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Abstract. Riparian-zone vegetation can influence terrestrial and aquatic food webs through variation in
the amount, timing, and nutritional content of leaf and other litter inputs. We investigated how riparian-
forest community composition, understory density, and lateral slope shaped vertical and lateral litter inputs
to 16 streams in the Oregon Coast Range. Riparian forests dominated by deciduous red alder delivered
greater annual vertical litter inputs to streams (504 g m22 y21) than did riparian forests dominated by
coniferous Douglas-fir (394 g m22 y21). Deciduous forests also contributed greater lateral litter inputs per
meter of stream bank on one side (109 g m21 y21) than did coniferous forests (63 g m21 y21). Total litter
inputs from deciduous forests exceeded those from coniferous forests most strongly in November, coincident
with an autumn peak in litter inputs. Lateral litter inputs contributed most to total inputs during winter in
both forest types. Annual lateral litter movement increased with slope at deciduous sites, but only in spring/
summer months at coniferous sites. Neither experimental removal of understory vegetation nor installation
of mesh fences to block downslope litter movement affected lateral litter inputs to streams, suggesting that
ground litter moves ,5 m downslope annually. N concentrations of several litter fractions were higher at
deciduous sites and, when combined with greater litter amounts, yielded twice as much total litter N flux to
streams in deciduous than coniferous sites. The presence of red alder in riparian forests along many small
streams of the deeply incised and highly dendritic basins of the Oregon Coast Range enhances total fluxes
and seasonality of litter delivery to both terrestrial and aquatic food webs in this region and complements the
shade and large woody debris provided by large coniferous trees.
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The vegetative composition of riparian forests can
vary widely because of natural and human distur-
bances (Pabst and Spies 1999, Nierenberg and Hibbs
2000, Moore and Richardson 2012). Differences in
riparian forest composition can, in turn, influence the
function of stream ecosystems by altering wood
delivery and nutritional subsidies, particularly in
small headwater streams with closed canopies (Rich-
ardson and Danehy 2007). Contrasts between decid-
uous hardwood and evergreen coniferous vegetation
types often are explored as a means to understand
how different riparian forests influence streams
(Benfield 1997, Hoover et al. 2011). Generally,
evergreen conifers provide year-round shading to
the stream (Gregory et al. 1991) and provide larger,

more decay-resistant logs than do deciduous trees.
This feature is important for ecosystem functioning
because large logs are critical habitat elements for
invertebrates and salmon (Hairston-Strang and Ad-
ams 1997, Naiman et al. 2000). In contrast, deciduous
trees often provide important sources of potentially
limiting nutrients to forests and streams (Roberts and
Bilby 2009) and higher-quality organic matter that
supports higher densities of stream invertebrates
(Wipfli and Musselwhite 2004). From the perspective
of potential riparian subsidies to streams, deciduous
and coniferous riparian tree species differ in the
timing, amount, and nutrient content of litterfall (Bray
and Gorham 1964, Fisher and Likens 1973). Bray and
Gorham (1964), in a review of world forest litter
production, reported that conifers produced ,17%

more total litter (bark, fruit, branch, and leaf) annually
than broad-leaved trees but that litter from broad-
leaved species had higher nutrient content. However,
comparisons of litter inputs from deciduous and
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coniferous riparian forests to streams across broad
geographic areas have failed to reveal consistent
differences between forest types (Benfield 1997).
Comparatively few investigators have directly com-
pared these forest types in a regional context (Volk et
al. 2003, O’Keefe and Naiman 2006).

Limited information is available on the distance
from the stream over which riparian trees influence
litter subsidies to streams or on differences among
litter components for deciduous and coniferous forest
types. Many investigators have evaluated vertical leaf
litterfall into streams, but comparatively few have
reported information on litter movement laterally
along the ground into streams (Fisher and Likens
1973, Conners and Naiman 1984, Webster et al. 1990,
Benfield 1997). More litter moves laterally on steeply
sloped ground, a phenomenon that has been attrib-
uted to several weather-related factors (Fisher 1977,
Moser 1991, France 1995). The roughness or spatial
density of understory riparian vegetation can also
alter the amount of lateral litter movement (Neaves
1978) by entrapping litter in vegetation, logs, or rocks
(Dawson 1976, Orndorff and Lang 1981, King et al.
1987). In steeply sloped basins of the Oregon Coast
Range, small streams may be particularly dependent
on lateral delivery of detritus, and slope may interact
with litter types to determine rates and quantities of
lateral movement. In addition, nutrient concentrations
in this region differ greatly between coniferous and
deciduous litter (Valachovic et al. 2004, Roberts and
Bilby 2009), but interactions between riparian slope
and lateral detritus movement for different riparian
forest types have not been explored in this region.

Succession in forests of the Pacific Northwest
generally proceeds from red alder (Alnus rubra) and
other early-successional deciduous species to ever-
green conifers later in succession. However, because
of disturbance and edaphic factors along streams,
both deciduous and coniferous trees often occur in the
mosaic of riparian forest types along both small and
large streams (Pabst and Spies 1999, Nierenberg and
Hibbs 2000, O’Keefe and Naiman 2006). Currently in
the Oregon Coast Range, nonconiferous trees domi-
nate many riparian zones of all slope classes, in part
because of historic logging (Emmingham et al. 2000)
and subsequent regeneration of deciduous hard-
woods, particularly red alder or shrubs, after large
natural or human disturbances (Hibbs et al. 1994,
Minore and Weatherly 1994, Hibbs and Giordano
1996). Current management regulations in Oregon
encourage improving stream habitat for fish, partic-
ularly salmonids, by converting these red-alder-
dominated riparian forests to conifer-dominated
reaches to provide shade and structural large wood

to streams (Emmingham et al. 2000). However, such
recommendations overlook potentially important
functions provided by red-alder-dominated forest
communities to riparian ecosystems, including in-
creased nutrient cycling and N fertilization through
biological N2-fixation (Scott et al. 2008), provision of
detrital litter subsidies to streams (Hoover et al. 2011),
and their interactions with in-stream communities
bordered by different riparian forests (Kominoski
et al. 2011). Information on the amounts, identity, timing,
and mechanism(s) of delivery of detritus to streams in
red-alder- vs conifer-dominated riparian forests would
improve managers’ efforts to understand the implica-
tions of riparian forest conversion for the integrity and
functioning of stream ecosystems in this region.

