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ABSTRACT OF DISSERTATION

WOOD IN NEOTROPICAL HEADWATER STREAMS, COSTA RICA

Wood has been shown to be an integral component of forest streaonghthut
the temperate climate zone, both in terms of the physicakwteucf the channel and in
terms of aquatic ecosystem function, but the function of wood in uruksturopical
streams has not been studied. This dissertation representstisystematic analysis of
instream wood in a tropical setting to be published. This study lwated to the
headwater streams (drainage area <8.5)kwh La Selva Biological Station, on the
Atlantic margin of Costa Rica, a wet tropical site with ifed landslide activity.
Although the results are instructive and enable comparisons with #tetaraperate
instream wood literature, they should not be construed as represeofatiebris flow-
dominated wet tropical forest streams or of dry or seasonal tropical $tnesms.

Wood loads in the thirty 50-m-long study reaches examined ranged3ffbho
34.7 nt of wood per 100 m of channel length and 41 to 63i®»fmood per ha of channel
area. Average values are 12.3100 m and 189 ftha. These values fall generally in the
lower range of wood load reported for temperate streams, witles/dypically lower
than those reported from the Pacific Northwest region and the Gakas region and
within the range of those reported from the Rocky Mountain regionrand $outhern

Hemisphere study sites. Comparisons to study sites in edébetim America, Europe,



and Japan are problematic because La Selva is a generally eatistarest, whereas
studies from those regions are conducted in streams with sagmitiwman impact and
tend to have very small wood loads.

Flow hydraulics appear to be the dominant control on the latetabdt®on of
wood in the channels of La Selva, but they are only a partiatatant the longitudinal
distribution of wood, explaining about half of the variation in wood load arttengtudy
sites. The remainder of the variation is likely caused bgtihehastic nature of large tree
fall. In spite of the high temporal variability of lateral inpft wood to the channels,
spatial variability is small, partially because of the pauoit landslides at La Selva.
Therefore, | propose that instream transport has a grediieerice on the longitudinal
distribution of wood than lateral input variability.

Wood in a representative subset of 10 of the 50-m-long study scache
monitored for 2.3 years. The wood in the streams of La Selva is more traharematdod
in most sites studied in the temperate zone, with piecewise masidence times ranging
from 2 to 12 years and volume-wise mean residence times rafigmg2 to 83 years
among the 10 sites monitored. Average values were 5 and 7 years, respelttiestyare
roughly an order of magnitude shorter than mean residence tapested from the
Pacific Northwest, but similar to times reported from @a&orado Rocky Mountains.
The short residence times may be a result of more frequent large flases dgy the wet
tropical climate, higher decay rates caused by the warm tropicatelior both.

Perhaps because of this transience, wood was found to have mifioezige on
flow resistance in a subset of 6 of the 50-m-long study reathesantrast, wood has

been shown to be a major control on flow resistance in temperate mostinéams. It is



possible that the channel geometry and bed material size areeddjushe frequent high
discharges, which also mobilize and rework the wood, causing grain andesistance
to overwhelm any resistance contribution from wood.

Instream wood at La Selva also appears to have a minimal irgluensediment
transport. Jams in sand-bed channels and jams in boulder-bed chadnabsassociated
residual elevation drop. Jams in gravel-bed channels did alterdeadien by trapping
sediment wedges behind them, but analysis of tracer clast movamene gravel-bed
jam resulted in no observable difference in transport distawoa®bility between clasts
placed upstream of the jam and those placed downstream.

An additional forest-stream interaction that was documenteatielscycles in
stream discharge associated with groundwater withdrawal by ftinest for
evapotranspiration. Analysis of the cycles indicates a stromgelabon with vapor
pressure differential, which previous researchers have found to temath sap flow.
Further analysis of the cycles suggests that at low-stage tiomsditransmissivity
dominates groundwater flow into the channel, while at high-stage msdiydraulic
gradient is dominant.

Daniel Douglas Cadol
Department of Geosciences
Colorado State University

Fort Collins, CO 80523
Summer 2010
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1 INTRODUCTION

1.1 Geomorphic and ecologic role of wood

Wood is an important, but commonly overlooked, component of fluvial systems
in forested environments. Like sediment, wood can be incorporated into the boundaries of
channels and transported by flow. Unlike sediment, the specifihitveigvood tends to
be less than that of water, enabling transport of relativefyetapieces of wood than
sediment. As a result, wood jamming is more common than sedimemirjgimbecause
of its larger size relative to channel dimensions (Braudrickl.et1997). Related to its
lesser density, wood is more easily broken and abraded in traribpartsediment,
leading to more rapid removal down the stream network. Microbes ang fileca are
also able to break down wood, speeding the disintegration process (Andersion e
1978). Thus instream wood can be thought of as a more mobile, transéogue to
sediment.

As wood is incorporated into the channel boundaries of a forested sttdeams
great potential for altering channel morphology, hydraulic chamatics, and sediment
transport. Channels with higher wood loads tend to have more pool areagdkeny et
al., 1995; Richmond and Fausch, 1995; Beechie and Sibley, 1997; Gurnell agil Swe
1998) and higher steps (Curran and Wohl, 2003). In cases where woodstepssand
causes plunging flow, localized pool scour is common. Wood piecesaaarsdhave the
potential to redirect flow, causing either localized scour aldinig, depending on their

orientation relative to the flow and to the bank or bed. The increaew resistance



caused by instream wood can lead to increased overbank #défne@ et al., 2003). In
some cases wood jams may block the channel to such a degree thailsaon is
initiated, potentially leading to the development of an anastamos$iagnel pattern
(Makaske et al., 2002). Jams may disrupt the helical flow pagrerund bends, reducing
bank erosion and bend migration rates (Daniels and Rhoads, 2003; DaniBlscauls,
2004).

The tendency to form jams is an important characteristic oEars wood. Many
natural jams are initiated by a large, “key”, piece which tragpeer wood pieces in
transport (Hyatt and Naiman, 2001; Abbe and Montgomery, 2003) and inwhees
jamming is dependent on key pieces, they control the spatialbdigin of jams.
Because jamming is promoted by a combination of key pieces aalgbadance of other
mobile pieces to be racked against them, jams are maxinrmze@dium-sized streams
(Wohl and Jaeger, 2009). Jamming in small streams is limigegidce mobility, and
jamming in large streams is limited by the lack of stda@g pieces. When considering
instream wood, stream size is most effectively describadivelto wood size, so that a
small stream will be one in which most wood pieces are longerthigaohannel width,
and a large stream will be one in which channel width is widen the longest wood
piece (Piegay and Gurnell, 1997; Gurnell et al., 2002).

The primary hydraulic effect of wood is an increase of fleaistance (Shields
and Gippel, 1995; Curran and Wohl, 2003; Hygelund and Manga, 2003; Mutz, 2003;
Wilcox and Wohl, 2006), dissipating energy that would otherwise be ablailfor
sediment transport or channel margin erosion (Assani and Petit, 1@8kg®n and

Montgomery, 1999). The increased resistance also lowers velocitinemedses flood



stage. In some rivers, high wood loads promote sediment deposition and floodpla
building, and when the wood is removed dramatic incision ensues (Broaks 2203).

At a more local scale, wood jams may impound flow and cause depositeediment
wedges in their backwater (Smith et al., 1993a; Montgomery et al., 2003b).

Wood has been entering streams for over 400 million years, whernirshe f
evidence of trees is observed in the stratigraphic record (Montgahat., 2003a). It is
no surprise, then, that aquatic organisms are adapted to its presm@hée some cases
rely on it for habitat. Because wood pieces are large relttineost instream sediment,
they tend to create distinct features that increase habitghlexity and diversity. As
wood alters the physical character of a stream, it implaetbiota that use these physical
features as habitat (Angermeier and Karr, 1984; Zalewski et al.,.2808)ngle log
across a small stream may trap a sediment wedge behirghiie @ hydraulic step where
water flows over it, and cause the flow to scour a plunge pooWwbdtach of these
features has an important ecological function. Gravel wedgesetl behind wood jams
have been observed to be preferred sites for salmon to build ttdg (€rette, 1985;
Buffington et al., 2003). Hydraulic steps help aerate flow andntaai adequate
dissolved oxygen levels for fish in streams (Bisson et al., 1987)pAals can serve as
low-flow refugia for aquatic organisms, enabling them to survixeeme droughts
(Bisson et al., 1987; Dolloff and Warren, 2003). In addition to creatiwefltov refuges
for aquatic organisms, wood can create high-flow refuges inaitme 6f low velocity
zones behind logs and jams (Dolloff and Warren, 2003). Whereas sonessyssjam-
trapped gravel for nesting, other species rely on the wood ftselfiesting, such as

armored catfish in Panama that nest within hollow logs (Power, 2008)d\Wan serve



as substrate for macroinvertebrates, algae, fungi, and mididlassr and Sedell, 1994),
especially in fine-bedded streams with no other stable sub¢Batke and Wallace,
2003), and the carbon derived from the wood contributes to the nutrient rasource
available in the stream (Chen et al., 2005). In general, by incgealsannel complexity,
wood increases the availability of microhabitats and incredme$aunal diversity of a

stream (Bisson et al., 1987; Kail, 2003; Wondzell and Bisson, 2003).

1.2 Anthropogenic influences on instream wood

Human activity has driven a drastic reduction in the amount afearst wood.
Forest cover has been reduced by about half of its peak extentpné&arly two thirds of
Earth’s land surface area to less than one third today (Atjay,, 1979; Montgomery et
al., 2003a), reducing the number of streams wherein wood delivelyssbie. Large
guantities of woody material were historically delivered toastal and marine
environments, but the rate is much reduced today (Maser et al., 1988). Wnatsda
been actively removed from streams, for example to facilitatggation and to improve
flood conveyance. Log jams were common on major rivers in Nortlerism and
Australia at the time of European settlement, and were genevalyed as an
impediment to transportation (Hill, 1957, in Montgomery et al., 2003a). ¥angle, a
jam on the Red River in Louisiana called the ‘great raft’'y igd@eveport, jammed the
river for 300 km and enabled crossing of the river by foot (Triska, 1R8Her and
MacDonald, 1995). This jam was cleared between 1832-1839 by Captain $taene,
opening the way for riverboat traffic and the establishment opadine(Lobeck, 1939, in
Keller and MacDonald, 1995). Dynamiting of snags and jams has &eeommon

practice on rivers in regions settled by people of European desoeetthe 17 century.



As a result, channel complexity has been reduced in most ofé¢h® world. In some
cases wood removal was carried out with the intent of improvingpiseage (Maser et
al., 1988). These misguided efforts in fact led to channels that desx@d of resting
places for fish, thereby reducing the spawning success rdtitiohally, wood is often
removed from streams in order to protect downstream structuresasuahdges and
irrigation diversion structures. Wood that is mobilized in a flood caorbe pinned
against these structures, increasing the force applied to ringtus¢ as more wood
accumulates, with the potential to eventually cause failure. lsrréason wood is
typically removed from streams along transportation corridorgdayl maintenance
crews.

Efforts have been made in recent years to reintroduce woodadnte wo0o0d-
depleted streams (Cederholm et al., 1997; Brooks et al., 2001; Abbe2&08; Borg et
al., 2007; Kail et al., 2007). Success has been mixed, in part becausesvabdyhly
mobile component of fluvial systems. Anchoring pieces in place isesethe longevity
of the wood feature, but prevents it from evolving with changes innghdocation or
morphology. Even if the channel does not migrate away from the anchoretg¢angadd
will eventually decay and the feature will cease to functiodemsgned. The success of
these installed features commonly depends on the ability afe, I&ey” piece to trap

other wood pieces in transport, forming a jam that has the potential to evolve.

1.3 Tropical streams and wood

The research on wood outlined above was conducted in tempenaéteciione
streams, primarily in the Pacific Northwest of Canada and thieed) States. The earliest

research on instream wood was conducted in the Pacific Northwés¢ ih970s and



1980s (Anderson et al.,, 1978; Beschta, 1979; Keller and Swanson, 1979; deller
Tally, 1979b; Bilby and Likens, 1980; Triska and Cromac, 1980; Marston, 1982;
Megahan, 1982; Melillo et al., 1983; Grette, 1985; Harmon et al., 1986; Bitsaln
1987), and over the two decades since then, researchers have exp&ndedpe of
inquiry to the Appalachian Mountains (Golladay and Webster, 1988; Hart, 2002; Valett et
al., 2002), Rocky Mountains (Richmond and Fausch, 1995; Wohl and Goode, 2008;
Powell et al., 2009; Wohl and Jaeger, 2009), Sierra Nevada (Belg £9%8B), Upper
Midwest (Morris et al., 2007), and New England (Thompson, 1995; Magilkgaa.,
2008; Fisher et al., 2010) of North America, as well as AustrBliaoks and Brierley,
2002; Brooks et al., 2003; Webb and Erskine, 2003), New Zealand (Evansl€03|.,
Baillie and Davies, 2002; Meleason et al., 2005; Meleason and Hall, 200&)peE
(Piegay and Gurnell, 1997; Gurnell and Sweet, 1998; Gurnell et al., 200&bgeDal.,
2002; Dahlstrom et al., 2005; Comiti et al., 2006), southern South Americae@iner

al., 2007; Comiti et al., 2008; Mao et al., 2008), Japan (Haga et al., 3@02and
Nakamura, 2009), China (Harmon and Hua, 1991; Deng et al., 2002), and southern
Africa (Jacobson et al., 1999). Yet all of these sites are ipdrte regions, meaning
very few studies have taken place in high latitudes (polar regimm#w latitudes
(tropical regions). The only exception | have found to date, other the research
presented herein and a companion study of the Rio Chagres in PaNalmae( al.,
2009), is a study of wood accumulation in logged forests of Maldoysi@omi and his
colleagues (2006). This dissertation thus represents one of thefflirss to extend the

investigation of instream wood into the tropics.



In this effort to expand our understanding of instream wood into thecafopi
climate zone, it is valuable to first consider the differenicesveen temperate and
tropical streams which may impact wood loads and dynamics. tidpcs are
characterized by year-round warm temperatures and high pa¢icipi These climatic
characteristics lead in turn to high biological productivity (Klat al., 2001), the
prominence of large tree species, high decay rates, high wagthates and deeply
weathered soils (Kleber et al., 2007), and flashy flow regiiash of these factors may
influence the size and amount of wood entering streams, the spadiatemporal
distribution of its entry, or the rates at which downstream trangpdrtlecay remove the
wood.

Many tropical trees grow to heights over 50 m and have trunketés above
their buttresses that exceed 2 m (Lieberman et al., 1985hHartand Hammel, 1994).
Additionally, many species have decay-resistant compounds in wuwad, and the
specific gravity of the wood can exceed 1 (i.e., wood more dense thar) {@have et
al., 2006). It is very difficult to make generalizations about trogiess because of the
extremely high species diversity relative to the temperate.zin a study from Costa
Rica, foresters documented over 100 species in one hectare, 80% of which habldawer
2 individuals with diameter at breast height (dbh) cm in the sample (Lieberman and
Lieberman, 1994). Therefore, the wood entering tropical streamghégsotential for
very wide size and density distributions. If large, dense, dexsagtant pieces are
dominant, one would expect wood retention to be relatively high, iftadirdactors were

unchanged.



Not all other factors remain unchanged, however, between typmpktate and
tropical streams. Hydraulic geometry and variation in sinuos#éy have different trends
in the tropics relative to the temperate zone, with lower wichtiepth ratios as a result
of the dense bank vegetation (Holz et al., 1979). This would lead to démperaind
more frequent floatation of wood. Floods are expected to be mayeefie larger, and
flashier in the tropics, because of the higher precipitationfegreanoff production, and
occurrence of intense tropical storms (Gupta, 1988). Runoff productiobeniicreased
by the relatively high clay content of the highly weathered tedpsoils, which can
promote overland flow (Calvo-Gobbett et al., 2005). At the same tiraetufes from
wetting and drying of the clay soils and macropores from decepes and animal and
insect burrows can quickly route water through the subsurface intoctthanel
(Niedzialek and Ogden, 2005). Tropical storms and hurricanes, in regluere they
occur, will deliver precipitation in rates and volumes that areatcimed in the intervals
between these events (Gupta, 1988; Garcin et al., 2005). The deemdoarsted by
large, flashy floods will have enhanced wood transport capacityciapdor floating
pieces. Yet these same storms that increase transpoglsoaycrease wood delivery by
triggering landslides that have the potential to deliver vast diggnof wood into the
stream (Wohl et al., 2009).

Decay rates are expected to be relatively high in the trofias direct
measurements of instream decay are rare in the temperatgRilby et al., 1999; Diez
et al., 2002), and unreported for the tropics. Wood decay on the foreshéiledreen
measured, yielding mean residence times of 9 years in adrdprest in Costa Rica

(Clark et al., 2002), 30-100 years in humid temperate forests (GrahdnCromack,



1982; Harmon et al., 1986; Harmon and Hua, 1991), and >100 years in demiari
environments (O'Connell, 1997; Ellis et al., 1999). These variations in deagynot
transfer directly to instream wood because of the anaerobic condhiminsccur around
submerged pieces and because of the abrasion of wood by transportedntedi
Nonetheless, | expect the warmer temperatures, the lack aingeeand the higher
microbial diversity of the tropics to lead to higher decaysafor instream wood.
Additionally, wood in tropical streams may experience greates raf abrasion because
of the relatively high unit discharges and frequent sediment mobilization.

Some of the differences outlined above would promote greater wood dehvery
the tropics (e.g., larger trees), while others would promoterlegsed delivery (e.g.,
faster decay rates on the forest floor). Likewise, some progretder wood transport
(e.g., greater unit discharges), while others promote greater wiwrdioa (e.g., higher
wood density). The purpose of the work conducted for this dissertat®moveketermine
how these various factors balance one another in a particularasidgtropical forest

environment at La Selva Biological Station, Costa Rica.

1.4 Study Site

La Selva Biological Station (10° 26° N, 84° 01’ W), of the Atlantiargin of
Costa Rica, is a 16 Knresearch reserve operated by the Organization for Tropical
Studies (Figure 1.1). The forest is classified as Tropical Méeest in the Holdridge
system (Hartshorn and Peralta, 1988). About half the reserve, 730 bia-gsowth
forest, and the remainder is primarily composed of second-growth forest thdeast 30
years old. This wet tropical study site is not expected t@peesentative of seasonal or

dry tropical environments.



1.4.1 Cimate

Strong microgeographic and orographic effects over the areatdheleate a
mean annual precipitation of over 4 m. There is a short dry seasaily ustcurring
sometime between February-May, but condensation drip occursigbt, even during
the dry season. Mean annual precipitation from 1963-2008 was 4365 ninthevidriest
month on average being March with 168 mm, and the wettest months Jugyngnd
December with 533 mm and 458 mm, respectively (Organization for cRloBiudies
online data, 2009). Standard deviation of annual precipitation from 1963-20080@as
mm. Mean annual temperature is 26 °C. Monthly average tempeflattiteates by less
than 5 °C, whereas daily temperature typically fluctuates bgaast 10 °C. Hurricanes
seldom reach the area, with the only recorded occurrence eathel960s, but intense
rains are generated from November to January by the establisbfreertold front that

penetrates the air mass over the Caribbean Sea to as low as 10 °N (Janzen, 1983).

1.4.2 Geology

The bedrock at La Selva consists of a sequence of andesititolagaofiginating
from the volcanoes of the Central Cordillera (Alvarado, 1990, in Klebal., 2007). The
wet climate results in intense weathering of these underlgimdesitic lava flows,
producing oxisols enriched in kaolinite-group minerals (Kleber .et28007). Clay-rich
saprolite is several meters thick on most ridges, with soils typically aboudhitkrabove
the saprolite (Sollins et al., 1994). Bedrock outcrops are primamited to stream beds
and banks. The clasts that compose the bedload are also weakenedthmsrimge In
coarse-bed streams, the bed clasts could not be used to driventebgnavel; even 20

cm diameter cobbles broke in half after a few strikes.
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1.4.3 Topography and hill slopes

Elevation at the station ranges from 34 m to 110 m and refledistisi#ion from
the low, steep foothills of the Central Volcanic Cordillera to $lagapiqui coastal plain.
Although hill slopes are frequently steep, typically about 20° but up toné5&vidence
of landslides was observed during field work, and landslides have notobserved at
La Selva in over four decades of extensive field work (D.A. Candl D.B. Clark,
personal communication, 2007). This may be because hill slope lengttelig greater
than 50 m, or possibly because rapid subsurface routing of rainfa# &ireams through
macropores prevents pore pressure increases adequate to trigger landslides

La Selva is bordered to the south by Braulio Carillo Nationak,Rar76 km
preserve that extends to the high volcanic peaks of the Centmdill&ar It protects a
large area of intact primary forest that includes the volcaRmes (2704 m), Barva
(2906 m) and Irazu (3423 m). The land to the north and east is adstatplain. With
the national park, La Selva forms a peninsula of preserved restftbrat extends to the
edge of the Caribbean lowlands and is surrounded by land that has beed tea

pastures and plantations.

1.4.4 Streams

The northern border of La Selva is formed by the Rio Sarapiquiinfy east and
draining 432 krfy and the Rio Puerto Viejo, flowing west and draining 376. kthese
two rivers join at La Selva and flow north to the Rio San Juan andi¢theajuan border.
The primary drainages of La Selva are El Sura, El Salto, ambr@da Esquina, with
respective drainage areas of 4.8°k@é5 knf, and 2.3 krfi all flow north into the Rio

Puerto Viejo. The basins of the Sura and Salto are entirely wighaalio Carillo
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National Park and La Selva, whereas the lower Esquina forms stexre@order of La
Selva. Most of the watershed of the Esquina beyond La Selva idefhrdsut the
lowermost portion is pastureland.

These three smaller streams and their tributaries haveesgggnlongitudinal
profiles, reflecting the underlying topography of low-gradienteyabottoms atop the
lava flows, steep segments where the streams crostite &f the lava flows onto the
alluvial terraces of the Rio Puerto Viejo, and low-gradient sedgnon the terraces.
Lower gradient reaches tend to have beds of silty fine sand andippleeer pool-riffle
morphology (Montgomery and Buffington, 1997), whereas steeper segmeatgrhsel-
and boulder-size sediments and pool-riffle or step-pool morphology. dbéptains of
the Rio Sarapiqui and Rio Puerto Viejo coincide with the portion cfélaa that is
below 51 m elevation. The portions of the smaller rivers that chasdloodplain are
subject to backflooding when the larger rivers flood.

Floods occur frequently at La Selva, and the streams arergsppnsive to
rainfall, resulting in a flashy hydrograph. Baseflow periods mre because of the
frequency of rainfall events. Stream water temperature gage placed at the final
bedrock step on El Sura ranged from 22-26 °C, with baseflow generaitgewaand
storm flow generally cooler. Inter-basin groundwater flow major source of water in
some low-elevation watersheds at La Selva, although its influemcepatially

heterogeneous (Genereux et al., 2002).

1.4.5 Forest

All stream corridors used in this study are densely vegktai¢gh smaller woody

vegetation immediately adjacent to the active channel. Trdes &élva can reach 60 m
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in height. There are over 300 identified hardwood species at La @#dwtsshorn and
Hammel, 1994) and over 80% of these hafandividuals per hectare with diameter at
breast height (dbi10 cm (Lieberman and Lieberman, 1994). Nonetheless, the forest is
dominated by the speci®entaclethra macrolohavhich accounts for 13% of all stems
and 38% of all aboveground biomass (Clark and Clark, 2@@taclethracan reach 40
m in height and is relatively resistant to decomposition, witarfdarees remaining on the
forest floor for 20 years (Janzen, 1983). Trees in the old growth poifticen Selva have
a mean dbh of approximately 20 cm, and the mean number of stems e hect
approximately 450 (Clark and Clark, 2000). Stem turnover is approxink¥elyer year
for trees at least 10 cm dbh (Lieberman et al., 1990), in sptteedack of disturbances
such as hurricanes or landslides. Turnover time of coarse woodyg (€WVD; pieces of
dead wood greater than 10 cm in diameter) on the forest floorces ¢iyears (Clark et
al., 2002). Fallen CWD averages 22.&m, which is comparable to the basal area of
living trees at 23.6 ftha (Clark et al., 2002). Wood density ranges from 0.35-0.98g/cm
among the various tree species found in La Selva (Clark and Clark, ¥986h extends
to higher densities than the range of 0.3-0.7 gkited by Braudrick and Grant (2000) as
typical for wood density values found in forested streams of the temperate zone.
Although forest ecologists recognize four geomorphic surfacésa &elva and
associated differences in forest composition (Clark et al., 1998k €t al., 1999), mean
diameters of trees have a small range (21.5-24.6 cm) among fheemtifsurfaces.
Similarly, the number of stems per hectare varies only from 3b2457.6 (Clark and
Clark, 2000). No significant differences in volume or mass of stanalirfgllen CWD

occur among the different geomorphic surfaces.
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1.5 Objectives of the research

This dissertation represents an effort to expand our understandingtr@fam
wood to the wet tropics. The primary objectives were to document wisms lin a
tropical setting, and to observe the retention rate of wood withit+s@ade sites. From
these data the goal was to explore potential controls on wood distribution (i.elutteva
the relative importance of transport, recruitment, and decay on woodj adéntify
differences or similarities between wood in tropical and teaipestreams. These
objectives are addressed in chapters 2 and 3 of this dissertagoeeral secondary
objectives arose during the course of the research: analysiseofiow resistance
contribution from wood in the study sites, analysis of the effegamk on sediment
transport, and analysis of diel cycles in flow related to foegapotranspiration. These
objectives gave rise to the smaller projects that form cleagtérof this dissertation. A
final effort to synthesize the findings into a wood budget is ptedein the concluding

chapter, 7, along with suggested lines of future inquiry.

14



1.6 Figures

1 - i Braulio Carillo National Park

1 . !
A Volcanoes ’Vlca’agu 84°W =
) A o
R .
o Touns C gan 102 Carlbbean g?
Osta Rics RO Sea @ =R

[ ] La Selva Biological Station

ﬂ" ; | Costa

15°N

L 10°N. Puntarenas
O

Puerto
= Limon
N
4 =
3
Kilometers
|| T |
0 50

Figure 1.1. Location of Sa Selva Biological StatigrCosta Rica

15




2 WOOD DISTRIBUTION

2.1 Introduction

Headwater streams are the low-order channels that formge paoportion of a
drainage network and strongly influence processes in downstreationpoof the
network (Freeman et al.,, 2007). Headwater streams are or vetoeidailly forested in
many parts of the world, and extensive research along sucmstieaemperate zones
indicates the geomorphic and ecological importance of wood in tegsams.
Geomorphic effects of wood include increased hydraulic roughnesshaffnel
boundaries (Keller and Tally, 1979b; Curran and Wohl, 2003; MacFarlane aht W
2003; Daniels and Rhoads, 2004; Wilcox and Wohl, 2006), greater storagdirérse
and organic matter on the streambed (Faustini and Jones, 2003), enhaalizetbed
and bank scour (Daniels and Rhoads, 2003), and altered local strearatettgand
channel morphology (Keller and Swanson, 1979; Baillie and Davies, 2002nCGurda
Wohl, 2003; Montgomery et al., 2003a). Ecological effects of wood inclcteased
retention of organic matter and nutrients (Bilby and Likens, 1980; itand Lamberti,
1992; Raikow et al., 1995), greater habitat diversity associatbddwigrsity of substrate
and hydraulic variables (Bisson et al., 1987; Maser and Sedell, 199426@3), and
food and habitat for many species of microbes and invertebratese(lslad Sedell, 1994;
Wright and Flecker, 2004).

Until very recently, the great majority of existing studiestmneffects of wood in

stream channels came from the northwestern portion of the Uniétes SWithin the past
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decade, investigators have extended this work to streams in ottseoflorth America
(Richmond and Fausch, 1995; Thompson, 1995; Marcus et al., 2002; Magilligan et al.,
2008), as well as Europe (Piegay et al., 1999; Gurnell et al.,, 2000b;trDahland
Nilsson, 2004; Wyzga and Zawiejska, 2005; Comiti et al., 2006), AustBalimks et al.,
2003), New Zealand (Baillie and Davies, 2002; Meleason et al., 2005), SmelficA
(Andreoli et al., 2007; Comiti et al., 2008; Mao et al., 2008), and Asia (Haga et al., 2002).
Together, these studies clearly indicate that wood is of fundamgeomorphic and
ecological importance in forested streams around the worldhahdystematic removal

of both forests and instream wood has dramatically decreased theaabeird wood in
streams.

