
between about 4–8 hours after sunset, and peaked between
about 5–6 hours after sunset. To create a boundary condition,
the larval drift data were first multiplied by a factor of 0.39
in order to compensate for higher drift concentrations near
the surface and in the thalweg of the river than the average
concentration over the cross section, which is the quantity
needed for the boundary condition. This value was determined
by analyzing cross-sectional larval density data collected at
two transects of the Williamson River near Modoc Point Road
(Tyler and others, 2004) during the peak nighttime drift hours
between 10:00 in the evening and 3:00 in the morning, from
May 8 to June 4, 2004 (Ellsworth and others, 2010). The value
0.39 represents a scaling of the cross-sectional area‑weighted
average of these larval densities by the larval density
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measurements taken in the thalweg of the river, where larval
sampling occurred in successive years. To provide boundary
information each night, gaps that occurred on evenings when
crews were not collecting drift data were filled by replicating
the data collected during the most recent evening when crews
were collecting drift data. Therefore, gaps spanning more than
1 day were filled by repeating the most recent 24-hour drift
cycle that was sampled. The resulting concentration data, in
units of fish per cubic meter, were applied to water entering
the Williamson River boundary in the model grid. Larval drift
was collected at intervals ranging from 0.5 to 2 hours; in order
to match the 2-minute time step of the model, a measured
value was used at every 2-minute time step until a new value
was available. At sunrise each day, the boundary condition
was set to zero; thus, no larvae were inserted into the model
grid between sunrise and sunset. The time series of larval drift
and the resulting model boundary condition for 2006–09 are
shown in figure 3.

Larval Transport, Mortality, and Behavior
The model solves the advective-diffusive transport of
larval fish using the differential equation:
∂C ∂ (uC ) ∂ (vC ) ∂ 
∂C 
+
+
=
 KH

∂t
∂x
∂y
∂x 
∂x 
∂ 
∂C 
+  KH
 − KM C,
∂y 
∂y 

(1)

where
x and y are the horizontal distances in the east and
north direction, respectively,
u and v are the depth-averaged velocities in the east
and north direction, respectively,
t is time,
C is the concentration of larval suckers,
K M is the mortality rate, and
K H is the horizontal turbulent diffusivity.
A spatially uniform value of 0.1 m2/s for KH was used
in the larval density simulations presented in this report,
corresponding to velocity and length scales of turbulence of
0.1 cm/s and 100 m, respectively.
According to Houde and Zastrow (1993), the mean
mortality rate for the larval stage of marine fish is KM = 0.24,
resulting in a loss of 21.3 percent of the population each
day. For freshwater fish larvae, the rate is somewhat lower,
at 14.8 percent each day, presumably because most of the
species studied hatch from large eggs (Ware, 1975; Houde
and Zastrow, 1993). A crude approximation of larval stage
mortality rate KM also can be derived from growth rates (KG),
using KM = 1.217* KG – 0.0131 (Houde and Bartsch, 2009).
Using the larval age and length data set from Markle and
others (2009), the approximations are strongly size dependent,

as expected (Houde and Bartsch, 2009). First-order estimates
for sucker larvae by Markle and others (2009) were 8.2
percent each day for SNS/KLS suckers (KM = -0.0857 d-1) and
2.6 percent each day for Lost River suckers (KM = -0.0262 d-1).
Given the variability in these mortality estimates, the sizedependent function of mortality, and the focus of this study
on young larvae entering the lake, a somewhat higher KM of
0.1 d-1, corresponding to a loss of just over 10 percent of the
population each day, was used.
The larval drift data collected in the Williamson River
show that drift occurs at night, and that the larvae drop out
of the flow, presumably holding position either near the
bottom of the channel or at the sides of the channel during
the day (Cooperman and Markle, 2003; Ellsworth and others,
2009). This behavior was incorporated into the larval density
simulations as follows: At sunrise on each day, the larvae in
each polygon of the Williamson River channel part of the
numerical grid were removed. At sunset on each day, the same
number of larvae that were removed from each Williamson
River polygon on the previous sunrise was added back to that
polygon. Any larvae that moved into the Williamson River
polygons from the surrounding areas after sunrise were not
stored and were transported normally throughout the day. The
behavior was the same for both species.
The persistence (downstream distance or length of time)
of this behavior—moving vertically or horizontally within the
channel to escape the current during the day—is uncertain, and
likely is age and (or) habitat dependent (Leis 2007; Gerlach
and others, 2007; Wright and others, 2011). Three possible
cases were considered: (1) The nighttime-only drift behavior
was simulated through the entire Williamson River channel
between the upstream boundary at Modoc Point Road and the
mouth at Upper Klamath Lake, (2) The nighttime-only drift
behavior was simulated in the Williamson River channel only
upstream of the point where the channel enters the flooded
land of the Delta (fig. 2), and (3) The nighttime-only drift
behavior was assumed to occur only upstream of the Modoc
Point Road boundary, and was not simulated in the channel
within the domain of the numerical model.

