Journal of Hydrology 462-463 (2012) 67-76

‘i R

JOouRNAL OF
HYDROLOGY

Contents lists available at ScienceDirect

Journal of Hydrology

o

journal homepage: www.elsevier.com/locate/jhydrol 8

A two end-member model of wood dynamics in headwater neotropical rivers

Ellen Wohl ®*, Susan Bolton ", Daniel Cadol?, Francesco Comiti €, Jaime R. Goode ®!, Luca Mao ¢

2 Department of Geosciences, Colorado State University, Ft. Collins, CO 80523-1482, USA

b School of Forest Resources, University of Washington, Box 352100, Seattle, WA 98195-2100, USA

€Faculty of Science and Technology, Free University of Bozen-Bolzano, via Leonardo da Vinci 7, 39100 Bolzano, Italy

d Department of Land and Agro-Forest Environments, University of Padua, Viale dell'Universita 16, Legnaro (PD), 35020, Italy

ARTICLE INFO SUMMARY

Article history:
Available online 1 March 2011

Geomorphic and ecological effects of instream wood have been documented primarily along rivers in the
temperate zones. Instream wood loads in tropical rivers might be expected to differ from those in anal-
ogous temperate rivers because of the higher transport capacity and higher rates of wood decay in the

Keywords: tropics. We use data from four field sites in Costa Rica and Panama to demonstrate that wood loads
Large W_OOdy debris are consistently lower in tropical rivers, despite substantial variations among tropical sites as a result
Costa Rica of differences in mechanisms of wood recruitment. We develop a model of wood dynamics (recruitment,
E:SZ;T;ES transport, and retention) ba§ed on differences in dorpinant wood recruitmen_t m_eghanism. The steady-
Logjams state end-member reflects sites where gradual recruitment of wood through individual tree fall creates

a relatively consistent wood load through time and development of logjams is minimal. The episodic
end-member reflects sites dominated by episodic mass recruitment via landslides or blowdowns. This
facilitates formation of transient logjams, so that wood loads exhibit substantial spatial and temporal
variation along the channel network. The model presented here should also apply to headwater streams
in the temperate zone, although existing documentation suggests that jams are more persistent along

Wood recruitment

streams in the temperate zone.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

An extensive literature documents the geomorphic and ecolog-
ical effects of wood in rivers of the temperate zones. Within the
channel, wood increases frictional resistance to flow and chan-
nel-boundary roughness (Keller and Tally, 1979; Curran and Wohl,
2003). Individual wood pieces and jams create localized flow sep-
aration that reduces velocity, increases flow depth, and enhances
local bed and bank scour (Berg et al., 1998; Linstead, 2001; Man-
ners et al., 2007). Wood facilitates storage of sediment and organic
matter, and thus alters the grain-size distribution of the bed sur-
face (Faustini and Jones, 2003; Haschenburger and Rice, 2004;
Comiti et al., 2008a) and the type and dimensions of bedforms
present (MacFarlane and Wohl, 2003; Montgomery et al., 2003).
The ecological effects of wood include increased substrate and hab-
itat diversity and stability (Maser and Sedell, 1994), shorter pool
spacing (Montgomery et al., 1995), greater pool volume (Fausch
and Northcote, 1992; Mao et al., 2008), and greater retention and
processing of nutrients (Bilby and Likens, 1980; Warren et al.,
2007). Wood also affects channel planform and valley-bottom pro-

* Corresponding author. Tel.: +1 970 491 5298; fax: +1 970 491 6307.
E-mail address: ellenw@cnr.colostate.edu (E. Wohl).
! Present address: USDA Forest Service, Rocky Mountain Research Station, 322 E.
Front Street, Suite 401, Boise, ID 83702, USA.

0022-1694/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhydrol.2011.01.061

cess and form when wood jams facilitate avulsion or the formation
of anastomosing channels (Collins and Montgomery, 2002; O’Con-
nor et al.,, 2003). Wood can increase channel width and lateral
mobility (Brooks and Brierley, 2002), and can enhance overbank
flooding and associated sediment deposition across the floodplain
(Jeffries et al., 2003).

The literature documenting these geomorphic and ecological ef-
fects has for decades been dominated by studies from the north-
western United States and southwestern Canada. Most of the
Pacific Northwest region is a temperate rainforest with many large,
long-lived species of trees and relatively low-intensity seasonal
rains or snowmelt. Because these forest and climate characteristics
are likely important first-order controls on the recruitment and
retention of instream wood, we expect wood dynamics in other re-
gions to differ. Documenting these differences provides insight for
understanding regional distinctions in the geomorphic and ecolog-
ical functions of instream wood and for optimizing stream man-
agement strategies. Within the past decade, studies representing
sites in other portions of North America (Richmond and Fausch,
1995; Downs and Simon, 2001; Marcus et al., 2002; Warren
et al., 2007), as well as Europe (Piégay and Gurnell, 1997; Piégay
et al, 1999; Gurnell et al., 2000; Linstead, 2001; Dahlstrém and
Nilsson, 2004; Wyzga and Zawiejska, 2005; Comiti et al., 2006),
Asia (Gomi et al., 2006; Seo and Nakamura, 2009), South America
(Andreoli et al., 2007; Comiti et al., 2008a; Mao et al., 2008; Iroumeé


http://dx.doi.org/10.1016/j.jhydrol.2011.01.061
mailto:ellenw@cnr.colostate.edu
http://dx.doi.org/10.1016/j.jhydrol.2011.01.061
http://www.sciencedirect.com/science/journal/00221694
http://www.elsevier.com/locate/jhydrol