These studies also indicate that, although the basic functions of sesothe
similar in streams across a broad range of environments, impdiffanénces also occur
between environments. In particular, environmental controls thatcveattion in the
size and abundance of wood introduced to a stream, combined with tref veded
decay and the magnitude, frequency, and duration of hydraulic foree®don the
wood, create differences in the residence time and function of woteams (Benda et
al.,, 2003; Gurnell, 2003; May and Gresswell, 2003b). Conceptual models of wood
dynamics developed for temperate-zone streams provide agtaoiimt, however, from
which to examine how wood dynamics differ in other environments. Thet inége is to
use data on wood loads from headwater streams in Costa Ricartonexpotential

differences in wood dynamics between temperate and tropical headwedersstr
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2.1.1 Wood dynamics in headwater streams

At any stream site, wood load reflects some combination of wood recruitment int
the channel from the riparian zone and adjacent valley side stombraulic transport of
wood into and out of the site; and decay of wood in the stream, asss&@rin Benda
and Sias (2003)

AS =[Li — Lo + Qi/AXx — Q/AX — DAt (2.1)
where AS; is change in wood load (measured as a volume per unit length roietha
within a reach of lengtiAx over time intervalAt. Lateral wood recruitment rate per unit
length of channell{) depends on chronic forest mortality, toppling of trees following
wildfire and windstorms, wood inputs from bank erosion, wood delivered by mas
movements on the valley side slopes, and buried wood exhumed from the crahnel
floodplain. Wood is also recruited via transport from upstream inteetingh ;). Wood
is removed from a stream via overbank deposition and channel aviulgjandin situ
decay D), as well as downstream transport out of the re@gh (

The relative importance of these different processes variesganvens, and with
time and space at a river (Keller and Swanson, 1979; Gurnell &08R; Benda and
Sias, 2003; Gurnell, 2003; Swanson, 2003), as do the characteristictrednmsvood.
Lateral recruitment via mass movements from adjacent hillslopasbe particularly
important along confined headwater streams (Bilby and Ward, 198%; &ild Bisson,
1998). Recruitment via bank erosion and transport from upstream become more
important as channel lateral mobility, channel width, and transppdcitg increase

downstream (Martin and Benda, 2001). Transport within the stream atsonés
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progressively more important downstream because mobile piecesrarsonly shorter
than bankfull channel width (Swanson et al., 1984; Lienkaemper and Swanson, 1987).

Changes in wood mobility with stream size also influencedfaive volume and
spatial distribution of wood. Volume of wood tends to decrease withasmg drainage
area (Bisson et al., 1987). Volume of wood correlates with timeesihe last mass
movement in some headwater streams (May and Gresswell, 2003a\tandthonous
jams are most common in headwater channels, whereas transpsrtinem@ase in
frequency downstream (Abbe and Montgomery, 2003; Mao et al., 2008). Spatial
distribution of wood is more likely to reflect recruitment proceseeheadwater streams,
and transport processes in larger rivers. Wood along large rsvprsferentially stored in
zones of flow separation or high elevations (e.g., bar cresteinvthe channel where
flow depth is less than buoyant depth (Gurnell et al., 2000a; Braudrick and Grant, 2001).

Less is known about wood decay in rivers than about recruitment or transpor
Decomposition is more rapid in larger rivers during high dischabgeause abrasion
removes softened tissue and exposes fresh wood to decay proceases Ml Sedell,
1994). Nutrient content, density, tree species and age, submergencezeralss
influence decay rates (Triska and Cromac, 1980; Maser and Ske@dl, Hyatt and
Naiman, 2001; Grudd et al., 2002).

Given the limited information on wood decay in rivers, the more numerous
studies of wood decay in terrestrial environments provide some imsighelative rates
of wood decay in different climatic settings. Wood in tropical envirents might be
expected to decay more rapidly because the warm, moist conditiansfavor

biochemical decomposition are present throughout the year (Panstlin 64; Zabel
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and Morrell, 1992). Studies of the decay of fallen wood in forestdifiireult to directly
compare, however, because they cite different measures of deway (e.g., percent
rates, half-life, turnover time). As a first-order approximatidecay rates for logs on a
forest floor are on the order of 50-100 years in dry climatesoi@é@l, 1997; Ellis et al.,
1999), 10-100 years in humid temperate climates (Boyce, 1961; Harmon, 49823ss
than 10 years in the tropics (Delaney et al., 1998; Clark et al., 2@02s ket al., 2004).
Instream wood that is waterlogged probably decays more slowly.

In temperate-zone streams where many types of wood decayelglatowly, the
relative rates of introduction and transport of wood are primaryr@lenbn instream
wood load and can create self-enhancing feedbacks such that stegaments with
abundant wood have reduced transport of wood and greater bank instabiétgral
channel movement that facilitate further recruitment of wood (Brelucand Grant,
2000; Montgomery and Abbe, 2006).

Studies from diverse temperate environments indicate that the greatesbad®d |
within a channel network occur in small headwater streams becalisgted transport
and decay (Bisson et al., 1987; Marcus et al., 2002; Wohl and Jaeger, 2009). Equation 2.1
can thus be expressed for temperate headwater streams as

AS = [Lj — Lo + Qi/AXx — Q/AX — DAt (2.2)
where bold font indicates processes exerting a greater indu@ndynamics and volume
of wood load. As studies of wood in stream channels of the tempsyage continue,
however, there remains a significant gap in our understanding adanstvood because

of the dearth of studies conducted in tropical environments.
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2.1.2 Wood in tropical streams

Research on instream wood in tropical environments has thus far doocudbe
ecological effects of wood. Wood alters local flow velocitiesaimanner important to
filter-feeding shrimp at the microhabitat scale in PuertmRRyron et al., 1999), and
provides critical nesting habitat for armored catfish in PanaroawdR 2003). Greater
numbers of individuals and more species of fish occur in pools with woadrthzools
without wood in a Venezuelan piedmont stream (Wright and Flecker, .200&5e
limited studies suggest that wood plays an important role in stigt aquatic
communities in tropical streams.

Research demonstrating the distribution and geomorphic influencgsoaf has
not been published for forested headwater streams in the tropiephlysical patterns
and processes of instream wood might be expected to differ irofhiestifor at least two
reasons. First, decay rates of many species of wood are multr hig tropical
environments than in temperate environments (Panshin et al., 1964; Zaldbaat,
1992), and decay might therefore exert a stronger control on mstesadence time of
wood in tropical than in temperate streams. Second, tropical streammonly have a
hydrologic regime characterized by frequent, short duration, higpnitode flows
(Arenas, 1983; Lewis et al., 1995; Niedzialek and Ogden, 2005; Wohl and Springer
2005). This characteristically flashy hydrograph could generegatey flow depths,
higher values of stream power per unit area, and greater transport capawibpd.

Personal observations along unmanaged, old-growth forest streams in Panama and
Puerto Rico indicate a dearth of wood relative to analogousrsraatemperate zones,

despite the huge trees growing densely along the stream banks. IHoivers in other
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regions, such as Papua New Guinea (W.E. Dietrich pers. comm. 200&3temePeru
(D.J. Cooper pers. comm. 2005), do not seem to lack wood. These differentése a
lack of systematic studies in tropical environments, stronglyesiggat the first step in
better understanding the geomorphic and ecological functions of wooapinal rivers

is to inventory wood load and residence time for different tropagibns and different

stream types.

2.1.3 Obijectives and hypotheses

This paper presents results from an inventory of wood distributionréstéml
headwater streams (drainage area < 10F)kof La Selva Biological Station in
northeastern Costa Rica. The basic objectives of the researentav@) evaluate how
wood loads in tropical headwater streams compare to those reportadnfperate
headwater streams, (ii) assess the best predictor variablesath-scale wood loads as a
means of examining the relative importance of recruitment andpoat in controlling
wood load, and (iii) analyze the within-reach spatial distributiowadd, especially the
lateral distribution of wood and the frequency of jams. In this canitebetfine wood load
as the volume of wood per unit length or unit area of active chawhere active
channel is the area flooded multiple times each year during the wet season.

The objectives contribute to the evaluation of three hypotheses wpleateto
influences on wood load and geomorphic effects of wood. | do not dineahsure
recruitment, transport, or decay in this assessment of wood laaty mlultiple stream
reaches at a point in time. Instead, | infer the mechanismsetatt/e importance of
these factors by examining correlations among wood charaicterigalley and channel

geometry, and hydraulics. My approach follows that of Comitial (2006), who
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interpreted the lack of correlation between reach-scale chanaedateristics and wood
load along streams in the Italian Dolomites as reflectimgy greater importance of
recruitment relative to transport. The first objective, by comgatotal wood storage in
channels of different regions, enables comparison of the integragetsedf recruitment,
transport, and decay. The second objective enables evaluation of the ippdsabilvood
load in the studied tropical headwater streams might correlas strongly with
variables reflecting transport capacity, or might correlateebevith variables reflecting
recruitment potential. Previous work suggests that wood in tempmEmagestreams with
small drainage areas should be more strongly controlled byitreent than transport
(equation 2.2). The high discharges per unit drainage area of the tiopiasver, might
produce sufficient transport capacity to make this process a donmiflaehce on wood
load even for small (< 10 Kihdrainage areas. Consequently, the analyses in this chapter
focus on the inferred relative importance of transport in producing wodd aserved
in headwater tropical streams. Subsequent chapters will discuss resursteny sites at
La Selva to evaluate decay versus transport in the study area.

The initial data set allows testing of three hypotheses dagparthe relative
importance of recruitment versus transpéti:andHi, if transport dominateand H if
recruitment dominatesi;: If transport dominates wood load, then loads would be highest
in channels with lowest stream power. Also, wood in channels withdtigam power
would be concentrated in zones of flow separation or low velocityrddsoning behind
this hypothesis is that where transport capacity is relativglly, wood will be rapidly
removed from a reach and wood loads at any point in time will be piapately low.

Conversely, wood will be stored in reaches of lower transport ¢agpAcy wood stored
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in reaches with high transport capacity will only be found in Izedl zones of reduced
transport and relatively high elevation (Gurnell et al., 2000a).

Stream power is a simple metric of the ability of watenmtove material and
perform work against the channel boundaries, and has been used toyqgliiaténces
in sediment transport and channel change (O'Connor, 1993) among stasawe| as
wood mobility (Gurnell et al., 2000b). Stream power might not bebé&st predictor of
wood transport, however, because 1) streams with high transport cajzaci®yso have
very rough boundaries that trap wood (Faustini and Jones, 2003; Bocchabla2606),
2) exceptionally high wood recruitment such as from a landslidatckeast temporarily
overwhelm transport capacity, and 3) wood can float (although sompiedl trees have
wood as dense as water). Consequently, the ratios of wood tengtiannel width and
wood diameter to flow depth are used to infer relative transpotyaffiraudrick and
Grant, 2000; Braudrick and Grant, 2001; Haga et al., 2002). Numerous inwestigatie
that logs are more readily transported as the ratio of pegtH to channel width
decreases, and Abbe et al. (1993) found that logs are stored whedefitiwis less than
approximately half of the log diameter. These consideratica teH;,: If transport
dominates wood load, then loads of transported pieces are highest irlshaith the
largest ratio of wood length to channel width and/or wood diameter to flow depth, both of
which indicate lower transport capacity.

An assumption implicit in the first hypothesis set is thatuiement is similar at
all sites, so that differences in wood load reflect primatifferences in transport. An
alternative scenario is reflectedhta: If recruitment dominates, then load correlates with

valley geometry, such that steep side slopes increasalrggd streams and create high
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loads. Many other processes can influence recruitment, as swadareviously, but
variability in recruitment caused by hillslope mass movementss tlawdown, land-use
history, wildfires, substantial lateral channel mobility, and dififiees in forest type were
able to be discounted because these are not present in the ®ady'lsa reasoning
behindH, is that, all else being equal, a falling tree is more likelyall toward the
stream channel where valley side slopes are steep (JacksorStand, 2002;
Nowakowski and Wohl, 2008).

The final hypothesis focused on geomorphic effectiveness of woodidenesd
by localized scour or deposition associated with individual pieces jams. Hs:
Geomorphic effectiveness is greatest in channels with predomirfarely{pebble and
finer) substrate. This hypothesis refleetsand the expectation of greater wood loads in
reaches of low transport capacity and thus lower gradient andsfibstrate, as well as
greater substrate mobility and preferential deposition around @@sstsuch as jams in
finer-grained reaches (Gurnell et al., 2000a).

| examine the relative importance of recruitment versus grah®s a means of
understanding the observed distributions of wood load in the study areh. Suc
understanding is also important in managing headwater streafosations where land
use has reduced forest cover and wood recruitment, or alteredlHaintdf relations,
flow regime and wood transport, it becomes particularly impor@aninderstand the
factors limiting wood loads and how to mitigate the effect of changes in teisest

It is important to recognize the limitations of these hypothasel this study area.
First, there is n@a priori reason that the relative importance of recruitment, transport, and

decay is consistent throughout a channel network. Transport might dermnaaches
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with high transport capacity, for example, and decay in reaahis low transport
capacity. | developed hypotheses based on simple, linear assumptibnbgrzause the
data come from streams with limited variability in recruitingrocesses, forest type, and
hydrology, and partly because | wanted to test the simplasasos first before inferring
more complex patterns. Second, existing studies of wood loads in temperate-zome stre
support the idea of a spectrum from streams with large temotability in wood loads

as a result of point sources of wood recruitment, such as hillsloge mavements, to
streams with much less temporal variability because woodedominantly recruited
through individual tree fall (May and Gresswell, 2003a; Wohl and Goode, .2008)
streams discussed in this dissertation fall into the latiézgory and thus do not fully

represent the range of conditions present in tropical forested headwatesstrea

2.2 Study Area

The study reaches analyzed in this study are located withiSelva Biological
Station (Figure 2.1). The morphology is variable, from step-pool to piflel-rand
boulder-bed to sand-bed (Figure 2.2). Floods occur frequently é&ela, and the
streams are very responsive to rainfall, resulting in a yldsfdrograph. In the three
months prior to data collection (January to March 2007), a weir @oetat David
Genereux on the Taconazo (Figure 2.2d, drainage area 0%8daorded 19 floods that
more than doubled the base flow (unpublished data, 2007), approximatelypcodieg
to 18 days with recorded rainfall greater than 10 mm. The riginlg 6f these events
occurred on average in 1 hour, whereas the falling limb averagbdut® and ranged
from 6 to 30 hours, depending on the peak discharge. This three-month period (January to

March 2007) included most of the dry season, and the highest recortjecitdall was
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121 mm. Extended records for La Selva Biological Station showrihrat 2002 to 2006
there were 181 days (36 per year) when over 40 mm of raintsl necorded. In
November 2007, a stage gage was installed on El Sura (near Figyrdrdi@age area
3.36 knf) and a stage-discharge relationship was estimated from -8lugplmethod
discharge measurements (Waldon, 2004). Discharge was monitorechangage was
destroyed by a flood in July 2009 (Figure 2.3). This flood had an estimpaik of about

10 ni/s, equivalent to runoff production of 3.G/sikn?.
2.3 Methods

2.3.1 Data collection

Wood and stream data were collected for 30 study reaches, each apigxda
m long, located throughout La Selva Biological Station in otwagin forest (Figure 2.4).
Although study reaches were selected near maintained wadeable access, selected
reaches represent the range of drainage area, streamngradiley geometry, and wood
loads present at La Selva. The surveys were conducted in March, during thienoeiest
the year at La Selva. Channels that had no flow were excluded, as wereatstegciaes.

A piece of wood was included in the study if its length wagadt 1 m and its
diameter was at least 10 cm, or if its length was at Bas and its diameter was at least
5 cm. If a piece of wood extended beyond the active channel, two lengths vestaede
the total length and the length within the active channel. The tévattive flow was
evaluated in the field using changes in riparian vegetation (presémamdy stems) and
channel morphology (top of stream banks). In this study, the aetred lepresents the
maximum stage of flows that occur repeatedly each year dthengvet season, and is

probably best approximated statistically as the mean annualflpeaklhe locations of
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the endpoints of each wood piece were surveyed using a total statlats length and
mid-point diameter were measured with a tape. The in-channel v@\)no¢ each wood
piece was approximated using the formula for the volume of a cylinder,

V=r(d/2)L, (2.3)
whered is the midpoint diameter of the log, ahds the length of the log in the active
channel. In cases of logs with branches, the larger branch wdsandethe smaller
branch was ignored. Wood load for each reach was calculated botlvadsnee per
channel length (total cubic meters of wood divided by the readfthleim meters,
multiplied by 100, resulting in wood volume per 100 m length of str&s), and as a
volume per channel area (total cubic meters of wood divided by bectdractive
channel area, resulting in wood volume per hectg), in order to follow metrics of
wood load already established in the literature. Additionally, paste was classified as
bridge, ramp, unattached, or buried. A bridge spans the channel, msthagh banks. A
ramp has one end resting on the channel bank above the level of astiamddahe other
end in the channel. An unattached piece is contained within the activeetlaad is not
buried in the streambed. A buried piece is contained within thgeactiannel and
partially buried in bed sediment or pinned beneath another log. | daemhbridges and
ramps asin situ wood that reflects primarily recruitment, and unattached and buried
pieces as transported wood. Although this might misclassifyt#tessof a few pieces
(e.g., a buried piece might be buried without transport), it providgésightforward and
consistent means of differentiatiiy situ and transported wood in the absence of direct

observations of the history of each piece.

28



Numerous channel characteristics were measured for eatih tdsing a total
station, the thalweg of the channel through the study reackumasyed with intervals of
1-5 m between points, as were two detailed cross sections arasiatder additional
active width measurements. Valley side slopes were chamsttenver lengths of 200-
300 m using an inclinometer and tape. The intermediate diameters olat®) selected
by random walk, were measured to determine grain size distribatistream reaches
with substrate predominantly of pebble size or larger. | assigoetitative values of
clast size and sorting to reaches with finer substrate basetwsl estimates of the
predominance of sand and silt. The contributing drainage area asigachas found
using a GIS and a LIDAR-derived 1m DEM of La Selva and thacadit Braulio Carillo

National Park.

2.3.2 Data analysis

Statistical analyses used the following metrics, which veateulated for each
study site from the measurements described above: contribusiimgage aread), stream
gradient §), bedform roughness as quantified by the variance (mean squameoé the
thalweg elevation BF.a), grain size of the 8% percentile bed materiaD§s), grain
sorting measured with the sediment inclusive graphic standaratida in phi units %)
(Folk, 1980), average active widtlwv)( width to depth ratiow/d), average valley side
slope ¥Swg, maximum valley side slop&/§nay, thalweg sinuosityH), the product of
drainage area and stream gradient as an indirect measural aftteam powerd), the
product of drainage area and stream gradient divided by width aslisect measure of
unit stream powerdf), the ratio of average wood length to active channel widkh){

and the ratio of average wood diameter to active flow degitm(d. | also used a
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categorical variable for backfloodindd)( Backflooding from the main channels (the
Sarapiqui and Puerto Viejo rivers) to which the study streantsilaméary can extend for
as much as 3 km upstream along low gradient portions of the stedynstr Because
some of the study reaches are located within this zone whekéidoaing can reduce
hydraulic forces during floods and thus facilitate deposition of woottansport, |
categorically assigned the study reaches as being subjeat subject to backflooding. |
chose the variables listed above as commonly used metrics of gathayetry, channel
geometry, hydraulics, and wood dimensions.

Multiple regression models were created and evaluated using a combuofahe
R statistical package (version 2.6.2) and SAS statistical adt(SAS Institute, 2003). |
created three models, for total wood load per hectare of chaifpg! (ransported wood
load per hectaret\\{,5), andin situ wood load per hectareW,,,). For each model, all
possible subsets of the stream variables were compared. $ihsubset of variables to
use in each model was selected based primarily on the modecteokrr Akaike
Information Criterion (AlG) (Akaika, 1973; Hurvich and Tsai, 1989) because of the
small sample size, although the R-square and adjusted R-squaes waére also
considered. More weight was given to the Alé&cause it penalizes models for excessive
parameterization, selecting the most parsimonious model. Modelsvéta adversely
affected by multi-collinearity, as indicated by parameteith high variance inflation
factors, were excluded. The models using the best variable subsetanag/zed for the
p-value significance of each parameter estimate and retained Walligs (excluding the

intercept) were less than 0.1.
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In order to test the portion &f; that posits that wood stored in reaches of high
transport capacity will only be found in zones of reduced transparthagh elevation
relative to the channel thalweg, | divided channels into latena¢ész based on distance
from the thalweg. The study reaches all had relatively gimpdss sections lacking the
prominent bars or islands and divided flow common in larger rivers. Condgquenes
of reduced transport and high elevation occurred predominantly along theetha
margins. The lateral distribution of the wood within each chanegment was
determined by calculating the volume of wood within each of 7 concemmnes around
the thalweg using GIS software. Most logs spanned multiple zeoethe volume of
wood was distributed among the zones according to the distribution oénker line of
the log. The volume of wood within one-fourth of the reach-averagd widhe thalweg
was considered the central channel wood. This central wood valudividesd by the
volume of wood outside the central channel to determine the ratio of witloid e

central 50% of the channel to wood outside this zone in each reach.

2.4 Results and Discussion

The channel and basin data are summarized for each stutlyinéaable 2.1, and
the instream wood data are summarized in Table 2.2. Figure 2.5quré Bi6 illustrate
the dimensions of wood at the 30 study reaches. Mean piece lengtlaarededivary by
less than a factor of two among the study reaches. Frequerigyedeapidly as piece
length and diameter increase, whereas relative volume is mdi@nigi distributed
among size classes, as documented for other streams (Gairak|l2002; Meleason et
al., 2005; Comiti et al., 2006). The percentage of pieces shorteattiaa channel width

varies from 56-98% among the 30 reaches. This is much higher thees o 23-39%
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(Lienkaemper and Swanson, 1987) and 38% (May and Gresswell, 2003a)d-d¢pmrte
temperate headwater streams.

Two field observations are important to understanding the resultdiscuksion:
(1) forest type in terms of height, diameter, and density estre consistent among the
study sites (Clark and Clark, 2000), and (2) mass movements suchdabdies and
debris flows have not been observed at the study site either diefthgvork or by other
researchers continuously active at La Selva since the 1970s (i, géxs. comm.,
3/2007). Lateral mobility is also limited along many of the chimrieniting individual
tree fall as a result of bank erosion. Because of these obsasyatiuch of the analysis
and interpretation is based on the assumption of constant wood input aiveélyelatv
variability in wood load through time. | also tested the spatiatesentativeness of a 50-
m-long study reach by measuring wood abundance between the fouresdicties along
the Quebrada Esquina. Wood counts within 23 successive 50-m-long rpemthesed a
mean abundance of 34.2 pieces/50 m, with standard deviation of 10.6 and valings va
between reaches by a factor of 3 or less (Figure 2.7). Thisndb@sdicate large spatial
variability in wood; Comiti et al. (2006), for example, found 1-2 orddrsnagnitude

variation in wood volume between adjacent stream reaches in the Dolomite reyjon, It

2.4.1 Values of wood load

Wood loads at La Selva range from 3 to 347160 m (Figure 2.8) and from 41
to 612 ni/ha, with mean values of 12.3h00 m and 189 ftha. Abundance ranges from
35 to 130 pieces/100m, with a mean of 77.1 pieces/100m.

Values of wood loads at La Selva fall within the range of waedld reported

elsewhere in the world (Figure 2.8), but it is important to note swintee sources of
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variation among these data sets (Table 2.3). Sites chosen for E@nphaere are in
relatively small, steep streams flowing through old-growid anmanaged forests, but
differences in minimum size of wood pieces counted and lengthaminel characterized
can create differences in measured wood load. Many of thehawessubstantially larger
drainage areas, which implies that these streams may have laogildlins, more lateral
mobility, and thus potentially different mechanisms of wood recruntm8imilarly,
many of the sites have wood recruitment through hillslope massmneong, unlike La
Selva.

Given these caveats, wood load values reported for the Pacific Nstthw
Michigan, Chile, and Australia tend to be higher than La SelvaofAlese regions have
high biological productivity, with large native tree specigan temperatures and/or
humidity are higher in Costa Rica than in the temperate regodsmicrobial diversity
also is likely higher, both of which lead to higher decay ratesnfdia, 1982; Lewis et
al., 2004), potentially accounting for the lower tropical wood loads. WoodValags
reported from the Rocky Mountain region tend to be lower, although northwest Wyyomi
(WY2 in Figure 2.8) appears to be an exception. | expect deczg/tabe higher at La
Selva than in the Rocky Mountains for the same reasons mentioned abate alone
would tend to lead to lower wood loads, although the dry climate of thied?deads to
lower productivity and smaller tree sizes, potentially offisgtthe decay rate differences.
Whatever the combination of mechanisms involved, wood loads in the headinadens
of La Selva are not substantially greater or less than tiye raf wood loads documented

in headwater streams of the temperate zones.
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2.4.2 Correlation of channel, basin, and hydraulic variables with wood load

Simple regression of wood loa@/(;;) on relative unit stream poweb), average
piece length/channel width_/fv), and average piece diameter/channel degitam(d)
give a preliminary basis on which to evaluadte andH;, (Figure 2.9). Distinguishing
between transportedW,,) andin situ (iW,s) wood loads reveals thaw,, has no
correlation withw, L/w, or diam'd. However,iW,,, correlates negatively withh and
positively with L/w, and diamd, leading to similar correlations foA,,, although the
relationships are generally weak.

Statistical models for total wood load allow for a more compédetalysis, and
suggest that transport parameters have a strong influence on woodubathnnot
explain the full range of variability observed. Table 2.4 desctibesnultiple regression
selected as the most parsimonious modeWgys. This model, which has a coefficient of
determination (B of 0.64, includegddiam/d BF,a, B, w/d, andw as predictors. This
model is a mix of transport variabledigm/d, B,») and channel geometry variables
(BFvar, W/d). The estimatedliam/d parameter fsiama = 453.6) indicates that, all else
being equal, wood load increases asdilaen/dratio increases, which presumably reflects
the progressive loss of ability to move wooddésm/d increases. Th8F,,, parameter

Brvar = 2836.6) indicates that wood load is greater in channels with greaiation in
thalweg elevation. Th& parameter s = 138.2) indicates that reaches that experience
backflooding have higher wood loads, a trend that is expected bebausggnant, or
even upstream flowing, water during floods will prevent wood beingpdéldighrough the
reach. Thev/d parameterfiuq = -8.3) indicates that less entrenched channels have lower

wood load per unit area. This may be an artifact of wider chahaglag more channel
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area for an equal length of banks from which to recruit wood. Oayt sirmply reflect a
spurious statistical result produced by interactions among varitidésare calculated
using width or depth. The parameterf, = -86.5) suggests that higherleads to lower
wood loads, which presumably reflects the ability of flows to modibr mechanically
break down wood.

Table 2.5 describes the multiple regression selected as themoee! for
transported wood volumeW,). The model (R= 0.39) selecteds, A, andw/d as
predictor variables. The most influential of thege A) are transport variables. In a
separate model fdk\,, as opposed tt\,,, these two variables alone also explain 59%
of the variability in transported wood volume measured 4408m. The negative
parameter estimate fay again indicates an inverse relationship between wood load and
unit stream power. The positive parameter estimaté\ fordicates that larger drainage
areas will result in higher wood loads, presumably because ter leontributing area
from which wood may be collected and delivered increases wood loadnefative
parameter estimate far/d again indicates that less entrenched channels have lower wood
load per unit area.

Table 2.6 describes the multiple regression selected as thebest forin situ
wood volume ifM,3). The model (R= 0.63) selectediam/d, w/d, BandS as predictor
variables. These predictors are also predominantly transport ear@iaim/d, B, $ It is
particularly noteworthy that no valley geometry variables ardigias in this model,
and that the only channel geometry variable that is signifisaat/d; the parameter
estimate fwq = -9.4) suggests that situ wood load is higher in channels with smaller

w/d ratios, as seen in the previous models.
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The residuals of each model support the underlying assumptions ngdessar
application of linear regression. The variance inflation factlwsnot indicate major
multicollinearity problems. Most of the variables, suclB&s, andw, are not normally
distributed, but instead have a right skew, and it could be arguethé¢lyedre lognormal.
| chose not to transform these variables to allow for stragiwterd interpretation of the
models. To test the validity of this choice, | log-transformedpbientially lognormal
variables and conducted the model selection procedure on the modifiedtdatathe
W,;a model, S replacedw in the list of selected variables, while the selected vasgable
remained identical in th&M,, andiW,,, models. The signs of the parameters were the
same, and the®values increased slightly.

In summary, the transport-related variabldiam/d and w, and the channel
geometry variablav/d, were consistently selected as predictors in statistical Imade
wood load. The parameter estimates for the transport variablestendjeeater wood
loads where transport capacity declines. The negative paraméteates forw/d
indicate greater wood loads in channels with lowsédt ratio, suggesting that relatively
narrow channels better trap wood in transport. This final paramesemate is
counterintuitive, and may simply reflect a spurious statistiemlult produced by
interactions among variables that are calculated using width or depth.

Other, simple comparisons also provide some insight into the relatp@tance
of recruitment and transport. Variability in recruitment rate®mrg the study reaches
appears to be relatively small. Using the frequency of raangsbridges as a surrogate
for local wood introduction (range 3.7-59.7 pieces/100m, but most < 35 pieces/100m;

Table 2.2), the recruitment rate appears to be relatively cartbtaughout the drainage
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network. Changes iA or w vary systematically through the drainage network, but have
no correlation with ramp and bridge frequency. The migaw ratio for most study
reaches is < 1 and the mediam/d is < 0.5 (Table 2.2), indicating a high transport
potential for the majority of wood pieces. The relatively mimgpartance of recruitment
variables on measured wood loads at the study sites may th#embnsistency of forest
characteristics and the absence of hill slope mass movements.