The broad objective of our study was to examine
how deciduous and coniferous riparian forest com-
munities and associated topography affect the quan-
tity and quality of litter provided to streams through-
out an annual cycle in the Oregon Coast Range. From
the standpoint of riparian litter and nutrient inputs to
streams, we ask: what is the width of the riparian area
that delivers leaf litter to small streams, and how do
vegetation and topographic characteristics affect
lateral and vertical litter inputs? We focus specifically
in this work on understanding how plant community
type affects the quantity, quality, and seasonality of
nutritional inputs to aquatic systems.

Methods

Study sites

The study area was in the central Coast Range of
Oregon (lat 44u219N, long 123u349W) within 5 contiguous
watersheds: Big Elk Creek, Lobster Creek, Lake Creek,
and Lower and Upper Alsea River. Bedrock is largely
sedimentary, primarily sandstone, with occasional areas
of basalt. Soils are classified as andic and humic
Inceptisols, and are moderately deep and moderately
acidic. The area is characterized by a wet maritime
climate with 1200 to 3000 mm of precipitation dominat-
ed by winter rain (Franklin and Dyrness 1973). The
study area is within the western hemlock (Tsuga
heterophylla) vegetation zone, which is characterized by
subclimax Douglas-fir (Pseudotsuga menziesii) and cli-
max western hemlock and western redcedar (Thuja
plicata). However, stands in this area often are domi-
nated solely by Douglas-fir or red alder (Franklin and
Dyrness 1973). Red alder, and to a lesser degree, bigleaf
maple (Acer macrophyllum) are the most prevalent
deciduous species and commonly dominate riparian
areas (Pabst and Spies 1999, Nierenberg and Hibbs 2000).

Eight riparian forests with a Douglas-fir-dominated
overstory and 8 forests with a red-alder-dominated
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overstory, all bordering 2nd- to 4th-order streams,
were selected to meet the following criteria: 1) red-
alder- or Douglas-fir-dominated overstory, 2) a closed
canopy, and 3) uniform hill slopes ,70% slope
adjacent to streams. Riparian forests dominated by
pure conifer stands are rare in this region, so typical
Douglas-fir-dominated sites that had some red alder
present only along the stream edge were selected.
Lateral slopes in both overstory types ranged from 0
to 64%. The management history of most of these sites
is unknown, but the occasional presence of large
western redcedar stumps or evidence of pre-estab-
lishment surface fires at some sites did not appear to
be related to their current overstory condition.

Study design

At each site, uniform areas were selected along a
ƒ300-m stream reach and 3 plots were delineated on
1 side of the stream, each 8 (along stream) 3 25 m. To
compare between overstory types among different
slopes and to make manipulative comparisons within
overstory types, a control and 2 treatments were
randomly assigned to the 3 plots: 1) control: no
cutting or fencing; 2) cut: in a 5 3 8 m section adjacent
to the stream, all plants ,10 cm diameter at breast
height (dbh) and .12 cm in height were cut at ground
level every 2 mo and removed from the site, 3) 5-m
fence: an 8-m-long 3 1-m-high fence (1.4-mm mesh)
that extended underground was constructed parallel
to the stream 5-m upslope from the stream edge to

block litter moving downslope from reaching the
stream (Fig. 1). Fewer lateral inputs in control stream-
side lateral traps than cut stream-side lateral traps
would indicate that the presence of understory
vegetation was related to reduced lateral inputs.
Greater lateral inputs in control plots than 5-m lateral
traps downhill from the 5-m fence would suggest that
litter moved further than 5 m downslope.

Sets of vertical and lateral litter traps (trap array)
were installed at each site. Seven vertical traps
constructed from laundry baskets and suspended
mesh (1.4 mm) were set to capture overstory and
understory litter falling vertically from a height of
.0.33 m above the forest floor. Each vertical trap
collected from an area of 0.26 m2. Twelve lateral traps
were set to collect litter moving downslope along the
ground. Lateral traps were constructed of polyvinyl
chloride (PVC) rectangles (0.33 3 0.5 m) oriented
vertically with a mesh (1.4 mm) bag on the downhill
side (shaped like a soccer goal). Each trap sampled a
ground length of 0.5 m (Fig. 1). Downed wood, tip-
ups, root-wads, water, and rooted trees or snags were
avoided during installation. Stream-edge lateral and
vertical traps were installed as close to bankfull width
as possible to avoid flooding but to estimate best what
would enter the stream itself. A random subset of
streams had in-stream vertical traps installed directly
above the stream. Streamside vertical traps collected a
similar quantity of inputs to those directly above the
streams (F1,2 = 6.25, p = 0.13, n = 16). In-stream traps
were installed only to ensure that streamside traps

FIG. 1. Schematic diagram (plan view) of control and 2 treatment plots showing placement of vertical and lateral traps along a
stream reach. The gray area in the understory removal treatment shows the area of the plot in which vegetation was cut at ground
level every 2 mo to remove all plants ,10 cm diameter at breast height and .12 cm in height. The bold line parallel to the stream
in the 5-m fence treatment represents a fence that was 8 m long and 1 m tall (1.4-mm mesh) placed 5-m upslope from the stream to
block lateral litter movement downslope.
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could serve as a proxy for in-stream traps. Lateral
traps also were placed below fences 10 m from the
stream, but did not indicate higher lateral inputs
resulting from the additional distance from the stream
so results from these traps are not presented.

Vegetation and plot measurements

Measurements of vegetation and plot characteristics
were done between June and September 2003 for each
200-m2 plot. Ranges and averages for vegetation and
plot characteristics for each overstory type are listed
in Table 1. Trees (.10 cm dbh) were identified to
species and dbh was measured (in cm) for each tree
within each plot. Slope was measured in 5-m slope-
distance increments from the stream to 25-m upslope
in each treatment area. Slope-adjusted basal area was
calculated for trees .10 cm dbh within each plot.
Canopy cover of overstory species (.2 m in height)
was measured using a moosehorn cover scope (view
angle of 13u; Fiala et al. 2006) and categorized by
vegetation type (deciduous, coniferous, mixed) at
5 points/plot. Large woody debris was measured on
transects perpendicular to the stream and understory
and groundcover physical features were estimated in
4 randomly placed 1-m2 quadrats within the first 10 m
closest to the stream in each plot.