68 E. Wohl et al./Journal of Hydrology 462-463 (2012) 67-76

et al.,, 2010), Africa (Jacobson et al., 1999; Pettit and Naiman, 2006),
Australia (Webb and Erskine, 2003) and New Zealand (Baillie and
Davies, 2002; Meleason et al., 2005) have begun to provide greater
insight into geographic diversity in the dynamics of instream
wood. The majority of these studies come from sites in the temper-
ate zones, where variations in mesoscale hydroclimatology and
forest structure create differences in the volume and function of
instream wood that can drive regionally targeted management
strategies rather than extrapolation from different regions (Magil-
ligan et al., 2008). Relatively little remains known, however, of
high-latitude (e.g., boreal forest, but see Mao et al., 2008 for sub-
antarctic forests) or low-latitude (e.g., tropical rainforest) environ-
ments, which might differ significantly from temperate environ-
ments. Our objective in this paper is to synthesize the results
from several recent studies along neotropical forest streams in
Costa Rica and Panama.

This paper focuses on what is commonly known as large woody
debris, typically defined as pieces greater than 1 m in length and
10 cm in diameter. Because ‘debris’ can have negative connotations,
we refer to logs as instream wood when at least some portion of the
log lies within the bankfull channel. Instream wood dynamics in-
clude (i) recruitment of wood into the channel through processes
ranging from mass introductions during landslides or blowdowns
to individual treefall resulting from bank erosion or tree mortality,
(ii) transport of wood within the channel or between the channel
and adjacent floodplains, and (iii) retention of wood within the
channel, which involves both storage and processes of alteration
such as decay, physical breakage, ingestion by organisms, or abra-
sion by sediment in transport. Together, these processes govern
the wood budget for a channel segment by determining inputs
and outputs of wood through time and the volume of wood stored
within the channel at any given location or time. Investigators have
only recently begun to quantify wood budgets for temperate
streams. Benda and Sias (2003), for example, propose the following
budget equation for changes in wood storage S (expressed either in
m? per ha of channel bed area or in m> per 100 m of channel length)
over a length of channel x through time t:

ASe = [Li = Lo + Qi/Ax — Q,/Ax — DJAt M

where L; is lateral wood recruitment, L, is loss of wood to overbank
deposition and channel movement, Q; is fluvial transport of wood
into the channel segment, Q, is fluvial transport out of the segment,
and D is decay. Lateral wood recruitment can be further specified in
terms of different recruitment processes:

Li=In+I+Ihe +1s+1. (2)

where I, is background forest mortality, I is toppling of trees fol-
lowing fires and during windstorms, I, is punctuated inputs from
bank erosion, I; is wood delivered by hillslope mass movements
(landslides, debris flows), and I, is exhumation of buried wood
(Benda and Sias, 2003).

Although it is difficult to fully quantify each of the parameters
in Egs. (1) and (2), in part because of their spatial and temporal
variability, these equations can provide a conceptual framework
for examining how the relative magnitude of each parameter var-
ies between sites and through time. The magnitude of Q; and Q,, for
example, may be small relative to L; in headwater sites with lim-
ited fluvial transport capacity. Wood transport rates are also very
difficult to estimate as well as to measure (MacVicar et al., 2009).

Some variables included in Eqgs. (1) and (2) may not differ con-
sistently between temperate and tropical environments. Back-
ground tree mortality, for example, does not appear to differ
among tropical, temperate, and boreal forests (Hartshorn, 1990;
Lieberman et al.,, 1990; Lugo and Scatena, 1996; Scatena et al.,
2005). Instream wood dynamics in tropical rivers, however, might
be expected to differ from wood dynamics in rivers of the temper-

ate zone for at least two reasons; hydrology and wood decay
(Douglas and Guyot, 2005). Tropical rivers are typically subject to
intense rainfall that can produce values of unit discharge (up to
30-40 m> s~! km~?; Cadol et al., 2009; Wohl et al., 2009) higher
than those typical of temperate rivers. Short duration, high-magni-
tude floods can also occur more frequently and have a greater
cumulative duration than floods of analogous transport capacity
in temperate rivers (Wohl and Jaeger, 2009). The net effect is great-
er transport capacity for wood in streams of a given drainage area,
particularly in small headwater rivers (Covich and Crowl, 1990; Ca-
dol and Wohl, 2010). Although relatively little is known of wood
decay rates in rivers of any environment (Harmon et al., 1986;
Hyatt and Naiman, 2001; Spanhoff and Meyer, 2004; MacVicar
et al., 2009), studies of wood turnover time on forest floors in dif-
ferent environments indicate that wood decays much more rapidly
in tropical environments. Decay rates of logs on a forest floor are
on the order of >100 years in cold boreal/subantartic climates
(Frangi et al., 1997), 50-100years in dry climates (O’Connell,
1997; Ellis et al., 1999), 10-100 years in humid temperate climates
(Boyce, 1961; Harmon, 1982), and less than 10 years in the tropics
(Delaney et al., 1998; Clark et al., 2002; Lewis et al., 2004; Beard
et al., 2005). Waterlogged instream wood may decay more slowly
as a result of prolonged anaerobic conditions (Harmon et al.,
1986; Beard et al., 2005), but the relative rates of decay between
these regions based on forest-floor decay rates likely hold for in-
stream wood. The characteristics of the hydrograph that, along
with position with respect to the streambed, control the timing,
duration, and frequency of wetting and drying of instream wood,
likely also play a role in decay rates, such that the characteristic fla-
shy hydrographs of tropical streams may enhance decay rates.