The first two hypotheses posed in the introduction deal with theiveela
importance of transport versus recruitment in controlling woodsloa the study area.
Results support; (transport dominates) in that is inversely correlated witk,, and
IWya (Figure 2.9), and was selected in the best modelgdfgrandt\W,,,, indicating that
wood loads are highest in stream segments with the loweshsp@aer. Results of the
statistical analyses were more mixed with respeét;tgtransport dominatesgliam/dis
positively correlated withW,,, and iW,,,, indicating that wood loads are highest in
channels with the largest ratio of wood diameter/flow depth. Theahari/w has a
positive correlation with both\{,; andiW,,, (Figure 2.9), but it was not selected for the
wood load models, suggesting that piece length may also be catrelaiecombination
of other variables. The results do not suppg®st(recruitment dominates) because no
measure of valley geometry correlates with any measuveoodl load. | thus infer that
transport dominates wood distribution in the channels of La Selva.

Although previous studies have not explicitly used statistical amltygsinfer the
relative importance of recruitment and transport in determining vaads at specific
study reaches, the consensus from earlier work is that transmuaitity increases

downstream and the relative importance of tree fall from individiesd mortality
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decreases in importance downstream (Martin and Benda, 2001; Swanson, A003). |
examining headwater channels with very small drainage areasmue therefore
expect to see limited transport and a strong influence exeytedividual tree fall. My
inferences regarding the relative importance of recruitmentrandport suggest that the
very high unit discharges of these tropical streams, and the atssbtrtansport capacity,
increase the importance of transport relative to recruitmemnparison to temperate-
zone streams of similar drainage area, which have been ingef@stbeing transport-
limited with respect to wood (Marcus et al., 2002; Wohl and Jaegé$) 26ffectively

decreasing the drainage area necessary for wood transport in tropical bas

2.4.3 Lateral distribution of wood

If transport dominates wood loads, as suggested by the multiplessegre
analyses, wood in channels with high stream power should be catednh low energy
zones, such as the channel margins. The lateral distribution of wood volume (Figure 2.10)
indicates that the distribution of wood relative to the thalweg saystematically with
channel energy. The results suggest that at La Selva thefatood in the outer portion
of the channel to wood in the central portion of the char®gl aries linearly withw
according to the equation

Cr=Wio/Wie ~1+1. 7w, (2.4)
whereW,, is the volume of wood in the outer 50% of the channel\Viipds the volume
of wood in the central 50% of the channel (Figure 2.11). An advantagesarimirical
equation is that whesm = 0, meaning there is no fluvial redistribution of wood, tler
1, meaning the wood is evenly distributed between the outer 50% and th&0atef

the channel. The coefficients in this equation are empirical itedecific. Because
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was calculated as a surrogate for relative unit stream p@Ew&xSw), the coefficients
have no physical meaning. As with the regression analysis okides on wood load,

the analysis of distribution of wood relative to the thalweg supptarts

2.4.4 Correlations between jams and bed characteristics

As a surrogate for sediment storage associated with channelfapgams, the
change in bed elevation associated with each jam was cabtuladm the thalweg
survey. The bed elevation drop caused by the jam was estimatik akfference
between the residual of the thalweg survey point immediately apsti®m the jam to
the residual of the survey point immediately downstream from the jam. Usingstteal
helped correct for the influence of reach gradient variations on tpehdight. Four of
the seven jams were observed to trap sediment, all four of wreoh hcated on the
Quebrada Esquina (sites 17, 18, & 21; two jams in site 18, Figure 2H®}wb jams
located in silt-bedded channels (sites 2 & 3) and the one jamdooata steep boulder-
bed reach (site 24) did not appear to be geomorphically effentivapping and storing
sediment. The Quebrada Esquina tends to have much higher gravel tfuartethie other
streams of La Selva. The transport of this size fractioraspto be most affected by
wood jams. | speculate that finer material is transported @es jin turbulent flood
flows, and flows that transport boulders also tend to break up jamindeanly the
intermediate grain sizes to be affected by jams. Sedimargport at one of these gravel-
bed jams was closely studied (Chapter 5), revealing that althchaginel morphology
can be altered over short time periods, individual clast mobildg wot measurably
altered by the jam. Production of gravel may be related tatderlying geology. The

Quebrada Esquina is incised into the Esquina Andesite, as opposed tb Sla¢toE
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Andesitic Basalt or Taconazo Basic Andesite, which dominatetther study basins.
Variations in thalweg elevation in the vicinity of jams as a function of predorhgrain-
size on the streambed thus did not supptir{geomorphic effectiveness is greatest in
fine-grained channels).

Although numerous investigators have documented large cumulative vobdimes
sediment storage behind closely spaced logjams or log steypsaihy steep channels, |
have not found any explicit comparison of volume of sediment stored atiorelto
substrate type. Most comparisons tend to focus instead on changgdinrent storage
along a channel network; Bilby and Ward (1989), for example, noted that stoieteat
became more widely spaced longitudinally but also larger in volasmatream size
increased.

Jams are relatively rare in the La Selva study reach#s,anbtal of 7 observed
among the 30 study reaches, giving an average of 4.7 jams per kmnoklchBhe
Quebrada Esquina considered separately has a jam frequency afislkéna while the
rest of La Selva has 2.4 jams/km. By comparison, Comiti et al. (Z006Q 7.1-30.6
jams/km in five managed streams of the Italian Dolomites, anal éflal. (2008) found
61 jams/km in streams of Tierra del Fuego, Argentina. Thom et al. (2001) found @ media
of 5.5 jams/km, with a range from 1-20 jams/km, in 46 referenahesan Oregon. The
lack of jams in most channels at La Selva might seem to carttragliinferences about
the importance of transport, because other studies have corialatased potential for
jam formation with increased mobility of wood (Abbe and Montgom20@3). Three
factors might explain the observed rarity of jams. Firshspart capacity is so high in all

the surveyed reaches that wood is being carried downstreaajdo changes in channel
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geometry such as channel junctions, none of which were included stuithe reaches.
This is supported by the observation of jams present at thaguruit each tributary
channel with the larger Sarapiqui and Puerto Viejo rivers. Second, idgea are so high
that wood recruited into the channel is abraded, shattered, angedec&o smaller
pieces that remain mobile throughout the study reaches, ratherethaming in place
and retaining wood transported from upstream reaches. This is sudpotterlone large
tree fall that was observed during the March 2007 field seasdmough the tree was
several times longer than the active channel width, the truntestdhivhen the tree fell,
creating smaller, more readily transported and decayed secdhahsvould be less
effective in forming jams. The relatively high proportions of pseshorter than the
active channel width also supports the likelihood of the first tweofadimiting jam

formation. Third, the absence of mass movements and analogoeigptang sources of
wood inputs removes the possibility of jams formed in this mannechwdan be an
important source of jam formation in temperate headwater riBaada et al., 2003,

May and Gresswell, 2003a; Swanson, 2003).

2.5 Conclusions

| interpret the field observations and statistical analysésdioate that transport
exerts a stronger control on wood loads in headwater streamas Stliza than does
recruitment. If recruitment from individual tree mortality sggbncontrolled wood loads,
| would expect to see a large percentagéendditu wood, some correlation with valley
geometry, and a lack of correlation with transport-relateéabkes. | do not intend to
downplay the influence of tree fall from individual tree mortalAysingle large tree can

substantially increase reach-scale wood load, as observed deloshgvbrk, but wood
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introduced in this manner appears to be transported and/or dectayehelguickly,
especially as stream power increases, facilitating aasice in which wood load
correlates strongly with measures of transport capacity. differences between
headwater streams in the tropical study area and temgeratkvater streams can be
expressed by reformulating equation (2.2) as

AS = [Li — Lo + Q/Ax — Qy/Ax — D] At (2.5)
with the caveat thdD likely also deserves bold font. As in equation (241, is change
in wood load within a reach of lengttx over time intervalt, L; is lateral wood input,,
is lateral wood output); is fluvial wood input from upstreanq), is fluvial wood output,
and D is decay. The relative importance of transport and decayonsidered in
subsequent chapters.

Values of wood load at La Selva are intermediate between highesvwa&ported
from humid temperate zones and lower values from semiarid tempsoaes. This
presumably reflects interactions among recruitment, inferred deghy rates of wood,
and frequent runoff-generating precipitation and large unit disebarghe expected
effect of high decay and transport is a rapid turnover ratenfechannel wood. In a
dynamic system with high turnover rates, wood is less likelydaterlong-lived features
that affect channel morphology. Jams are relatively rareasndnly effective at trapping
sediment in moderate energy, gravel-bed channels. Field obsensatgmest that buried
logs tend to persist only in low energy stream reaches waittl er finer substrate. This
suggests that in channel reaches with high stream poweralegemoved by the flow
before they can be incorporated into the bed. Wood entering a higly @aach is either

flushed through or broken into pieces against the coarse bedanderied pieces in
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the low energy reaches rarely form steps or significaridy ahannel morphology. This
suggests that they are mobile during major floods and then drop aanspaort during
the falling limb of the flood hydrograph. This may explain how woodcentrates near
the thalweg (more than 50% of the wood in the central 50% of the chamseime of
the low gradient reaches.

Modeling wood load with 3 to 5 mostly transport-related parametgolains 39-
64% of the variability in wood load. The lateral distribution of wood ¢ates well with
, which also suggests the importance of post-recruitment transpmrhirolling wood
distribution. Variables that were measured to reflect reoant VS, andVSna) were
not useful in modeling wood loads. The forest type was consistent athensfudy
reaches, and evidence of mass wasting has not been observed Salvha thus
differences in recruitment are expected to be linked to billeskteepness. The frequency
of ramps and bridges is expected to correlate to local wooditraent rates, and is
constant across sites. Thus, transport parameters appear to benfiuergial than
recruitment parameters, although there remains unexplained vé&riabilwood load
values that may be related to stochastic tree fall recrnttriide inferred dominance of
transport on wood loads represents a substantial difference betermperate and
tropical headwater streams. It may be that the threshold for wasbort is crossed at
smaller drainage areas in tropical watersheds because lofjtiex rainfall or potentially
higher decay rates. One of the management implications of tlessvations and
inferences is that, in a system with high rates of wood pgransit is particularly

important to maintain recruitment sources via forested stream corridors.
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2.6 Tables

Table 2.1. Basin, channel form, and hydraulic pararaters

Site VSug  VSnax Dagq4 Ssd Q ® Back- Channel
number A (kn?) S (%) P BRoa w(m) wd (°) (°) (mm) (p) (A'S (A-Sw) flooding type
1 0.28 0.32 1.12 0.012 6.3 8.3 17 21 2 0.60 0.09 014. yes sandy rdn
2 0.40 0.22 1.04 0.012 7.3 8.4 16 30 0.01 0.40 0.09 0.012 yes dune-ripple
3 4.79 0.24 1.16 0.016 8.1 7.5 16 52 1 0.70 1.15 142D. yes dune-ripple
4 0.08 0.22 1.12 0.012 5.4 11.6 10 14 0.01 0.35 20.0 0.003 yes silt béd
5 3.36 1.22 1.05 0.012 10.3 12.2 14 31 630 145 04.1 0.397 no step-pool
6 0.61 0.24 1.22 0.017 5.9 5.6 16 31 0.5 0.55 0.150.025 yes silt béid
7 0.83 0.51 1.15 0.007 3.8 5.8 11 28 220 1.38 0.420.112 no pool-riffle
8 0.10 6.28 1.10 0.083 3.8 7.6 15 39 630 1.08 0.630.163 no step-pool
9 1.64 0.74 1.09 0.040 5.2 7.9 12 32 550 1.73 1.210.235 no pool-riffle
10 0.12 7.91 1.14 0.036 5.1 8.8 15 35 620 0.99 0.950.187 no step-pool
11 3.26 5.91 1.08 0.045 134 12.7 27 39 730 1.09 .2719 1.438 no step-pool
12 4.24 0.17 1.08 0.007 8.1 7.7 10 27 0.01 0.55 20.7 0.089 yes dune-ripple
13 0.18 0.32 1.39 0.004 45 14.3 11 25 0.01 0.40 060. 0.013 yes silt béd
14 6.77 0.97 1.10 0.058 7.8 7.7 8 15 0.5 1.50 6.57 0.837 no dune-ripple
15 8.48 4.81 1.07 0.121 138 11.3 19 38 940 0.80 .7H40 2.951 no step-pool
16 1.74 2.09 1.07 0.006 7.5 9.4 19 30 410 1.79 3.640.483 no pool-riffle
17 1.64 3.17 1.05 0.031 8.3 9.6 10 40 350 1.57 5.200.625 no step-pool
18 1.09 111 1.04 0.044 8.1 8.4 19 45 300 1.54 1.210.150 no pool-riffle
19 5.27 0.28 1.10 0.061 7.8 6.0 17 27 40 1.29 1.480.189 no pool-riffle
20 2.18 0.79 1.24 0.044 7.7 12.2 12 30 110 131 21.7 0.225 no pool-riffle
21 2.27 0.75 1.03 0.006 8.2 15.1 29 37 220 152 01.7 0.209 no pool-riffle
22 0.10 1.42 1.26 0.004 3.1 12.9 16 28 0.01 0.80 14 0. 0.047 no silt béd
23 1.40 2.42 1.07 0.019 6.9 13.9 22 44 270 136 933 0.494 no step-pool
24 5.55 211 1.13 0.017 15.0 14.5 21 30 640 2.13 7111 0.781 no pool-riffle
25 0.51 0.20 1.03 0.006 4.2 11.4 7 23 0.5 0.80 0.100.024 no sandy rdn
26 0.56 1.78 1.18 0.009 5.7 14.6 8 11 480 1.34 1.000.175 no step-pool
27 6.52 3.14 1.10 0.040 134 26.5 10 13 610 1.45 4720 1.530 no step-pool
28 0.09 3.44 1.24 0.017 7.8 52.7 21 24 270 2.18 10.3 0.040 no step-pool
29 0.32 8.01 1.18 0.044 5.7 253 26 30 340 143 625 0.446 no step-pool
30 1.20 0.49 1.16 0.007 4.9 6.8 9 17 20 1.43 0.59 .12® no sandy rdn

Symbols: areaX), slope §), sinuosity P), bed elevation varianc&k,,), width (), width to depth ratiow/d), average valley side slop€%,e, maximum
valley side slope\(Sna,), 84" percentile bed material sizBgj), bed material sortingsg), stream powerd), and unit stream powes}.
& Some small, low gradient, fine grained reacheaatdit well into the Montgomery-Buffington clasiiation system.
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Table 2.2. Wood parameters

Wood In situ Average Average Average piece length
abundance Wood Wood load piece diam./ Average piece diameter (m) length / (m)
Site (# pieces/ volume: W W/a frequency channel mean channel mean
number  100m) W, (m®) (m¥100m) (m¥ha)  (#/100m) depth (st.dev.) range width (st.dev.) range
1 73.6 13.3 26.4 420 23.9 0.34 0.26 (0.24) 0.0B01 0.75 47(79) 1-434
2 70.8 15 3.0 41 6.1 0.14 0.12 (0.08) 0.05-0.320.44 3224 1-117
3 116.2 18.8 34.7 428 24.0 0.19 0.21 (0.18) 0085 0.50 4137 1-204
4 61.6 5.3 104 192 13.8 0.39 0.18 (0.15) 0.0740. 0.72 39(6.7 1-263
5 115.7 7.5 15.0 146 33.9 0.27 0.23 (0.09) 0.1560 0.28 2921 1-11.0
6 46.2 2.3 4.2 71 3.7 0.13 0.14 (0.06) 0.06 - 0.33 0.52 3.034) 1-178
7 50.8 1.1 3.2 84 8.5 0.21 0.14 (0.05) 0.08-0.230.91 3433) 1-14.1
8 110.8 11.0 235 612 59.7 0.51 0.26 (0.16) 00706 0.90 3531 1-141
9 48.9 1.9 3.2 61 8.4 0.23 0.15 (0.07) 0.06 - 0.32 0.69 36(39) 1-16.2
10 69.2 9.1 17.9 354 31.6 0.38 0.22 (0.16) 0.0B80 0.96 49(.3) 1-211
11 105.1 4.3 7.4 55 24.1 0.15 0.16 (0.07) 0.0870. 0.23 31(2.8) 1-16.0
12 103.6 15.1 24.1 296 11.2 0.19 0.20 (0.15) 00806 0.46 38(4) 1-271
13 51.6 11.5 19.2 424 13.3 0.76 0.24 (0.14) 00B5 1.20 54(6.8) 1-25.6
14 90.2 4.4 7.8 99 14.1 0.16 0.16 (0.07) 0.0870.3 0.41 3.2(24) 1-11.0
15 63.5 5.7 9.0 65 14.3 0.15 0.18 (0.10) 0.0720.4 0.29 40(33) 1-16.8
16 44.6 2.1 4.1 55 11.6 0.21 0.17 (0.08) 0.0740.3 0.48 36(4.2) 1-189
17 52.0 3.8 7.3 87 17.3 0.23 0.20 (0.10) 0.0730.4 0.51 43(43) 1-21.0
18 112.9 7.2 13.1 163 9.1 0.17 0.16 (0.10) 0.0650 0.39 3134 1-21.2
19 130.2 13.9 25.1 322 235 0.17 0.22 (0.13) 00306 0.47 3.7(35) 1-18.
20 66.1 3.3 6.2 81 15.1 0.24 0.15 (0.08) 0.0740.5 0.52 40(36) 1-17.0
21 78.4 7.0 12.2 150 20.9 0.33 0.18 (0.11) 0.0850 0.57 46(4.2) 1-250
22 43.6 6.9 12.0 392 22.7 1.02 0.24 (0.16) 0.0900 1.85 56(5.8) 1-205
23 35.0 5.4 9.9 144 18.4 0.53 0.26 (0.21) 0.0B60. 0.88 6.0(5.1) 1-15.2
24 118.7 10.4 18.1 121 21.0 0.17 0.18 (0.10) 0065 0.25 38(4.2) 1-20.0
25 88.2 1.8 3.9 92 8.6 0.38 0.14 (0.05) 0.05-0.300.58 2.4 (1.9) 1-9.9
26 99.9 3.8 8.2 144 58.6 0.41 0.16 (0.08) 0.0480. 0.83 47(3.9) 1-156
27 74.7 6.0 10.2 76 13.6 0.36 0.18 (0.08) 0.0460. 0.37 49(@45) 1-175
28 63.1 9.0 15.8 202 29.8 1.13 0.17 (0.14) 0.0750 0.63 49(.8) 1-23.0
29 48.6 2.3 4.7 82 22.3 0.59 0.16 (0.12) 0.0600.5 0.62 36(36) 1-16.3
30 78.3 4.4 10.1 207 6.9 0.29 0.21 (0.14) 0.0670. 0.52 2.5 (1.6) 1-7.1
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Table 2.3. Wood loads from selected unmanaged stream

Wood load  Minimum size:
Location Abr. n  AKkm) S(%) m*100 m  diam / length (m) Forest type Source
La Selva, Costa Rica CR 30 0.1-85 0.2-8 3-34.7 0.10/1 tropical wet gtisdy
Western, WA WAl 46 0-4 n/r 0-87 0.10/2 various Fox & Bolton, 2007
Western, WA WA2 45 4-20 n/r 3-142 0.10/2 various Fox & BoltonpZ0
Cascade Range, WA WA3 28 2.3-119 <4 1.6-60.7 0.10/2 western hemlock edBie & Sibley, 1997
Western, OR OR1 46 n/ré 0.5-27.4 2-100 0.15/3 various Themal, 2001
Coast Range, OR OR2 9 ~5-21.5 1.2-3.6 81-262 0.30/3 spruce-hemlock-fi Reevest al, 2003
Southeast Alaska AK 5 0.7-55.4 0.8-2.5 7-62 0.20/15 Sitka sprucetbekn  Robison & Beschta, 1990
SW British Columbia BC 4 7.3 1.2-0.5 16.6-85 0.10/1 Douglas fir FauscN&thcote, 1995
Northern Michigan Ml 12 n/r® 0.9-5 7-62.3 0.10/1 hardwood-hemlock Momgisl, 2007
Front Range, CO COo1 12 8-270 3-19 0.1-9.7 0.10/1 mixed conifer Wainlpublished data
Front Range, CO CO2 11 24291 0464 9.1-27.1 0.10/1 mixed conifer Richmond & Fausch, 1995
Bighorn Range, WY Wyl 9 5.7-85 0.7-5.6 0.4-95 0.05/1 pine-spruce-fir owsdkowski, 2007
Absaroka Range, WY WYz 10 17-40 2.2 15.3-28.9 0.10/2 pine-spruce-fir t ZeWohl, 2004
Bridger Teton NF, WY WY3 13 4.2-100 1.5-10 4.8-54.5 0.10% 1 pine-spruce-fir Braget al, 2000
Southern Andes, Chile SA 33 9-11 5-8 14.2-64.4 0.10/1 southern beech Gatndl 2008
Tierra del Fuego, Arg. TF 32 12.9 6.5 7.2 0.10/1 southern beech Coanitil. 2008
SE Australia AU 14 187 0.2 27.8 0.10/1 gum-eucalyptus Webb & iBesk2003
South Island, New Zealand NZ 5 0.8-1.4 3.2-5.7 0.2-7.4 0.10/1 southern beech ailli®& Davies, 2002

n/r - data not reported in source
& Active channel width ranged from 1.2-24.6 m

® Bankfull channel width ranged from 2.4-18.6 m
¢ Study included the entire volume of any wood pithee: extended at least 1 m into the bankfull cleann



Table 2.4. Wood load (n¥ha) model parameters

Parameter Estimate Std. Error p-value VIF
Intercept 62.8 45.6 0.18

Ldiamic 453.6 110.9 <0.001 2.3
Pervar 2836.6 952.3 0.007 2.0
s 138.2 48.0 0.008 1.2
Pwid -8.3 3.0 0.011 2.3
Lo -86.5 43.9 0.060 2.3

Multiple R* 0.637

Adjusted R 0.562

Table 2.5. Transported wood model parameters

Parameter Estimate Std. Error p-value VIF
Intercept 67.5 11.9 <0.001

Lo -44.0 14.2 0.005 2.2

o 10.8 3.7 0.007 2.2

Pwid -1.2 0.67 0.091 11

Multiple R* 0.392

Adjusted R 0.322

Table 2.6.In situ wood model parameters

Parameter Estimate Std. Error p-value VIF
Intercept 26.2 324 0.43

Pdiamic 466.4 86.3 <0.001 1.9

Pwid -9.4 2.4 0.001 2.0

Fs 116.4 42.0 0.010 1.2

Ls 17.8 7.6 0.027 1.3

Multiple R*: 0.632

Adjusted R 0.574
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2.7 Figures
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Figure 2.1. Location map of La Selva Biological Staon in Costa Rica, showing the primary
drainages in the region.
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Figure 2.2. Views of (A) site 11, El Sura, with sfze of 5.91%, and drainage area of 3.26 km(B) site
17, Quebrada Esquina, with slope of 3.17%, and draage area of 1.64 ki (C) site 3, El Sura, with
slope of 0.24%, and drainage area of 4.76 Kimand (D) site 1, Taconazo, with a slope of 0.32%nd
drainage area of 0.28 kr
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Figure 2.3. Hydrograph at El Sura site 05, 11/21/2X¥ - 7/18/2008. Rainfall data collected by the
Organization for Tropical Studies at the La Selva isitor center, 2 km east of site 05.
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Figure 2.4. Location map of study reaches within Lé&elva.
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Figure 2.5. Box plots of wood length (A) and woodidmeter (B) measured at the La Selva study
reaches. The line within each box indicates the mexh value, box ends are the upper and lower

quartile, whiskers are the 18" and 90" percentiles, and solid dots are outliers. Dark tangles indicate
the active channel width in diagram A, and half theactive channel depth in diagram B. The largest
piece, located in site 01, was 43.4 m long and 1&@ in diameter (all other values fit in the plotted
range).
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diameter. In order to keep individual graphed barslegible, 7 reaches are selected to illustrate the
range of values present among all 30 study reaches.
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Figure 2.7. Wood abundance along 23 successive 50ang reaches of Quebrada Esquina.
Horizontal dashed line indicates mean abundance fall reaches (mean = 34.2, standard deviation =
10.6).
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Figure 2.8. Box plots of wood load at La Selva & aelection of other studied sites, using fof wood
per 100 m of channel, sorted a) by load, and b) lggion. CR = La Selva, Costa Rica; WAL, WA2 =
western Washington; WA3 = Cascade Range, Washington;R1 = western Oregon; OR2 = Coast
Range, Oregon; AK = southeastern Alaska; BC = southestern British Columbia; MI = northern
Michigan; CO1, CO2 = Colorado Front Range; WY1 = Bidnorn Range, Wyoming; WY2 = Absaroka
Range, Wyoming; WY3 = Bridger Teton National ForestWyoming; SA = southern Andes, Chile; TF
= Tierra del Fuego, Argentina; AU = southeastern Astralia; NZ = South Island, New Zealand; see
Table 2 for more description of these sites.
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Figure 2.9. Total wood load \\V,;5), and the transported (W,,;) andin situ (iw,,,) portions of the wood
load, plotted against a unit stream power surrogatéw =AS/w), average wood length/channel width
(L/w), and average wood diameter/channel depthdigm/d).

Site 01: Taconazo

B
Figure 2.10. Spatial distribution of wood volume irthree study reaches. The edge of the shading is
the approximate edge of the active channel. The thisolid line is the thalweg, with the arrow showing
flow direction. Shading represents relative distane from the thalweg. The dotted line delineates the
edge of the central channel (i.e. the area withinne-fourth of the average channel width of the
thalweg). The black lines of variable thickness aréogs, where the line width is proportional to the
cross sectional area of the piece. These three rbas were selected to show the full range of
conditions. All long-term monitoring reaches are shwn in Appendix B.
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Figure 2.11. Plot of a surrogate for unit stream paer (o =AS/w) versus ratio of wood in the outer
50% of the channel to wood in the inner 50% of the cmnnel (CR) for the study reaches at La Selva.
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3 WOOD TRANSPORT AND RETENTION

3.1 Introduction

A growing body of research has established that in-streama wan be important
to both the geomorphology and ecological function of a broad range pétata zone
streams. Most geomorphic effects of wood occur around stationagspie jams within
the channel which deflect or impound flow. Such pieces may do anyl af #he
following: 1) increase resistance to flow (Curran and Wohl, 2003;0#/iemd Wohl,
2006), 2) deflect flow toward channel margins (Daniels and Rhoads, 2008hjeB)
channel margins (Brooks et al., 2003) 4) form steps and pools (Richmorfehasch,
1995; Beechie and Sibley, 1997; Gurnell and Sweet, 1998), 5) induce pool semah(Fa
and Northcote, 1992; Baillie and Davies, 2002), 6) trap sediment or nuif@mith et
al., 1993b; Hart, 2002; Faustini and Jones, 2003), 7) force avulsions (Masezdasilgd S
1994), and 8) increase overbank flow (Jeffries et al., 2003). Ecdlygite presence of
wood usually leads to increased stream habitat complexity (Betsah, 1987; Fausch
and Northcote, 1992; Kail, 2003). Wood also promotes retention of coarssulpet
organic matter (CPOM) (Bilby and Likens, 1980; Webster et al., 198#i¢h is a major
source of energy and nutrients in many streams. The wood hast®-mvertebrates
(Anderson et al.,, 1978), and provides substrate for algae, fungi, and mid¢hatbes
contribute to the basal layer of aquatic food webs (Maser andl,SE@#4; Tank and

Webster, 1998).
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In order to perform most of these functions the wood must reméile séand the
duration of piece stability reflects the degree of influenceptbee will have on fluvial
processes and channel morphology. In this sense, | expect to seelatioarbetween
wood residence time and geomorphic effectiveness. For examfieqguently moving
piece of wood is less likely to affect CPOM flux or indwtep scour. And, although
jams may be persistent even if the individual pieces turn oveklgu thereby
maintaining flow deflection characteristics, a jam that frequdases wood will likely
pass sediment and CPOM as well. Moreover, wood depletion ratenmscessary
component of a comprehensive wood budget (Benda and Sias, 2003). Finally, wood
mobility is an important factor to consider when balancing thels\eé natural stream
function and infrastructure protection and maintenance. For thesensgauantification
of wood mobility either in terms of retention rates or residetites is desirable.
Numerous researchers have considered wood residence time in tenzogr@ streams
using techniques such as dendrochronology (Keller and Tally, 1979phivland Koski,

1989; Dahlistrom et al., 2005; Powell et al., 2009), radiocarbon dating (Hyatt and Naiman,
2001; Guyette et al., 2002), wood input monitoring (Lienkaemper and Swanson, 1987),
and wood transport monitoring (Berg et al., 1998; Wohl and Goode, 2008).