Litter collection and sample preparation

Vertical and lateral litter samples were collected
monthly between August 2003 and August 2004 and
immediately dried at 50 to 65uC for 48 h. Monthly

litter from each trap type in each trap array was pooled
to create 1 sample for a total of 8 samples per collection
for each site. Each sample was passed through a
1.4-mm-mesh sieve, and items with a diameter .2.5 cm
were removed to ensure that comparably sized litter
was sorted and weighed for each trap type. Each
sample was sorted into deciduous, coniferous, under-
story nontwig parts, twigs, and leftover categories.
Litter in control treatments from 8 of the sites (4
coniferous and 4 deciduous, selected randomly) were
further sorted into litter-type categories: deciduous
leaves, deciduous-other (seeds, bud scales, samaras,
pistillate and staminate catkins), coniferous needles,
coniferous-other (bud scales, seeds, female and male
cones, and female cone parts), understory nontwig
parts, twigs (overstory and understory), and leftover
(bark, moss, lichen, and pieces too small or decayed to
identify). Control samples were composited by date,
trap, and litter type for analyses. Samples were ground
to a fine powder and analyzed for total C and N on a
Costech ECS4010 elemental analyzer (Costech An-
alytical Technologies Inc., Valencia, California).

Calculations and statistics

Understory foliage (nontwig) masses were subtract-
ed from the total for each trap array when total litter
quantities were compared between control and cut
plots. Thus, total litter means total overstory litter in
comparisons of control and cut plots. Vertical litter
input was calculated based on trap area in each
vertical trap array as g/m2. Lateral litter input was
calculated based on summed ground length in each

TABLE 1. Site-level means, ranges of site-level means, and mean (95% CI) of vegetation and plot measurements at coniferous
(n = 8) and deciduous (n = 8) sites. dbh = diameter at breast height.

Variable Coniferous Deciduous

Elevation (m asl) 82–588 113–379
Range of mean bankfull widths (m) 1–4 2–5
Range of mean site-level streamside 0–25 m slopes (%) 1–55 3–64
Range of mean dbh of sampled live trees (cm) 27–42 23–31
Mean species slope-adjusted basal area (m2/ha)

Alnus rubra 289 819
Acer macrophyllum 12 73
Prunus emarginata 31 0
Pseudotsuga menziesii 1111 3
Tsuga heterophylla 163 0
Thuja plicata 18 0

Mean (CI) % stream-edge coniferous overstory canopy cover 76 (48–91) 0 (0–2)
Mean (CI) % stream-edge deciduous overstory canopy cover 66 (36–88) 72 (42–90)
Mean (CI) % upslope coniferous overstory canopy cover 96 (87–99) 1 (0–3)
Mean (CI) % upslope deciduous overstory canopy cover 12 (4–33) 96 (87–99)
Mean (CI) large wood (logs/5 m slope-distance) 0.7 (0.5–0.9) 0.8 (0.6–1)
Mean (CI) understory density (number of stems/m2) 2.7 (2.2–3.3) 2.3 (1.9–2.8)
Mean (CI) % ground cover 3.3 (1.5–7.1) 9.2 (4.4–18.5)
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lateral trap array as g/m of stream length. To
calculate total litter inputs that corresponded to
stream size and to compare lateral and vertical stream
inputs, the vertical + lateral inputs were standardized
to a hypothetical 3-m-wide stream, representing the
average stream width of sampled streams. For
example, for a given 100-m reach of a 3-m-wide
stream, the vertical inputs (g/m2) were multiplied by
300 (3-m wide 3 100 m long) to estimate the total
vertical inputs to that reach. The lateral input
estimates (g/m) were multiplied by 200 (2 sides of
stream, 100 m long) to estimate the total lateral inputs
to that reach. To enable comparisons, lateral inputs
were reported on a linear basis and the results of other
studies were recalculated.

Normal probability plots were used to check data
distributions for normality and transformations or
other distributions were used if needed. Residuals
were checked to ensure equal variance and log(x),
logit, or !(x)-transformations were applied to improve
the variance when needed. Significance was set at a ƒ

0.05 prior to analyses. Means or medians are
presented with 95% confidence intervals. Multiple
planned comparisons were completed with Bonfer-
roni or Fisher’s protected least significant difference
(LSD) tests and unplanned comparisons were adjust-
ed with Tukey’s method. Potential outliers were
assessed for their effect on predicted values, slope,
and intercept in regression analyses. All trap arrays
were regarded as independent of one another based
on the assumption that litter inputs and physical
conditions affecting one array were not more similar
within a plot than among plots. Analysis was done
using SAS statistical software (version 9.1; SAS
Institute Inc., Cary, North Carolina).

Variation in riparian vegetation and woody debris
characteristics was evaluated with 3-way analysis of
variance (ANOVA) using main effects (overstory,
treatments, sections) and their interactions. Large
wood was estimated using a Poisson distribution
because the responses were nonnormally distributed,
discrete, unbounded integers. One-way ANOVA with
blocking by site within overstory types was used to
examine the effect of overstory on annual vertical and
lateral total litter inputs and individual litter types in
control plots. Slope was included in the analysis to
test whether slope operated differentially to affect
litter inputs at coniferous and deciduous sites. Annual
control-plot lateral inputs were regressed against
slope for different overstories (which were made
distinct by assigning an indicator value of 0 or 1) and
regression lines were compared (litter inputs = b0 +
[b1 3 overstory indicator variable] + [b2 3 slope] + [b3

3 indicator 3 slope] + random error term). Annual

lateral inputs were regressed against slope for the
control and cut treatments to understand how the
removal of understory affected lateral inputs (lateral
litter inputs = b0 + [b1 3 treatment indicator variable]
+ [b2 3 slope] + [b3 3 indicator 3 slope] + random
error term). Similarly, the slopes and intercepts of
regression lines for the control and 5-m fence
treatments were compared to test if litter was moving
.5 m during the year (lateral litter inputs = b0 + [b1 3

treatment indicator variable] + [b2 3 slope] + [b3 3

indicator 3 slope] + random error term).

Temporal dynamics of litter

Two-way ANOVA with repeated measures was
used to compare seasonal and monthly control-
treatment vertical and lateral inputs between oversto-
ry types for total and different litter types. Means
were compared by using overstory and season or
month as main and interaction factors in the statistical
model. Monthly relative contributions (per 3-m-wide
stream) of lateral and vertical inputs were calculated
from overstory comparisons. To test how slope
operated throughout the year, each season or month’s
control-treatment lateral inputs were regressed
against slope for each overstory and regression lines
were compared. Similarly, regression lines were
compared for: 1) season and month control and cut
treatment lateral inputs to test if effects of removing of
understory plants varied with time and 2) season and
month control and 5-m fence treatment lateral inputs
to see if effects of the fence varied with time.