In the context of Eq. (1), therefore, tropical rivers might be ex-
pected to have higher values of Q;, Q,, and D than otherwise similar
temperate rivers. Whether these differences lead to significantly
different values of S. or A4S, depends partly on L; and L,. In the syn-
thesis presented here, we demonstrate that volume of wood stored
per unit area of channel (S,) is consistently lower for the headwater
neotropical rivers studied, and annual turnover of wood (AS,) is
consistently higher, relative to analogous temperate rivers, despite
substantial variations in L; (lateral input rates) between study sites.
L, (lateral export towards the floodplain) is negligible in the later-
ally confined reaches that are the focus of these studies.

We also propose that differences in L; between sites create what
can be conceptualized as a two end-member model of wood
dynamics in headwater neotropical streams. One end-member is
represented by sites where gradual recruitment of wood through
individual tree mortality creates a relatively steady-state condition
with respect to S at a site through time. Although individual pieces
of wood are relatively mobile, there is sufficient supply of wood via
L; and Q; to replace wood lost through Q, or D. The other end-mem-
ber is represented by sites where wood recruitment occurs primar-
ily through mass movements such as landslides and debris flows,
or through mass recruitment associated with hurricanes that cre-
ate catastrophic tree mortality (Lugo and Scatena, 1996). Episodic
point sources of wood recruitment facilitate formation of logjams
that temporarily store sediment and create very high values of S,
but the persistence of these features within the channel is much
shorter than the recurrence interval of the input process, so that
S¢ fluctuates dramatically through time and space along the chan-
nel network. We present data from four field areas to support this
end-member model.

2. Study areas

The primary description of each of the four study sites (Fig. 1)
we use in this synthesis is contained in the references cited for that
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Fig. 1. Location map of Costa Rica and Panama showing general location of study sites relative to one another. Inset maps show details of multiple reaches at (A) La Selva and

(B) La Cangreja.

study site. Here we briefly describe the salient characteristics of
each site, which are also listed in Table 1.

2.1. Upper Rio Chagres, Panama

The Upper Rio Chagres is divided by a reservoir, Lake Alhajuela.
The portion upstream from the reservoir, the Upper Rio Chagres,
drains 414 km? of mountainous terrain in central Panama. The res-
ervoir does not trap wood or influence upstream wood loads. Bed-
rock geology in the Upper Chagres is a mixture of volcanic and
intrusive rocks of Cretaceous to Upper Tertiary age that are highly
deformed and chemically altered (Worner et al., 2005). The chan-
nel is narrowly confined between steep slopes and in many places
bedrock is exposed along the stream banks or bed (Fig. 2A). Mor-
phology varies from pool-riffle to step-pool across bed gradients
of 0.0014-0082 m/m (Wohl, 2005). Bed sediment at the study sites
is dominated by cobbles and small boulders (Dsg, 19-20 cm, Dgy,
33-40 cm).

About 70% of the Upper Rio Chagres catchment is in Parque Nac-
ional Chagres and 98% of the catchment is covered by old-growth
forest. Diversity of tree species is extremely high and individual

trees can attain a height of 30 m and a diameter of 2.2 m (R. Condit,
Smithsonian Tropical Research Institute, pers. comm., 2003). Wood
is introduced to the channel network via bank erosion (a relatively
minor source), landslides along the valley walls of the main chan-
nel, and tributary inputs from landslides and bank erosion along
the tributary.

Mean annual precipitation at the mouth of the catchment is
2590 mm, of which 90% falls during the May-December wet sea-
son (Houseal, 1999). Discharge near the mouth of the upper catch-
ment typically varies between 10 and 20 m?/s during the dry
season, with multiple flood peaks over 1000 m3/s during the wet
season. Mean annual peak flow is 1049 m?/s and the flood of record
was 3780 m3/s in November 1966. Small landslides occur episodi-
cally on the steep slopes in association with heavy rainfall.

A tropical air mass thunderstorm on 10 July 2007 produced a
flood across the upper basin that peaked at 720 m>/s at a headwa-
ters gage draining 17.5 km? and 1710 m?/s at a downstream gage
draining 414 km?. Landslides caused by the heavy rainfall facili-
tated the formation of large logjams along portions of the channel
where transport capacity of wood was reduced by a change in-
channel geometry such as a bend, channel expansion, or single
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Table 1
Characteristics of study sites.