Comparison to Larval Catch Data
Simulated larval densities were compared directly to
larval catch data. Data from both randomly selected and
fixed sites were included in this analysis. At each geographic
location and time that a net measurement was made, the
simulated density of larvae in the grid polygon associated with
the site location (fig. 2), and at the time corresponding to the
net catch, was paired with values of observed larval density
in the net. For this purpose, replicate net measurements were
averaged. Fish densities were not normally distributed, and a
rank order correlation coefficient (Spearman ρ) was calculated
for the paired data. Ties in the ranked data were assigned the
same averaged rank.
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Correlations were calculated for the simulation period in
each year by combining data collected in all gear types and
by separating data collected in pop nets, larval trawls, and
plankton nets. Additionally, the larval catches from each gear
type were separated into small (10 to 13 mm), mid (greater
than 13 to16 mm), and large (greater than 16 to19 mm) sized
fish, and the correlations were calculated for each size class.
Using 2009 data only, the plankton net and larval trawl data
were separated by species into LRS and SNS/KLS, and the
correlations were calculated for each species. Finally, using
2009 data only, the correlations were calculated for each
size class, with simulated data based on three assumptions
regarding the spatial extent of Williamson River drift:
throughout the channel from Modoc Point Road to the mouth,
upstream of the Williamson River Delta only, and upstream of
Modoc Point Road only.

Response of Larval Transport to
Changes in the Landscape at the
Williamson River Delta
Animations accompanying this report show the
simulation of the tracer representing the total density of
suckers (combination of LRS, SNS/KLS, and unidentified
suckers) during 70 days in May through July, 2006 through
2009. Results from these simulations include:
• The larvae leave the Williamson River channel in
“pulses” at night, the manifestation of the nighttimeonly drift along the entire length of the channel.
• In all years, the simulated larval aggregate tends to
“hug” the eastern shoreline of Upper Klamath Lake, a
manifestation of the clockwise circulation pattern that
occurs under prevailing wind conditions from the west
to northwest (fig. 4).
• All larvae in the simulation enter Upper Klamath Lake
at the mouth of the Williamson River channel in 2006
and 2007, before the restoration at the Delta began.
• A strong wind reversal occurred in 2006 between
May 21 and 24 (fig. 4A). This reversal caused the
simulated larval aggregate to be advected northwest
from the mouth of the Williamson River. The
prevailing clockwise circulation reversed briefly, and
the aggregate was advected in a counter-clockwise
direction as far as the western shoreline. This reversal
also resulted in larvae entering Agency Lake through
Agency Straits.

• In 2008, after Tulana was flooded, but Goose Bay was
still closed off from the Williamson River channel,
the aggregate spread across Tulana and entered both
Agency Lake and Upper Klamath Lake through breaks
in the levees and over the levees that were submerged
during this time.
• In 2009, after Goose Bay was flooded, strong
prevailing winds tended to advect the simulated larval
aggregate through Goose Bay in preference to Tulana,
causing the centroid of the aggregate to enter Upper
Klamath Lake through breaks in the levees and over
the submerged levees on the south side of Goose Bay,
which resulted in many larvae entering Upper Klamath
Lake south of the mouth of the old Williamson River
channel.
The changes in larval dispersal between 2006 and 2009
also can be seen in the time series of simulated densities at
fixed larval catch sites (figs. 5, 7, 8). Simulated densities
at site 25981 in Upper Klamath Lake near the mouth of
the Williamson River channel, as well as at sites A and B
in Tulana near the Williamson River channel (fig. 1), are
shown in figure 5. Simulated densities within Tulana are
available only for 2008 and 2009, after the restoration
of the Delta started and the levees around Tulana were
breached. Also shown is the simulated density at a point
within the Williamson River channel (WR in fig. 5) about
1 km downstream of the Modoc Point Road boundary. This
is not a fixed site for larval catches, but model output at the
site is included to provide the larval density values in the
channel before larvae enter the Delta. The simulated density
at site 25981 decreased as a fraction of the simulated density
upstream between 2006 and 2009. Between 2006 and 2007,
this decrease is attributable to the higher flows in 2006
(fig. 6), which both decreased the larval travel time to Upper
Klamath Lake, thus reducing accrued mortality in the river
prior to entrance into the lake, and increased the momentum
of the river flow, which pushed the larval aggregate farther
into the lake. A large additional decrease in the density at site
25981 relative to the density upstream in 2008 and 2009 is a
consequence of flooding first Tulana in 2008 and then Goose
Bay in 2009. As a result, most of the larvae dispersed through
Tulana in 2008 and the combined area of Tulana and Goose
Bay in 2009 before reaching site 25981. The difference in
travel time through the Delta between 2008 and 2009 can be
seen in the simulated densities at sites A and B. In 2008, the
densities at these two sites were similar, whereas in 2009,
when Williamson River flows were lower, the greater travel
time resulted in more accrued mortality between these two
sites, and the simulated density at site B was lower than at
site A (fig. 5).
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The time series of the simulated daily maximum density
at selected fixed sites along the shoreline in Upper Klamath
Lake are shown in figure 7. Site U6 is located on the south
side of the Williamson River channel near its mouth. To the
east and south of the mouth along the shoreline are sites U5
and U4. To the west and north of the Williamson River mouth
are sites 25976 and 25977 (fig. 1). The simulated densities
at site U6 and the relation of those densities to the upstream
densities in the Williamson River are similar to those at site
25981. Of note in figure 7 is the relation of simulated densities
at sites to the northwest and southeast to densities at site U6.
In 2006–08, there is a decrease in density from sites U6 to
U5 to U4, in the prevailing direction of transport of the larval
aggregate along the shoreline, reflecting the increasing travel
time along this pathway, and therefore increasing dispersal
and mortality along the pathway as well. Sites northwest of
the Williamson River mouth are in the direction opposite to
the prevailing transport; thus, in 2007, simulated densities at
sites 25977 and 25976 were lower than densities at sites U6,
U5, and U4. In 2006, simulated densities at site 25976 were
comparable to densities at site U5, a consequence of the large
wind reversal in 2006 that pushed the aggregate of larvae
northward for a few days around May 21.
After Tulana was flooded, larvae moving into the Delta
could exit at two levee breaches along the Upper Klamath
Lake shoreline, approximately opposite sites 25977 and
25976. These new pathways resulted in higher concentrations
at these two sites relative to the Williamson River channel,
than prior to the start of restoration. Of particular note is the
change in the simulated densities at site U5 between 2008 and
2009. In 2009, after Goose Bay was flooded, the simulated
densities at sites along the Upper Klamath Lake shoreline
were highest at site U5, and lower both to the southeast at site
U4, and to the northwest at sites U6, 25977, and 25976. The
configuration of the landscape prior to 2008 forced virtually
all the larvae to exit the Delta at the mouth of the Williamson
River, which is manifested as proportionately higher
densities at site U6 in those years. When Tulana was flooded,
proportionately fewer larvae exited at the old mouth of the
Williamson River as larvae were dispersed throughout Tulana
and exited through breaches into Upper Klamath Lake and, to
a lesser extent, Agency Lake. In 2009, after Goose Bay was
flooded, most of the simulated larvae that exited the Delta to
Upper Klamath Lake did not do so at the mouth, but through
the open levees on the Goose Bay side of the Delta.
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Figure 7. Simulated density of larval
suckers at larval catch sites in Upper
Klamath Lake, Oregon, 2006–09. The
daily maximum at each site is shown.
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Four sites are located on the northern side of the Delta in
Agency Lake—sites 25978, 25979, A1, and A2 (fig. 8). Site
A1 was outside of the numerical grid used for 2006 and 2007
simulations. Few simulated larvae ended up in Agency Lake
prior to the restoration of the Williamson River Delta, even
though simulated densities were approximately an order of
magnitude higher in 2006 than in 2007 because of the strong
wind reversal in 2006 that carried the aggregate of larvae
northward from the river mouth. In the 2008 configuration of
the landscape, more larvae passed through Tulana and through
breaches on the northern levees surrounding Tulana to end up
in Agency Lake, even though the peak densities there were
lower than in Upper Klamath Lake, even at sites located near
the openings in the levees (sites 225978 and 25979). Generally
lower densities in Agency Lake in 2009 are a consequence