Contribution to the aquatic system

To test for differences in nutrient concentration and
flux between overstory type, 1-way ANOVA with
overstory as the main effect was used to compare annual
control total litter (both vertical and lateral inputs) among
sites. A 2-way ANOVA with overstory and litter type as
main effects and an interaction term was used to compare
mean annual nutrient fluxes for different overstory types.
Additional 2-way ANOVAs with repeated measures
were done to assess whether total litter nutrient
concentrations or fluxes showed seasonal patterns in
each overstory type. Seasonal litter-type nutrient concen-
trations were compared using 3-way repeated measures
ANOVA that included season, overstory, and litter type
as main effects and their interactions.

Results

Riparian-zone width

Total litter fluxes at deciduous sites exceeded fluxes
at coniferous sites for both vertical and lateral litter
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components. Deciduous-site vertical litter input
(mean, 95% CI; 504 g m22 y21, 446.6–561.9) exceeded
that from coniferous sites (394 g m22 y21, 336.4–451.7)
by 110 g/m2 (28.6–191.6) over the full year (F1,14 = 8.4;
p = 0.01; Fig. 2A). Annual lateral inputs at deciduous
sites (109 g m21 y21, 75.6–143.3) were 46 g/m (1.2–
94.5) more than at coniferous sites (63 g m21 y21, 28.9–
96.6) (F1,14 = 4.4; p = 0.05; Fig. 2B). Lateral inputs
calculated for a 3-m-wide stream accounted for 9.6%

(5.4–12.5) of total annual inputs at coniferous sites and
12.7% (10.2–14.5) of total inputs at deciduous sites.

Litter composition also differed by overstory type.
Annual lateral inputs at coniferous sites were dom-
inated by deciduous leaves (,33%), twigs (,23%),
and leftover (,18%) litter types, whereas L of the
annual lateral inputs at deciduous sites were decid-
uous leaves (,61%) and leftover (,15%) litter types
(Appendix 1). Vertical litter inputs at deciduous sites
were dominated by deciduous leaves (,65%) and
deciduous-other (,15%) litter types (Appendix 2).
Deciduous leaves (,33%), coniferous needles (,24%),
and twigs (,21%) composed .L of the annual vertical
litter inputs at coniferous sites.

Slope was positively related to annual lateral litter
movement at deciduous sites (R2

= 0.4073, p =

0.0771), but not at coniferous sites (R2
= 0.1863, p =

0.2855; Fig. 3). The positive intercept for the regres-

sion (73 g m21 y21, 38.9–108.4) done with deciduous-
site data suggests that litter moves laterally into each
meter of a stream’s edge in a year even on flat
topography. The average annual lateral inputs from
coniferous sites were 63 g m21 y21, so that much litter,
on average, would be expected to move regardless
of the lateral slope. Our experimental removal of
understory vegetation did not significantly alter
lateral litter movement relative to control uncut plots
(Fig. 4A, B), and the effect did not differ by overstory
(F1,14 = 0.20, p = 0.66). Results from the 5-m-fence
treatment indicated that annual lateral litter inputs
did not move .5 m down the slope nor .5 m laterally
adjacent to the stream in any season or annually, nor
did these movements differ with overstory type
(F1,14 = 3.93, p = 0.06).

Temporal dynamics of litter

When analyzed by month, vertical litter inputs
differed between coniferous and deciduous riparian
sites only in November and January (t = 27.17, p ,

0.0001; t = 3.11, p = 0.002; Fig. 5A). Deciduous sites
had 122 g m22 mo21 more total litter in November
than coniferous sites because of greater deciduous leaf
fall (175 g m22 mo21 deciduous leaves at deciduous
sites vs 37 g m22 mo21 deciduous leaves at coniferous

FIG. 2. Mean (95% CI) annual vertical (A) and lateral (B) litter input at deciduous and coniferous sites.
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sites). Overstory differences for other litter types were
small, ranging from 0 to 17 g m22. Vertical input at
coniferous sites (53 g m22) greatly exceeded inputs at
deciduous sites (12 g m22) in January, with most of
this difference caused by greater twig fall at conifer-
ous sites associated with a January ice storm.
Deciduous-other, coniferous needles and coniferous-
other, and leftover litter types were all greater at

coniferous sites, but together contributed only
16 g m22 more at coniferous sites.

At deciduous sites, monthly lateral litter inputs
were greater in November than in all other months
(p , 0.001). November was the only month in which
lateral litter inputs differed by overstory type (t =

22.93, p = 0.004; Fig. 5B). Deciduous sites had a
strong pulse of inputs in the autumn and consistent

FIG. 3. Relationship between annual lateral litter inputs and streamside (0–5 m) slope at deciduous and coniferous sites. Line
shows regression for relationship with p , 0.10.

FIG. 4. Relationships between annual lateral litter inputs and mean streamside (0–5 m) slope in control and cut plots at
coniferous (A) and deciduous (B) sites. Lines show regressions for relationships with p , 0.10.
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inputs in the spring/summer (Fig. 5B). Autumn and
spring/summer inputs, in particular, were dominated
by deciduous leaves and alder pistillate and staminate
catkins, seeds, and bud scales (deciduous-other).
Total litter inputs showed less temporal variation at
coniferous sites because of sequentially overlapping
pulses of different litter types through time.

Lateral movement contributed most to total litter
inputs during the winter in both overstory types,
reflecting both low vertical and high lateral inputs
during this season (Fig. 6). On an annual basis, lateral
inputs contributed only 10% of total inputs to a 3-m-
wide stream at coniferous sites, but contributed 26%

of total inputs in February. Similarly, at deciduous
sites, lateral inputs contributed .25% of total litter
inputs in both January and February.

Comparison of individual litter types across sea-
sons was more complex than for the annual inputs.
Vertical inputs of one litter type showed a significant
overstory type 3 season interaction effect (Appendix
3). Vertical inputs of coniferous needle and understo-

ry litter types differed by overstory but had seasonal
patterns similar to those of most litter that fell in
autumn at coniferous and deciduous sites, respective-
ly. Vertical inputs of coniferous-other litter inputs
were greater at coniferous sites (F1,6 = 17.96, p =

0.006) but had no seasonal pattern (Appendix 3).
Vertical input of twigs and leftover had different
seasonal patterns at coniferous than deciduous sites
(Appendix 3). Vertical inputs of twigs increased in
winter months at coniferous sites (Appendix 3).
Lateral inputs of coniferous-other and leftover litter
followed patterns similar to vertical inputs of these
litter types. Lateral inputs of twigs differed by
overstory and season separately and coniferous sites
had a stronger pulse of twigs than deciduous sites
(Appendix 4).