Stream A (km?) Estimated Q,° No.of study S¢(m/m) w?(m) d°(m) Lwood' (M) dwood® (M) Primary wood Wood load'  Wood load’
(m3/s/km?)  reaches recruitment  (m3/100m) (m3/ha)
process”
Rio Chagres, Panama 16-60 4-41 3 0.005- 15-94 ~2-5 15.1 0.52 I Not available Not available
0.02
Rio Portalén, Costa Rica 17 20 7 0.015- 16-23 ~1.5- 6.2 0.37 Is and Iy 1.5 7.4
0.05 3
Taconazo, La Selva 0.3 1 0.0024 7.3 0.8 4.7 0.26 Iy and Q; 26.4 363 (366, 362)
Arboleda, La Selva 0.4 1 0.0022 7.3 0.9 32 0.12 I, and Q; 3 107 (129, 41)
Sura 1, La Selva 4.8 1 0.0024 8.1 1.1 4.1 0.21 In and Q; 34.7 427 (469, 399)
Sura 2, La Selva 34 3 1 0.0122 103 0.8 29 0.23 I, and Q; 15 143 (177, 126)
Sura 3, La Selva 33 1 0.0616 134 1.0 3.1 0.16 In and Q; 7.4 79 (109, 47)
Salto, La Selva 6.8 1 0.0097 7.8 1.0 3.2 0.16 I and Q; 7.8 108 (144, 57)
Esquina 1, La Selva 1.6 1 0.0320 8.3 0.9 3.6 0.20 I, and Q; 7.3 87 (96, 68)
Esquina 2, La Selva 2.2 1 0.0100 7.7 0.6 4.0 0.15 I;m and Q; 15.1 95 (164, 76)
Esquina 3, La Selva 23 1 0.0075 8.2 0.5 4.6 0.18 I, and Q; 20.9 174 (185, 150)
Saltito, La Selva 1.2 1 0.0030 4.9 0.7 25 0.21 Ip and Q; 10.1 196 (207, 187)
Quebrada Grande 1, 8.2 3 0.005- 114 08 3.6 021 Im and Q; 1(3,0) 8.8 (10.3, 0)
La Cangreja Q 2003 0.04
Quebrada Grande 2, 4.6 3 3 0.01-0.13  12.7 0.8 3.6 0.35 Is and Q; 12 (24, 2) 95 (188, 16)
La Cangreja P 2003
Quebrada Grande 3, 3.9 2 0.005- 8.1 0.6 5.0 0.36 I and Q; 5(6, 3) 55 (90, 32)
La Cangreja O 2003 0.31
Quebrada Grande 4, 29 1 2 0.04-0.78 7.8 0.4 3.6 0.28 Is and Iy 16 (22,9) 205 (272,121)
La Cangreja M 2003
Quebrada Grande 5, 0.2 2 0.015- 6.9 0.7 4.5 0.2 Irand I 17 (20, 14) 247 (294, 200)
La Cangreja N 2003 0.46

2 Drainage area at study site.

b Estimated maximum peak discharge per unit drainage area.
¢ Channel bed gradient.

4 Average bankfull channel width.

¢ Average bankfull channel depth.

Average wood piece length.

& Average wood piece diameter.

" Variables as in Eq. (2).

f

I Average value of wood volume per unit area of channel surface; maximum and minimum in parentheses.

=
&
L

Fig. 2. Representative photographs of stream characteristics at the four study sites. Downstream view of a large jam on the Rio Chagres. Jam is at the upstream end of a
channel bend that has split flow around an island. Person at right for scale. (B) Upstream view of a site along the Rio Portalén. Person at lower center of view for scale. (C)
Downstream view of El Sura at site 3, La Selva. Seated person at right for scale. (D) La Cangreja.
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large mid-channel bar. Individual jams exceeded 5 m in height and
2400 m? in area, and stored more than 8000 m> of sediment (Wohl
et al,, 2009). Jams surveyed during field work in February 2008
were largely gone by March 2009. This, coupled with observations
of almost no instream wood throughout the main channel and trib-
utaries of the Upper Chagres during extensive field work in 2002,
despite the occurrence of a 20-year flood and associated landslides
in 2000 (Wohl et al., 2009), suggests that even very large logjams
last less than 2 years in this catchment.

The jams are likely destroyed by the combined effects of extre-
mely high fluvial transport capacity and rapid wood decay. Multi-
ple lines of evidence indicate the high fluvial transport capacity.
First, despite numerous, closely spaced small (estimated < 270 m?)
landslides along the main channel, fans at landslide toes or tribu-
tary junctions were absent during field work in February 2008. Sec-
ond, one-dimensional hydraulic modeling of the July 2007 flood
indicates that flow variables greatly exceeded the threshold condi-
tions for transport of coarse-grained bed sediment and wood.
Third, gage records from the flood indicate peak unit discharges
as high as 41 m>/s/km? over the five hours of the main flood peak
(Wohl et al., 2009).

Although limited studies document wood decay in Panama,
they suggest extremely high decay rates relative to temperate
environments. Bultman and Southwell (1976) summarized the re-
sults of a 13-year study of decay in heartwood stakes from various
Panamanian tree species exposed at sites near the canal. Twenty-
seven percent of the species exhibited heavy to very heavy decay
within 2.5 years, and this percentage rose to 63% by 7.5 years
and 80% by 13 years.

2.2. Rio Portalén, Costa Rica

The Rio Portalén is a small (17 km?), mountainous basin on the
western side of Costa Rica that is underlain by Tertiary-age turbi-
dites (Méndez Herrera and Esquivel, 2006). Bed slope ranges be-
tween 0.015 and 0.05m/m, whereas bankfull width varies
between 16 m and 23 m. Reach scale morphology is plane-bed
style following Montgomery and Buffington’s (1997) classification,
with several rapids and occasional step and pool units. Channel
bed sediments are very coarse, being dominated by boulders, up
to 2-3 m in diameter, with large cobbles interspersed among them
(Fig. 2B).