Few studies have considered in-stream wood in tropical setsgsiscussed in
the preceding chapter, wood loads in La Selva Biological Station, Rasdaa tropical
rainforest, are lower than in the temperate rainforests ofabi@d®Northwest. | infer that
the lower wood loads reflect increased mobility of in-streamod because both regions
have equally large trees and primary productivity is expected &s liegh or higher in

the tropical rainforest as in the temperate rainforest, althdwagle fare potentially large
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errors in these estimates of productivity (Clark et al., 2001)e Heest the inference of
greater mobility of wood in old-growth tropical forest strearaktive to analogous
temperate forest streams.

Rates of wood transport in tropical streams may be differergefegral reasons.
Decay rates are typically higher in the tropics becausdefhigh rate of biological
activity, high microbial diversity, and year-round warm and moist ¢mmdi (Panshin et
al.,, 1964; Zabel and Morrell, 1992). Higher decay rates hasten the brealkdown
immobile key pieces of wood into smaller pieces that can be traaedpoy the flow.
Although it is possible that the reduction in decay rates caussdimyergence in anoxic
conditions (Triska and Cromac, 1980) or the decay-resistant compowesispin the
wood of many tropical trees reduce the influence of decay, trofucesdt-floor decay
rates several times higher than those from temperate zaiesinunlikely that wood in
tropical streams does not decay faster than wood in tempeesmstrRunoff production
is higher and flashier in the tropics than most temperate zanate, which may also
lead to higher wood mobility. Rapid streamflow generation duriogrs may be driven
by overland flow caused by low hydraulic conductivity of thessall depth (Godsey et
al., 2004) as well as by high infiltration rates resulting ftbmpresence of fractures and
abundant macropores which enable rainfall to be quickly routed throughlherace in
the shallow aquifer adjacent to the channel (Hendrickx et al., 200f)elstudy area |
have observed overland flow on trails within several meters gferictests during
common, high intensity rainfall events. Tropical storms have the paiteatdeliver
intense rainfall, which combines with the flashy dischargemredio create an event-

driven aquatic ecosystem (Smith et al., 2003). Typically, the egtyelmgh values of
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unit discharge result in large hydraulic forces that creatk-developed downstream
hydraulic geometry and frequent mobilization of coarse bed ma(@viahl, 2005), and
presumably wood as well.

Dendrochronology techniques cannot be used to find the age distribution of i
stream wood in tropical settings because of the lack of annualtbgnongs, so |
established a regimen of flagging and monitoring of in-streamndwin old-growth
rainforest catchments in La Selva Biological Station. The pyin@bjective is to
document wood retention and transport over a period of slightly manettvo years in
headwater stream segments spanning a range of values for gpradient, substrate
type, and channel morphology. | hypothesize that the study strediexkwbit shorter
retention times for in-stream wood than temperate headveaiteams with similar

characteristics.

3.2 Methods

3.2.1 Wood monitoring

All stream reaches in this study were located in old-grdatest within La Selva
Biological Station (Figure 3.1). All pieces of large wood (wood widitimeter> 0.1 m
and length> 1 m) in the study reaches were monitored for 2.3 years, withvessur
taking place approximately every 4 months. Surveys were dondyiaidd November of
2007, March, June, and November of 2008, and February, June, and November of 2009.
Ten representative study reaches (Figure 3.2) were sefectednitoring from an initial
group of 30 reaches surveyed in March 2007. These reaches Vesteds¢o cover the
full range of bed material size and gradient observed in the fudl skt while also

providing for relatively easy access. Each reach was appretyma0 m long, with
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gradients ranging from 0.2% to 6.2%, bankfull widths ranging froom%t® 13.4 m, and
drainage areas ranging from 0.3%m 6.8 knf (Table 3.1).

In the initial survey all large wood pieces were flagged, numbearedithe end
points surveyed with a total station. The total lengh (ength within the active channel
(Iss), and midpoint diameteid() of each piece was recorded, as was its position in the
stream (attached, unattached, ramp, bridge) and its qualitatoay ddass (1-7). |
delineated the active channel at the edge of dense vegetation where/dbea break in
slope, a level that is probably flooded once or twice each p#iached pieces included
pieces that were buried in streambed sediment, pinned under radkpjnaed in log
jams. Unattached pieces were loose within the channel. Ramp pagtesie end within
the channel and one end on the bank above the active channel. Bridggehadceach
end resting on opposite banks of the channel. The decay scaleoddieanfrom Grette
(2985) with minimum criteria of 1- leaves present; 2- small dvas present, bark intact;
3- only large branches present, bark mostly intact; 4- batikgp6- bark absent, surface
slightly rotted; 6- surface extensively rotted, center sdlidgcenter rotted. No attempt
was made to identify species. In all subsequent surveys all remgspivere flagged,
numbered, measured, and described. All pieces that already had flags-fl@gged and
described, but not re-measured unless they had broken since the psauices All
pieces were re-surveyed with a total station. Some low grasitesthad very deep silt
deposits which may have contained hidden wood. Although all of theviexge in these
reaches was likely found over the duration of the study, the meehewod loads should

be considered minimum values.
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3.2.2 Decay samples

Recently fallen samples of three common trees of La S€eropia(probably
Cecropia peltata trumpet-wood),Pentaclethra macrolobhaand Dipteryx panamensis
were obtained in July 2007. These species typically have spe@ights of 0.26-0.34,
0.50-0.60, and 0.72-0.86, respectively (Jimenez, 2008¢ropiais common in high
disturbance areas such as stream corridors, and grows quickhghashei up to 20 m,
with diameters typically 20-30 cm (Jiménez et al., 2082ntaclethrais a sub-canopy
tree that is common on alluvial soils (Jiménez et al., 2002) athe is10st common tree
at La Selva (Clark and Clark, 200@ipteryx is an emergent and canopy tree with
prominent buttresses that grows well in flat areas with all¢aihand can reach heights
up to 60 m (Jiménez et al., 2002). | was able to obtain two piedgsopbpig each 20
cm in diameter and approximately 1 m long, and one piece eaknthclethraand
Dipteryx both 25 cm in diameter and 1 m long. Tentaclethraand Dipteryx samples
were cut in half parallel to the long axis, resulting in altotasix samples, two of each
species. The pieces were attached vertically to bridge widrswire cables at two sites,
one sample of each species at each site. The pieces wated#o that the lower portion
was sunken in sediment, the middle portion was submerged at typicaldvasstage,
and the upper portion was typically exposed but very frequently subenehging
floods. The surface strength of the wood was measured with gobaekometer over 28
months on the same schedule as the surveys. In November 2009 #sevwsee removed
from the streams. Cross sections approximately 8 cm wideaueit of the pieces, one
each from the top, middle, and bottom of each piece. The volume of e&ctva$ found

by measuring the width of each slice with a tape measure anodlating the cross
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sectional area from digital photographs using ArcGIS. Eachk slas weighed wet, then
put in an oven at 70°C to dry for 3 days, and weighed again dry. Wet ami@mbsiies

were calculated from these values.

3.2.3 Stream discharge gaging and flow characterization

A vented pressure sensor stage gage was installed at onesivgéshiSite 5, Sura)
that recorded stage every 15 minutes from 21 November 2007 to 18 JulyA\28ia@e-
discharge relationship was established using the best fit poweiofuraf 8 salt-slug
conductivity discharge measurements taken over the widest ranfi@wsf available
during field work. On 18 July 2009 the installation was destroyea thyod, although a
non-vented sensor being used as a backup at the site was recoveosenmber 2009.
Estimated peak flow at failure was 16/s but it may have been as high as Z@snpwith
uncertainty caused by extrapolation of the stage-discharg®nskip beyond 1.25 s,
the highest discharge measured in the field. Drainage area at the3s3@ ksf, meaning
runoff production during the flood was between 3-8snf. The second largest flood
recorded was estimated to be 4.3snon 23 November 2008.

| compared flow characteristics at La Selva with thoseHdt Andrews
Experimental Forest in Oregon, USA, a temperate zone shebwih a long stream gage
record available online (Johnson and Rothacher, 2009) and published wood reteation dat
(Lienkaemper and Swanson, 1987). | considered the cumulative distributions of
discharge, maximum depth at the gage site, and estimated cross sectioa deptiagt a
riffle for EI Sura at La Selva and Mack Creek at HJ Andrdvestimated riffle depth at
these sites from discharge records using surveyed cross seatidnthe Mannings

equation,Q = n*AR"2 whereQ is discharge in fis, n is the Mannings resistance
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coefficient, A is cross sectional area irnR is hydraulic radius in m, anslis channel
gradient. The Mannings coefficient was visually estimated at Mack Creak=(0.07),
and calibrated to match measured stage and discharge at EnSufa08). Given the
difficulty of estimatingn values in steep channels (Wohl, 200®Wwas assumed to be
constant despite changing stage. The uncertainty in estimadipth caused by this
simplifying assumption is likely to be < 10% and thus negligibleh@ comparison
conducted here between different field areas. Cross sectiorgawzpth da.¢ for each
stage was calculated dg.= A/w, wherew is top width. | also considered the ratio of
daily mean flow to daily peak flonQmeadQmax) as a measure of flashiness. A low value
of QmeadQmax INdicates that the peak flow for that day was much higher i@ mean
and that stage rose and fell quickly, whereas a high valQgQfiQmax Near 1, indicates

that flow was nearly constant that day.

3.2.4 Retention rates and mean residence times

The percentage of logs retained within each study reach \cagatad for every
time interval, from ~4 months (n=7) to ~28 months (n=1). The meantren rate for
time intervals that were approximately equal was calculatedeXample all ~4 month
time intervals were grouped together, even though actual intervaledrevisits ranged
from 3-5 months. Retention rates weighted by piece volwnedre also calculated for
all time intervals, calculating piece volume \as lpm(dw/2)>. | converted the average
retention rates for each time interval into an equivalentlyeatention rate using the
formulary = ™ wherer; is the yearly retention rate is the observed retention rate

over time intervak, andx is the time interval in years.
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If the wood load is assumed to approximate a steady staid) wghieasonable at
La Selva considering the lack of landslide-introduced wood, the turtaisl history of
the sites, and the frequent flooding relative to the study period, sthert-term wood
retention rates can be extrapolated into mean residence imsstems with a constant
introduction rate and a constant depletion rate, which is compleméattrg retention
rate, the cumulative age distribution of wood can be described weRkpamential decay
function of the formc = €™ werec is the cumulative distribution function (cdf) of wood
relative to time, i.e., the proportion of wood older thhanis the depletion rate, ands
the age. Mean residence time in this case is the inver$e afepletion rate. Depletion
rates, cdf's, and mean residence times can be calculatedns ¢éthe number of wood
pieces, wood volume, wood mass, and carbon content, among others. | calculated

residence times in terms of wood pieces and wood volume.

3.2.5 Logistic regressions

A logistic regression analysis was performed using Rioerd.5.1 in order to
assess the wood and stream variables that best predict thieolikklof a piece being
transported out of the study reaches. | considered the wood piegielestotal length
(lw), diameter, q.), decay classc§), and type t{ a categorical variable), the stream
variables gradients], drainage areaA{), channel width\), average channel deptt),(
relative stream power<), calculated as the product of gradient and drainage area),
relative unit stream power( calculated as stream power divided by width), arfl 84
percentile of grain sized§s), and the hybrid variables wood diameter to bankfull depth
ratio (d;), and wood length to bankfull width ratig)( | also considered site variability

that was not captured in the measured stream variables by includingericalesariable
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for each site. Variables that had log-normal distributions Waydransformed prior to
analysis, which included,, dy, I;, di, ands. The response variable was a categorical
transport variable, in which 0 indicated that the piece wasnestan the reach and 1
indicated that the piece had been transported out of the reach.

Models were primarily evaluated using the Akaike Informa@orterion (AIC) as
calculated by the ‘gIm’ general linear modeling command ,invRich helps choose the
most parsimonious model by balancing predictive power with the nuofbeariables
included in the model. Many models had similarly low AIC valsesmodels were also
evaluated using the percent of logs that were correctly debsifs transported or
retained by the model. To evaluate this classification power,fittesl transport
likelihood returned by the logistic regression for each wood pieseraunded to O (i.e.,
retained) if the value was <0.5, and rounded to 1 (i.e., transported)viltreewas>0.5.
The proportion of pieces that were both observed to have been transporteddactegpr
to have been transported was combined with the proportion of pieces dfretbuth
observed to have been retained and predicted to have been retained thgviotal
proportion of pieces that were accurately classified by the imbttels were only
considered if all individual variables were significant in the maded < 0.05. When
multiple models performed similarly well in both evaluations, the wiie the fewest
variables was selected.

The models that performed best in the evaluations included catdgstie
variables. Because these variables by definition represeativarbetween sites that is
not explained by the variables measured in the field, and becheseestimated

parameters may simply encompass random variation therebyialtyfiinflating the
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power of the model, | also performed model selection on all mdtelsexcluded
categorical site variables. Excluding these site variablesrghy led to a minimal loss in
classification power.

| analyzed two data sets: the full data set of all piebsgrved during the study,
and the set of all pieces excluding those first observed in Nove2d98. The second
data set is expected to have better predictive power becaupeeties that were first
observed in November 2009 never had an opportunity to be transported. Thus, even if
one of these pieces was extremely prone to transport and would havéedresported
within 4 months, it was classified as retained simply becawsss lunable to re-survey

the reaches subsequent to its emplacement.

3.3 Results

3.3.1 Wood retention rates and residence times

The number of wood pieces and the volume of wood did not show any consistent
trends through time across the study reaches (Figure 3.3), althlbegivood piece
depletion rate during each interval between surveys correlatgd wat with peak
discharge at the stream gage site (Figure 3.4). | intetpselack of trend as supporting
the assertion that wood load is in a steady state at La, Sathaabundance fluctuating
around a mean. If this assertion is accurate, then one may eateafh@ observations of
wood retention rates over the 28-month period July 2007-November 2009 into much
longer estimated mean retention times.

Yearly retention rates for wood pieces ranged from 0.41 to 0.92)diegeon the
study reach and the time interval considered (Table 3.2). Aver#lggngearly retention

rates calculated from the various time intervals within each site givasge of 0.55-0.91
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among the sites. In terms of wood volume, the average retentisnraagged from 0.67
to 0.99 among the sites (Table 3.3). Average residence timpge&as range from 2.2 to
10.6 years among the 10 reaches, with an average for all reaches of 4.9 years.
Average residence times by volume range from 3.0-83.2 years, witkides
one high outlier, TaconazoO1 (Table 3.3). It was the smallest stagdir by discharge,
and the wood load was dominated by two very large pieces tdgetrthe channel, one
65 cm in diameter and one 150 cm in diameter. It should be noted thas®eesidence
times are calculated as the inverse of depletion rates, astédmtion rate approaches 1
and the depletion rate approaches zero, small measurement eacbts large errors in
calculated residence time. If an observed depletion rate of §.50M@1 uncertainty, then
the mean residence time of 2 years will have +0.04 years aimtgrtbut if a depletion
rate of 0.1 has £0.01 uncertainty, then the mean residence time @&al® will have
about +1 year uncertainty, and a rate of 0.012 (which is the observedatepéte in
Taconazo01) with £0.01 uncertainty will lead to mean residence tina¢scould range
from 45-500 years. In general, the percent uncertainty is e@eslause the wide
variation of residence times is caused by the random locationrpflarge pieces, and
because small measurement errors in such a situation vdlitéekarge residence time
errors, | do not think a simple average of the 10 residence timasaadssarily represent
mean residence time in the study area. Therefore, | caldutat@mean retention rate
weighted by the volume of wood in each reach, which results ineati@t rate by
volume of 0.855. This is equivalent to a mean residence time of 6.9 ydacs is

shorter than the simple average of the 10 residence times of 14.7 years.
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There is only very limited data with which to constrain the uncertainty invotved i
scaling up the observed depletion rates either spatially or taftypdr surveyed the
longitudinal position of all large wood along 1150 m of Quebrada Esquina, alsich
contained three of the long-term study reaches. The average mafmntieces in 50 m
sections was 34, with a standard deviation of 10.6 (n=23), which compdregtivéhe
average number of pieces in the three Esquina study reacheBn@&yood frequency in
the study reaches thus appears representative of the full EHautrthis is still not direct
information on the variability of retention rates. The only longateata set for temporal
uncertainty analysis is precipitation. Mean annual precipitatiom fi963-2008 was
4365 mm, with a standard deviation of 700 mm. Precipitation during the yiesgs of
the study was 4077 mm (2007), 4191 mm (2008), and 4826 mm (2009), all within half
the standard deviation of the mean. The average maximum monthly {atemipin each
year over the period of record was 727 mm, standard deviation 194 mirtheFibrree
years of the study, the maximum monthly precipitation of each weaar619 mm in
November 2007, 550 mm in August 2008, and 658 in July 2009, all less than the record
average. It is thus possible that the study occurred duringiadpeith lower than
average flow and higher than average retention.

The relationship between estimated mean residence times and the stiablasvar
s, A4, 2, andw, at the ten study reaches can be described with power functidms wi
exponents of -0.34, -0.24, -0.20, and -0.21, and coefficients of determination of 0.62,
0.26, 0.58, and 0.52, respectively (Figure 3.5). There were no multivariatesniodel

mean residence time using the stream variables listed abowdiam all variables
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included in the model were significant at a 0.05 confidence levelistiognodels of

wood retention and mean residence times will be considered later.

3.3.2 Wood decay

Surface resistance of the wood pieces affixed to the bridgs gieowed
consistent vertical trends. The wood became more solid moving down tee gxeept
when the irregular presence of bark interfered. The resistnttee Pentaclethraand
Dipteryx pieces could not be differentiated using a bank penetrometer bceavere
both more resistant than the maximum pressure | could measur€ethapia pieces
were always less resistant than either of the others atedilcal locations. During
removal, the upper 10-25 cm of baflecropiapieces fell apart under their own weight.
The other pieces were still quite sound and cross sections had to be cut with a chainsaw.

The wet densities of the pieces after removal from thamssevere all about 1
glcnt or greater (Table 3.4). Slices 11-18 were dried in a separatethan slices 1-10,
and the oven used for slices 11-18 may not have held its tempgredpezly, possibly
explaining the wide variation between dry densities of the saemesp Generally, dry
density decreased moving up each log (Figure 3.6), but trends varedlides were not
fully dry after 3 days in the ovens and some of the variationeimdr may have been
caused by uneven drying. If | had been able to fully dry each,pglee¢rends might have

been more consistent.

3.3.3 Statistical modeling of wood retention

As a precursor to modeling, | analyzed how the percent of woodwast

transported varied with the potential controlling piece variablegheh,), diameterd,),
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decay classcf), and typet). | present here the results of the analyses that excluded the
pieces that were found in November 2009, as discussed earlierkdliteobd of a piece
of wood being lost correlates well with, (Figure 3.7) and the natural logarithm gf
(Figure 3.8). It does not correlate well with (Figure 3.9). The four type classes have
distinct wood loss rates, with unattached pieces being removed dtigihest rate,
followed by attached, ramp, and bridge (Figure 3.10).

The best logistic model of the data included the continuous variatflgsahd
In(s), and the categorical (dummy) variabtgé$l if unattached, O otherwise) asitiey; (1
if in site Sura03, 0 otherwise). This model correctly predicted the statuey; estained or
transported, of 72% of the pieces (Figure 3.11a, b). The besidagtel that excluded
categorical site variables included the continuous variablég bifd In§), and the
categorical variable,. It correctly predicted the status of 70% of the pieces (Eigur
3.11c). The likelihood of transport given by the model agrees wéll the observed
transport rates. For example, the 38 pieces given a transporbititgteetween 0.50 and
0.55 by the model had an observed transport rate of 0.50 (Figure 3.11d). Imgripret
estimated parameters of the mog#|,(=0.920,61,s =0.493,5,=0.964), one finds that the
odds of transport are halved for every doubling of relative log lengthtHe odds of
transport are doubled for every fourfold increase in gradggnarid the odds of transport
increase by a factor of 2.6 if a piece is unattached, reladiviee other types. Odds)(

and probability |f) are related by the equatiorr p(1-p)™.

3.3.4 Comparison of flow characteristics

| found that floods were flashier at La Selva than at HJ Andiexperimental

Forest, Oregon, as indicated by lower valueQafa{Qmax at La Selva on days with high
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discharge (Figure 3.12). Floods that exceeded O/knt were 4-10 times more
common at La Selva than at HJ Andrews (Table 3.5). Flows ofem drequency were
deeper in El Sura, La Selva, than in Mack Creek, Oregon (Figure JHi8)is in part
because of the lower width to depth ratio in El Sura, which mayfhesnced by the
dense bank vegetation, deeply weathered bedrock, or frequent floodsdépth at the
gage exceeded 0.5 m 2.8 days per year on average at Mack Creek, but ¥$@érda
year at El Sura, whilé, at the surveyed riffles never exceeded 0.5 m at Mack Creek
over 30 years of records, but exceeded 0.5 m 6 times at El SuGb6igears (Table 3.6).
In-stream wood was smaller on average at La Selvadgapdt the riffle exceeded the
diameter of the largest piece once, during the flood that dedttbgestream gage, when
the average depth was estimated to be 0.89 m. This largest®@gen long and 0.73 m
in diameter, had been previously observed upstream of the study redclvas
transported approximately 35 m during the flood, even though itsveelangth [;) was
greater than 1. In contrast, the largest diameter observed in Mack Cieek2wa, which

is much greater than the highest estimated average depth osemvtleged riffle (0.46
m). The comparison between HJ Andrews and La Selva is instructiveobperfect, in
part because HJ Andrews receives about 2.5 m of precipitation an(lualkaemper

and Swanson, 1987), whereas La Selva receives 4.37 m annually.
3.4 Discussion

3.4.1 Wood retention controls

Piece size relative to channel size, especiallyas important for modeling wood
mobility, as predicted by flume work (Braudrick and Grant, 2001) andreéd in other

field studies across a wide range of climatic conditions (Liemigger and Swanson,
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1987; Berg et al., 1998; Jacobson et al., 1999; Daniels, 2006). The logarithone ofa
the relationship between length and mobility has also been obsenthd temperate
zone (Berg et al., 1998). Stream gradient and relative streanr posve both good
predictors of mean residence times (Figure 3.5), but theilobgggiression models tended
to perform significantly better with gradient. Drainage areadditle information to the
models, and gradient and stream power were highly correlated. @&liberan artifact of
the limited sample size of stream reaches, or it magateflariability in the drainage
area-discharge relationship within the study area. Trans-balssurdace flow is known
to occur at La Selva as groundwater from higher in the mountaingesnier seeps and
springs (Genereux and Jordan, 2006). This could mean that the actuahcafloke
discharge on wood mobility is not captured by using drainage area as a surrogate.

Increased gradient led to increased mobility for the fulyeaof slopes included
in the study sites. This contrasts with the increased retenti@rvellsin cascade and
step-pool channels by Montgomery and Buffington (year). This appeavatradiction is
likely the result of the absence in my study sites of pardimited reaches analogous to
the headwater reaches studied by Montgomery and Buffington. Thephegipitation
and runoff production of the tropics will tend to cause transport linnéadhes to occur
higher in the drainage network than they would in the temperate zone.

Decay class was not correlated with the likelihood of &epieeing retained
within the study reaches. However, | did observe @etropiapieces that are exposed to
repeated wetting and drying disintegrate within 2.5 years, an@®é&maclethrapieces in
the same position can lose over one third of their mass in 2.5 ydHaslack of

correlation may be because newly fallen pieces are not @ngdly located in low
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energy portions of the stream, whereas older, more decayed fhatese still present
are generally restricted to those that are in locations tkat f@ood retention or are
incorporated in jams. In this way, a winnowing process may be lootitig to equal
mobility of the pieces across age classes and thus decaysclasgaeces in low energy
positions decay, the stability provided by position may be overconesbyof structural
integrity. Decay rate may thus contribute to differencegeitention rates between
temperate and tropical streams without decay class beingl@tpreof transport within
either region.

Peak stream discharge explains nearly all of the temponalioa in retention
rates observed at La Selva (Figure 3.4), a finding similahab af Wohl and Goode
(2008). I did not observe a major influence of preconditioning, as seen atificP
Northwest stream (Lienkaemper and Swanson, 1987), where short-teriitynabes
were reduced in the times following flows high enough to redistilmawly fallen
pieces. There is relatively little annual variation in precipitatidreabelva, either in total
rainfall (4375 £ 700 mm, mean * standard deviation) or distributionifmuim monthly
precipitation is 103 + 61 mm, and falls between Feb-Apr 93% ofsyeaaximum
monthly precipitation is 734 + 196 mm, and falls between May-Aug 60%eafs and
between Nov-Dec 30% of years). This low variation in rainfall looed with the
observed correlation between discharge and wood retention rate supposssertion
that the wood load of the streams of La Selva is approximaggggistate. A wide range
of peak flows were observed in the two years of gage data, butithee way of
knowing if the full range of conditions present at La Selva wererdeated in the study

period, or if wood load conditions approximate steady state over ltingeiperiods, in
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part because of the lack of long-term gage records. Precipithtiomy the study period
was slightly below the long term average, as noted in the prewactisrg and thus flow
during the study period may be below average as well. Therédwas one recorded
hurricane strike at La Selva, in the early 1960s, which would obrtall outside of our
observations, although the rarity of these events is one of #gnaatéristics of La Selva
that supports the conclusion that steady state conditions prevail.

Steady state wood load is likely only possible because of titye o&landslides
(see section 1.4.2 Study Site). The lack of a landslide influenceood dynamics at La
Selva is in contrast with the Rio Chagres, Panama, where wowedrgés dominated by
large, landslide-triggering, tropical storms (Wohl et al., 2009). Alffigh recurrence
interval storm events, landslide-delivered wood forms large jams #henBio Chagres
that are estimated to persist for 2 years, but the high trarcgpatity of the river keeps
it nearly wood-free in the intervening periods. The steady-statamics | describe for
La Selva, and thus the retention rates and mean residence tesestpd here, should
not be assumed to transfer to all wet tropical settings, arardgrshould not be applied
to streams in the dry or seasonal tropics without further investigation.

| found a variation of up to 0.25 in wood retention rates depending dtimeof
length of time interval analyzed (Table 3.2). Part of this vianas because pieces that
both enter and exit the study reach in the interval between suareynot recorded,
although more frequent sampling increases the chances of incliisg pieces. This
effect will lead to lower retention rates for shorter samiptervals. However, in the
study | also found lower retention rates for the longest sam@evats. This is because

the greatest wood loss occurred in the first and last intervaleée the eight surveys,
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probably driven by natural variation in inter-sample peak discharg. & these low-
retention intervals were July-November, the rainiest seasonrmiatigate intervals
averaged higher retention rates than the longer intervals becaysen¢hmled more
samples that did not cover the two low-retention intervals, drivinthe@verage. These
two artifacts in the data highlight the ability of samplimgerval to affect retention
estimates using my methods, and the need for long-term monitorcapture the range

of inter-annual and seasonal variation in retention rates.

3.4.2 Comparison of tropical and temperate zone residence times

The estimated mean residence time of wood across allutig staches of 4.9
years for a piece of wood and 6.9 years for a unit volume of wood rieskitan most
estimates from the temperate zone, particularly estinfiaiasold-growth forests (Table
3.7), although not all studies to which | compare my data were conducted om sizeith
streams or used similar methods. In a fire-influenced landscapeestern Alberta,
Canada, Powell and others (2009) used dendrochronologic techniques to fimgethe
distribution of in-stream wood pieces, using the same minimum EBieeia as in this
study (1 m length, 0.1 m diameter). Their resultant distwbutiurves for pine- and
spruce-dominated areas have approximate mean ages since ddéattaral 55 years,
respectively. Their methodology cannot be replicated at La $elvause most tropical
trees do not form annual rings. Even longer residence timesfand for wood from a
meandering stream reach in Missouri, USA, which was dated dgingrochronology
and radiocarbon dating (Table 3.7). The maximum residence time foln8488 years,
and the mean carbon residence time (similar to wood residencdyimass) was 350

years (Guyette et al., 2002). The oldest residence timeskatg the result of wood
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burial and exhumation as the channel migrates across its floodplasmn késidence
times of wood may not meaningfully reflect stream procesddistifrbances prevent the
attainment of steady state. The channels of the heavily esgbléirests of northern
Sweden, for example, have experienced wide variation in input estésspecies
composition over the time period integrated by the in-stream woagssarchers who
have analyzed the age distribution of the wood in these strearesréf@ained from
presenting a mean residence time (Dahlstrom et al., 2005). Radtiey Mountains of
Colorado, Wohl and Goode (2008) found a mean residence time of 3.4 yearpi€dasy
that both entered and exited the study reaches during the 10 yedwes stidy were
included in this calculation, possibly contributing to the relatively tstesidence time.
Wohl and Goode observed average annual depletion rates of 16-23%, whilztetrans
mean residence times of 4.3-6.3 years, assuming steady-steteCdlorado study
streams were in forests that had not been logged for 100 years,rbutateld-growth,
which likely contributed to the relatively small piece sizes and the shaténeg times.
Most temperate zone mean residence time estimates inaMdhgforests come
from the Pacific Northwest region, USA, and are summarizedH&dgsan and others
(2005). Difficulties in comparison arise because of the varietmiofmum piece size
criteria used, the wide range of channel sizes, and the varielgtiofy methods (Table
3.7). Keller and Tally (1979a), working in Redwoods National Parkfdraia, dated 33
pieces of in-stream wood that had also served as nurse logs for subsequégtdoees
the trees growing on the logs. This method limited theiryamalto stationary large
pieces, for which they found a mean residence time of 100 years. WlanghKoski

(1989) modified this method by weighting the age distribution byeptdameter class,
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but the method is still limited by the need for pieces to be Hagse In their southeast
Alaska field site, Murphy and Koski estimated mean residemge to be 54 years.
Lienkaemper and Swanson (1987), working in HJ Andrews Experimental ForegbrOr
used a method similar to this study, but rather than measuringtideptate they
measured input rate (by volume) for 11 years and reasoned thatth&ngeod load was
fairly constant, depletion rate must be similar. They found inpigsraanging from
0.012-0.087 yt, which is equivalent to mean residence times of 12-83 years. &haht
Naiman (2001) used a combination of dendrochronology and radiocarbon dating to fi
the age of key wood piecez60 cm diameter>5 m length) in the Queets River,
Washington. The mean residence time of these large piecks ilarige river was ~30
years. These four studies were conducted in old-growth forests, but loggingflughce
wood retention, both short and long term. Logged catchments in wigsstmngton lost
about half of their old-growth-derived wood within 5-11 years (Bilbg &viard, 1991;
McHenry et al., 1998), although some of this change may be a dirpati of logging
practices.