0.3

of larval dispersal over the combined area of Tulana and
Goose Bay, and the preferential exiting of the larvae on the
Upper Klamath Lake side of the Delta under prevailing wind
conditions.
One fixed site (U8, simulated densities not shown) is
located on the western side of Upper Klamath Lake. Simulated
densities this far from the source at the Williamson River were
low; peak densities were 0.18, 0.15, 0.03, and 0.02 fish per
cubic meter in 2006 to 2009, respectively. The simulations
showed that densities at site U8 decreased markedly in 2008,
after the flooding of Tulana, because the larval aggregate was
forced farther out into the lake in 2006 and 2007, and more of
the larvae were entrained in the clockwise circulation gyre and
carried to the western side of the lake.
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Figure 8. Simulated density of larval
suckers at larval catch sites in Agency
Lake, Oregon, 2008–09. The daily
maximum at each site is shown.
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Implications of Drift Behavior for
Daytime Densities
Sites close to the Modoc Point Road boundary and
the Williamson River channel showed a strong diel cycle
in simulated density. At some sites, different assumed drift
behaviors had a marked effect on that diel cycle. Site A (fig. 9)
is within about a one-half day of travel time from the Modoc
Point Road boundary and within a few hours travel time from
the Williamson River channel. If larval drift was assumed to
occur only at night throughout the length of the Williamson

30

River channel, then simulated larval densities at that site
reflected the same day–night cycle, such that maximum
densities were simulated at night. This held true if the
nighttime-only drift behavior was assumed to be limited to that
part of the channel upstream of the Delta. If instead nighttimeonly larval drift occurred upstream but not downstream of the
Modoc Point Road boundary, then the maximum simulated
densities at site A occurred during the day. Site B is located
several hours travel time farther from the Williamson River
channel, and simulated concentrations there tended to be a
maximum during daylight hours, regardless of the assumed
drift behavior in the Williamson River channel (fig. 10).
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Figure 9. Simulated density of larval suckers at site A, Williamson River Delta,
Oregon. (A) Larval drift only at night throughout the Williamson River channel, (B)
larval drift only at night in the Williamson River channel upstream of the Delta,
and (C) larval drift only at night in the Williamson River channel upstream of the
Modoc Point Road bridge.
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Figure 10. Simulated density of larval suckers at site B, Williamson River Delta,
Oregon. (A) Larval drift only at night throughout the Williamson River channel, (B)
larval drift only at night in the Williamson River channel upstream of the Delta, and
(C) larval drift only at night in the Williamson River channel upstream of the Modoc
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Farther from the channel, in Goose Bay, the extent of
larval drift in the channel was manifested as a varying strength
of the diel cycle in the simulated density at site D (fig. 11).
When nighttime-only drift behavior was assumed to persist
throughout the channel, a large diel cycle was simulated at
this site, but when nighttime-only drift behavior was assumed

5

to occur only upstream of the Delta or upstream of the
Modoc Point Road boundary, the diel cycle at this site was
diminished. At sites located in Tulana (site 25980) and at the
mouth of the Williamson River (site 25981), the difference
in assumptions about nighttime-only drift behavior is not
discernible in the simulated densities (not shown).