Contribution to the aquatic system

The average annual N content of vertical litter
was 1.9% (1.5–2.4%) at deciduous sites and 1.2%

FIG. 5. Median (95% CI) monthly vertical (A) and lateral (B) litter inputs in each of 12 collection months. Asterisk (*) indicates
months where inputs differed by overstory type.
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(0.8–1.7%) at coniferous sites. Laterally moving litter
also was more N-rich at deciduous sites (2.0%, 1.6–
2.5%) than coniferous sites (1.3%, 0.8–1.8%) (F1,6 =

6.83, p = 0.04). When individual litter types were
considered annually, the overstory effect on N was
not significant for most comparisons, except that % N
for lateral twigs (F6,34 = 3.16, p = 0.01) and vertical
understory and leftover litter types (F6,36 = 4.27, p =

0.002) was higher at deciduous than at coniferous
sites. The average annual C content of lateral and
vertical inputs did not differ by overstory, but they
did differ by litter type. Percent C was lower in
understory (46%, 44–48) and leftover (39%, 37–42%)
litter types than in all other litter types (48–52%) (data
not shown). Litter C:N ratios were 23 higher at
coniferous sites (vertical C:N = 56, 37–84; lateral
C:N = 46, 31–69) than at deciduous sites (vertical
C:N = 28, 19–42; lateral C:N = 24, 16–36).

Combined annual vertical and lateral litter N fluxes
into streams were nearly 23 higher at deciduous than
at coniferous sites (F1,6 = 5.44, p = 0.05; F1,6 = 9.75,
p = 0.02; respectively; Fig. 7A, B). However, when
considered by season, N fluxes were greater in
deciduous than coniferous sites only in autumn
(F3,18 = 8.10, p = 0.001; F3,18 = 4.39, p = 0.02;
respectively; Fig. 7A, B). For individual litter types,
median N fluxes were greater at deciduous sites for
lateral and vertical inputs of all litter types except
twig and leftover (F6,35 = 14.87, p , 0.0001; F6,36 =

10.25, p , 0.0001). The median N flux from deciduous
leaves was similar for vertical inputs in both overstory
types, but lateral fluxes were greater in deciduous
than coniferous overstory types. Most of the annual

litter N flux into a 3-m-wide stream at coniferous
sites was from vertical deciduous leaves (26%) and
coniferous needles (12%). Vertical litter from decidu-
ous trees (deciduous leaves and deciduous-other)
contributed 84% of the annual vertical litter N flux
into streams at deciduous sites.

Discussion

Riparian-zone width

Our findings reveal that riparian forests dominated
by deciduous trees provide significantly more vertical
and lateral litter inputs to streams than riparian
forests dominated by coniferous trees. This result
was remarkable at our sites, because the basal area
supported on the deciduous sites was ,½ that at the
coniferous sites (Table 1). In a prior synthesis of
studies done largely across North America, Benfield
(1997) was unable to discern any consistent differenc-
es in litterfall delivery to streams between deciduous
and coniferous riparian forests, possibly because of
the complicating influence of climatic variation
among widespread sites that, in turn, shapes riparian
vegetation distribution and productivity. In contrast,
our study explicitly contrasted how 2 riparian
vegetation communities that co-occur across the
landscape influenced vertical and lateral litter inputs
to streams. If we consider only vertical litter inputs,
then our results confirm those of other workers across
the Pacific Northwest who reported greater vertical
litter inputs in deciduous than coniferous forests
(Volk et al. 2003, Hoover et al. 2011). Our deciduous
sites produced ,68% (200 g m22 y21) more vertical

FIG. 6. Percent contribution of lateral monthly litter input to total monthly litter input for a 3-m-wide stream.
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litter annually than deciduous sites used by Volk et al.
(2003), who measured inputs continuously. Our
annual values were more similar to nonriparian red
alder and mixed sites in other Pacific Northwest
forests (Tarrant and Isaac 1951, Neaves 1978). Our
coniferous sites produced ,43 (290 g m22 y21) more
vertical litter annually than coniferous riparian sites
used by Volk et al. (2003), and produced 7–56% (30–
220 g m22 y21) more vertical litter than riparian
Douglas-fir stands in the Cascades of Oregon and
Washington (Dimock 1958, cited in Bray and Gorham
1964, Abee and Lavender 1972, Triska et al. 1984). The
greater vertical litter input in deciduous red-alder-
than coniferous Douglas-fir-dominated riparian for-
ests in our study mirrors differences reported for
upland stands of these 2 forest types (Binkley et al.
1992) and during succession from red alder to
Douglas-fir riparian forest (O’Keefe and Naiman
2006), and is consistent with results in urbanized
streams where coniferous riparian forests had been
replaced by deciduous forest (Roberts and Bilby
2009). Overall, our work contributes to a growing
body of evidence that litter inputs from deciduous or
red alder-dominated riparian forests exceed those
from coniferous riparian forest across sites, stand
histories, and successional stages in the Pacific
Northwest.

To our knowledge, ours is the first study in which
lateral litter inputs from regionally co-occurring
deciduous and coniferous riparian forests were
compared directly. Deciduous sites provided signifi-
cantly more lateral and vertical litter input to streams
than did coniferous sites. In the Pacific Northwest,
lateral inputs to streams have never been reported for
deciduous-dominated riparian forests, although sev-
eral measurements exist for Douglas-fir-dominated
stands in the Cascade Range (Sedell et al. 1974, Triska
et al. 1984, Bilby and Bisson 1992). The spring lateral
movement values published by Sedell et al. (1974)
recalculated on a ground-line basis and extrapolated
to the year yielded a value of 55 g m21 y21. Bilby and
Bisson (1992) did not include enough information for
us to recalculate their lateral results for comparison.
Similar recalculation of values published by Triska et
al. (1984) yielded 26 g m21 y21. These recalculated
lateral estimates (55 and 26 g m21 y21) are smaller
than our estimate of 63 g m21 y21 (28.9–96.6) even
though sites used by Sedell et al. (1974) and Triska et
al. (1984) had slopes as high as 90%. Sedell et al. (1974)
did not report lateral inputs from autumn months. In
our study, lateral inputs were greater in autumn than
in spring, so our extrapolation may underestimate the
true annual value in the study by Sedell et al. (1974)
(Fig. 5B). Nevertheless, comparison of our estimates