Mean annual precipitation in the area is about 3500 mm.
Landslides and debris flows are widespread on the steep slopes
adjacent to the confined channel network and hillslope instability
is exacerbated by the passage of tropical storms such as Hurri-
cane Rita in September 2005. Landslides and debris flows trig-
gered by Rita supplied the main channel and tributaries of the
Rio Portalén catchment with large quantities of sediment and
large (up to 2 m in diameter and 30 m in height) mature trees
that are very abundant in the old-growth rainforest covering
the riparian corridor as well as of most of basin area (Mao and
Comiti, 2010). Residents of the catchment claimed that the tem-
porary formation of a large logjam along a confined portion of
the Portalén during the hurricane created a flood surge once it
collapsed. Residents also noted that most of the wood transport
occurred during the flood peak and reported that a similar event
occurred in the Rio Portalén about 50 years earlier. Peak dis-
charge for the 2005 event was estimated around 350 m?/s (i.e.,
about 20 m3/s/km?; Mao and Comiti, 2010). During a channel sur-
vey conducted in September 2008, Mao and Comiti (2010) found
very little wood within the channel margins (7 m3/ha), in contrast
to the large amount (order of 10°-10% m?) transported during the
2005 event and deposited downstream as the channel becomes
unconfined on the coastal plain where the village of Portalén is
located. There several houses were destroyed and a bridge

collapsed due to wood clogging. These observations suggest that
wood dynamics in the Rio Portalén strongly resemble those in
the Rio Chagres, with recruitment primarily through landslides
and temporary storage of large volumes of wood within the
channel, followed by rapid removal and relatively low in-channel
wood loads until the next major recruitment event.

2.3. Streams at La Selva Biological Station, Costa Rica

La Selva Biological Station lies on Costa Rica’s Atlantic margin
at elevations of 34-110 m, at the transition from the low, steep
foothills of the Cordillera Central to the Sarapiqui coastal plain.
The foothills are underlain by andesitic lava flows originating
from the volcanoes of the Central Cordillera (Kleber et al.,
2007). The primary drainages of the biological station are El
Surd, El Salto, and Quebrada Esquina. These streams and their
tributaries have segmented longitudinal profiles that reflect the
underlying topography of low-gradient valley bottoms, steep seg-
ments where the streams cross the fronts of the lava flows onto
alluvial terraces, and low-gradient segments on the terraces.
Lower gradient reaches (0.002-0.003 m/m) typically have pool-
riffle or dune-ripple morphology formed in silty fine sand,
whereas steeper segments (0.007-0.06 m/m) have pool-riffle or
step-pool morphology formed in gravel- to boulder-size bed
sediment distributions where Dg, ranges from 110-940 mm
(Fig. 2C).

The 1600-ha research reserve includes 730 ha of old-growth
forest classified as Tropical Wet Forest in the Holdridge system
(Clark et al., 1998). Hurricanes seldom reach the area, but intense
rains are generated from November to January. Mean annual pre-
cipitation averages 4.3 m and rain falls throughout the year; a
dry season is effectively absent (Organization for Tropical Re-
search, 2007). Floods recur frequently and are of short duration.
At a small weir draining 0.3 km?, rainfall flows more than doubled
the base flow 19 times during a 3-month period of the January-
March drier season. For these flows, the rising limb typically lasted
one hour and the falling limb averaged 10 h. At a second gage with
slightly larger (3.4 km?) drainage area, peak unit discharge exceeds
3 m>/s/km? (Cadol and Wohl, 2010).

Despite the locally steep slopes adjacent to stream reaches,
mass movements such as landslides and debris flows have not
been observed at La Selva either during our spatially extensive field
work (Cadol et al., 2009) or by other researchers continuously ac-
tive at La Selva since the 1970s (D. Clark, pers. comm., March
2007). The channels are sufficiently close to the coastal plain to
limit total relief and substantial groundwater drainage may pre-
vent the slopes from reaching a saturation level that would pro-
mote slope failure. Lateral channel mobility is limited by steep
slopes along many of the channels and floodplain development is
minimal, so that individual tree fall (L;) and transport from up-
stream (Q;) are the primary mechanisms of wood recruitment, with
Q; likely dominant (Cadol et al., 2009).

Wood surveys along 30 forested headwater stream segments
in March 2007 revealed that, despite some very high wood loads
(up to 400 m>/ha, Table 1), jams are relatively rare and are only
effective at trapping sediment in moderate energy, gravel-bed
channels (Cadol et al., 2009). Only seven channel-spanning jams
were found in 30 stream reaches surveyed, each of which was
50 m long. For comparison, such jams average 5.4/100 m in old-
growth of the Colorado Front Range (Wohl and Cadol, 2011) and
6.1 jams/100 m in southern Argentina (Mao et al., 2008). Statisti-
cal analyses suggest that the variables of wood diameter/flow
depth, stream power, the presence of backflooding from larger riv-
ers to which the study streams are tributary, and channel width/
depth ratio correlate significantly with wood load (Cadol et al,,
2009). Subsequent visits to a subset of 10 of these survey sites
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approximately once every 4 months during the succeeding
2.3 years indicate that wood retention rates by piece range from
0.55 to 0.91 among the sites, which equates to mean residence
times of 2.2-10.6 years (average 4.9 years) for pieces (Cadol and
Wohl, 2010). Although these values are very small relative to
many headwater sites in temperate zones, they are slightly longer
than those for the Rio Chagres. Perhaps more importantly, the re-
peat surveys suggest that wood load at the La Selva sites is essen-
tially in steady-state based on the absence of significant trends or
changes in wood volume during the period of resurveys. Mobility
of pieces at the La Selva sites correlates most strongly with the ra-
tio of piece length/channel width, channel gradient, and piece
type (unattached pieces are more mobile than pieces attached
to the stream bed or banks). Temporal variation in piece mobility
correlates well with variation in peak flow (Cadol and Wohl,
2010).