A.
EXPLANATION

4

Simulated density
Simulated density
during daylight
hours (0900 to
1800)

3

2

1

Simulated density, in fish per cubic meter

0
5

B.

4

3

2

1

0
5

C.

4

3

2

1
0
May 9

May 19

May 29

June 8

June 18

2009

Figure 11. Simulated density of larval suckers at site D, Williamson River
Delta, Oregon. (A) Larval drift only at night throughout the Williamson River
channel, (B) larval drift only at night in the Williamson River channel upstream
of the Delta, and (C) larval drift only at night in the Williamson River channel
upstream of the Modoc Point Road bridge.
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Correlation of Simulated Densities to
Larval Catch Data
Correlations between simulated densities and the
corresponding larval catch densities at all of the sites were
almost always positive, often significant, but uniformly low,
indicating that the simulated densities captured the general
pattern of distributions but were poor predictors of larval
catch densities in individual nets (table 2). The way that the
correlations vary among gear types and species, however,
suggests some gear-specific differences with regard to size
class and species.
The smallest size class of fish caught in pop nets was
most highly correlated with simulated densities (correlation
coefficients ranged from 0.88 in 2006 to 0.27 in 2009), and
the largest size class of fish caught in pop nets was least
correlated with simulated densities (the sign of the correlation
coefficients was mixed, and the correlation coefficient was
positive and significant only in 2008, at 0.24). In contrast,
the middle size class of fish caught in larval trawls was
most highly correlated with simulated densities (correlation
coefficients ranged from 0.49 in 2006 to 0.57 in 2009), and
the smallest size class caught in larval trawls was least highly
correlated with simulated densities (correlation coefficients
ranged from 0.56 in 2007 to 0.20 in 2009). The largest
size class of fish caught in larval trawls was not correlated
(p < 0.05) with the simulated densities, but the correlation
coefficients were all positive and ranged from 0.29 in 2007 to
0.23 in 2009. The smallest size class of fish caught in plankton
nets was significantly correlated with simulated densities in
2008 and 2009 (correlation coefficient 0.21 in 2008 and 0.25
in 2009, p < 0.05), but the middle size class caught in plankton
nets was correlated with simulated densities only in 2009;
and in 2008, the only year when the largest size class of fish
was caught in plankton nets, the catch was not correlated with
simulated density (p < 0.05).
When the 2009 larval catches were separated by species
and the two species were modeled separately, the plankton
net data were significantly correlated with the simulated
densities of SNS/KLS suckers (correlation coefficient 0.22,
p < 0.05), but not with simulated densities of LRS. The
larval trawl data were correlated approximately equally
with simulated densities of SNS/KLS suckers and with LRS
suckers (correlation coefficients 0.48 and 0.42, respectively;
p < 0.05). The pop net data were more highly correlated
with the simulated densities for LRS suckers than for SNS/
KLS suckers, although both correlations were significant
(correlation coefficients 0.34 and 0.20, respectively; p < 0.05).

Pop net correlations were somewhat higher for small
sized fish when nighttime-only drift was assumed to
occur only upstream of the Modoc Point Road boundary,
but plankton net and larval trawl correlations in 2009
did not change much based on the assumed extent of
nighttime-only drift.