FIG. 7. Mean (95% CI) lateral (A) and vertical (B) N fluxes in each month by season in deciduous and coniferous sites.
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of lateral inputs with those of Triska et al. (1984) and
Sedell et al. (1974) suggests reasonable similarity at
conifer-dominated sites in our young forests and
older, steeper Douglas-fir forests in the Cascade
Range. Our estimates of lateral inputs in deciduous-
dominated riparian forests are similar to or exceed
estimates from deciduous and mixed-forest stands in
other parts of the world (Fisher and Likens 1973,
Webster and Waide 1982, Conners and Naiman 1984,
Benfield 1997). The particularly high litter inputs from
riparian red alder, which has higher substrate quality
and nutritional content than coniferous litter (Roberts
and Bilby 2009, Kominoski et al. 2011), probably
contribute to the development of detritus-based food
webs in small streams of the Pacific Northwest (Wipfli
and Musselwhite 2004, Richardson and Danehy 2007).
Furthermore, alternating reaches of deciduous and
conifer riparian forest along a stream may act
synergistically to improve conditions for fish by
providing wood and year-round shade (conifer
reaches; Gregory et al. 1991, Naiman et al. 2000) and
seasonal shade and nutrients (red alder reaches).

Slope can be an important control on the delivery of
lateral inputs from deciduous forests to streams.
Steeper lateral slopes affect input of large wood
(Sobota et al. 2006), shade streams, and potentially
decrease in-stream productivity. In our study, steeper
slopes provided more litter to streams, particularly at
deciduous sites. If one selects a conservative estimate
of the amount of litter moving laterally across low-
slope ground (based on the low-slope values in
Fig. 3), then a 100-m deciduous-dominated stream
reach with a very steep lateral slope (,64% slope)
could receive an estimated 20 kg more litter each year
than a 100-m stream reach with a low lateral slope.
Results of previous studies suggest that lateral
movement could be reduced by the presence of
vegetation (Dawson 1976, France 1995). However, no
relationship between understory density and lateral
inputs was detected in our cutting experiment.
Therefore, slope and overstory appear to be more
important controls than understory density on lateral
litter movement at our sites. Moreover, in these small
coastal streams, lateral litter enters the stream from a
narrow width of the riparian zone.

Slope affects lateral inputs to streams, but some
quantity of litter moved laterally into each meter of
stream edge annually at our deciduous sites even on
the flattest slopes (Fig. 3). Wind (Orndorff and Lang
1981, Conners and Naiman 1984) and wetting/drying
cycles create clumps of material (Triska et al. 1984),
and these processes have been suggested as important
controls on lateral litter movement in other systems.
Wind might have some influence in our system, but

probably only on small spatial scales because of the
extremely dense nature of Oregon Coast Range
riparian forests. Additional complexities that were
not addressed in our study include the potential
effects of spatial arrangement of a watershed and
adjacent harvest activities on wind, weather, and
drying rates of litter within the effective riparian zone.
Sites were selected to include the full range of human-
accessible slopes within each overstory type, but a
relationship between lateral input and slope might
have been found in coniferous sites had steeper slopes
or more sites been used. The seasonal relationship
between slope and lateral inputs at coniferous sites
suggests that litter moved laterally in autumn
regardless of slope but that the low level of lateral
inputs in the spring may be more slope-dependent.

Temporal dynamics of litter

Temporal variation in deciduous litter types caused
a seasonal pattern of litter inputs at our sites. Our
finding of a large pulse of deciduous leaves in
autumn and a smaller pulse in summer in both
overstory types is consistent with observations that
Alnus spp. can exhibit a summer pulse of green leaves
and an autumn pulse of brown leaves (Bray and
Gorham 1964), although the summer pulse is smaller
(Hoover et al. 2011) and not always observed (Neaves
1978, Volk et al. 2003). A moderate pulse of deciduous-
other litter types, consisting of red alder pistillate and
staminate catkins, seeds, and bud scales, also occurred
in early spring at deciduous and coniferous sites. Seeds
and catkins were observed in large proportions during
the months of March and April at our deciduous sites,
consistent with previous observations in riparian areas
dominated by young red alder (Volk et al. 2003) and
old-growth Douglas-fir stands (Triska et al. 1984).
Addition of N-rich organic matter from deciduous
sources in spring/summer may help maintain stream
metabolism at a time when the autumn pulse of
detritus has already been consumed (Sedell et al. 1975,
Anderson and Sedell 1979), and may be more broadly
reflected in seasonal adaptation of consumers to timed
pulses of detritus delivery (Richardson 1991).

We observed greater seasonality of vertical and
lateral litter inputs in deciduous than coniferous
riparian forests. This pattern is generally consistent
with results of a chronosequence study of vertical
litterfall on the Olympic Peninsula (O’Keefe and
Naiman 2006), but is less consistent with results of a
study comparing inputs in red alder and western
redcedar riparian forests in British Columbia (Hoover
et al. 2011). The relatively consistent seasonal delivery
of total litter amounts in conifer stands in our study
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arose from overlapping sequential variation of inputs
of different litter types through time. These sequential
inputs in conifer stands consisted of pulses from the
deciduous components of these stands and a bimodal
pattern of coniferous needles in autumn and twigs in
winter. In contrast, in an old growth Douglas-fir
riparian forest in the Cascades of Oregon, inputs had
a unimodal pattern that peaked in winter without
deciduous inputs (Sedell et al. 1974). Thus, inclusion
of a deciduous-tree component in riparian forests,
whether from natural disturbances (O’Keefe and
Naiman 2006) or active management (Hoover et al.
2011), could provide more consistent delivery of
detritus to riparian food webs even where coniferous
trees dominate.