Mean wood residence time at La Selva is thus shorter than valpeded for
old-growth temperate rainforests of the Pacific Northwestkpite of the comparable
rainfall total and runoff production in rainforests of the two regiang, similarly large
trees that can attain heights >50 m and diameters >2 m. Howevemnadlysis of flow
shows that discharge is flashier, floods are more common, and flohsdgietater than
wood diameter are more frequently attained at La Selva th&h) gkndrews. Pieces
appear to be smaller on average at La Selva, possibly because dfranching

morphology of most tropical trees, as opposed to the straight cooifdife Pacific
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Northwest. Tropical trees may contribute more small piecestremms by dropping
branches which are then more mobile than the main boles, or byrnyeskihe more
numerous branching sites upon falling.

The presumed higher tropical decay rate may also contribute tifference in
residence time. Winter in the temperate zone slows decay, aght#re nearly constant
temperature of the tropics enables year-round decay. Coarse deloaty (CWD, pieces
with a diameter 10 cm) on the forest floor of La Selva have a mean residenceotime
about 9 years (Clark et al., 2002), whereas in a temperate rainguely site in the
Olympic Peninsula of Washington spruce and hemlock CWD had madenes times
of 90-100 years (Graham and Cromack, 1982). In HJ Andrews Experimemest,F
mean residence time for CWD is 60-90 years (Harmon and Hua, 1998y ses of
many temperate conifer species are summarized by Harmorotheds (1986) and
generally range from 30-90 years, but can be as high as 250 lyesinsnclear whether
wood decay rate differences will be of the same magnitudeeanssr as on the forest
floor. Full submersion reduces decay, as documented by the emplaced, @nd may
reduce the influence of the temperature and microbe factorke#ithto higher decay in
the tropics. And, depending on the sediment dynamics of the stedmasion of the
wood by particles suspended in the flow may accelerate imstreaod decay and
overwhelm climate differences. Direct measurement of irasstréecay in both temperate
and tropical sites may help to determine whether decay is an tanpaontrol on

mobility differences between the two zones.
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3.5 Conclusions

The data show that relative piece length) (s the best single predictor of
individual piece transport in the streams of La Selva, with thdiHd®d of transport
doubling ifl; is halved. Unattached pieces are significantly more mobiledatieen types,
taking relative length into account. Stream gradient is the &tesam variable for
predicting wood mobility on a reach scale, with higher gradientsriganti greater
mobility. Most temporal variation in retention rates can be éx@thby variation in peak
discharge, with higher peak flows leading to lower retention .ratkese results are
similar to those documented for wood in headwater streams otmmgetate zone. |
found annual piece retention rates from 0.55-0.91, and annual volume reteésn r
from 0.67-0.99. Assuming wood load is in a steady state, an asserttothehdata
support, these retention rates are equivalent to mean residaasef 2.2-10.6 years for
pieces, with an average of 4.9 years, and 3.0-83.2 years for a unit volwoed)fwith a
weighted average of 6.9 years. The site with the longest residieme by volume had a
time over four times longer than the next longest site (19.4 )yekns long age was
controlled by the random inclusion of two unusually large bridges.tliisrreason |
believe the residence time calculated from the weighted avestagygion rate across all
10 reaches best reflects the character of wood dynamics snstinly area. These
residence times are generally shorter than those reported for temmparftests, as well
as other temperate zone environments, and thus support the hypotlesier Etopical
flow regimes, branching tropical trees, and higher tropical desigg are all reasonable
explanations for this difference. Comparable data on in-stkgaod decay rates from

both temperate and tropical sites could help confirm or counter theemue of decay
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rate differences. Because decay rate and flashiness both demdrrelate with

temperature, sites with low decay and high flashiness or highydew low flashiness
are expected to be rare, making it difficult to separaterttheence of the two factors.
The shorter residence time of wood in tropical streams imgligsnbaintaining wood
recruitment into the streams is particularly important in tagion in order to preserve

the geomorphic and ecological function of in-stream wood.
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3.7 Tables

Table 3.1. Study reach characteristics

Stream  Stream gradient Drainage Active channel Dominant

Site # name (%) area (km) width (m) bed material
1 Taconazo 0.24 0.28 7.3 Sand
2 Arboleda 0.22 0.40 7.3 Silt
3 Sura 0.24 4.79 8.1 Sand
5 Sura 1.22 3.36 10.3 Boulder
11 Sura 6.16 3.26 134 Boulder
14 Salto 0.97 6.77 7.8 Sand
17 Esquina 3.20 1.64 8.3 Boulder
20 Esquina 1.00 2.18 7.7 Gravel
21 Esquina 0.75 2.27 8.2 Cobble
30 Saltito 0.30 1.20 4.9 Sand

Table 3.2. Average retention rates for wood pieces

Retention rates Average Equivalent

(average rate for interval length, equivalent @hmate) annual mean
Site  Stream 4 8 12 16 20 24 28 retention residence
# name month month month month month month month rate time (yrs)

0.96, 0.92, 0.90, 0.88, 0.85 0.78, 0.73,

1 Taconazo g8 9gg 090 091 090 o088 087 089 91
s 05 OB 0% O% 0m om 0% o
o e O 0% Om om Om om om o
S aa OB 0m Om om om om 0w o,
11 swa  ghd 061 oee 067 o06s o6l oss 081 28
W s O OB 07 onL oo o 0m o
v oma O O 0% 0B 08 0m 0B o
o ci G 018 O 0 0% 0% oM o o
e 30 0% O 01 0% 0% op
30 safio 09 094, 091, 088 08, 085 076, o 106

0.88 0.91 0.91 0.91 0.91 0.92 0.89
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Table 3.3. Average retention rates for a unit woodolume

Retention rates Average Equivalent
(average rate for interval length, equivalent @hmate) annual mean
Site  Stream 4 8 12 16 20 24 28 retention residence
# name month month month month month month month rate time (yrs)
0.996, 0.991, 0.989, 0.986, 0.982, 0.974, 0.970,
1 Taconazo jgg7' 59g7 00989 0990 0989 0987 0987 0988 83.2
0.85, 0.78, 0.74, 067, 057, 047, 0.19,
2 Aboleda oy 069 074 074 071 068 o049 267 3.0
. 094, 091, 089, 087, 087, 084, 0.79,
3 Sua 459 087 089 09 092 091 o091 08 9.1
. 090, 085 080, 076, 070, 061, 0.45,
> sura 574 079 080 081 081 078 071 0.78 4.5
. 085 081, 077, 071, 058 043, 0.23,
11 Sura 4361 073 077 077 072 066 053 0.68 3.2
0.94, 0.90, 084, 082, 0.74, 075 069,
14 salto Ggd 86 084 086 084 086 0.86 0.85 6.7
. 090, 085 080, 077, 072 070, 0.65,
17 Bsquina 323 579 080 082 082 o084 o083 280 51
094, 0.89, 084, 080, 0.79, 077, 0.73,
20 Bsquina 595 084 084 085 087 088 o0s8g 08 6.8
093, 0.89, 084, 078 0.76, 072, 0.64,
21 Bsquina 4591 084 084 083 085 085 o083 084 6.1
20 saie 098 096, 095 083, 092, 092, 089, . 104

0.94 0.95 095 0.95 095 0.96 0.95

Table 3.4. Decay results

Piece Vertical Wet Density Dry Density

# Stream  Species Location (glcnf) (g/cn)
Sura Cec. Top 0.910 0.239

2 Sura Cec. Mid 0.984 0.329
3 Sura Cec. Low 1.028 0.291
4 Sura Dip. Top 1.273 0.896
5 Sura Dip. Mid 1.227 0.861
6 Sura Dip. Low 1.334 0.937
7 Sura Pent. Top 1.089 0.373
8 Sura Pent. Mid 1.167 0.523
9 Sura Pent. Low 1.238 0.576
10 Salto Cec. Top 0.879 0.244
11 Salto Cec. Mid 0.992 0.453
12 Salto Cec. Low 1.035 0.526
13 Salto Dip. Top 1.379 1.057
14 Salto Dip. Mid 1.137 0.873
15 Salto Dip. Low 1.279 0.901
16 Salto Pent. Top 1.040 0.632
17 Salto Pent. Mid 1.190 0.619
18 Salto Pent. Low 1.265 0.739

Species abbreviations: Cecropia (Cec.), Diptenyip.)DPentaclethra (Pent.)
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Table 3.5. Comparison of La Selva and H.J. Andrewstudy sites

HJ Andrews, Oregon La Selva
Lookout Cr. Mack Cr. Watershed 03 El Sura
Dr Area (km) 62.40 5.81 1.01 3.36
Record Length (yrs) 59.2 30 57 1.66
f0f days with flow 186 215 226 52
Average events/yr 3.1 7.2 4.0 31.4

Table 3.6. Frequency of flow depths at Mack Creekrad El Sura, relative to wood size

Mack Creek, OR El Sura, CR
length of record (yrs) 30 1.66
days with max depth at gage > 0.5 m 84 250
average # of events/year 2.8 150.6
events with x-sec average depth at riffle > 0.5 m 0 6
average # of events/year 0.0 3.6
events with x-sec average depth at riffle > 0.4 m 4 20
average # of events/year 0.1 12.0
length of reach in which wood was surveyed (m) 1000 50
mean wood diameter (m) 0.36 0.20
events w/ ave. d at riffle> mean wood diam 27 314
average # of events/year 0.9 189.2
84th percentile wood diameter (m) 0.60 0.30
events w/ ave. d at riffle > 84th perc. wood diam 0 74
average # of events/year 0.0 44.6
95th percentile wood diameter (m) 0.84 0.40
events w/ ave. d at riffle > 95th perc. wood diam 0 20
average # of events/year 0.0 12.0
maximum wood diameter (m) 2.2 0.73
events w/ ave. d at riffle > max. wood diam 0 1
average # of events/year 0 0.6
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Table 3.7. Site characteristics and mean in-streamood residence times of selected studies

Minimum
: Piece Size Ch‘?‘””e' M_ean
Study Site Forest Type Diam. Len Width  Residence  Methods Reference
' ' m Time (yr
o ™ )
Redwoods age of trees
National redwood, 10 6-19 ~100 germinated Keller &
. old-growth . Tally, 1979
Park, Calif. on piece
Southeast  hemlockspruce, 10 3 8-31 54 ag?ﬁﬂ;gteezs Murphy &
Alaska old-growth 9 . Koski 1989
on piece
HJ Andrews Douglas fir- observation Lienkaemper
Experimental hemlock, 10 15 3-24 12-83 of wood & Swanson,
Forest, Ore. old-growth input 1987
Olympic hemlock-spruce- dendro- Hvatt &
Peninsula, Douglas fir, 60 5 165 30 chronology, Nairri/an 5001
Washington old-growth radiocarbon '
Medicine QuercusCarya- not 350 dendro- Guyette , Cole,
Creek, Acer,gallery 25 reported (carbon) chronology, Dey, &
Missouri forest est. ~2 radiocarbon Muzika, 2002
Rocky Mtn.  pine- or spruce- dendro- Powell,
foothills, dominated, ~100 10 1 0.8-3.5 45-55 chronolo Daniels, &
Alberta yr. fire recur. int. 9% Jones, 2009
sub-alpine, observation
Rocky Mtns., logged 5 1 4365 4363 ofwood Wohl &
Colorado Goode, 2008
~100 yrs ago export
. 5 (piece); observation
La Selva, tropical, 10 1 5-13 7 of wood this study

Costa Rica old-growth
(volume) export
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3.8 Figures
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Figure 3.1. Map showing the location of La Selva Blogical Station within the upper Rio Sarapiqui
drainage basin.
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Figure 3.2. Map of the primary drainages of La Sels, showing the locations of the 10 study reaches
in which wood was monitored.
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Figure 3.3. Variation in wood load in the 10 studyeaches during the study period, in terms of a)
piece abundance and b) total in-stream wood volum&lo consistent trends through time were
observed.
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Figure 3.4. Wood piece loss and gain relative to peaischarge at the gage on El Sura at Site 05.
Stage at El Sura was recorded at 10 minute interval The highest discharge measurement used to
establish a stage-discharge relationship was 1.25's) so all peaks reported here are estimates based
on extrapolation using a power function.
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Figure 3.5. Mean residence time for in-stream woogieces in the 10 study reaches plotted against
gradient (s), drainage area, Ay), relative stream power £, calculated as the product of s and,
using Aq as a surrogate for discharge), and relative unitteeam power (@, calculated as? divided by
the reach average active channel width). Gradientds the highest coefficient of determination (8.
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Figure 3.6. Density of wood after 2.3 years affixetb bridge piers in El Sura and El Salto. The 1-m-
long pieces were oriented vertically such that theow portion was sunken in sediment, the middle
portion was nearly always submerged, and the top veaabove the water surface at base flows but
submerged during floods. After removal from the steams 8-cm-thick slices were cut from the top,
middle, and bottom of the pieces using a chainsawhe densities reported here were calculated after
the pieces were dried in ovens for 3 days at 70°€iece numbers refer to Table 4.
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Figure 3.7. Diameter distribution of all measured feces (excluding those first observed in November
2009) and pieces that were transported out of thewly reaches, and the proportion of pieces lost by
diameter class. November 2009 pieces were excludestause there was no opportunity to observe
transport of these pieces.

92



300

® 250 | Al pieF:es (excluding Nov. 2009)
3 === Lost pieces
& 200 -
S 150 -
8 100

50 4
= Iy f I 1

I e L S A ——

012345678 91011121314151617181920>20
0.8 Piece Length (m)
o y =0.755 - 0.207Ln(x)

-— 2 _
2 06 - R?=0.91
-
5
£ 044
o
g
a 0.2

0.0 T ‘ ‘

0 2 4 6 8 10 12 14 16 18 20 22
Piece Length (m)
Figure 3.8. Length distribution of all measured piees (excluding those first observed in November
2009) and pieces that were transported out of thewly reaches, and the proportion of pieces lost by

length class. November 2009 pieces were excludeatdease there was no opportunity to observe
transport of these pieces.
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Figure 3.9. Decay class distribution of all measurkepieces (excluding those first observed in
November 2009) and pieces that were transported oof the study reaches, and the proportion of
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Figure 3.10. Piece type distribution of all measu pieces (excluding those first observed in
November 2009) and pieces that were transported oof the study reaches, and the proportion of
pieces lost by type. U=unattached, A=attached, R=nap, B=bridge (see methods section for type
description). November 2009 pieces were excludeddaeise there was no opportunity to observe
transport of these pieces.
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Figure 3.11. a) Results of the best model that inales categorical site variables. The continuous
variables in this model are the natural log of reléive piece length [;, piece length divided by channel
width) and the natural log of stream gradient §), and the categorical variables are whether the pce
is unattached ,) and whether the piece is in Site 0Zitey3). This model gives 65% of the pieces that
were observed to be retained in the reaches a probitity of transport < 0.5, and 77% of the pieces
that were observed to be transported out of the rezhes a probability of transport> 0.5. b) The
proportion of pieces observed to have been transpiad within each modeled transport probability
class for the model in part a. The dashed line shaaa 1:1 correlation. ¢) Results of the best model
that excluded categorical site variables. The varlaes selected for this model were Iy}, In(s), andt,.
This model gives 62% of the pieces that were obsen/éo be retained in the reaches a probability of
transport < 0.5, and 76% of the pieces that were obsved to be transported out of the reaches a
probability of transport > 0.5. d) The proportion of pieces observed to haumeen transported within
each modeled transport probability class for the mdel in part c. The dashed line shows a 1:1
correlation.
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Figure 3.12. Ratio 0fQmeardQmax for all days with peak flow > 0.4 n¥/s/km? Note that all three

streams in HJ Andrews Experimental Forest (LookoutCr., Mack Cr, and Watershed 03) had similar
trends in spite of the wide range of drainage area@?2.40 knf 5.81 knf and 1.01 knf respectively). In
contrast, El Sura in La Selva (drainage area 3.36rk?) had much lower average values ®mear/Qmax
for a given unit discharge.Qmea/Qmax IS Used here as a measure of flashiness, with highlues
indicating that peak flow was sustained for nearlythe full day and that the flood was not flashy, and
low values indicating that the peak flow was sustaed for much less that a day and that the flood was
flashy. The largest El Sura flow may exaggerate thigeue flashiness because the gage was destroyed
and the record ends with the peak. However, evenftiie peak discharge had been sustained for the
remainder of the day, theQmea/Qmax ratio would still only have been 0.38.
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Figure 3.13. Proportion of days for which average €pth over a riffle exceeds a given value. Depth
was calculated from discharge records using survegecross sections and the Mannings equation. The
Mannings n coefficient was visually estimated at Mack Cr., irHJ Andrews Experimental Forest,
Oregon (0 = 0.07), and calibrated to match measured stage amtischarge at El Sura, in La Selva
Biological Station, Costa Ricaif = 0.08).
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4 FLOW RESISTANCE

4.1 Introduction

The quantification and prediction of flow resistance is valualde otr
understanding of streams, in large part because of its relationship with seansport.
If velocity is uniform, the energy generated as water flowsn$trneam is partitioned
between friction (i.e., flow resistance) and sediment transpdh,gains to one resulting
in losses to the other (Knighton, 1998). There are multiple ways to sdédction.
One possible division is into external resistance, such as bed and rluiok,fand
internal friction, such as turbulence (Leopold et al., 1964). Another wtdblkeshed
partition is into grain resistance and form resistance (erngptdin and Barbarossa, 1952;
Millar, 1999), where grain resistance encompasses the skin friction ancehadwlused
by individual grains (Parker and Peterson, 1980) and form resistatwgeisthe energy
loss caused by pressure drag around large scale bed or bank iitiegu{&riffiths,
1989). To these two components may be added spill resistance (Lebbld1960),
which is the energy lost in the hydraulic jumps and turbulence iassbavith plunging
flows common in steep channels with step-pool morphology (Comiti et al., 2009).

The components of flow resistance (grain, form, spill, wood) ca@monly
treated as linearly additive (Einstein and Barbarossa, 1952;rMi®9; Comiti et al.,
2009), although flume experiments reveal significant interactiongeleet grain, form,
and wood resistance that call this assumption into question (WilndX\&ohl, 2006).

Increasing discharge will in many cases reduce the contibofi individual roughness
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elements to flow resistance as the elements affect desmpabportion of the total flow
(e.g., Comiti et al., 2009). In this way high flows are doubly imporitaritansporting
sediment and shaping channel morphology: they have higher energy froncréeesed
discharge and more of the energy is available for sediment transport.

Wood can also be an important component of total channel roughness and flow
resistance (Buffington and Montgomery, 1999; Manga and Kirchner, ZD@@an and
Wohl, 2003; Faustini and Jones, 2003). The hydraulic effects of wood temely
complicated and not readily predictable. The effects of an individaoat piece depend
on the blockage caused by the wood and the respective distabhwesrbéhe wood and
the water surface and the wood and the streambed; for wood neaatéresurface,
resistance increases as the Froude number increases, whereasofl near the
streambed, pieces with a diameter much greater than bedfayraioroughness exert a
greater influence (Hygelund and Manga, 2003; Mutz, 2003). The effectsaalsavith
time in channels with readily deformable boundaries; drag foroeases with time in
sand-bed channels, for example, as the channel erodes around the wdedsighakt
al., 2001). The effects of wood accumulations depend on the arrangemeity, cenls
mobility of the wood (Daniels and Rhoads, 2004; Daniels and Rhoads, 2007; Meainners
al., 2007).

The work summarized in this chapter builds on the observations of wood
dynamics in the preceding chapters by attempting to evalmigebmorphic importance
of wood in headwater tropical streams as compared to temperagestreams. Wood in
the Costa Rican study streams is similar to many tengstisams in terms of total load

(see Chapter 2), but is more transient than wood in many tempenaée streams,
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potentially leading to reduced geomorphic effectiveness (see €hapt A possible
contributing factor to this reduced wood residence time is the presalof high
magnitude, short duration floods. This flow regime likely impa&tiannel organization,
grain size distribution, wood distribution, and therefore flow resistabg altering the
channel to be coarser bedded and rougher and concentrating wood load iateeigw
sites near the channel margins during floods. Because the recovery tiveerbéibods is
short relative to the temperate zone, the morphology created dughgflows will
persist as the dominant form.

| hypothesize that discharge, grain size, bed form, and wood load will individually
and collectively be predictors of flow resistance in headvsiteams in Costa Ricél{).
| selected these variables because they represent the puamesigns of resistance
documented by previous studies (grain, form, spill, and wood), with the excepspill
resistance, which is excluded from the hypothesis because theweplsnging flow in
four of the six study reaches, and only minimal plunging flow irother two. Discharge
was included because of its documented influence on the partitieneofy between
resistance and sediment transport. Alternately, | hypoth#sazdlow resistance will be
best predicted by gradient, discharge, and wood load, in declinieg ofdmportance,
based on previous studies in headwater streams of Colorado (David2é18) ). |
also hypothesize that values of flow resistance will be lowéhne Costa Rican streams
than in analogous temperate zone streadtgsl{ecause of the transience of wood and the
potential for wood to be transported during high flows and then deposiegl ehannel
margins during the falling limb of floods, rather than remainmthe central portions of

the channel and substantially increasing boundary roughness and turbulence.
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In order to test these hypotheses | collected a total of 32 fesistance
measurements from six stream segments at a variety diadg®s. Regressions of
resistance against discharge, mean grain size, variation in thalesation, and wood
load were used to tebl. To evaluate the predictive value of this idealized variable set, |
compared it with best subset models selected from a broadableaset using standard
statistical criteria. Because previous research has tedidhe presence of interaction
effects among the variables in tlepriori model (Wilcox and Wohl, 2006), | also
analyzed the data to find statistically significant intacectegression terms. The results
presented here represent the first published analysis of thésedfeinstream wood on

hydraulic resistance in headwater tropical streams.

4.2 Study Site

Research was conducted at six of the 50-m-long study readtids La Selva
Biological Station (Figure 4.1). Of the six study sites wh#osv resistance was
measured, three are located on Quebrada Esquina, which fareadtern boundary of
La Selva, two are on El Sura, which drains 4.8 kinLa Selva and Braulio Carillo, and
one is on the Taconazo, a tributary of El Sura (Figure 4.1). Thioweast elevation sites
(Taco 01 and Sura 03, Figure 4.1) are on the floodplain of the RivoPiejo and
backflooding is observed at these sites when the larger fisets These two sites have
sandy beds, whereas the three Esquina sites (Esquina 17, 20, and gtdyvealreobble
bedded, and the higher Sura site (Sura 05) is boulder dominated (Tabl&ldod).

hydrographs at gaged streams at La Selva tend to be flashy.
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4.3 Methods

| selected six representative study reaches from 10 redchahich wood load
was monitored for 3 years (see Chapter 3), which were therasskiected as
representative of 30 reaches for which wood load was initiallysuned (see Chapter 2).
The reaches were selected to cover the full range of béeriatasize and gradient
observed at La Selva. All reaches were approximately 50 hangth. Flow resistance
data were collected using field surveys and salt slug dischargk velocity
measurements. Flow resistance was measured at as broac afatgges as possible
during the field campaigns and each study reach was measured fogitimes. At the
time of each resistance measurement, water surface Widlthvas surveyed in five
locations and average water surface sl@eav@s calculated using these same ten spatial
data points. Conductivity probes set to a sampling frequency of leHz wged to track
the passage of a slug of salty water that was introduced tetris@m about 50 m
upstream of the top of the reach. One probe was placed at thietbgpreach and one at
the bottom. The harmonic mean travel time of the salt slug to mabe was calculated
(Calkins and Dunne, 1970; Waldon, 2004), and the difference in mean times/isasl
by the reach length to find reach average flow velodjy Discharge Q) was calculated
using the known mass of salt added to the stream and the irdégedil concentration as
a function of time derived from the conductivity probe data. Reach ge/ereoss-
sectional area/) was calculated from continuity &V ™, and reach average dept (
was calculated a®V *w ™. Two measures of flow resistance were calculated, the Darcy-
Weisbach friction factorff) and the Manning’s n coefficiern)

ff = 8gdSV? (1)
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and

n= Rh2/331/2\/ -1 )
whereg is acceleration due to gravity (9.8 A/andR, is hydraulic radius. | calculated
R, asAP !, whereP is wetted perimeter. | assumed a rectangular cros®rsent the
estimate ofP, so thatP=w+2d. Detailed cross section surveys indicate that this estimate
of P may underestimate the actual value by as much as 6% in the boettecaches,
but by less than 1% in the sand-bed reaches.

Wood within the bankfull limits of each stream was surveyed poi@ach flow
resistance measurement. The length and midpoint diameter gbieaehwere measured,
and the volume of each piece was calculated assuming a cylindnoal Total wood
volume was divided by channel area to find wood la&g) (n units of ni/m? Wood was
included in the survey if it was in or above the bankfull channedeattified visually by
bank slope changes and vegetation distribution. Wood that was not in corttather
water during any given flow measurement is not expected tofldte dynamics. The
wood volume data were post-processed to remove ‘bridged’ piecesdteatsuspended
over the water surface and ‘ramped’ pieces that rested on theabank the water
surface at the time of each flow measurement, resulting educed in-flow wood load
value Vi), also in units of fim?.

Surface grain characteristics were quantified for eacthreane hundred clasts
were randomly sampled, and the intermediate diameter was meéadlean diameter
(Dave and the 8l percentile of the grain size distributioDg) were found. Sorting of
the surface sediment was calculated as the inclusive grapinidastl deviation in phi

units of the 100 sampled classsg( (Folk, 1980). A thalweg survey was performed once
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for each reach and the root mean square error of the bed elevitior e the average
bed slope was calculated as a measure of bed form roughpgss.(

Multiple regression models &f andn were tested using the R statistical software
package. | first tested tleepriori model, with the predictor variabl€} Truse, Dave and
W, for significance and for significant two-way interactionsoam variables. | did not
extend the analysis to higher order interactions because ahtilesample sizen(= 32).
| then conducted a best subsets test of the predictor var@plesisg, Dave Dga, Ri/Dga,
Ssa, Wa, Whi, width to depth ratiovw(:d), and their two-way interaction¥, d, andS were
not used as predictor variables because they are used to caltfudaitedl Subset models
were evaluated using the Bayesian Information Criterion (BBChwwarz, 1978), in order
to select parsimonious variable subsets. Only models in which alnpéer estimates
were significant at the<0.1 level were considered. Models that included variable
combinations with high variance inflation factors (VIF) were lested for failing
assumptions of non-collinearity. For examplg,. and Dg, were collinear and so were
not allowed in a subset together.

To better constrain the contribution of each variable to the pnesligtiwer of the
model, | standardized the variables by subtracting the meadiadohg by the standard
deviation. In regressions using standardized variables, parametes valluee roughly
comparable, with larger absolute values indicating higher infelel also calculated the
coefficients of partial determination (e.6%y x1 | x2 x3...xi) for each model component,
which indicates how much each component improves the model. The vaRfg isf

equivalent to the coefficient of simple determination between theséniables to the left
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of the bar in the subscript when their linear relationships witlvahables to the right of
the bar have been accounted for.

In addition to modeling the full data set, | also modeled a sathpteincluded
one low-flow measurement from each site, a sample that incloged high-flow
measurement from each site, and a sample limited to the nmasiisetaken at site Sura
05 (h =6, 6, and 8, respectively). The three smaller data setdiméed to a maximum
of 2 predictor variable because of their very small sample $izese smaller data sets
were analyzed in order to isolate intra-stream variation ard-strteam variation, in case

one was so dominant as to mask trends in the other within the full data set.