Discussion
The model simulation results showed that aggregations
of passively transported larvae coming down the Williamson
River were dispersed over a larger area in 2008, after the
flooding of Tulana, than in prior years when those aggregates
were constrained by the Williamson River channel from
spawning grounds to the mouth of the river at Upper Klamath
Lake. In 2009, after Goose Bay was flooded, the larvae
dispersed over an even larger area. Two of the three agencies
involved in this study sampled larvae in each year from 2006
to 2009, and among these 4 years, the larval catches in both
gear types (larval trawls and pop nets) were greatest in 2006
and least in 2009 (figs. 12–14; table 3). The USGS collected
data from plankton nets only in 2008 and 2009; catches at
most sites were lower in 2009 than in 2008. These results
are broadly consistent with passive transport of the larvae as
demonstrated by the modeling exercise. With the restoration
of the Delta, the larval aggregate dispersed through the newly
flooded areas, and remnants of the aggregate entered Upper
Klamath Lake through multiple pathways. This resulted in
lower simulated densities of fish at net locations along the
shorelines of Upper Klamath and Agency Lakes.
Evidence for the simulated changes in the number of
larvae entering Upper Klamath Lake at the mouth of the
Williamson River between 2006 and 2009 can be found in the
pop net data collected along the Upper Klamath Lake side of
the levees that formed the southern boundary of Goose Bay.
Pop net data were collected along these levees from 2006 to
2009 (fig. 2). At these pop net sites, there was a decrease in the
catch of larval suckers in 2009 after the restoration of Goose
Bay was complete (Erdman and Hendrixson, 2010). This was
the first year that the annual mean catch per unit effort (CPUE)
at these pop net sites was less than in nets in the restored
wetlands, which included Tulana and Goose Bay (Erdman and
Hendrixson, 2010). The lower CPUE at the pop net sites in
Upper Klamath Lake is consistent with the model simulation
results showing fewer larvae entering Upper Klamath Lake
at or north of the Williamson River mouth, then being
transported southeastward along the Upper Klamath Lake side
of the levees.
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Table 2. Spearman correlation coefficients between the density of larval suckers captured at larval catch
sites and the simulated density at each site, Upper Klamath and Agency Lakes, Oregon, 2006–09.
[Behavior indicates that simulated densities were obtained assuming (a) nighttime-only larval drift in the Williamson River
channel from Modoc Point Road bridge to the mouth, (b) nighttime-only larval drift upstream of the Williamson River Delta,
or (c) nighttime-only larval drift upstream of the Modoc Point Road bridge. Small: fish sized 10–13 mm; Mid, fish sized
>13–16 mm; Large, fish sized >16–19 mm. Boldface type indicates that the number of samples (N) was less than 75, and
correlation was significant (p <0.05). Boldface italicized type indicates that the number of samples (N) was greater than 75,
and correlation was significant (p <0.05). Abbreviations: >, greater than; <, less than; LRS, Lost River sucker; SNS, grouping
of shortnose and Klamath largescale suckers; mm, millimeter; /, no larval catch data; –, no simulated data]

Year

Behavior

Total
density

Density
Small

Mid

LRS
density

SNS
density

0.00
0.29
0.21
0.15
0.02
0.05
0.03

–
–
–
–
0.22
–
–

–
–
–
–
0.26
–
–

0.02
/
/
/

–
0.07
–
–

–
0.22
–
–

0.28
0.29
0.26
0.35
0.37
0.34

–
–
–
0.42
–
–

–
–
–
0.48
–
–

0.28
-0.03
0.24
-0.19
-0.17
-0.25

–
–
–
0.34
–
–

–
–
–
0.20
–
–

Large

All data combined
2006–09
2006
2007
2008
2009
2009
2009

a
a
a
a
a
b
c

0.19
0.55
0.46
0.27
0.29
0.32
0.35

0.19
0.56
0.52
0.24
0.24
0.25
0.29

0.18
0.57
0.40
0.26
0.29
0.31
0.33

Plankton net data only
2008
2009
2009
2009

a
a
b
c

0.23
0.28
0.30
0.26

0.21
0.25
0.26
0.21

0.14
0.23
0.26
0.22

Larval trawl data only
2006
2007
2008
2009
2009
2009

a
a
a
a
b
c

0.39
0.59
0.40
0.53
0.55
0.56

0.22
0.56
0.36
0.20
0.23
0.27

0.49
0.53
0.52
0.57
0.58
0.57

Pop net data only
2006
2007
2008
2009
2009
2009

a
a
a
a
b
c

0.76
0.22
0.39
0.05
0.08
0.12

0.88
0.43
0.33
0.27
0.30
0.40

0.63
0.13
0.30
0.12
0.13
0.14
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Figure 12. Catch density of larval suckers at sites in the Williamson River Delta and at the mouth of the
Williamson River, Oregon, 2006–09.
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Figure 13. Catch density of larval suckers at sites in Upper Klamath Lake, Oregon, 2006–09.
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Figure 14 Catch density of larval suckers at sites in Agency Lake, Oregon, 2006–09.

Table 3. Characteristics of the net catches in the drift at Modoc Point Road bridge and for three different gear types, Upper Klamath
Lake, Oregon, 2006–09.
[Relative numbers of LRS and SNS in the drift determined with a Wilcoxon test (p <0.05). Abbreviations: CPUE, catch per unit effort; LRS, Lost River sucker;
SNS, grouping of shortnose and Klamath largescale suckers; m3, cubic meter; >, greater than; <, less than; ~, not different from]

Modoc Point Road bridge1
Year

Restoration
status

2006 Levees intact
2007 Levees intact
2008 Levees breached around
Tulana
32009 Levees around breached
Goose Bay

Mean
CPUE
(fish per m3)

Relative
numbers
of LRS
and SNS

2.57
3.69
2.56

LRS ~ SNS
LRS > SNS
LRS < SNS

6.86

LRS > SNS

Pop nets2

Larval trawls3

Plankton nets4

Mean
CPUE in
Percent
pop nets
LRS
(fish per net)

Mean CPUE
in larval
Percent
trawls
LRS
(fish per net)

Mean
Mean
density
density
of LRS
of SNS
(fish per m3) (fish per m3)

20.2
9
8.3
3.95

37
23
18

13.5
4.6
4.5

26.2
8.1
8.9

0.44

0.08

11

2.5

28.9

0.004

0.06

2006 and 2007 larval drift data from Ellsworth and others, 2009; 2008 larval drift data from Ellsworth and others, 2011; 2009 larval drift data from
unpublished results.
1

2006 and 2007 pop net data from Hendrixson, 2008; 2008 pop net data from Erdman and Hendrixson, 2009; 2009 pop net data from Erdman and
Hendrixson, 2010.
2

2008 plankton net data from Burdick and others, 2009; 2009 plankton net data from Burdick and Brown, 2010.