2.4. Streams at La Cangreja National Park, Costa Rica

La Cangreja National Park is located in Puriscal County west of
San Jose, Costa Rica. The park protects 2200 ha of remnant forest
classified as basal wet tropical forest and premontane wet transi-
tioning to rainy tropical forest with elevations ranging from
300 m to 1300 m. Mean annual precipitation is around 4000 mm.
Most of the headwater streams originating in the park drain to
the Rio Tulin, but a few drain into the Rio Candelaria. Channels
contain abundant bedrock and are frequently confined by steep
hillslopes. Watershed lithology is a mix of marine sediments and
basalts, with the harder basalt layers forming many waterfalls.
Channel types vary from plane-bed to step-pool (Fig. 2D). Channel
sediment in Segment Q (Fig. 1) is primarily large gravels and small
cobbles. Segments O and N are primarily bedrock and segments P
and M are a mix of boulders and bedrock.
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Vegetation and stream habitat plots were established in 2003
during the dry season and have been resurveyed about every
3 years (S. Bolton, unpub. data). Wood data were collected in
2003, 2006 and 2009. Data from the 2003 baseline survey along
the Quebrada Grande are reported in this paper. The Quebrada
Grande basin above the lowest survey reach is about 823 ha. Fol-
lowing a walking survey of the stream, the mainstem was divided
into 4 segments and 1 tributary which were then randomly sur-
veyed for habitat characteristics. The Quebrada Grande is gaged
in reaches P and M (Table 1). The streams exhibit a flashy response
to the typically intense rainfall, with sharp rising and falling limbs.
Flow levels can change more than 0.5 m in an hour. With the
exception of the two lowest surveyed reaches, the stream runs
through mature forest. Although jam wood volumes are larger than
individual pieces, individual wood pieces are more common than
jams. Frequent small debris flows from the steep hillslopes contrib-
ute wood and sediment, but much of this is flushed during the
rainy season. The largest inputs of wood occur from infrequent
but severe windstorms, with most of the rest coming from debris
flows and downstream transport. Even in the low-gradient plane-
bed reaches, very large pieces of wood can be transported. A very
large tree (0.75 m diameter, >8 m long with attached root) was re-
tained less than 3 years before being transported totally out of the
basin.

In 2009, a windstorm the size of which most locals had never
seen and some reported as maybe happening 50 years ago blew
all the leaves off the trees, destroyed many roofs and contributed
large amounts of wood to the streams. Preliminary analysis of
wood volumes following the windstorm indicates wood loads 2-
90 times greater than amounts measured in 2003. We measured
60 individual pieces and 23 jams. Early rainy season storms began
transporting this wood, suggesting that it will be relatively tran-
sient at the study sites.
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minimal sediment storage
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Episodic end member
wood recruited primarily from landslides
wood volume highly spatially & temporally variable
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Fig. 3. Schematic illustration of the two end-member model of wood dynamics. Size of symbols for variables from Eqs. (1) and (2) represents their relative importance in the
respective end-members. Gray shading in the channel for the episodic end-member indicates sediment storage upstream from the jam. Some of the streams in the four study
areas are sinuous, some are straight, but all are single-thread channels. Logjams were observed at both channel bends and in straight channel segments.
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3. Two end-member model

The two end-member model schematically illustrated in Fig. 3
reflects the characteristics of wood dynamics discussed above.
The steady-state end-member, typified by the La Selva sites, has
gradual but steady recruitment through individual tree fall.
Recruitment rate is sufficiently high to maintain relatively
unchanging wood loads through time, despite rapid decay and high
capacity for fluvial transport of instream wood. Individual logs and
small jams create relatively little sediment storage within the
channel.

The episodic end-member, typified by the Rio Chagres, Rio Porta-
16n, and La Cangreja sites, has frequent, low magnitude recruit-
ment through individual tree fall, but superimposed on this are
large episodes of bulk recruitment via landslides or blowdowns
that recur at varying time intervals. While this mass-recruited
wood is present in the channel, wood storage is spatially nonuni-
form and large volumes of sediment can be stored in the channel,
but only for short periods of time. Logjams form at sites of reduced
velocity and transport capacity, including tributary junctions,
meander bends, channel expansions, and at the head of islands
or bars. Logjams at these study sites are similar in that all are a
type of allochthonous/transport jam known as ‘flood jams’ in the
classification proposed by Abbe and Montgomery (2003). At the
tropical study sites, the logjams are transient features that do not
persist as long as the recurrence interval between mass recruit-
ment events, so that instream wood loads vary with time and
space. Contributing to this variability is reduced wood recruitment
as trees regrow in patches of forest largely cleared by landslides or
hurricanes. Wood is likely to be more mobile in this end-member,
as evidenced by the lower wood loads at these sites, relative to La
Selva, during intervals when logjams are not present.

The key differences between the end-members are the dominant
recruitment mechanism and the transport capacity. The steady-
state end-member is dominated by individual tree fall and gradual
turnover of wood via removal of specific pieces. The episodic end-
member is dominated by mass recruitment followed by complete
removal of wood within a short time period, as well as sufficiently
high transport capacity to mobilize wood recruited via individual
tree fall between mass recruitment events. Transitional states might
exist between these end-members at sites with (i) lower values of Q;
and Q, that would allow logjams to persist over timespans closer to
the recurrence interval of landslides (this would presumably result
in much high values of S;) or (ii) very small, infrequent, or widely
spaced landslides that contribute to recruitment but to a lesser de-
gree than in the episodic end-member (this would likely result in
spatial and temporal variability in S. that is intermediate between
the end-members). Further field research in neotropical headwater
streams can help to quantify the differences in rates of recruitment,
retention and transport between end-member sites and to deter-
mine whether transitional states exist.