4.4 Results

Calculated values df varied from 0.17 to 12.16 and values of n varied from
0.029 to 0.297, both of which tended to decrease at a site with increasihgrde
(Figure 4.2). BothNy andW,; were fairly constant at each site through time (Table 4.1).
Two sites had sand-dominated bed material. The mean graiatdize other four sites
ranged from 73-435mm. Average water surface slopes range from 0.003-0.032.

The best single predictor of flow resistance Wawithin a site andg, between
sites (Figure 4.2, Figure 4.3). Best subset multiple regreseelgses found that for the
site Sura 05 data set, the simple regression agaihstd the lowest BIC value. For the
low flow data set, the best regression subset was also a sargible,D,e Analysis of
the high-flow data set yielded significant two parameter nsodible best of which
includedDave andssg and had a coefficient of multiple determinatidt?)(value of 0.93.
Higher values off were associated with higher valuesnf,. and lower values o

Although both parameter estimates were significant at the 0.0b ieige possible that

106



the inclusion of sorting in this model is spurious due to the veryl saaiple size. In
each case, the best model subsets were the same when mfidelmg

For the full data sed priori models, regressinff andn againstQ, Dave TrvsE
andW,;, both models have highly significant p-values, all < 0.01, and muRplalues
of 0.78 and 0.81 (Table 4.2, Table 4.3). Standardized regression paramaueters
coefficients of partial determinatiorR2® suggest thatD,.e is the most influential
component by a wide margin, Wil pave (o Tmsewai €qual to 0.74 anB, pave |0 Tmsewai
equal to 0.78. There is only one significant two-way interaction that can be taditheff
model, betweerD,,. and Q, and no significant interactions for the model. This
interaction increases modef to 0.83 for theff model, and the parameter estimate is
negative, suggesting that for streams with large bed matbaateduction inff with
rising Q is steeper than for streams with small bed materialaQow flows the increase
in ff caused by increasir,ye is steeper than at high flows. It should be noted that this
model has a lower BIC than any subset without interactions. Buitgehus partially
supportH;; althoughQ, grain size, bedform dimensions, and wood load do correlate
significantly with flow resistance, very little explanatorywsy is gained by including
bedform dimensions and wood load.

The alternate regression using the varialde®, and W, was less successful
(Table 4.4). The®? value for theff model was 0.21, and for themodel was 0.18. The
results thus do not suppdtt; S Q, and wood are not the best predictors of resistance, in
contrast to the findings of David et al. (2010) for headwater sgreanthe Colorado

Rocky Mountains.
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Thea priori models forff andn compare favorably with the models chosen using
exhaustive best subset testing, with BIC as the selectiomiamiteThe best variable
subset forff used the variableB,e Q, w:d, and the interactiol,,<Q, and the best
subset fom includedQ, w:d, Dave Trvse, andWa; (Table 4.5, Table 4.6). However, in
both cases the:d parameter had a negative sign, which is counterintuitive, suggesting
that wider, shallower channels have lower flow resistance tharower deeper
channels. Therefore, | also found the best subsets exchwdinfgom the analysis. Fdf
this limited best subset included the varialyge Q, Trvse S and the interaction
DavexQ (Table 4.7). Fon, the limited best subset included the varialidgg, Q, Truse
and sy¢ (Table 4.8). The variable®, ssg, andD,e<Q had negative parameters, and the
variablesTrusg, andDaye had positive parameters.

Comparing these more complex models with the simple regressidhsrad n
againstDaye reveals significant improvement in mod@, from values near 0.65 for the
simple regressions (Figure 4.4) to values ranging from 0.78-0.8&domore complex
regressions. A basic interaction model flousingDave Q, andDayexQ has a modeR? of
0.78 (Table 4.9), close to the level achieved using the more complexisbdé
modelingn with this basic interaction only yielded a mo&&lof 0.70.

The gradients of Esquina 17 overlap with those of the plane-bed stsgoh&eid
and Hickin (2008) in the temperate zone. The measured rarijgadfies (0.2-12.2) are
lower than the highest values measured for the temperaséenst{@0-53 on 3 of the 10
cross sections most comparable to the La Selva study &itesypincide well with the
range for the remaining 7 cross sections (0.7-18). Although thiss@&mis a very limited

test ofH3, this comparison indicates partial support of the hypothesis.
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4.5 Discussion

Most variation in flow resistance was explained by variatiomgrain size and
discharge and their interaction. Wood load variables were occagiceddicted in best
subset models, but in spite of significant parameter estimhaegs added very little
explanatory power, and in some cases the variation explained by weakplained just
as well or better by other variables suchsas Thus there is very limited support for
wood playing a significant role in controlling flow resistance in thesarsise

There is a possibility that some variables that were incliddide models were
spurious, with statistically significant relationships being foundcbhgnce. Although |
employed the BIC to avoid inclusion of spurious variables, the saaiple size may
have undermined this effort. The fact tlat was found to be an important component
of highly predictive models, but with a parameter value that ireBddtat flow resistance
decreases as.d increases, suggests that the sample size might be too craadiurately
characterize flow resistance across the range of measarglitions. And the nearly
equal performance of models which interchanged uncorrelated vargldgests that
variation among so few sites was easily explained. Yet ttasreders associated with the
variablesQ, Ss¢ Trmse Dave Dsa, @and Wy, make intuitive sense, which supports the
validity of the analysis. The significance of all parameiarghe significant models
discussed here had p-values less than 0.05, in most cases lé&a9@amlso supporting
the validity of the analysis. Even if the regressions with foumore variables are
legitimate, ssq, Trmuse, @and W, explain only a very small proportion of flow resistance

variation relative t@ andDgye
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The study streams are best described as pool-riffle in mogholtere is one
bedrock step in reach Esquina 17 and one boulder step in reach Sura O83@v$owut
none in the other four reaches. Wood in the study streams does nostegswith
plunging flow, which is the best-studied mechanism by which wood isesefiow
resistance (Curran and Wohl, 2003; MacFarlane and Wohl, 2003; Wilcox and Wohl
2006). Any flow resistance induced by wood in the La Selva studgims will be from
form drag, skin friction, or redirection of flow toward the bed anksa As noted in the
introduction, the flow resistance caused by wood in sand-bed staoresases as the
channel erodes around the wood (Wallerstein et al., 2001; Walleastihhorne, 2004),
which may help to explain why the sand-bed segments TaconazodO%uaa 03 had
relatively low ff values despite having values W that were approximately double
those of the other channel segments (0.02-0@5 versus 0.01-0.02, respectively).
Interpretation of the parameters in theriori models suggests that increasing wood load
by 0.01 m/m? will increaseff by about 1.2 and by about 0.03, all else being equal. As a
reference for this scale of change in wood load, avevdgean the six study reaches
ranged from 0.011 to 0.046%m?, and an increase in 0.02°/m? is equivalent to adding
four logs with a diameter of 0.25 m and a length of 5 m to the nastostream, or
sixteen such logs to the widest stream.

The finding of minimal wood contribution to flow resistance consrasth work
done in a spring-fed stream in Oregon, USA (Manga and Kirchner),20086re it was
estimated that wood contributes half the flow resistance. Theridif findings may be
attributable to the differing natures of the study sites. Thaghed stream had minimal

bed elevation variation, median grain sizes between 10-30 mm, avszdgsiope of
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0.0035, an approximate width of 25-30 m, a much larger width to depth ratiartiasf
the Costa Rican streams, and wood that was uniformly oriented pengdanticflow and
typically suspended in the water column, although that wood wamagst to cover <
2% of the streambed (Manga and Kirchner, 2000). These featuregmdlta increase
the proportion of resistance attributable to wood relative to th8dlea study streams.
Additionally, this study covers a broader range of bed matemalitons than wood load
conditions, and the relatively large magnitude of the bed and dfacisemay mask the
wood effects. Perhaps a study design that minimizes irgexariation in bed form and
grain size would find statistical models more dependent on wood load.

An alternate possibility is that wood in tropical streamslégively less important
to flow resistance because of its transience. If the chanogjasized by high flows and
wood is mobile at high flows, then wood may have a smaller role ttteammmobile
fraction of the bed material. Likewise, wood is liable to be redegbsn low-energy
channel zones in streamlined positions, both of which would reduce drafoand
resistance. | did not measure flow resistance at any dischidwafespproach the annual
flood, so | have little direct knowledge of channel-forming flowst &ample, in three
years of monitoring stage at the site Sura 05, the highestiegtstage was 1.4 m, which
| estimated to represent a discharge of 1Wsyrbut the highest stage during a flow
resistance measurement there was 0.53 m, with a measuredrgisciiz0.64 n¥s.
However, within the limitations of the dataset, it appears that weatbt a primary
contributor to flow resistance in these headwater streams.

In this context, it is interesting to compare the results af Bed Hickin’s (2008)

work in plane-bed channels in Canada from which wood is largely alidesf values
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from seven of the ten cross sections with gradients compaliiequina 17 lie in a
similar range to the estimatédvalues for Esquina 17. These cross sections have very
similar values foDsy, andDgy, d, average velocity, and grain resistance calculated using
the Millar and Quick (1994) equation, although they tend to be wider @eidHickin,
2008). The fact that the wood present in Esquina 17 does not produce notabhffhig
values than those for the Canadian plane-bed channels suggedtsstiaatod makes a

relatively minor contribution to total resistance.

4.6 Conclusions

The statistical regression that | hypothesized would bgdaie variation in flow
resistance, using the variabl&s,e Q, Truse and Wa performed very well, with
statistically significant parameter estimates, but wastmotest model found using the
full set of measured explanatory variables. When supplemented wiitiheagction term
betweenQ and D, the a priori model explained 82% of the variation fh In
comparison, the best subset model, which selected the vailale®, w.d, andD,,exQ,
explained 89% of the variation fh Grain size was the most influential component of all
the statistical models. Wood was not found to be a dominant componetdwof f
resistance, whereas previous studies in streams of the téenpena have found it to be
very important (e.g., Manga and Kirchner, 2000; Wilcox and Wohl, 2006).n&ysbe
because of the small range of wood loads in the study stredatise to the wide ranges
of flow and bed material, but it also may reflect the fadt fileguent high flows mobilize
wood so that the channel is adjusted to maximize energy dissiphsionther

mechanisms. Determining which of these alternative explanaisonsore appropriate
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requires further data on flow resistance in relation to wood |load ather channel

characteristics from both temperate and tropical headwater streams.

4.7 Tables

Table 4.1. Flow resistance, bed surface materialnd wood data for all runs.

(shown on next page)
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Vit

Date w d w:d S Vv A Q TRMSE Dave D84 Rh/ Sq WA WAi
Site (mo/day/lyr) (m) (m) ratio (m/m) (m/s) (m?) (ms) ff n (m)  (mm) (mm) Dg, (9) (MYmd) (mmd)
Taco 01  7/9/2007 23 014 16 0.0032 0.127 0.33 0.042 2.27113y 0.110 2.00 2 64.2 0.60 0.116 0.023
Taco 01  3/4/2009 25 012 20 0.0021 0.122 0.30 0.036 1.31083B 0.110 2.00 2 55.2 0.60 0.107 0.019
Taco 01 6/20/2009 1.8 009 20 0.0035 0.089 0.16 0.014 3.041233 0.110 2.00 2 40.3 0.60 0.147 0.027
Taco 01 11/13/2008 1.8 009 21 0.0025 0.081 0.16 0.013 281128 0.110 2.00 2 39.7 0.60 0.143 0.026
Sura 03  7/6/2007 79 046 17 0.0023 0.390 3.64 1420 0.5406@® 0.126 1.00 1 414.0 0.70 0.042 0.040
Sura 03  7/16/2007 76 048 16 0.0024 0.245 3.63 0.888 1.401127 0.126 1.00 1 423.1 0.70 0.043 0.042
Sura 03 11/21/2008 7.3 0.32 23 0.0023 0.317 2.31 0.734 0.960657 0.126 1.00 1 291.4 0.70 0.048 0.047
Sura 03 11/13/2008 6.9 0.36 19 0.0023 0.285 2.53 0.722 0.720794 0.126 1.00 1 329.8 0.70 0.051 0.049
Sura 03  3/3/2009 78 027 29 0.0031 0.327 2.15 0.702 0.620682 0.126 1.00 1 256.3 0.70 0.045 0.043
Sura 03 6/18/2008 69 041 17 0.0032 0.246 2.80 0.689 1.m1175 0.126 1.00 1 365.5 0.70 0.056 0.054
Sura 05 7/6/2007 78 035 22 0.0098 0.235 2.74 0.643 4921985 0.111 43450 630 0.513 1.45 0.017 0.016
Sura 05 11/19/2009 6.8 033 21 0.0119 0.197 220 0433 7.862469 0.111 43450 630 0472 1.45 0.027 0.026
Sura05 11/18/2008 7.0 0.29 24 0.0124 0.201 2.04 0.410 7.012308 0.111 43450 630 0.428 145 0.021 0.020
Sura 05 7/16/2007 70 029 24 0.0107 0.171 2.05 0.351 8.462538 0.111 43450 630 0431 145 0.019 0.018
Sura 05  3/3/2009 72 028 26 0.0113 0.170 2.02 0.345 8532538 0.111 43450 630 0.414 145 0.019 0.018
Sura 05 11/21/2008 6.6 0.24 27 0.0126 0.168 1.62 0.272 8.492479 0.111 43450 630 0.360 1.45 0.022 0.021
Sura 05 11/15/2008 6.8 025 28 0.0127 0.142 1.68 0.238 6120.2974 0.111 43450 630 0.364 1.45 0.022 0.021
Sura 05 6/19/2009 72 019 37 0.0117 0.1212 140 0.169 1202880 0.111 43450 630 0.292 1.45 0.018 0.017
Esq 17 3/7/2009 49 016 32 0.0309 0.494 0.77 0.383 1.56099B 0.176 204.75 350 0.421 1.57 0.014 0.012
Esq 17 718/2007 45 019 24 0.0317 0400 0.83 0.333 2.9013@® 0.176 204.75 350 0.492 157 0.018 0.016
Esq 17 6/19/2008 45 012 37 0.0325 0.221 0.54 0.120 6.831929 0.176 204.75 350 0.329 1.57 0.017 0.015
Esq 17 11/19/2008 3.8 0.15 26 0.0313 0.189 055 0.104 9.932454 0.176 204.75 350 0.386 1.57 0.020 0.017
Esq 20 3/7/2009 59 029 21 0.0049 0.458 1.68 0.768 052064 0.209 72.65 110 2.363 1.31 0.013 0.013
Esq 20 7/8/2007 6.4 030 21 0.0079 0.239 194 0463 3.2715@ 0.209 72.65 110 2500 1.31 0.010 0.010
Esg 20 6/21/2009 54 0.10 57 0.0094 0.340 0.51 0.174 0.@00579 0.209 72.65 110 0.836 1.31 0.014 0.014
Esg 20 6/19/2008 58 0.16 36 0.0114 0.180 0.92 0.166 4.411683 0.209 72.65 110 1.373 1.31 0.011 0.010
Esq 20 6/24/2008 59 0.17 35 0.0110 0.166 0.99 0.165 5.27r1856 0.209 72.65 110 1.452 1.31 0.011 0.010
Esq20 11/19/2008 5.1 0.15 34 0.0111 0.208 0.76 0.157 3.021375 0.209 72.65 110 1.282 1.31 0.012 0.011
Esq 21 3/7/2009 6.3 0.17 37 0.0082 0.663 1.07 0.711 0.25040B 0.077 12090 220 0.730 1.52 0.024 0.015
Esg 21 6/21/2009 6.3 0.07 93 0.0073 0.480 042 0.203 0.0/0291 0.077 12090 220 0.300 1.52 0.024 0.015
Esg 21 11/19/2008 59 010 61 0.0078 0.298 0.57 0.171 0.0/0613 0.077 12090 220 0.427 152 0.026 0.016
Esqg 21 6/24/2008 48 0.09 52 0.0074 0.347 0.44 0.154 0.440492 0.077 12090 220 0.404 1.52 0.030 0.019




Table 4.2. Hypothesis 1 modeff as a linear combination oD,ye Q, Truse, and W,y

parameter standardized
Variable estimate p-value parameter est. VIF Partigf
intercept -2.35 0.129 -- -- --
Dave 0.0203 <0.0001 0.95 1.37 Rt pave [0 Trmse Wai - 0.75
Q -4.42 0.0019 -0.39 1.57 Rt 0| paveTrmse Wai: 0.31
Trmse 25.2 0.0071 0.31 1.37 Rt ims¢ | DaveO viai: 0.24
Wi 115 0.0065 0.39 2.18 R wai |Dave O Trmse: 0.24

Model statisticsR* = 0.78, Adjusted®? = 0.75, p-value <0.00001

Table 4.3. Hypothesis 1 modeh as a linear combination 0D,e, Q, Truse, aNd Wy

parameter standardized
Variable estimate p-value parameter est. VIF Partigf
intercept -0.0623 0.118 -- -- --
Dave 0.000466 <0.0001 1.00 1.37 R, bave [0 Trmse Wai - 0.79
Q -0.0894 0.0024 -0.35 1.57 R, 0| paveTrmse wai' 0.29
Trmse 0.722 0.0004 0.40 1.37 R tmsc|pavcowai:  0.37
Wi 2.90 0.0013 0.45 2.18 R, wai |Dave 0 Trmse: 0.32

Model statisticsR* = 0.81, Adjusted?’ = 0.78, p-value <0.00001

Table 4.4. Hypothesis 2 modeff as a linear combination ofS, Q, and W,

parameter standardized
Variable estimate p-value parameter est. VIF Partigf
intercept 3.20 0.104 -- -- --
S 145 0.074 0.35 1.30 R<iova: 0.11
Q -2.69 0.261 -0.23 1.49 Rioswai 0.04
Wi 8.29 0.900 0.03 1.75 Rwaijco: 0.001

Model statisticsR? = 0.21, Adjusted?’ = 0.13, p-value 0.075

Table 4.5. Best subset modeff as a linear combination oD, Q, w:d, and D,,xQ. Variables were
standardized to better enable parameter comparison

parameter
Variable est. (stand.) p-value VIF Partiaf
intercept -0.09 0.174 -- --
Dave 0.74 <0.0001  1.03 Rpaepowdpaeq:  0-82°
Q -0.74 <0.0001  2.73 Reo|pwewdpaeg:  0-64’
w:d -0.35 <0.0001 1.16 Riw.d|paeopavxg:  0-48
DavexQ -0.61 <0.0001  2.44 R pavesq|pavcowid : 0.51

Model statisticsR* = 0.89, Adjusted?’ = 0.87, p-value <0.00001
! The reduced model does not individually includéhbariables used in the interaction term.
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Table 4.6. Best subset modeh as a linear combination ofD,e Q, W:d, Truse, and W,;. Variables
were standardized to better enable parameter compé#son

parameter
Variable est. (stand.) p-value VIF Partiaf
intercept 0 -- -- --

Dave 0.92 <0.0001 1.58 R2n Dave |Q W:d Trmse Wai - 0.80
Q -0.38 0.0003 1.59 Rzn Q| Davew:d Trmse Wai - 0.40
w:d -0.30 0.0014 138 R wdjoaeqmmsewa:  0-33
Trvse 0.29 0.0046 1.73 Rzn Trmse | DaveQ W:d Wai - 0.27
Wi 0.30 0.0201 2.93 R2n Wai | Dave Q W:d Trmse- 0.19

Model statisticsR* = 0.87, Adjusted?’ = 0.84, p-value <0.00001

Table 4.7. Best subset model excluding:d: ff as a linear combination 0D, Q, Truse, and Ssq, and

D..xQ. Variables were standardized to better enable paraeter comparison

parameter
Variable est. (stand.) p-value VIF Partiaf
intercept -0.08 0.253 -- --
Dave 1.09 <0.0001  2.24 Rétpave o Tmsessdpavero.  0.81%
Q -0.61 <0.0001  2.51 Réo|paveTimse ssdpavero:.  0.55%
Trmse 0.26 0.0020 1.25 ff Trmse | DaveQ SsdDaves - 0.31
S -0.42 0.0004  2.27 R’ sdpaveo Tmsebavero:  0.39
Daver -0.53 0.0002 2.39 ff Dave>Q | Dave Q Trmse Ssd - 0.43

Model statisticsR* = 0.88, Adjusted?’ = 0.85, p-value <0.00001
! The reduced model does not individually includéhbariables used in the interaction term.

Table 4.8. Best subset model excluding:d: n as a linear combination 0D ye Q, Truse, and Sq

parameter
Variable est. (stand.) p-value VIF Partiaf
intercept 0 -- -- --
Dave 1.21 <0.0001 2.25 R, pave (0 Trmse Ssd: 0.80
Q -0.20 0.0176  1.07 R 0|paveTrmsessd: 0.19
Trmse 0.38 0.0002 1.25 R Trms¢ | Daveo ssd- 0.41
Sec -0.52 0.0001  2.27 R’ <d |Dave O Trmse: 0.43

Model statisticsR* = 0.84, Adjusted®?’ = 0.81, p-value <0.00001

Table 4.9. Simple interaction modelff as a linear combination 0D e, Q, and D,,exQ

parameter
Variable est. (stand.) p-value VIF Partiaf
intercept -0.08 0.390 -- --
Dave 0.75 <0.0001 1.03 Rpaveopaven: 0.72'
Q -0.56 0.0004  2.42 R o|pavepaveo: 0.37°
DaeXQ -0.52 0.0022  2.38 Rpaweo|pavo: 0.29

Model statisticsR* = 0.78, Adjusted?’ = 0.76, p-value <0.00001
! The reduced model does not individually includéhbariables used in the interaction term.
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5 COARSE SEDIMENT MOVEMENT NEAR A JAM

5.1 Introduction

Wood has been entering and modifying channels for more than 400 médkos y
(Montgomery and Piégay, 2002), yet human impacts have altered thisidyria
historical times, humans have reduced global forest cover to abdutshalaximum
Holocene extent, and harvested all but a fraction of the world’s aarigrests. Also,
most management efforts, until very recently, focused on removing frmodchannels
to facilitate navigation, increase flood conveyance, or for useehsModern forests still
cover almost a third of Earth’s land surface, and many chenespecially low-order
channels, contain significant wood loads. Nonetheless, the prevaleaoghmpogenic
instream wood reduction has the potential to increase sedimentitynaimitd yield
because wood increases flow resistance (Keller and Tally, 1978barCand Wohl,
2003; MacFarlane and Wohl, 2003; Daniels and Rhoads, 2004; Wilcox and Wohl, 2006),
reducing the energy available for sediment transport, and fams, jwhich act as
barriers to sediment movement and create low-velocity backveabeage locations
(Keller and Swanson, 1979; Lisle, 1995; Abbe and Montgomery, 1996; Brooks et al.,
2003; Comiti et al., 2008). In most of these studies, wood has been abserakect
channel morphology through its effect on sediment mobility. An extrexaenple of
increased sediment storage are forced alluvial reaches (Momtgosbeal., 1996;

Massong and Montgomery, 2000; Montgomery et al., 2003b). In forced alluacda®
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jams alter the relationship between sediment supply, transpartiba and channel type,
initiating sedimentation where degradation to bedrock would otherwise occur.

A major mechanism by which wood interacts with sediment trahspothe
trapping of sediment behind jams, as documented in studies throughoumfrerae
zone. Log obstructions in seveft tb 3% order streams in central Idaho, USA stored 13
m’/km of sediment on average, and 2-16 times the annual sedimedt iryi¢btal
(Megahan, 1982). Log steps are estimated to store a total of 15°affGsediment in 13
5™ order stream basins in the central Coast Range of Oregon,W¢h is estimated to
represent 123% of the mean annual sediment yield from these basirstofM 1982).
Wood jams store 26.1hof sediment in a 412-m-long reach of"@@der stream with a
bedrock channel in central Vermont, USA, which is about 1.5 timesettienent stored
in riffles (Thompson, 1995). In an alluvial stream in southwestern &igsthat drains a
187 knf basin, wood was estimated to cause 5780@frsediment storage within the 715-
m-long study reach, or about 49% of the total sediment stored iredlcb (Webb and
Erskine, 2003). In a"order stream in the Cascade Range of Oregon, comparison of a
logged reach with no large wood jams, versus an upstream unlogged rdhch wi
numerous large wood jams, found net cross-section scour in the loggledvesaging
1.5 nf, but no net scour in the unlogged reach and %>8fraross section fill behind jams
following a 25-year flood (Faustini and Jones, 2003). Wood jams in 8iteerder
mountain streams in the southern Andes trap approximately 18R nwhich is of the
same order of magnitude as the annual sediment yield (Comitj 20@8). Fisher et al.
(2010) document greater frequency of sediment storage sites andsettreediment

volumes and storage times in reaches with wood on the Ducktrap RiM&ine, USA.

121



Synthesizing across all of these studies, one can roughly geedfrat wood jams in
small temperate streams double in-stream sediment storajanmgpound sediment
volumes exceeding the mean annual sediment yield.

The longitudinal spacing, size, and average longevity of jamsginea system
are expected to be major controls on the ability of wood to reducenesgidiransport.
Jams may be persistent features even in streams where waadtiely transient, in
part because they are commonly anchored by immobile ‘key pig@adshay take tens to
hundreds of years to decay (Abbe and Montgomery, 1996) and in part becdestuttee
may persist even as individual pieces are exchanged (Gregaly, 1985; Wohl and
Goode, 2008). Annual flood flows commonly modify jams and cause secon@aey pi
exchange, but jams typically persist until the key piece deaaydeeaks. Some jams
persist for decades, although even the largest jams are shieceptemoval during large
flows (Wohl and Goode, 2008). In the New Forest of southwest England, 2@#%6n
the Highland Water persisted for 30 years, but 36% were removédh wihe year
(Gregory et al., 1985; Sear, pers. comm. 2010). In Idaho, over halflof abstructions
persisted less than 1 year, and approximately 5% persisted ovarsgMegahan, 1982).
Jam frequency is also variable in the temperate zone, and maaskewvith increasing
drainage area (Martin and Benda, 2001). Observed jam frequenciesnimafty
disturbed low-order streams include values of 10-60 jams/km imiBr{Gurnell and
Sweet, 1998), 19-55 jams/km in the southern Andes (Comiti et al., 20080, jhfas/km
in central Idaho (Megahan, 1982), 10-53 jams/km in Michigan (Morra. e2007), and

54 jams/km in the Colorado Rocky Mountains (Wohl and Cadol, in reviewjatitar in
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the definition of a jam makes comparison problematic, but the rangariability in
most studies overlaps in the 10-60 jams/km range.

The ability of wood in tropical settings to alter sediment dyima may be
reduced relative to the temperate zone because of differencgsewailing jam
characteristics. Wood in our study site is more transient thaomparable temperate
zone streams. Wood transience in tropical streams is likéfijpuaable to higher
discharge per unit of contributing area and higher decay rattésedtatemperate zones.
Key pieces are expected to be equally affected by theselsothiat increase transience,
and thus jam transience is also expected to be high in the trBpidgced jam residence
time may in turn reduce either the volume or duration of wood-inducecheetstorage.
Likewise, low jam frequencies may reduce sediment storageenSchannel-spanning
jams were found in 600 m of surveyed streams at La Selva BRialo§tation, Costa
Rica, creating an average of 12 jams/km, which is at the lawgeokthe range observed
in the temperate zone.

The use of tracer clasts to study sediment movement in dradedtreams is well
established (e.g., Church and Hassan, 1992; Foster et al., 2000). Hasgéeabhd Rice
(2004) used magnetic tracer clasts to study sediment movement @hoeedams on
Vancouver Island, Canada.

In order to evaluate one aspect of the influence of wood on sediraasport in
tropical streams, | monitored tracer clasts, scour chains, and weaoel Ipcations in the
vicinity of a channel-spanning wood jam on a small channel in Costa fRim June
2007 to November 2009. | tested two hypotheses relating to the impdet @& on

sediment transport. The first hypothedig)(is that clast position with respect to the jam
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will have the greatest influence on transport distance. Althoegpédct flow history and
clast size will affect clast transport distance (Church aasiskh, 1992; Haschenburger
and Rice, 2004), | hypothesize that clast position with respect farthavill be a more
influential variable. The second hypothesis)(is that morphological changes to the jam
will increase sediment transport. | hypothesize that periodls gh rates of piece
turnover in the jam correlate to increased rates of sedimerggeasdwough the jam, and
that alterations to jam structure, density, or key piece lmtatifluence upstream clast

mobility.

5.2 Study Site

The study site is located on Quebrada Esquina, in La Selvagiial Station,
Costa Rica (Figure 5.1). At the study site, Quebrada Esquiites dr& knf of preserved
old-growth tropical wet forest and has an average gradier?.2%. Bed-material
particles range from coarse sand to boulders, with a meansigaiof 205 mm and &4
percentile size of 350 mm. The inclusive graphic standard deviatioeasune of sorting
(Folk, 1980), is 1.57 phi. Particles are moderately rounded and frequentlgdreanaye
depressions, knobs, and necks or waists. Channel morphology varies betpegoost
and pool-riffle (Montgomery and Buffington, 1997) (Figure 5.2). The bedrockaat
Selva consists of highly weathered andesitic lava flows, wittbh#isen upstream of the
study site being composed almost entirely of the Esquina And@$viarado, 1990, in
Kleber et al., 2007). Bedrock outcrops are common in the stream béduaklnear the
study site. The upper meter of bedrock is typically weathereda weak saprolite and

the clasts that compose the bedload are also weakened by wepnthiée bed clasts
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could not be used to drive rebar into gravel; even 20 cm diameter ctbbkesin half
after a few strikes.