3
4

Larval trawl data from unpublished results.

ortac11-0584_fig14

22   Dispersal of Larval Suckers at the Williamson River Delta , Upper Klamath Lake, Oregon, 2006—09
There was a large decrease in the mean CPUE in pop nets
and larval trawls between 2006 and 2007, however, which
was not a result of a change in the landscape, and only a small
decrease between 2007 and 2008, when a large change in the
landscape occurred with the flooding of Tulana (table 3). This
was likely because the annual mean CPUE catch statistics
reflect not only the changes in the landscape as the Delta
underwent restoration, but also the interannual differences
in the number and species composition of larvae. Different
total densities and different relative numbers of LRS and
SNS/KLS sucker larvae were observed in the drift at the
Modoc Point Road bridge during the 4 years of this study
(table 3). In 2006 and 2008, the second (and third, in 2008)
pulses of larvae (dominated by SNS/KLS) were comparable
in size to the first pulses dominated by LRS larvae (fig. 3);
the difference in the density of the two species in the net
catches at the Modoc Point Road bridge was not statistically
significant in 2006, and in 2007 and 2009 the density of LRS
was greater (Wilcoxon test, p < 0.05). In 2008, however, the
density of SNS/KLS was greater (Wilcoxon test, p < 0.05).
These drift data provide the upstream boundary condition
for the model simulations, and because no species-specific
differences in transport or mortality are included in the model,
the simulated densities downstream of all species combined
are influenced by the individual species in proportion to their
occurrence in the drift. However, the statistics of species
distribution in the various gear types tell a different story.
Pop nets and larval trawl nets consistently captured more
SNS/KLS larvae than LRS larvae, even in years when the
drift of LRS from spawning sites was comparable to or greater
than the drift of SNS/KLS. Therefore, the large decrease in
mean CPUE at these sites between 2006 and 2007, which was
not simulated by the model, could be due to the drift being
dominated by LRS in 2007, and LRS not being captured as
effectively by the gear. In 2008, the drift was dominated by
SNS/KLS, and so the greater dispersal of larvae due to the
opening of Tulana could have been compensated to some
extent by the greater efficiency of the gear in capturing the
dominant species. In contrast to the pop net data, in 2008,
81 percent of the suckers caught in the plankton nets and
identified to species were LRS (Burdick and others, 2009;
table 3). The reverse distribution was seen in 2009, when
90 percent of the identified suckers were SNS/KLS (Burdick
and Brown, 2010; table 3). The plankton nets captured large
numbers of LRS in 2008, but the mean density of this species
in plankton nets decreased by two orders of magnitude in
2009, even though more LRS came down the Williamson
River in the drift in 2009 and the number of SNS/KLS
captured in plankton nets remained roughly the same (table 3).
These sites are located primarily in Tulana and in Upper
Klamath and Agency Lakes, and north of the Williamson
River mouth (fig. 2). The large decrease in LRS catches at