The semi-Mediterranean climate of our study
region is characterized by dry summers and wet
winters. Total lateral inputs were greatest in Novem-
ber through January, and the importance of lateral
relative to vertical inputs was highest in winter. Thus,
lateral winter litter inputs may be particularly
important subsidies for stream metabolism. The
relative importance of lateral and vertical inputs
depends on stream width, and the importance of
lateral inputs is greater in small than in large streams.
In some studies, lateral litter movement was greatest
in autumn (McDowell and Fisher 1976, Winterbourn
1976, Moser 1991), but reports on how proportions
and composition of vertical or lateral inputs change
through time are lacking. Stream metabolism often is
correlated positively with temperature, but higher
inputs of detritus in winter might lead to higher
winter metabolism despite cold temperatures (Houser
et al. 2005). In the Pacific Northwest, high flows can
move stream organic matter during winter, but the
amount of detritus removed by high flows is
generally ,50% of the annual inputs (Anderson and
Sedell 1979). In addition, flow depletion of resources
is unlikely to remove all litter types equally. Flow may
sort and redistribute them patchily based on substrate
type, flow characteristics (Speaker et al. 1984), and
size class (Jones and Smock 1991). Our results raise
the possibility that lateral inputs delivered in winter
may be particularly important to metabolism of both
local and downstream reaches by renewing resources
that were removed by previous high flows or that
were already consumed.

Nitrogen fluxes

Litterfall N concentrations varied more by litter
type than across sites. Red alder litter displayed
consistently higher N concentrations than did conifer
litter, as reported previously (Scott et al. 2008, Roberts

and Bilby 2009, Perakis et al. 2012). Within specific
litter types, sites dominated by red alder produced
materials with equal or higher N concentrations than
sites dominated by Douglas-fir, reflecting whole-
ecosystem N enrichment by red alder (Binkley et al.
1992, Perakis et al. 2012). Our sites produced 43 more
litter inputs and nearly 23 higher litter N concentra-
tions than red-alder and Douglas-fir riparian forests
of Olympic National Park (Volk et al. 2003), charac-
teristic of highly productive and N-rich conditions in
coastal Oregon forests relative to other regions of the
Pacific Northwest (Perakis et al. 2011), and leading to
particularly high rates of litterfall N input overall.
These findings suggest that red alder can provide
both direct (from alder) and indirect (from alder
legacies) subsidies of N from riparian forests to
streams.

Litterfall N fluxes in our study were compared with
other N fluxes in the central Oregon Coast Range to
assess the potential importance of riparian subsidies
to watershed-level N budgets. When litterfall N fluxes
are scaled to stream width, vertical N fluxes are 15
and 29 g N m21 of standard stream y21 and lateral
fluxes are 2 and 4 g N m21 of standard stream y21,
which add up to total fluxes of 16 and 34 g N m21 of
standard stream y21, respectively, for coniferous and
deciduous sites. Additional N may be delivered from
riparian forests to streams as dissolved N in ground
water, especially as NO3

2 associated with red alder
(Compton et al. 2003) or from N-rich soils (Perakis
and Sinkhorn 2011), and as much smaller N inputs
from precipitation (Fredriksen 1972) and throughfall
(Abee and Lavender 1972). Potential stream N exports
attributable directly to litter inputs were estimated
based on a drainage density of 2.3 km of stream/km2

for our study area (Miller et al. 2006). With this
approach, conifer-dominated riparian zones would
have estimated potential watershed-scale exports of
,0.03 g N m22 y21, assuming complete export of
material. This estimate is similar to that calculated
from long-term records from old-growth Douglas-fir
in the Oregon Cascades (Vanderbilt et al. 2003). Red-
alder-dominated riparian zones would have estimat-
ed potential exports of ,0.08 g N m22 y21 from leaf
litter only. Stream-chemistry measurements at the
watershed-scale in the Oregon Coast Range revealed
that watersheds with ,10% red-alder cover exported
,0.2 g N m22 y21, but exports increased to 3 g N
m22 y21 when watershed-scale cover of red alder
increased to 80% (Compton et al. 2003). The differ-
ences between these measured exports and our
predicted exports from direct litterfall represent N
inputs from ground water coming from the larger
watershed. With contributions from deciduous and
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coniferous riparian forests to watershed N budgets
differing substantially, the potential export of 0.08 g N
m22 y21 solely from riparian alder litter inputs to
streams suggests that red alder in the riparian zone
would contribute a large proportion (as much as 40%)
of N export in a watershed dominated by conifers in
the uplands. However, the ultimate effect of such
nutrient fluxes on downstream aquatic ecosystems
could be beneficial or deleterious, depending on the
nature and degree of nutrient limitation in more open-
canopied water bodies downstream (Roberts and
Bilby 2009).

Conclusions

Our results suggest that red-alder dominated
riparian zones of the central Oregon Coast Range
have significantly different quantity, quality, and
timing of leaf litter inputs to streams than conifer-
dominated forests. In addition, streamside topogra-
phy shapes lateral litter inputs to streams more
strongly in red-alder-dominated sites than in conifer-
ous sites. The cumulative effects from many small
red-alder-dominated streams exporting to down-
stream reaches include more pronounced seasonality
of litter delivery, with greater C and N loading
annually, than expected from conifer-dominated
streams. Therefore, streamside openings for red alder
could effectively increase N inputs in otherwise
conifer-dominated watersheds and shape the struc-
ture and composition of food webs in these ecosys-
tems. In mixed-ownership landscapes that encompass
different regulatory and management goals, we
suggest that alternating reaches of red alder and
conifer riparian forest may ensure consistent down-
stream supply of different types of litter throughout
the year, with increased N export from red alder litter,
and higher N concentrations of coniferous litter types.
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APPENDIX 1. Untransformed mean or back-transformed median (from ln[x]-transformation) (95% CI) annual lateral inputs
(g m21 y21), % contribution to total lateral inputs for each litter type, and results of a 1-way analysis of variance (ANOVA) with
overstory type as a main effect and type III tests of fixed effects. * indicates back-transformed median.

Litter type

Coniferous Deciduous ANOVA

Mean or median % contribution Mean or median % contribution F1,6 p

Coniferous needles 9.65* (2.5–37.2) 16.8% 0.21* (0.05–0.8) 0.2% 24.17 0.003
Coniferous-other 1.06* (0.2–6.3) 1.8% 0.03* (0.006–0.2) 0.03% 10.41 0.02
Deciduous leaves 19.02 (24.3–42.3) 33.1% 58.35 (34.9–81.7) 61.4% 8.49 0.03
Deciduous-other 2.71 (23.9–9.3) 4.7% 11.84 (5.3–18.4) 12.5% 5.76 0.05
Twig 13.28* (6.9–25.5) 23.1% 5.48* (2.9–10.5) 5.8% 5.5 0.06
Understory 1.59 (20.1–3.3) 2.8% 4.44 (2.7–6.2) 4.7% 8.3 0.03
Leftover 10.23* (4.6–22.5) 17.8% 14.67* (6.7–32.3) 15.4% 0.62 0.46

APPENDIX 2. Untransformed mean or back-transformed median (from ln[x]-transformation) (95% CI) annual vertical inputs
(g m22 y21), % contribution to total lateral inputs for each litter type, and results of a 1-way analysis of variance (ANOVA) with
overstory type as a main effect and type III tests of fixed effects. * indicates back-transformed median.