Discharge was measured at a site approximately 650 m doamstrfethe study
site. Stage data were collected by a pressure sensor ahatenmtervals and converted
to discharge using a rating curve based on 6 salt-slug dischaagemements. Discharge
data are only available from March 2008 to September 2008 and fromaReR009 to
June 2009 because of frequent failure of the pressure sensor. Flonexiegtided 1 m
four times in the first monitored period and twice in the second, aitihaximum
measured depth of 1.25 m on June 3, 2008. These 6 events occurred onld@gsie
mm of rainfall, as measured at a meteorological tower appat&iyn2.5 km from the
gage. There were 15 days in 2009 when 24-hour rainfall exceeded 7hengreatest
being July 18, when 217 mm fell in 24 hours. Base flow stage at the gite was
approximately 0.2 m. Flood hydrographs are extremely flasigy(@& 5.3) with baseflow

maintained by groundwater and declining only slowly between floods.

5.3 Methods

A channel-spanning jam on the gravel-bedded Quebrada Esquinalecsdsé).
The site was visited at approximately 4-month intervals to swilasy and log locations
and to check for scour at the installed scour chains. Tralests ere introduced in two
distinct groups. The first set, introduced in July 2007, consisted of 80 ghailasts
between 28-220 mm and 19 in-stream boulders that were markedamthspots. The
second set, introduced in November 2008, consisted of 90 unpainted clasts mnging
size from 26 to 200 mm. All clasts smaller than 220 mm wiske raarked with brightly

colored flagging labeled with a uniqgue number. Flagging was usedigepaint did not
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dry on the clasts because of the frequent rain and nightly condengdagging was cut
to limit the loose ends beyond the knot used to tie the flagging telélse but the
presence of flagging does have the potential to exert a grefitence on the drag of
individual clasts, and therefore clast movement, than does painther forms of
marking clasts. | did not drill holes and insert magnets or radiosclasts because the
intense weathering of the clasts would likely have causedcksy smaller than a
medium boulder to disintegrate under such treatment. Traces alase removed from
the bed, marked, and then returned to the same section of the stclulyfroea which
they came. Clasts were emplaced in a 20 m reach above theljaogm to the jam, and
in a 5 m reach below the jam. In subsequent visits | surveyed thi®itootall clasts that
were visible on the bed surface. The search for clasts extémhedhe emplacement
areas to a depositional zone at the head of a mid-channel islamdb&ow the jam,
beyond which a bend obscured the channel from the survey instrument location.

| installed 1-m-long scour chains by loosely attaching thenadrad to a piece of
rebar, driving it into the channel bed, and removing the rebar. Iblasainstall 2 scour
chains to depths of 60 cm and 70 cm in localized gravel bars (). Mdst channel bed
was too coarse to install chains, and even where surface grasebresent, coarse
material or bedrock were frequently hit within 20 cm of the setfaaoggesting that scour
during high flows is also limited by very coarse or immobile substrate.

All wood pieces were surveyed during each site visit. Loge Vilagged and
numbered so that individual piece retention could be determined. Thth land
diameter of pieces were recorded and used to calculate total wagdevdRetention

rates were calculated for wood pieces and wood volume. Therelweeekey pieces to
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the jam, each 35 cm in diameter, and ranging from 4-9 m in lefigh.movement of
these three pieces was considered separately from thef tést pieces in the jam, and
indicated structural changes in the jam. Jam density waslat@d by dividing the total
wood volume by the volume of the macro-scale shape of the jhavénet et al., 1998;
Gurnell et al., 2000a; Andreoli et al., 2007). The jam was best bedcais a triangular
prism, thus the length, average height, and base width were edtifnate the 3-
dimensional survey data taken during each site visit.

Hypothesis 1 (transport distance correlates with clast posdlative to the jam)
was tested by analyzing correlations between distancdlé@\®y recovered clasts and
the potential control variables grain size, peak 24-hour rainfall, s mlent location.
In these analyses, peak 24-hour rainfall is used as a surragatlevi because the
discharge record was incomplete, but it did show a good coorelétween daily
rainfall and flood stage. Correlations between recovery rate la@dthree control
variables were also investigated because distance traveteddyered clasts may not be
a reliable measurement of mobility. The distance travelad i@verage distance traveled
only for clasts that were recovered, but the moderate to looweeg rates cause this
metric to be unstable. For example, very few gravel sizedsclast were placed
downstream of the jam in the second set were recovered. Thoseetleatecovered had
been placed on a stable bar and did not move, and the average travek distahts
class of clasts was less than a meter. However, the mpapbrthe downstream gravel
clasts were not recovered and it is likely they were transgpartit of the reach. Thus,

distance traveled may not be a good indicator of mobility in this case.
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Hypothesis 2 (morphological changes to the jam increase sednawesport) was
tested by comparing jam density and the retention rate of wooespie¢he jam to the
transport-related clast parameters, distance travelled aodergaate. In calculating the
transport parameters in this case, | limited the analydiset@lasts placed upstream of
the jam. | then compared mobility of the upstream clasts \nitket placed beside and
below the jam. Jam density was estimated by dividing the volurtiteeafiood in the jam
by the volume of a triangular prism that approximated the dimmessf the jam. Wood
volume in the jam was calculated from the length and average tdiaofeall pieces,
assuming that the pieces had the shape of a cylinder. | usedgralweys to estimate
the volume of a sediment wedge temporarily stored upstream @inthd he presence of
the wedge, flow routing around the jam, and key piece stabiitysdrved as qualitative

measures of jam density and permeability.

5.4 Results

Distances traveled by tracer clasts that were recoveoet the two sets were
negatively correlated with clast diameter, with Pearson etioal coefficients r) of
-0.44 for Set 1 and -0.34 for Set 2. The trends are better descritbedomier functions
(Figure 5.5). Average distance traveled by recovered clastsinrelated to peak rainfall
between surveys and unrelated to placement location relative fjanthe both sets
(Table 5.1, Figure 5.6). Recovery rate may be a better noétnmbility. Recovery rates
were higher for larger caliber material (Table 5.1), and sitssisubsequent to periods
with low to moderate peak rainfalls (Figure 5.7). Recovery ovag 4% for gravel and
cobbles after the highest flow of the study period in late 2009. No marked boulder-

sized clasts were transported in the two years of monitoringecavery was 100%.
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Unrecovered clasts may be lost as a result of transport beyeri4m-long collection
reach, burial, removal of flagging by highly turbulent flow, or clastakage in transport.
The strong relationship between recovery rate and size @tallperiods suggests that
clasts are lost because of their mobility and supports thehdedost clasts are generally
transported beyond the recovery reach. The strong relationship betaa@ail and
cobble recovery rate also supports this. However, the lower gesalery rate in set 1
compared to set 2 requires an alternate explanation. For thete blaial in a sediment
wedge that developed upstream of the jam after tracer dephdya feature that will be
discussed below, seems the most likely cause of loss. Using mgcateeas an indicator
of mobility indicates that clast size and streamflow contrahdgport, but not position
relative to the jam (Table 5.2). The results thus do not supiort

All but 9 of the gravel and cobble clasts were eventually 8sten of these were
beside the jam and two were on the gravel bar just downstreamyvélocity zones
around the jam appear to retain clasts, but delay of passatgstsfthrough the jam was
not documented with the tracer clasts. However, morphological chabgesved in the
channel do indicate temporary sediment storage behind the jam.

Changes in jam morphology through time appeared to affect sediraesport.
The jam was complex, with two outlets (). Each outlet cartednbajority of flow at
different times during the study. Flow paths evolved as wood piesesdelivered to the
jam from upstream. Early in the study, most flow passed undey pikce near the right
margin of the jam. Between July and November 2008 this path beslrieed with
wood and large leaf debris, causing accumulation of a sediment Wweltge the jam

and forcing the majority of flow around the left margin of the [&mgure 5.8). This flow
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alteration also modified a gravel bar deposited downstream ofathe dissecting the
upstream portion and depositing gravel on the downstream portion, effecivéing

the feature downstream. The flow alteration also increased stoarpool along a
bedrock portion of the left stream bank next to the altered grandBéaveen March and
June 2009, the wood and smaller organic materials that had obstructedyihal flow

path decayed and were removed, causing a return of flow to thesiighof the jam.
This caused the sediment wedge to be eroded, and the sedinsemangported beyond
the jam. Thalweg surveys conducted in March 2007, November 2008, and March 2009
record the formation and removal of the sediment wedge (Fig8)el estimate that the
wedge contained about 5°rof sediment. Marked clasts that had not been found on the
surface of the bed since the development of the wedge wereqaehdg found
downstream. | infer that they were trapped in the sediment wadtéhen released. The
jam was finally breached in July 2009 with removal of the kegepan the right side of
the jam (Figure 5.8).

Following introduction of the second set of clasts in November 2008, rgcover
was initially high; 54% and 44% of the non-boulder clasts after 4 amdo®ths,
respectively. Of the 59 gravel and cobble clasts placed upstredéine gdm, within 8
months 25 clasts were lost, 20 were found downstream of the jamide lies jam, 9
moved but stayed upstream of the jam, and 8 were stationary. Howaelaege flood
prior to the final survey (12 months after emplacement) causddsthef all but 3 of the
upstream clasts and caused the greatest modification to ththganwas observed. A
wood piece that was 5.5 m long and 0.35 m in diameter, which had leclegytpiece on

the right side of the jam, was moved to a position leaning higlhemther key piece
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(Figure 5.8). The clast recovery rate dropped to 4% following thisrmagdification of
the jam. All 4 of the clasts recovered in November 2009 wer¢elddseside the jam, on
river left.

Jam density was nearly constant through time at 0.32, althodgipéd to 0.24
in March 2009 as the jam began to deteriorate, but had not yet shrumkesrall
dimensions. Jam density has no relation to recovery rate or ttist@hce of recovered
clasts and thus results do not supptrtThe number of wood pieces included in the jam
remained fairly constant until November 2008, but individual pieces witleifam had a
high turnover rate even during this time period (Table 5.1). Neitlvewveey rate nor
travel distance of recovered clasts had a consistent relationghipam piece turnover
rate. The recovery rates of clasts placed upstream of ithevgre similar to those of
clasts placed beside and downstream of the jam (collectivielyed to as downstream).
Trends with peak rainfall are observed both upstream and downstretira @im for
cobble clasts (Figure 5.7b). Recovery rate of gravel claateg@lbelow the jam in the
second set are lower than the trend, as is recovery of grastsd placed upstream of the
jam in the first set. The downstream clasts may have bessported beyond the
recovery reach, whereas upstream clasts may have been lostidlyirbtine sediment
wedge.

Bedrock is close to the channel surface throughout the study réadrting
attempts to install scour chains in most locations. | could onlyllirgtains on two
distinct gravel bars (), to depths of about 70 cm. | observed no smwrdathe two

installed chains, although gravel bar migration was observed in other locationsp@here
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cm-long rebar survey benchmarks which had been driven into a geavwekbe exposed

and removed (Figure 5.10).

5.5 Discussion

The initially high recovery rate of the tracer clasts, #mal frequent bedrock
outcrops, suggest that the layer of actively moving sediment igsathmost floods. The
large flood near the end of the study period may have mobilized sediméedrock,
mixing and burying the tracer clasts, it may have transportettaber clasts beyond the
recovery zone, or it may have removed the flagging used to marlatee tlasts. Any or
all of these processes could have contributed to the 4% recovery rate in the final surve

The tracer clast data do not suppdit that placement location is the dominant
control on transport distance and mobility. Rather, clast sizdlanchistory appear to
control clast movement, as demonstrated in previous studies (Church ssehHE92;
Haschenburger and Rice, 2004). There is some anecdotal evidence, molweve
sediment transport disruption by the jam. For example, all dlaastsurvived to the end
of the study were located next to the jam in a low-energy z@seciated with the
leftward flow path around the jam ().

Tracer clast mobility was likewise not correlated to jdemsity, which leads to
rejection ofH,. The development and destruction of a 5sadiment wedge, however,
was clearly related to jam morphology (Figure 5.8). Althoughatiedysis of tracer clast
data did not support the hypotheses, the lack of support may be caused by inadeqguaci
the methodology. More tracer clasts, longer delivery and regokeaches, better
marking techniques, and more frequent sampling may have enablediotetef a

transport effect from the jam. For example, Haschenberger ard(Ri©4) used over
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2000 magnetically marked tracers, excavated in recovery tapevaand searched for
tracers nearly 2 km beyond the release site. They also found stwamgations among
transport distance, clast size, and flow history, however, which ggpger validity of
my inferences from Quebrada Esquina.

Previous work in gravel-bed channels indicates that clast trandistence is
size-dependent when the Shields stresdeg, are 1.5-2 times the dimensionless critical
shear stress of thesg) or t* .50 (Ferguson and Wathen, 1998; Wilcock and Crowe, 2003;
Parker, 2008), conditions which were met during this study on the Quebsagna.
Movements of tracer clasts along a bedrock-dominated channelsulitstantial bed
roughness and poorly sorted grains, however, indicated that daspdrt distance
correlated more strongly with local hydraulic environment, as d&fibg bed
irregularities caused by protruding bedrock, than with clast (&o®de and Wohl, in
press), along channel reaches with Manning®oefficients and bed gradients roughly
comparable to those at the Quebrada Esquina site. Given the sabst@tt of wood
on boundary roughness and local variability of bed elevation (Manga actthir, 2000;
David et al., 2010), the correlations between bed-surface grainasdehydraulic
roughness associated with wood (Buffington and Montgomery, 1999)ananented
increases in bedload transport following wood removal (Smith et93al Smith et al.,
1993b; Assani and Petit, 1995), it is reasonable to expect that wood isiglexart a
strong influence on clast transport. The relatively poor correlatimetsieen clast
transport and characteristics of the logjam on Quebrada Esduawayer, suggest that
this is not the case. The differences between clast transpgtetngain channels with

wood- versus bedrock-dominated bed roughness might reflect the abiliypod to
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respond to hydraulic forces and sediment movement during a singk flaw, as
opposed to the typically longer response time of bedrock channatdgathis could
cause the hydraulic effects of the wood to decrease during therHigws capable of
mobilizing coarse bed sediment. | might also have found correlabetwseen clast
placement with respect to the logjam and transport distandead been able to recover
more of the tracer clasts, or if | had also documented transpartrgfarably sized clasts
on a channel reach without a logjam. Based on the results thus faydrpwassume
that clast size is the best predictor of transport distant®pncal gravel-bed channels,

whether or not wood is present.

5.6 Conclusions

The transience of wood in tropical streams should contribute $erlies the
impact of jams on sediment transport relative to the tempewate. Nonetheless, |
hypothesized that jams would have some measurable affect ontralagport rates.
However, the tracer clast data do not indicate any alterafiefast mobility by jams.
Rather, grain size and flow history controlled both transport distamdeecovery rate.
Frequent changes in jam morphology did alter channel morphology, falepugition of
a 5 nt sediment wedge that persisted for about one year. But the obseeaticell
gravel and cobble size tracer clasts either passed the jamererlost suggests that
sediment flux is considerably higher than the volume stored in the sediment wedge.

In high-energy locations such as this site, thalweg surveys aliwhese size
sampling are likely to have better success at documentingggmirig of sediment than
tracer clast studies. In order for tracers to effectivebasure sediment flux at La Selva,

larger numbers of clasts are probably necessary along wathgarl recovery reach and
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more definitive marking techniques. But, in spite of the limitatiohshe methods, it
appears that sediment flux was only weakly affected by the gaen when it was most

effectively altering flow dynamics.
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5.7 Tables

Table 5.1. Clast recovery rate

First Set (introduced July 07)

Second Set (ohiced Nov 08)

# of Recovery Rate # of Recovery Rate

clasts Nov 07 Mar 08 Jun 08 clasts Feb 09 Jun 09 Nov 09
Gravel (26-64 mm) 50 0.22 0.16 0.16 48 0.46 0.38 0.00
Cobble (65-256 mm) 30 0.63 0.4 0.43 42 0.6 0.52 .100
Gravel+Cobble 80 0.38 0.25 0.26 90 0.52 0.44 0.04
Boulder® (257-1210 mm) 19 1 1 1 19 1 1 1

Nov0O7 Mar08 Jun08 Feb 09 Jun 09 Nov 09

Peak 24-hour rainfall (mm) 134 170 175 144 161 217
Jam wood retention rate 0.56 0.78 0.79 0.79 0.92 0.45

1The boulders were the same individuals in bothetratast sets.

Table 5.2. Clast recovery rate by grain size, locain, and time period (excluding boulders)

Set 1 Initial number of tracer clasts Set 2 ahitiumber of tracer clasts
US Side DS Total US Side DS Total
<64 mm Gravel 20 16 14 50 Gravel 32 9 T 48
64-128 mm Cobble 8 3 6 17 Cobble | 19 4 5 2B
128-256 mm  Cobble | 7 5 1 13 Cobblelll 8 4 y. 14
Total| 35 24 21 80 Total 59 17 14 90
Set 1 4 month recovery rate Set 2 4 month regoate
US Side DS Total US Side DS Total
<64 mm Gravel 0.10 0.38 0.21 0.22 Gravel 0.56 0.3B14 0.46
64-256 mm Cobble 0.73 0.50 0.57 0.63 Cobble 0.59001 0.14 0.60
Total | 0.37 0.42 0.33 0.38 Total 058 0.65 0[14 520.
Set 1 8 month recovery rate Set 2 8 month regonade
US Side DS Total US Side DS Total
<64 mm Gravel 0.10 0.31 0.29 0.22 Gravel 041 0.4414 0.38
64-256 mm Cobble 0.33 0.50 0.57 0.43 Cobble 0.48001 0.29 0.55
Total | 0.20 0.38 0.38 0.30 Total 0.44 0.71 021 460,
Set 1 12 month recovery rate Set 2 12 month Egoate
US Side DS Total US Side DS Total
<64 mm Gravel 0.15 0.13 0.36 0.20 Grayel 0.06 0.0m00 0.04
64-256 mm Cobble 0.40 0.38 0.57 0.43 Cobble 0.0413 0 0.00 0.05
Total | 0.26 0.21 0.43 0.29 Total 0.05 0.06 0J00 040.
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5.8 Figures
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emplacement reach.
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a) Set 1: July 2007-November 2008 b) Set 2: November 2008-November 2009
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Figure 5.5. Clast size (median diameter, mm) as @wtrol on distance traveled. Gravel is shown in
black, cobbles in gray, and boulders in white. Appaent boulder movement is most likely due to
inconsistency in survey point selection.
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Figure 5.6. Distance traveled by the recovered gra& and cobble tracer clasts, separated into groups
based on introduction date (Set 1: July 2007; SeNovember 2008) introduction location (US:
upstream of jam; DS: downstream of jam).
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Figure 5.7. Recovery rate versus peak 24-hour raigfl (a) for all gravel and cobble clasts, and (b)
separated by placement location, either downstreamf or beside the jam (DS) or upstream of jam
(USs).
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Figure 5.8. Evolution of the jam through time; viewis downstream. The three key pieces are labeled
A, B, and C, as in Figure 5.4. Upstream gravel wedgs present from November 2007 to November
2008. June 2009 configuration (not pictured) was rely identical to March 2009, but differed
dramatically from November 2009, when the key piecen the right side of the jam was moved and
lay parallel to flow on top of the large ramped keypiece.
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Figure 5.9. Thalweg elevation variation through tine. A 5 nf wedge of sediment was present behind
the jam in November, 2008.

Figure 5.10. Gravel bar scour following closing ofight side flow path around jam. Exposed portion
of rebar at center of photograph is approximately 8 cm long, about 20 cm more exposure than
immediately following installation. Note survivingtracer clast below leaf at right. This rebar was
subsequently removed by flow prior to the NovembeR009 site visit. Flow is left to right in this view
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6 EFFECTS OF EVAPOTRANSPIRATION ON BASEFLOW

6.1 Introduction

In forested catchments, forests affect stream function through meetsasuich as
evapotranspiration (ET) (Link et al., 2005), delivery of instream w@&@mhda and Sias,
2003), control of sediment delivery (Piégay et al., 2004), temperatureol¢simiding
(Gregory et al., 1991), and allochthonous nutrient delivery (Fisher dwhd,i 1973;
Naiman et al., 2005). Most of these forest-stream interactionstlgiienpact stream
ecosystems and biota (Harmon et al., 1986; Beschta et al., 198jarges al., 1991;
Wallace et al., 1997; Allan, 2004). The wholesale breakage of timsebly logging has
been well studied (Hibbert, 1967; Bosch and Hewlett, 1982; Bruijnzeel, 191ni&X,
1996). It is less clear how subtler impacts, such as climai&tiea or invasive species
introduction might alter stream-forest interactions, and therdtey physical and
ecological function of streams. Climate components such as ppation and
temperature impact forests, potentially leading to changes iwtlgroates, species
composition, or disturbance regime (drought, fire, insect infestatiod)the impacts of a
change in any of these may be transferred to streanfebgteraction agents (wood, ET,
etc.) listed above. While long-term effects of climate chaogeriparian forests are
difficult to predict, daily and seasonal effects of climate anedt transpiration are easier
to explore. At this short-response-time scale, climate vanathave the potential to

impact ET by changing precipitation amounts and patterns, sigtune content, cloud

145



cover (and thereby photosynthetically available radiation (PARYmidity, and
temperature, and thereby vapor pressure differential (VPD).

Consideration of such impacts is important because ET is a fun@gament
component of water budgets. A significant percentage of rainfaibpical environments
is exported as ET (Leigh, 1975). Between 54% and 66% of rainfall at La SelegiBal
Station, Costa Rica, was exported as ET during the years 1998-20¢Hepet al.,
2005). But ET also has the potential to affect streamflow at nmaelies scales than the
whole water budget. Diurnal variation in ET demand can lead to eonepitary diel
cycles in stream discharge (Bond et al., 2002). Researchermiaisé and temperate
zone sites have used fluctuations in groundwater levels to estiEiafLoheide, 2008).
These groundwater fluctuations can in turn influence streamflow €éRawvd Pearce,
1994; Dye et al., 2001). Studies at H.J. Andrews Experimental Foré&€egon, USA,
have documented a link between ET and streamflow (Bond et al., 2002; Waetdzell
2007).

Sap flow is the means by which groundwater is transferrezht@$ and thence to
the atmosphere, and diel cycles in sap flow have been observed at numerousesturly sit
the neotropical region (Granier et al., 1996; Andrade et al., 1998; Mahzt., 2001,
O'Brien et al., 2004). To my knowledge the link between ET and streamflow hasemot b
guantified in the tropics, however, perhaps because of the confoundungnod of the
frequent precipitation events.

The impact of forest ET on streamflow is mediated through grouedvlaw
(Bond et al., 2002; Wondzell et al., 2007). The hydraulic gradient of groundiiater

into the channel will influence the transfer rate of subsurfatento the stream, and it is
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this gradient that is altered by forest water use lowettiegwater table. Groundwater
flow rates are further affected by the transmissivitythe substrate, which influences
both the speed with which water withdrawal by vegetation will becapparent in the
stream and the rate at which streamflow recovers each nlggnt WT ceases activity.
Groundwater characteristics influence the source of waterablailo trees, and in areas
where roots usually extend to the water table, such as ripaeas, drees can access
either soil water or groundwater. The volume of water lost tstfgam due to riparian
forest transpiration should equal the volume of water transpired bgrtst over an area
of influence adjacent to the stream. Bond et al. (2002) estinfagexktial extent of direct
tree-groundwater connection by scaling up locally measured €% ta match daily
stream discharge variation (Bond et al., 2002).

Exploration of the connections between diel cycles and ET could be tedduc
using a physically-based model. However, such a model of ripzoia® ET effects on
discharge would require a map of riparian zone boundaries, subsurfacaulicydr
properties, vegetation distribution, potential ET, boundary conditions aldjageat
hillslopes, and ideally, spatial distributions of hydraulic head througheutdomain. In
many cases, such as in this study, a model of this complexitgtifeasible based on
available data. Hillslope inputs to the riparian zone are typieaiknown, as are the
subsurface hydraulic properties and the ET dynamics. Nelestheclear diel
fluctuations are present in the discharge signal, and a singa&als/ lumped model
may represent the key features of the riparian zone ET process.

By monitoring flow cycles during baseflow, it may be possible tude certain

ET characteristics, such as the amount of groundwater used Wbgrédse, as well as
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subsurface hydraulic characteristics, such as variationamsmrissivity. This effort is
motivated by the fact that streamflow monitoring is typicabsier than sapflow or
groundwater flow monitoring, and the streamflow signal integrétes riparian ET
response over a larger area. In this chapter, | use the diel flaongian discharge
themselves as signatures of riparian zone ET, presenting a mettiedvie key features
of the riparian zone flow process using only stage and standardroietgcal data. The
variations in lag time between ET demand (as estimated WD) and streamflow
response at various stream stages may reflect groundwategroutsoil characteristics.
The daily variation in flow enables an estimation of water foghe stream because of
ET, and thus an approximation of riparian forest water use. | hyjoghtbsat observed
diel cycles in streamflow are caused by ET withdrawal duttvegday and groundwater
recharge at night. | present a simple model of baseflow dischargion that uses
measured VPD and empirical relationships between stage andyrfightlrecovery to
test this hypothesis. The characteristics of the rising liméach cycle enable a simple

evaluation of transmissivity variation.

6.2 Study Site

| installed a gage to monitor the flow of El Sura at thel foerock macro-step
before the stream reaches the Rio Sarapiqui floodplain aeeatieh of approximately
55 m (Figure 6.1). Drainage area at the gage is 3% &mdl the basin supports a mix of
old-growth and 30+ year-old second-growth forest. There is alweited floodplain at
the gage site, extending 2-9 m on either side of the channel hedosstioning into
valley sides with slopes of 10°-30°. Although inter-basin groundwater fflasv been

documented to be a major source of water in some watersheds $¢l\a solute
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contents of samples taken at the gage site indicate thah#ées4% of base flow is from
inter-basin groundwater transfer (Genereux et al., 2002). Steeandl flashy (Figure
6.2), and baseflow periods are rare because of the frequencyfafl ravents. Stream
water temperature ranged from 22-26 °C during the study, with lbasgenerally

warmer, and storm flow generally cooler.
6.3 Methods

6.3.1 Data collection

From November 21, 2007 to June 15, 2009, stage was continuously monitored at
a stable cross section of El Sura using a vented pressure femaailroll700, InSitu
Inc., Fort Collins, CO) set on a 10-minute recording intervatcbarge was measured
using a salt slug dilution technique for nine flows ranging from-0.67 ni/s, and two
more flows up to 1.25 s were measured using a velocity meter and cross section
survey at a nearby bridge, enabling establishment of a stagfexdje relationship. The
stage data were converted to discharge by fitting a power function tanleaserements.
Discharge was then averaged to a 30-minute interval in order ¢b @& meteorological
data (Figure 6.2).

Meteorological data were collected by the staff of Liw&Biological Station at a
tower in a clearing approximately 2 km from the stream gaélge variables precipitation
(mm), average temperature (°C), average relative humidity §¥&€rage solar radiation
(SR, units ofumol/s/nf), average photosynthetically available radiation (PAR, units of
umol/s/nf), and maximum PAR were recorded for 30 minute intervals. Vagmspre

differential (VPD, units of kPa) was calculated from temperatureeative humidity.
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In this flashy stream, diel flow patterns are easily kedsoy flood hydrographs
(Figure 6.2), so | limited the analyses to times with little predipital identified 12 time
periods ranging from 2-17 days that exhibited distinct diel feywles (Figure 6.3).
Within these identified baseflow periods, the daily flow cycles saperimposed on a
falling hydrograph. In order to isolate the daily cycle, | dedezl the baseflow data by
subtracting a fitted power function for each baseflow period (Table 6.1).

Because | expect that changes in stream stage relaledentand, | explored the
correlation between SR, average PAR, maximum PAR, and VPIn¢asures of ET
demand), and the time derivative of stagg @uring each baseflow period using the
Pierson correlation coefficient)( To identify time lags between ET demand and falling
stage, | calculated betweerd’ and the other variables at temporal offsets that increased
by 30 minute increments. | identified lag times between ETatehand stream response

as the temporal offset that ledrtealues closest to -1.