these sites between 2008 and 2009 suggests that LRS were
transported north through Tulana in 2008 but not in 2009,
consistent with model simulation results, and indicates that
LRS may be better described by the assumptions of passive
transport than SNS/KLS.
Site-specific model simulations are more difficult
to verify than generalized, large-scale patterns. Density
simulations of larval transport each spring during 2006–09
predicted that the proportion of larvae flowing into Upper
Klamath Lake at the mouth of the Williamson River
would decrease markedly in response to the breaching
of levees around Tulana and Goose Bay in late 2007 and
2008. Observations at one plankton net site offshore of the
Williamson River mouth indicated that catches decreased
between 2008 and 2009 (fig. 12; peak catches at site 25981
were 14.5 and 0.2 fish per cubic meter in 2008 and 2009,
respectively). Larval catches at the larval trawl Williamson
River mouth site (U6) decreased markedly in 2008 and 2009
relative to 2006, which was a year notable for high larval
trawl catches among the 14-year period of 1995–2008, but
not relative to 2007, which was a year of only moderate larval
trawl catches over the same period (Simon and others, 2009;
fig. 13). The relative increase in densities along the Goose Bay
shoreline at site U5 relative to site U6 that the model predicted
for 2009 was not observed. Peak larval catches were 43.8,
32.5, 9.7, and 3.0 fish per cubic meter at U5, and 81.5, 13.9,
24.2, and 35.6 fish per cubic meter at U6 from 2006 to 2009,
respectively (fig. 13). Additionally, model simulation results
indicated that very few larvae would be detected in Agency
Lake prior to 2008, but the Agency Lake catches were greatest
in 2006, just as they were in Upper Klamath Lake (fig. 14).
Density simulations showed that larvae at concentrations
of between 20 and 50 fish per cubic meter at the Modoc
Point Road bridge would have concentrations less than 1 fish
per cubic meter when dispersed passively to sites located
more than a few kilometers away from the Williamson
River channel. Given the low simulated densities in areas
of the Delta far from the Williamson River channel and in
Upper Klamath and Agency Lakes, larval catches might be
expected to be dominated by zero catches, and correlations
with simulated densities might be expected to have little or
no significance. This is because larval fish are not expected
to be uniformly distributed within a 100–200 m area around a
sample site, but are expected to be clustered instead. Further,
because each net sampled only a fraction of the simulated
volume used to predict density at a site, we should have
expected numerous zero catches. Rank correlation coefficients,
however, were almost uniformly positive and often significant.
Most significant rank correlations were about 0.30–0.60,
suggesting that although the model predicts the general pattern
of distribution, usually less than one-half of the variation in
site densities was explained.
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Correlations between simulated densities and larval
catches based on size class showed that correlation coefficients
were highest and most often significant for small larvae
(10–13 mm) at plankton net and pop net sites, and for medium
larvae (> 13 mm–16 mm) at plankton net and larval trawl
sites. The correlations for large larvae (>16 mm–19 mm) were
highest and most consistently positive at larval trawl sites,
although correlations for large larvae were significant only
in 2009. Although not significant, most negative correlations
were for large larvae at pop net sites. Small larvae made up
87 percent of all larvae at plankton net sites, 36.2 percent at
pop net sites, and 34.1 percent at larval trawl sites. Further, at
the larval trawl site closest to the larval source at the mouth
of the Williamson River (U6), the small size class made up
59.4 percent of the catch and was similar to the plankton net
samples.
These patterns reflect site locations because most
sites closest to the river source where the smallest larvae
dominated were pop net sites, and most sites farthest from
the source where larger larvae were most likely to be found
were larval trawl sites (fig. 2). The patterns also partly reflect
the size of gear openings, because the smallest openings
are in plankton nets. The gear type (or the physical setting
associated with the gear type, such as vegetation presence or
water depth) may have influenced the total catch density as
well as the proportion of each size class caught. For example,
the plankton net site 25535 was located close to the pop
net site B, and simulated densities at these two sites were
comparable, but the catch densities differed markedly in
both 2008 and 2009 (fig. 12). Another comparison between
sites 25979 and A1 (fig. 14) shows lower catches in plankton
nets than in larval trawls in Agency Lake where the model
simulated similar densities. Therefore, although all nets were
assumed to be maximally efficient for the smallest larvae,
a better understanding of size efficiency of nets is needed
to rigorously partition spatial patterns from gear-specific
patterns. Additionally, each net sampled different parts of the
water column, so in addition to spatial and gear differences,
ontogenetic shifts in larval sucker behavior also could
account for some of the variation. The youngest larvae feed
in the water column, and over time a gradual transition to
benthic feeding occurs. Although the approximate 50 percent
surface-to-50 percent benthic diet transition occurs at a length
of about 20 mm, individuals vary greatly and benthic foods
can make up 25 percent or more of the diet in a 15 mm larva
(Markle and Clauson, 2006), which indicates that gradual and
variable vertical transition in orientation is a likely cause for
some of the differences observed in catches.
Variation in the duration of nighttime-only drift in 2009
had no noticeable effect on correlations. However, density
simulations showed that nighttime-only drift throughout the