4. Discussion and conclusions

When applying this end-member model to other tropical sites,
we propose that the dominant mechanism of wood recruitment
is a more important factor than transport capacity, although this
constitutes a hypothesis that can be tested with further field work.
Some support for this interpretation comes from work done on a
catchment draining 1.1 km? in Malaysia. More than a decade of
field surveys in this catchment indicate that landslides create log-
jams that last an average of 12 months before extreme discharges
that float the wood and in situ rotting of large logs in the jam cause
the jam to break up (Douglas and Guyot, 2005). The fact that
stream flows in even a very small catchment are capable of floating

key logs within jams and thus dispersing the jam suggests
that transport capacity is not likely to provide a useful means
of discriminating end-members of wood dynamics in tropical
environments.

Limited transport capacity in small catchments is likely to exert
a more important control in temperate environments. Long-term
studies in England’s Highland Water catchment, for example, doc-
ument persistence of individual logjams for periods of more than a
decade, even in the absence of mass wood recruitment (e.g., Sear
et al.,, 2010). An important characteristic of the Highland Water site
is the presence of an extensive floodplain. One site characteristic
that might influence wood transport and storage, but that does
not vary substantially among our study sites, is lateral confinement
of the channel. Flow depth continues to increase with discharge in
a laterally confined channel. This rapidly increases the hydrostatic
forces of buoyancy and lift and the hydrodynamic force of drag ex-
erted on instream wood and facilitates transport. In a laterally
unconfined channel with low banks and a broad floodplain, flow
depth increases much more slowly with discharge as excess water
spreads across the floodplain. Consequently, the hydraulic forces
exerted on instream wood do not increase as much for a given in-
crease in discharge, and both individual pieces of wood and log-
jams are likely to remain longer within a particular channel
segment. We are not aware of any data on wood loads in neotrop-
ical rivers with extensive floodplains, but we can envision two pos-
sible scenarios: (1) High volumes of precipitation create sufficient
stream flow and transport capacity that individual wood pieces
and jams are readily transported even in the presence of a flood-
plain that attenuates peak discharges. In this case, wood recruit-
ment mechanism differentiates end-members in our model. (2)
Peak discharges are sufficiently attenuated by floodplains to limit
transport capacity. This could result in gradual wood inputs clus-
tering into logjams and/or greater persistence of logjams. In this
case, our end-member model is not as useful in differentiating
wood dynamics. In either scenario, wood recruitment could still
occur via individual treefall upstream and within the portion of
the catchment that has a floodplain. Mass recruitment could occur
from blowdowns throughout the catchment or from landslides in
steeper portions of catchment upstream from the floodplain. This
‘thought exercise’ suggests that it would be very useful to docu-
ment wood dynamics in floodplain neotropical rivers.

Similarly, braided rivers occur in both laterally confined and
floodplain tropical rivers. Our focus on single-thread channels re-
flects data available from the four study sites described in this pa-
per. The ability of channel-spanning jams to form in association
with single large islands or bars along the Rio Chagres suggests
that such jams could also form in laterally confined braided chan-
nels with mass wood recruitment, although field data from braided
channels are necessary to test this hypothesis.

The end-member model proposed here may also have biogeo-
graphical implications in that episodic end-member sites are more
likely to occur in montane catchments and areas subject to hurri-
canes, whereas the steady-state end-member sites are more likely
to be lowland forests and those rarely influenced by hurricanes.
The latter type of site is particularly widespread in South America,
Africa and southeastern Asia.

The contrasting end-members presented here also apply to lat-
erally confined, unmanaged headwater streams in the temperate
zone, where both gradual (Wohl and Goode, 2008) and episodic
(May and Gresswell, 2003) recruitment processes have been dem-
onstrated (Table 2). Studies of wood dynamics through time at
sites in the Colorado Front Range, USA support the idea that wood
load does not vary significantly from year to year at sites with
gradual recruitment, despite substantial transport of individual
pieces into and out of the site (Wohl and Goode, 2008), similar
to the steady-state tropical end-member. An unpublished study
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Table 2
Wood loads reported for diverse old-growth forest streams.
Location Forest type(s) Drainage Se Primary Hydrological References
?lifr?z) V/L* (m?/100m)  V/A® (m?/ha) ‘T’Z‘C’E’itmem regime
process
Michigan, USA Hardwood-hemlock 40 25 (7-62) 291 (75-622) Not reported Snowmelt/ Morris et al. (2007)
rainfall
s. Appalachian Hardwood-hemlock 3.5-11 21.7 (21.2-22.3) Not reported Rainfall Hedman et al. (1996)
Mtns., USA

New Zealand Nothofagus sub- 0.6-5.8 18 (4-49) 206 (85-470) Not reported Not reported Meleason et al. (2005)
antarctic
rainforest and
conifer/
mixed hardwood
subtropical
rainforest

s.e. Australia Tristaniopsis laurina 187 27.8 576 Ir (wind), I, Ipe Rainfall Webb and Erskine
(water gum) and (2003)
Eucalyptus ssp.

w. Oregon, USA Temperate 0.1-60.5 478 (230-750) I, Ir (wind), Ipe Snowmelt/ Lienkaemper and
rainforest rainfall Swanson (1987)

s.e. Alaska, USA Temperate 0.7-55 24 (7-62) 196 (140-250) Snowmelt/ Robison and
rainforest rainfall Beschta (1990)