Litter type

Coniferous Deciduous ANOVA

Mean or median % contribution Mean or median % contribution F1,6 p

Coniferous needles 76.83* (18.8–314.4) 23.5% 1.26* (0.3–5.1) 0.3% 25.49 0.002
Coniferous-other 9.23* (3.2–26.6) 2.8% 0.36* (0.1–1.0) 0.1% 28.32 0.002
Deciduous leaves 107.65 (24.7–220.1) 32.9% 306.63 (194.2–419.0) 65.4% 9.38 0.02
Deciduous-other 28.03 (26.3–62.3) 8.6% 70.09 (35.8–104.4) 14.9% 4.5 0.08
Twig 67.81* (27.8–165.4) 20.7% 41.5* (17.0–101.2) 8.8% 0.91 0.38
Understory 1.65* (0.4–7.1) 0.5% 14.18* (3.3–61.2) 3.0% 6.48 0.04
Leftover 35.82 (5.9–65.7) 11.0% 35.04 (5.2–64.9) 7.5% 0.0 0.97
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APPENDIX 3. Mean or median (95% CI) vertical litter inputs (g m22 mo21 of season) during autumn, winter, and spring/
summer and results of 2-way repeated measures analysis of variance (ANOVA) with overstory type and season as main effects for
different litter types at conifer- and deciduous-dominated sites. Coniferous needles, coniferous-other, twig, understory and
leftover data were transformed using a natural logarithm, so medians are reported.

Litter type Overstory type Autumn Winter Spring/Summer

Coniferous needles Coniferous 12.65b (3.77–42.43) 1.50b (0.26–8.78) 3.84b (0.91–16.15)
Deciduous 0.16b (0.05–0.54) 0.09b (0.02–0.53) 0.09b (0.02–0.39)

Coniferous-other Coniferous 0.74c (0.27–2.08) 0.24c (0.04–1.58) 0.87c (0.31–2.39)
Deciduous 0.05c (0.02–0.13) 0.02c (0.003–0.14) 0.04c (0.02–0.12)

Deciduous leaves Coniferous 23.57b (20.94–48.08) 0.18b (20.22–0.57) 2.57b (20.83–5.97)
Deciduous 66.98b (42.47–91.48) 0.53b (0.14–0.92) 7.42b (4.03–10.82)

Deciduous-other Coniferous 0.88d (20.6–2.45) 1.33d (22.0–4.7) 4.09d (20.65–8.86)
Deciduous 2.35d (0.78–3.92) 5.98d (2.6–9.37) 8.54d (3.79–13.3)

Twig Coniferous 1.76a (0.53–5.91) 15.78a (4.60–54.14) 1.52a (0.66–3.48)
Deciduous 2.14a (0.64–7.19) 3.78a (1.10–12.96) 2.94a (1.28–6.76)

Understory Coniferous 0.33b (0.07–1.67) 0.02b (0.005–0.11) 0.02b (0.006–0.09)
Deciduous 3.30b (0.65–16.72) 0.03b (0.007–0.14) 0.16b (0.04–0.68)

Leftover Coniferous 3.19a (0.85–12.03) 2.19a (1.06–4.51) 1.15a (0.41–3.22)
Deciduous 3.61a (0.96–13.63) 0.62a (0.30–1.27) 2.08a (0.74–5.84)

a Significant interaction of overstory and season effects
b Separate significant overstory and season effects
c Significant overstory effect only
d Significant season effect only

APPENDIX 4. Mean or median (95% CI) lateral litter inputs (g m22 mo21 of season) during autumn, winter, and spring/summer
and results of 2-way repeated measures analysis of variance (ANOVA) with overstory type and season as main effects for
different litter types at conifer- and deciduous-dominated sites. Coniferous needles, coniferous-other, twig, understory and
leftover data were transformed using a natural logarithm, so medians are reported.

Litter type Overstory type Autumn Winter Spring/Summer

Coniferous needles Coniferous 1.30a (0.61–2.79) 0.52a (0.18–1.48) 0.53a (0.15–1.81)
Deciduous 0.03a (0.01–0.06) 0.03a (0.01–0.09) 0.03a (0.008–0.10)

Coniferous-other Coniferous 0.09c (0.03–0.33) 0.07c (0.01–0.37) 0.13c (0.05–0.37)
Deciduous 0.01c (0.004–0.05) 0.01c (0.002–0.07) 0.01c (0.005–0.04)

Deciduous leaves Coniferous 3.99a (20.21–8.21) 0.57a (20.69–1.83) 0.26a (20.55–1.09)
Deciduous 11.58a (7.37–15.79) 1.60a (0.34–2.86) 1.45a (0.62–2.27)

Deciduous-other Coniferous 0.07a (20.06–0.20) 0.13a (20.30–0.56) 0.41a (20.55–1.37)
Deciduous 0.26a (0.13–0.39) 0.89a (0.46–1.32) 1.63a (0.66–2.59)

Twig Coniferous 0.40b (0.16–0.98) 1.98b (0.85–4.64) 0.79b (0.26–2.36)
Deciduous 0.25b (0.10–0.61) 0.68b (0.29–1.58) 0.38b (0.13–1.15)

Understory Coniferous 0.19d (0.07–0.49) 0.03d (0.01–0.09) 0.07d (0.02–0.26)
Deciduous 0.83d (0.32–2.13) 0.08d (0.03–0.19) 0.11d (0.03–0.40)

Leftover Coniferous 0.70a (0.33–1.49) 1.32a (0.57–3.09) 0.68a (0.22–2.12)
Deciduous 1.46a (0.69–3.09) 0.81a (0.35–1.90) 1.09a (0.35–3.44)

a Significant interaction of overstory and season effects
b Separate significant overstory and season effects
c Significant overstory effect only
d Significant season effect only
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