channel would be manifested at sites close to the channel as
nearly zero daytime densities, as larvae left the channel in
“pulses” at night only. Yet, the highest larval catch densities
were at sites A and B, which were close to the channel, and
where catches were made during the day. This could imply
that the nighttime-only drift behavior of the larvae does not
persist far below the upstream boundary at Modoc Point Road
bridge, either because of an ontogenetic shift, or because the
transition from well-defined channel to open-channel sides
at the Delta boundary makes it difficult or impossible for the
fish to sustain the behavior. Prior to Delta restoration, larvae
left the drift during the day by moving to areas with lower
currents at the channel sides (Cooperman and Markle 2003).
After restoration, this may simply have become more difficult
where the channel is no longer constrained and water moves
freely over the banks. Some other form of behavior also could
be implied, however, such as the ability of even the youngest
larvae to hold their position in vegetation or other suitable
habitat, in which case the assumption of passive transport
made in the model would break down for individuals reaching
such habitats.
The field data provided moderate levels of corroboration
for density based simulations. However, there are many
sources for disconnects in biophysical models such as this
(Leis, 2007), and our approach highlights some weaknesses
that need to be improved for both the field data and the
simulations.
Although our size-based spatial patterns tended to
corroborate simulations, as noted previously, potential
differences in gear efficiencies for different sized larvae need
to be determined to more rigorously define those patterns.
Intra- and inter-gear differences in efficiencies are seldom
mentioned in larval dispersal modeling (Leis, 2007), with
most researchers simply acknowledging that different gears
deployed in different ways in the same place sometimes give
different results (Overton and Rulifson, 2007). Estimates of
size selection curves (Millar and Fryer, 1999) would be a first
step to improving field data.
The models also predicted very low densities outside the
river. If fish are uniformly distributed, these densities are close
to a “density detection limit” for the gear types used, and there
is likely to be a great deal of imprecision in the larval catches.
For example, at one larva per net, the larval trawl detection
limit was between 0.14 and 2 fish per cubic meter; the pop net
detection limit between 0.37 and 3.0 fish per cubic meter; and
the plankton net detection limit between 0.012 and 3.7 fish
per cubic meter. Our field data and models also differed in
temporal scale. The coarse temporal resolution (once every
week to once every 3 weeks) of the larval catches contrasted
with the time scale of the models. For example, it was not
possible to determine true peak densities at fixed sites, and
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to compare them directly to the peak densities at the Modoc
Point Road bridge when simulations predicted a decrease in
the proportion of larvae exiting the Williamson River mouth
after levees were breached. Both of these problems typically
require more samples or sampling in a different manner, such
as adaptive sampling (Thompson, 2002).
Overall, the model simulations showed that a primary
objective of Delta restoration—to provide nursery habitat for
larval suckers—was met (David Evans and Associates, 2005).
Prior to restoration, the larval plume entered Upper Klamath
Lake at a single point on the shoreline corresponding to the
mouth of the Williamson River (Erdman and others, 2011).
After restoration, the larval plume was simulated to leave the
Williamson River channel and spread out on both sides of the
Delta, before entering Upper Klamath Lake through several
different openings in old levees, including openings into
Agency Lake. Once both sides of the Delta were restored, the
model simulation results showed that the plume was likely to
spread more quickly and at a higher concentration through the
Goose Bay side of the Delta under prevailing wind conditions.
Because basic validation for the model has been provided by
the comparison to larval catch data, it can now be used with
some confidence to simulate the transport of the larval plume
under varying conditions of flow, lake elevation, and wind
(Wood, 2012). The model also can be used to predict how
larval transport will change in the future as Delta vegetation
matures, if the drag of various vegetation types is accurately
incorporated and an accurate map of vegetation in the Delta
is made available. Finally, a potentially important use of the
model is to guide larval sucker sampling programs.
Simulations would be improved by a better understanding
of larval non-passive behavior. The first important step would
be to determine when the ontogenetic shift to non-passive
transport occurs in order to understand how long the simulated
plume can be expected to represent realistically the dispersal
of a cohort. At least two other aspects of non-passive behavior
can be identified. First, the model would be improved by a
better understanding of how far down the Williamson River
channel the nighttime-only drift behavior persists. Second,
strong swimming behavior, if completely random, would
have the effect of increasing the effective dispersion of the
larval plume. Such behavior could be simulated using the
advection/diffusion approach that was used for this study by
using a larger diffusivity coefficient in the model. Other types
of non-passive behavior would potentially require a different
approach. For example, the modeling approach used here
cannot simulate the behavior if certain types of vegetation or a
particular depth range act as “attractors” to the larvae, causing
them to avoid passive transport, slow down, and accumulate in
certain areas. A different approach, such as particle tracking,
could be used to simulate such behavior.

Summary
Endangered suckers endemic to Upper Klamath Lake
spawn in the Williamson River and its tributary, the Sprague
River, and the larvae drift downstream to Upper Klamath
Lake. A major recovery effort for endangered suckers in Upper
Klamath Lake has been predicated on the assumption that
recovery of deltaic marshes at the mouth of the Williamson
River would help retain larvae in the lake and provide
important nursery habitat. We used the UnTRIM twodimensional finite difference hydrodynamic model running
on an unstructured grid to investigate the effects of deltaic
modifications that occurred between 2007 and 2009 on the
distribution of larval suckers. We compared model simulation
results to larval catches for years before and after old levees
were breached in the Williamson River Delta to validate
the model assumptions. We constructed advection-diffusion
based density simulations to describe the effects of deltaic
modifications on larval transport, under the assumption that
the larvae drift passively in the currents. These simulations
were compared to larval catches at the mouth of the
Williamson River and along the shorelines in Upper Klamath
and Agency Lakes and the Williamson River Delta.
Model simulation results showed that the density of
passively transported larvae through the Williamson River
Delta would be expected to decrease along shorelines in
Upper Klamath Lake after the flooding of restored wetlands.
Larvae that previously entered the lake at one location—the
mouth of the Williamson River—will now enter Agency
and Upper Klamath Lakes at multiple locations through
breaches in the levees and over submerged levees that
surround the Williamson River Delta. The model simulation
results indicated that prevailing winds would cause larval
aggregations to be advected to a larger extent through Goose
Bay than through Tulana.
Results from density simulations were compared to field
data using rank correlation. Correlation coefficients were
almost uniformly positive and often significant, but most were
about 0.30–0.60, suggesting that although the model predicts
the general pattern of distribution, usually less than one-half
of the variation in site rank densities was explained. When the
density simulations were correlated with fish catches grouped
into different size classes, the correlation coefficients were
higher for small larvae near the larval source in the river and
for larger larvae farthest from the source. The correlations
were generally higher in years and with gear types in which
shortnose/Klamath largescale larvae dominated, indicating
that the assumptions used in the model better described the
transport of shortnose/Klamath largescale than Lost River
suckers.
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We also used modeling to understand the implications of
nighttime-only drift behavior on larval sucker dispersal. We
incorporated nighttime-only drift by “freezing” the density in
the river channel during the day. Variation in the duration of
nighttime drift (defined as the distance down the river channel
the behavior persists) had no noticeable effect on correlations
between the simulated densities and the larval catches.
Our field data provided moderate levels of corroboration
for the model and showed that current patterns through the
modified landscape at the Williamson River Delta are an
important component of larval sucker dispersal. Better field
data for model validation will be difficult to obtain, but at a
minimum require information on gear size efficiency, more
sampling, and different sampling strategies.
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