Chilean Andes Temperate 5.5-11 39 (3.8-236) 495 (4.8-4000) Im, Is (landslides)  Rainfall/ Andreoli et al. (2007);
Nothofagus and snowmelt Comiti et al. (2008a,b)
Araucaria

Tierra del Fuego, Sub-antarctic 5-12.9 7 (1-24) 121 (20-395) Ir (wind) Glacionival  Mao et al. (2008)

Argentina Nothofagus
Colorado, USA Subalpine conifer 2.4-29 (6.6-27.1) 182 (92-254) I Snowmelt Richmond and Fausch
(1995)
La Selva, Costa Rica Tropical wet 0.1-8.5 12.3 (3-35) 189 (41-612) Im Rainfall Cadol et al. (2009)

2 V/L is volume of instream wood per length of channel; average value, followed by range in parentheses.
> V/A is volume of instream wood per area of channel surface; average value, followed by range in parentheses.

in the Front Range begun in 2008 indicates that individual logjams
create large spatial variability in wood load and sediment storage
and persist for perhaps a decade (Wohl, unpub. data), similar to
the episodic end-member of the tropical sites. An important differ-
ence between the tropical and Front Range sites is that logjams
form in the laterally confined Front Range channels in the absence
of mass wood recruitment through landslides or blowdowns. We
interpret this to reflect limited transport capacity at the temper-
ate-zone site; individual pieces of wood can be fluvially trans-
ported, but any local decrease in transport capacity initiates jam
formation.

Given similar recruitment mechanisms, the end-member model
facilitates evaluation of how regional differences in hydrology and
decay lead to differences in S, and AS.. Among the differences are
that values of transport (Q;/Q,) and decay (D) are typically lower in
temperate zones (Wohl and Jaeger, 2009; Cadol and Wohl, 2010),
whereas wood loads (S.) are higher, at least in temperate rainforest
zones (Table 2). The limited available documentation suggests that
logjams tend to be smaller and more closely spaced in temperate-
zone headwater streams, whether or not the streams are subject to
landslides (Gregory et al., 1993; May and Gresswell, 2003; Mao
et al., 2008) and that individual jams persist longer than 1-2 years
(Gregory et al., 1985; Gurnell and Sweet, 1998; Hyatt and Naiman,
2001; Martin and Benda, 2001; Abbe and Montgomery, 2003; Jef-
fries et al., 2003; Andreoli et al., 2007; Sear et al., 2010). Large jams
have been documented for mountainous streams in sites such as
Switzerland and Slovenia immediately following major floods
(>100 year recurrence interval; Comiti et al., 2008b), but it remains
unclear how long these jams persist. The longer permanence of
logjams in temperate basins implies a greater capacity of wood
to influence stream morphology by interacting with sediment
transport and thus bar formation, floodplains and terraces, and sec-
ondary channels. These types of morphological effects seem to be
less common in neotropical settings (Cadol et al., 2009).

Both the typically smaller size and closer spacing of logjams in
temperate-zone streams may reflect lower wood transport capac-
ity and slower decay rates in temperate streams compared to
streams in the tropics. Episodic mass wood recruitment in temper-
ate streams creates localized jams rather than jams that incorpo-
rate pieces transported from multiple mass movements upstream
and, once incorporated in a jam, the flows needed to mobilize
the mass of more solid wood occur less frequently, probably
~10 years or longer based on published studies. Jams in tropical
environments may also promote faster decay rates for instream
wood by elevating some pieces above the base flow, which
presumably facilitates breakdown and transport of the wood com-
posing the jam during higher flows. As with some of the interpre-
tations discussed above, further documentation of characteristics
such as jam persistence in tropical and temperate headwater
streams is necessary to test these inferences.

Recognition of the different watershed characteristics that pro-
duce each end-member can facilitate decisions regarding resource
management. Maintenance of a healthy riparian corridor that can
sustain instream wood recruitment through individual tree fall,
for example, is necessary to maintain the geomorphic and ecolog-
ical functions of wood in the steady-state end-member, whereas
maintenance of hillslope forests may be more important as a
source of wood recruitment for the episodic end-member. For
either end-member, the higher values of wood transport and decay
relative to temperate-zone streams suggest that natural or
human-induced declines in wood recruitment might cause more
immediate and substantial changes in the stream’s geomorphic
and ecological functioning than in temperate-zone streams, where
declining recruitment could be buffered for a longer period of time
by previously recruited wood that is retained in the stream.

The model proposed here is based on limited field data from
four tropical sites with diverse drainage area, gradient, and wood
recruitment processes. The four sites do not, however, fully



E. Wohl et al./Journal of Hydrology 462-463 (2012) 67-76 75

represent the diversity of tropical environments. All of the sites are
laterally confined, single-thread channels in the neotropics. In
addition, we have little information on the actual mechanics of
wood recruitment and transport within streams; we do not know
how the timing of individual treefall, mass recruitment, or jam for-
mation or breakup corresponds to the stream hydrograph. Transi-
tional states likely exist between the two end-members. Data on
wood dynamics in tropical rivers are at present very limited, but
the model presented here provides a conceptual framework that
can help to guide future field work emphasizing channel and valley
configurations for which wood dynamics are not yet documented
(floodplain rivers, braided rivers) and the details of wood recruit-
ment, transport and longitudinal distribution within streams in
the context of variations in the hydrograph and associated hydrau-
lic forces.
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