6.3.2 Modeling ET from Streamflow

| developed an empirical model to estimate ET from stremmdéind applied it to
six of the twelve baseflow periods: those starting 11/30/07, 2/3/08, 3/29/088,5/2/
3/28/09, and 5/1/09. As a foundation for the model, | conceptualized thecgleligs as
fluctuations in storage of groundwater in the riparian zone, or m@esely the zone
adjacent to the stream where forest ET draws on groundwager fone of root-
groundwater contact), using the equation

K =-Er+Gw+-Q (6.1)
where &’ is the time derivative of riparian groundwater storaBe,is the rate of

evapotranspiratiorGy is groundwater input from upgradient, aQds stream discharge
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(all in units of volume per time). If the riparian water taldeciosely correlated with
stream stage, then

dAr=Er+Guw+-Q (6.2)
where d' is the time derivative of stage, amtk is the area of the riparian zone.
Detrending the stage data eliminaf@and some part dy, so that

dy' Ar = -Er + Gwd (6.3)
wheredy' is the time derivative of detrended stage, &g is the portion of groundwater
recharge that varies daily as a result of cyclic changéydnaulic gradient caused by
local lowering of the water table by ET withdrawal. If therere no ET influence, one
would expectdy’ and Gwg to be zero. The value @ is controlled by the hydraulic
gradient, which in this case is the difference between thearparater table elevation
and the hillslope water table elevation, as well as the subsunydcaulic properties. If it
is assumed that the hillslope water table elevation is neargtant over daily time
scales, and if riparian water table elevation closely matdtage, as | have already
assumed, theGwg will be a function of the riparian water table elevation, whirckurn
controls staged). Therefore | assume th@tyy, an unknown variable, can be estimated as
a function of detrended stagégy), a known variable. Equation (6.3) can then be
rearranged into

do’ = -Er/Ar + f(dg)/Ar (6.4)
where f@y) is an unknown function of stage. The form of the function should reflect
groundwater dynamics controlled by subsurface hydraulic propeBessauseAg is

expected to be nearly constant over the short time periods andssagal fluctuations
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encompassed by each baseflow period, it can be incorporatedditasf@ constant, and
equation (6.4) can be rearrange so that

Er/Ar=f(dg) - dd'. (6.5)
| estimated the unknown functiondffj for each baseflow period empirically, by
analyzing the variation of stage recovery rates during nocturnal péti@@® pm to 7:00
am) when ET effects were presumed to be negligible. | smoothely tia¢a series prior
to this analysis by averaging across all days in the permd found averagdy at 1:00
am, 1:30 am, etc.), plotted nocturnal values of avedggeainst averagdy’, and fit a
curve to these data. This function is not expected to be universalyabén a site, but
should vary through time because it is dependent on changing subsufoldic
conditions such as soil moisture and the regional water table elevation.

From equation (6.5), | then estimated the area over which ET affects graandwa
after the method described by Bond et al. (2002). For each ofxtipersods for which
Er/Agr was found, if it is assumed that all ET losses are from satugroundwater, the
average daily volumetric ET (i.e., averagepfintegrated over each day) is expected to
equal the water ‘lost’ in the stream flow each d@ys). Lost water was calculated by
finding the cumulative difference between the observed cygjidrograph and a
hydrograph constructed by linking each daily peak discharge wdlyglstrlines, and
dividing the sum by the number of cycles thus bounded (Figure 6.4). Theguh&gon
for calculation ofAris

Ar = Quosd(f(dy) - do’) (6.6)
where ffly) is again an empirical function for the recovery rate of theiapavater table

that must be found independently for each period of analysis.
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To test the validity of the model, | attempted to find altermatgs to estimate ET
rates. | explored modeling ET flux as a function of average &age PAR, maximum
PAR, and VPD. Granier et al. (1996), working in French Guyana, foundear |
relationship between sap flow (a surrogate for forest ET) and VP to 1.5 kPa, at
which point sap flow started to plateau due to stomatal closurevadhis of VPD was
exceeded only 4% of the time during the baseflow study period¥,P§b was the
preferred predictor or ET. | also observed that VPD had the bestation tody’ of the
four variables tested, supporting this preference. The maximuelatoyn between VPD
anddy occurred at various lag times (Figure 6.5), apparently depemxiirthe average
stage of the period being analyzed (Figure 6.6). Therefore, [fietbdiquation (6.5) to
enable consideration of lags, and substituted a linear function of VPD for ET rate

KVep(=i-) + b= f(dg=i) - dd’ =) (6.7)
wherek andb are constantd/pp is VPD, the time step, is denoted in the subscripts, and
| is the lag. | found andb empirically by plottingVep¢=i+) against ff=i)) - dd =i for all
values ofi, and fitting a regression using least square errors. A raingglues ofl were

tested and the one resulting in the highest regressSiara&used.

6.4 Results

The estimates of the water table recovery rate (i.e.en@rical function f¢g))
showed great variability, and even changes in the sign of the slopndiep on the
average stage of the baseflow period (Table 6.2). At relatively $tigam stagesly
decreased at a nearly constant rate between 10:00 pm and 7:0@am@ §/a). During
the 12-day period that began on March 28, 2009, with an average stage qft@el m

relationship between the nocturnal valuesipfand dy had the form of a curve that was
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well fit by a quadratic function and a rational function within thege of observed
values (Figure 6.7b). | used the quadratic function, but a reanalysg the rational

function resulted in negligible differences in ET estimates. The trendgdinisabaseflow

period was for the rate of groundwater recharge to decreasglorguthe night. At the
lowest stream stages, however, the relationship betdgemd dy was nearly reversed.
During the 7-day period that began March 29, 2008, with an average stage of, @27
water level rose from 10:00 pm to 7:00 am, the rate of riseasede(Figure 6.7c). The
relationship between the nocturnal valuedffinddy had a linear form (Figure 6.7d).

Average ET in the riparian zone calculated with equation (6.5) rdng®eds.6 to
12.1 mm/day, while the discharge lost to the stream ranged frora7826%/day (Table
6.3). These values @ss represent 1-4% of the daily discharge. The estimated aipari
area (Table 6.3), calculated with equation (6.6), varied systenhatia#h the average
stage of the period being considered (Figure 6.8). The rangdueisvaf Az, 0.03-0.07
km?, represent about 1-2% of the total drainage basin area. AvefeDe(Table 6.3)
correlated well withEr/Ag, but not withQ,ess (Figure 6.9). ET appears to initially rise as
VPD rises, but to reach a limit of approximatelyl2 mm/day.

Temporal variation in ET within each baseflow period was matthe linear
function of VPD according to equation (6.7). The best-fit valuds (@lable 6.3) ranged
from 0.75-1.24. The two sides of equation (6.7), when plotted separatehstatime,
match well (Figure 6.10), with Nash-Suttcliffe coefficients @fceency ranging from
0.75 to 0.89 (Table 6.3). In general, the greatest deviation of the tithmaseoccurs at
night, when ET is expected to be negligible. The ET estimatdld @gquation (6.5)

occasionally goes negative at night, which probably reflectsknesses in the
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assumptions made in deriving the equation. The lags found for equatioed@monly

differed from those presented in Figure 6.6 (Table 6.3).

6.5 Discussion

The nocturnal relationship betwednanddy’ at our site varies widely with time
and stage (Figure 6.7), with the rate of recovery sometimesasiogeas stage rises
through the night, sometimes decreasing, and sometimes steany constant. The
variation in trends of thdy-d4' relationship may reflect variation in substrate hydrologic
properties. In the higher flow periods, when the rate of groundwetbarge decreased
throughout the night, the trend may be a result of the steadgadecof relative head
gradient between the regional groundwater and the riparian groundastée riparian
water table depression caused by ET gradually recovers. Theafrehd lower flow
periods, when the rate of groundwater recharge increased througaaught, is more
difficult to explain, although it has some features in common with ttansmissivity
feedback reported elsewhere during rainfall events (Bishop €t980) and snowmelt
(Kendall et al., 1999). In these cases, the researchers obsemeabed subsurface flow
rates close to the surface as the saturation level rose bexfaugdraulic conductivity
values that decreased with depth. It is possible that the ditiwgrbation at La Selva,
with numerous shallow root casts and large subterranean insecame:$tsrrows (Clark,
1990), contributes to higher conductivity rates nearer to the surfageoundwater
movement is limited by tighter soils at low stages, the flate might be expected to
increase as the water table rises into horizons with moreop@es or looser sediment,

thereby increasing the rate of stage rise.
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Considering thely-dy' trends from the standpoint of Darcy’s law for groundwater
flow, Q = Tw(dh/dl), whereQ is flow of groundwater into the streamjs transmissivity,

w is the width of flow, and lddl is hydraulic gradient, suggests that at this study site
different terms of the equation may dominate the flow of groutehwato the channel at
different stagesT is equal toKb, whereK is hydraulic conductivity an® is saturated
thickness (which is analogous to stage in the model), and appears toatomi
groundwater flow into the channel during low stage periods. Swaldws, increases in

b lead to higherQ in spite of the concurrent reduction im/dl. At higher stages,
however, @/dl appears to dominate flow into the stream, \@tklecreasing through the
night as stage recovers. The variallés somewhat nebulous in the case of this study,
but one could assume that it relates to the width of riparian zoriaat with the stream,
which is likely related to bank length, although it is unclear howhmafcthe stream
network should be included.

ET rates E1/Ar) calculated with equation (6.5), which ranged from 5.6 to 12.1
mm/day, were 2-3 times higher than the 3.8 mm/day maximum repxyrt€danier et al.
(1996) for stands in French Guyana. This difference is likghya@xed by differences in
forest composition related to the fact that the French Guyasmrsiteive about half to
three-quarters of the annual precipitation at La Selva. Additiorthe ET measured for
the baseflow periods is likely to be higher than annual averad€s, ddfecause by nature
my method is only applicable during rainless periods, which shoui@lata to less
cloud cover, higher net radiation, lower humidity, and higher VPD thamage. |
attempted to estimate long term ET and VPD averages &elva for comparison with

the data. | calculated average VPD for the period for whiclhave detailed
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meteorological data (11/12/07-11/19/09) to be 0.34 kPa. Assuming the dahual
measurements of Loescher et al. (2005) are representative ofreénerg conditions as
well, the average daily ET is approximately 6 mm/day. Thasges are plotted in Figure
6.9a, and closely match the observed VPD and estimated ET faasafiow period
beginning 11/30/07. More generally, they fit with the trend of intialbing ET with
rising VPD, eventually reaching an ET limit as VPD continweside. This limit may
reflect the maximum rate at which trunk tissue can transrater upward, stomatal
closing in high VPD conditions invoked by Granier et al. (1996), orggnimitation
inhibiting higher ET loss.

The estimates of ET water loss for El Sura calculated thi¢ method in Figure
6.4 represent 1-4% of total baseflow in the 12 study periods. Tsiimilar to the loss of
1-6% of flow that Bond et al. (2002) observed at their study site steweOregon. The
values of riparian area that | calculated represent 1-2% afrtieage basin of El Sura.
In contrast, Bond et al. (2002) found that only 0.1-0.3% of their 4-4tmdy basin
contributed to ET losses to the stream. The order of magnitudeeditie in the portion
of the basin contributing to water withdrawal could reflect difiees in riparian zone
characteristics such as width, or possibly shallower rooting deptliseb40-year old
second-growth trees and shrubs in Oregon. In general, tropiealiave slightly deeper
roots than temperate conifers (Canadell et al., 1996), althoughraatarbpical sites are
very scarce and highly variable. | do not have data on averageéeqtbt of riparian trees
at La Selva, although observations of the root wads of toppledi¢atsne to suppose
that many large individuals have relatively shallow roots inespit heights that can

exceed 50 m (Hartshorn and Hammel, 1994). The observed decreasgan apea with
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declining stage is also consistent with the findings of Bond €2@02). As water table
drops, | expect that some plants that were marginally connectbéeé groundwater will
lose contact. This does not suggest that these plants wil tee&rsinspire, but rather that
they will obtain their water from sources other than the groureiwtitat affects
streamflow on a daily time scale (Ehleringer and Dawson, 1992; Meinaky £999).

The progressive increase of lag time with decreasing $teg | observed (Figure
6.5) is very similar to that observed by Bond et al. (2002). Thiyulated lag between
sap flow maxima and stream discharge minima, ratherdfianinima, and thus found
longer lag times, in the range of 4-8 hours. When | analyze tt#elhea data for lag to
discharge minima, | find a similar range of lags (4.5-8.5 hoehd et al. (2002)
suggest the increasing lag may be caused by the vegetatiorsiagcdseper water
sources that have slower flow rates. This would appear to agtieeheiobservation of
increased transmissivity at higher stages, in that flow throbhghosy pathways will be
faster than deeper pathways, leading to increased signal tnanes as the shallow
pathways become inactive. The meaning of the lag times are icatedl however, by
inconsistencies among the two primary methods of measuring fftermags found by
selecting the best correlation of VPD wdji (Figure 6.6) vary with average stage. The
lags found by optimizing equation (6.7), however, are all close to 1.5 legadless of
stage (Table 6.3). This discrepancy may be a result of $icagibns made during the
process of deriving equation (6.7), or the trend in lags in Figure 6yGsimgply be an
artifact of the more steeply declining flow trend for thehleigflow periods (Figure 6.3).

In the latter case, assuming the true lag is constant atreamsstages, the uniform lag
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could potentially represent physiological characteristics demase by trees, or some
other factor.

The similarity of the values of ET through time in Fig6t8 estimated through
independent lines of reasoning (VPD and stream stage) support thédsypdhat the
flow cycles are driven by forest water use. The agreeaisatsupports the assumptions
made in deriving equation (6.5). Other support for the supposition thatatdgiparian
water table elevation are tightly coupled comes from limitedigdwater field data. |
simultaneously monitored water level in a well in the smabidplain near the study site
and stage in the stream adjacent to the well for 10 days in Novezibdr During
rainfall events there was a slight gradient sloping from tlel W the stream, but
between rainfall events the stage and water table elevatienwigin the measurement

error of one another.

6.6 Conclusions

The model provides a starting point for estimating ET ratessana features of
groundwater dynamics using only stream flow cycles as mehsuith an easily
emplaced pressure transducer. | checked the validity of théochaising widely
available meteorological data, finding that variation in VPD, Wwhias been shown to
vary linearly with sap flow up to values of 1.5 kPa, matchesitbédeled ET with high
efficiency. True validation will require direct measuremeritsapflow in combination
with stream gaging and analysis of baseflow cycles, but theoehetppears promising
and demonstrates a direct forest-stream link that may hawéfiagce to stream

ecosystem function and physical processes. The calculated ETF wahdeto be higher
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than estimates of long term averages, but this is likely bet@sstlow occurs when rain
and cloud cover is minimal, resulting in higher than average forest ET.

The dynamics of the nightly flow recovery derived from the eicgdimodel give
some indication of subsurface characteristics. At high stagesn the upper portion of
the subsurface is active, recovery rates decrease with stgigg. This suggests that as
the near-stream water table, which had been lowered by ET dbengdpy, approaches
the regional water table, flow rates are reduced by thecdsiag head differential. In
contrast, at low stages, when only the lower portion of the subsudgactive, recovery
rates increase with rising stage until ET commences, stopgmenggtovery process. This
suggests a decrease in hydraulic conductivity with depth resuftiran increase in

transmissivity with rising water levels.
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6.7 Tables

Table 6.1. Baseflow period flow trend power functio parameters

11/30 1/9 2/3 2/28 3/29 5/2 9/12 10/25 2/17 3/19 3/28 5/1
Start Date /2007 /2008 /2008 /2008 /2008 /2008 /2008 /2008 /2009 /2009 /2009 /2009
Days 7 12 7 17 7 7 2 2 3 7 12 6
Yo! 0.475 0.541 0.368 0.325 0.285 0.294 0.396 0.417 5010. 0.490 0.433 0.330
a' -0.0559 -0.0796 -0.0217 -0.0106 -0.0275 -0.0236.0407 -0.0402 -0.0597 -0.0482 -0.0403 -0.0196
b 0.827 0.722 0.822 0.456 0.931 0.559 1.093 0.684 0411. 1.010 0.695 0.901

Best fit power function parameters=f/,+ax’) with x in units of weeks angin meters.

Table 6.2. Groundwater recovery functions, fdy)

Start Date  Function Form Slope Equation fjd
11/30/2007  Quadratic Negative y = -35¢- 0.14 + 0.00028
2/3/2008 Quadratic Negative y=-17%*- 0.1 + 0.0005

3/29/2008 Linear Positive y = 0.081% + 0.0005
5/2/2008 Quadratic Positive y=18.2¢+ 0.1 + 0.00042
3/28/2009 Quadratic Negative y = -25¢ - 0.1 + 0.00058
5/1/2009 Linear Horizontal y = -0.021% + 0.0004

! x is detrended deptlad) in units of m, ang is water table recovery rat&g) in units of m/hr



Table 6.3. Baseflow period flow and ET characterigts

Start Date 11/30 1/9 2/3 2/28 3/29 5/2 9/12 10/25 2/17 3/19 3/28 5/1
/2007 /2008 /2008 /2008 /2008 /2008 /2008 /2008 /2009 /2009 /2009 /2009
Days 7 12 7 17 7 7 2 2 3 7 12 6
Ave Qpss (M/day) 395 570 438 414 320 371 499 371 428 473 545 53 3
Ave Q (m*/day) 35670 42830 19170 13450 8890 9700 24950 2787@6690 40940 26280 14310
Proportion ofQ 'lost' 0.011 0.013 0.023 0.031 0.036 0.038 0.020 .01® 0.009 0.012 0.021 0.025
Ave staged (m) 0.44 0.47 0.36 0.31 0.27 0.28 0.39 0.41 0.49 470 0.40 0.32
Cycle amplit. (mm) 4.6 6.2 6.2 7.1 7.5 7.4 5.9 57 45 5.3 6.4 6.2
Ave SR (imol/s/nf) 380 406 473 499 541 476 441 425 507 430 486 394
Ave VPD (kPa) 0.36 0.39 0.51 0.53 0.57 0.50 0.48 400. 0.50 0.43 0.57 0.40
Proportion of VPD! 1.05 1.15 1.50 1.57 1.68 1.47 1.40 1.18 1.48 1.26 1.67 1.18
VPD-d4 lag (hrs) 0.5 15 3 3 0 15
model lag] (hrs) 15 2.5 15 1 15 15
ET rate (mm/dayj 5.6 10.9 12.1 11.8 11.9 9.2
= VPD vs ET slopek * 0.75 0.82 1.04 1.09 0.98 1.22
N Riparian area (kf) 0.070 0.040 0.027 0.032 0.046 0.038

Nash-Sutcliffe C.E. 0.751 0.877 0.890 0.782 .850 0.805
T Period average VPD as a proportion of the long tr1/2007-11/2009) average VPD, 0.34 kPa.

2 This is a period average Bf/Ag from equation (6.5)
3 VPD used to find this slope is in kPa, and EThisnm/hr; this is thé& parameter in equation (6.7)




6.8 Figures

Arenal A La §elva

arva
PoazAR Jurrialba

* razu
San Jose

—— Streams
|:| Sura Basin at Gage
Elevation (m) N

- 250

20

sy Kilometers
0 05 1 15 2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 »278
F26 ¢
No [ 25 5
Data__24g
F23 g
-22 2
. 3
5 1 El Sura at Site 05 ~10m’s| &
©
@ Drainage Area: 3.36 km? <
("')E 4_
o
j2]
g 31
e
(8]
@2
Qo 2 -
1_
0 T T T T T T T T T T T T T T T T T T T T
A R R R R R RO OO OO ©
O PRI LR PP X,S
R S A U RO A
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7 CONCLUSIONS

7.1 Summary of findings

This dissertation research has found that average wood load in tiheahea
streams (drainage area less than 8.8 lahLa Selva Biological Station is approximately
12.3 /100 m, or 189 rftha. These are the first systematically collected iastrevood
data reported for a tropical region. Values within individual 50-m-i@aghes, of which
there were 30, ranged from 3 to 34.7/400 m and 41 to 612 ¥#ha. These values fall
within the lower range reported for global temperate zone wood Ises Table in
Chapter 1). Limiting the comparison to a generalization of the textgbut rainy Pacific
Northwest region, La Selva has wood loads that are smaller by a factor of ~4.

Lateral distribution of wood in the streams of La Selva appears to be controlled by
hydraulics, but the longitudinal distribution has a much stronger stticlt@mponent.
Approximately 50% of the variability of wood load among the 30 sdesld be
explained by channel and instream wood characteristics. Noesthdlecause average
recruitment rates of wood into the streams is expected tod nmiform (there is no
landslide influence on recruitment), and because variables that aligr recruitment
such as valley side slope had no predictive power for wood load, |stutge fluvial
transport of wood has more influence on wood distribution than recruitment processes.

The wood in the study streams is highly transient, with meaience times
estimated between 5 and 7 years. Wood is much more transieat &&la than in

studied temperate streams of the Pacific Northwest regiolle(kand Tally, 1979b;
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Lienkaemper and Swanson, 1987; Murphy and Koski, 1989; Hyatt and Naiman, 2001)
and the Canadian Rocky Mountains (Powell et al., 2009), but has siesidence times
to small streams in the semi-arid Colorado Rocky Mountains (\AfathlGoode, 2008).
The relatively low residence time for wood at La Selva maX@ained by flashier
tropical floods, deeper flow depths, higher tropical decay rates,yoc@nbination of
these. Short residence times for the wood may prevent it fromg lasi geomorphically
effective as wood in temperate streams, but the high volume of eyatidg through the
system has the potential to be an important nutrient source fogulé@ecosystem and
a significant component of the landscape-scale carbon budget (Lyons et al., 2002).

Potentially as a result of the transience of wood in the stuelgnss, wood load
has little influence on flow resistance. This is in stark cohti@studies in temperate
streams that have found wood to be a primary influence on flow ressteontributing
as much as half of the resistance in spite of only covering 2#teathannel bed in one
case (Manga and Kirchner, 2000). Although other explanations are nadedclt seems
plausible that the frequent transport of wood in this fluvial systesnrbsulted in a
configuration that has less influence on flow hydraulics than in cablgatemperate
zone streams. Because the tropical streams are adjusteti¢o, nnpre competent flows,
the roughness contributed by bed material characteristics appearseerwhelm any
contribution from instream wood.

Likewise, the intensely studied jam on Quebrada Esquina did noticagiy
influence the transport of tracer clasts, in spite of a tempageavel wedge that
developed behind the jam during a time of particularly effectoxe impoundment. This

finding is not as unexpected, since tracer clast transport hasemtrberrupted by jams
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in temperate streams, either (Haschenburger and Rice, 2004). étoweod removal
has been shown to cause large increases in sediment yield inrdtsygune streams
(Smith et al., 1993a; Assani and Petit, 1995). The evacuation of the teyngoxael
wedge from behind the study jam indicates that there is the @dtemtincreased yield
from the Esquina as well, but it is less clear if this ineeeaill be significant compared
to the unimpeded sediment yield.

An additional forest-stream interaction that | document in ttugysis a link
between daily evapotranspiration demand on the forest and dischatge stream. By
tracking the diel cycles in stream stage at the gagitegosi El Sura, | demonstrate that
changes in flow can be predicted by changes in vapor pressueeeuliifl. Some
hydraulic properties of the subsurface were inferred in thagthg rates of nightly
stream stage recovery, suggesting that at high stages andghdwghdwater levels
hydraulic gradient controls the flow of groundwater into the streamatbldw stages
transmissivity becomes the dominant control. Hydraulic conductivitgappo increase
toward the soil surface, potentially as a result of bioturbation.

This research indicates that wood may be less important inoltmgrthe
physical structure of headwater tropical streams comparedmpetate zone streams.
However, it does not exclude the possibility that wood is equally igoidr ecosystem
function, particularly in lower gradient reaches where it isptiv@ary stable substrate. If
managers determine that wood is necessary for tropical stfeaation, then the
transience of the wood may become a challenging issue. Engirneeod structures will

be more difficult to maintain than in temperate streams.Iyitke best solution would be
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to preserve riparian buffer forests in logged or managedrsfadds, so that the natural
supply of wood to the stream system may be maintained.

La Selva is not likely to be representative of all wet trddicaial systems. For
example, wood dynamics are dramatically different on the Rigi€saPanama, where
landslides control wood delivery to the stream (Wohl et al., 2009). silggests my
interpretations of input controls are limited to low relief wsiteds. Transport controls,
however, could be more universal within the wet tropics. Becausedct tropical
floods to quickly break apart landslide-induced jams, | predictttietvood residence
times found for La Selva will be applicable at sites with sinmanges of gradient, flow,

and bed material size, regardless of the prevalence of debris flows anatl&ndsl

7.2 Synthesis: Relative importance of individual variables in a wood budget

Wood can enter a reach laterally, from the banks and connectdapkiisor be
fluvially transported into the reach from upstream sources. Wood xiara eeach
laterally, by deposition onto the floodplain or incorporation into |H#teraccreted
sediment, or be fluvially transported downstream. These processes leen
summarized as a wood budget by Benda and Sias (2003). They propos®utiygsan
wood storageAS. (m/m) in a channel reach of length(m) over timet (yrs) can be
calculated as:

AS = [Li — Lo + Q/AX — QJ/AX — D] At (7.1)
whereL; is lateral wood recruitment rate {fm/yr), L, is loss of wood to overbank
deposition and channel movement®fmyr), Q; is fluvial transport of wood into the
channel segment (tyr), Q, is fluvial transport out of the segment>(gm), andD is

decay (nVm/yr). | suggest a slight rearrangement of terms in omlemphasize the
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parallels between the wood budget equation and the continuity equatioatésrwithin
a channel segment of unit width, yielding:

oV,
ot

=[Lx-Lx+Q -Q, — Dx] (7.2)

whereV,, is the volume (f) of wood stored within the reach of lengthin this equation
Qi and Q, are still the flux of wood across the upstream and downstream bas)dari
respectively, and all variables have the same units as in equation (7.1).

Equation (7.2) provides a framework for understanding the dynamiostoéam
wood. But evaluating the various components of the equation is veryullifificmost
cases. Evaluating the changing contribution of each variabbssaclimate zones is one
way to quantify these difficult-to-measure characteristiesr example, if it can be
established that decay rate correlates with mean annual téunpetien temperature can
be used as a surrogate for decay, rather than expending efforgtiydmeasuring this
highly heterogeneous process. As a starting point, | presemeaajeed comparison of
the relative importance and the controls on each variable at La Selva.

The lateral inputs component of this equation comes from a rangeuates.
Benda and Sias (2003) parameterized lateral inputs with the equation:

Li=lm+tli+lpet+ls+le (7.3)
whereln, is chronic forest mortalityls is toppling of trees following fires and during
windstorms,lpe is punctuated inputs from bank erosibynis wood delivered by hillslope
mass movements (landslides, debris flows), lansl exhumation of buried wood. At La
Selvaly, is dominant, with secondary contributions frdga Both Iz and I were not
observed, while a single log was observed being exhumed from theitbaa low

gradient reach. The relative importance of these components ispnesentative of all
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tropical headwater streams. For example, wood inputs to the Rigré&shin Panama are
dominated by landslide inputs triggered during tropical storms (Wohl et al., 2009).

The other components of the wood budget were not parameterized by &8ehda
Sias (2003). In order to further extend this concept, | here proposéoeguat the other
components of equation (7.2). For the lateral outputs:

Lo =Of + Oa + On, (7.4)
whereOs is overbank flood deposition outpu3, is abandonment of wood by avulsion
or meander cutoff, an@®,, is incorporation of wood in point bar sedimentation by
meander migration. In the course of the study, | observed atSlgastes exported onto
the floodplain. No avulsions were observey, is difficult to evaluate, because although
| did observe wood buried in silt, it is very likely that it wouldreenobilized in a flood
before the channel migrated sufficiently to allow stabilizatiothefdeposit. In any case,
the floodplains of the study streams were very limited and nol somgraphy was
observed. Thus): appears to dominate thgterm at La Selva.

Equations for the fluvial transport components are more complex, irietinas
are not simply additive and mobility will depend on the frequencyiloligion of wood
size as well as flow magnitude. | recommend that fluvial tramgpavood be considered
on a per-flow-event basis, and suggest the following equations for each event:

Qi = ()My(1-Ju)J (7.5)

Qo = SM(1-J) (7.6)
where §, is upstream wood storage at the beginning of the transport &esatywood
storage within the reaclM, is the proportion of the wood upstream of the reach that is

mobilized, M is the proportion of wood within the reach that is mobilizédjs the
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upstream trapping efficiency of jams, boulders, bank irregulgriteesd other
obstructions, and is the trapping efficiency within the readW, andM will be functions
of wood transportabilityT), stream competenc€), and possibly, or J as well. T will
be a function of wood length relative to the channel width, wood diamedédive to the
flow depth, and wood densit& will be a function of event discharge, channel slope, and
channel roughness. Because wood commonly floats, it could be argtiedripetence
only depends on flow depth, regardless of stream power. But as wood kecome
waterlogged or buried, stream power will become increasimglyortant. Trapping
efficiency will be a function of wood mobility (basically above), transport capacity of
the stream (basicall@, above), key piece abundance, sinuosity, the degree to which jams
completely span the channel, and the frequency and abruptness of channel omsstricti

Because these two functions are so complex, and the value ofoMliicult to
calculate, the relative importance of each component can only balyoesfimated.
Channel-spanning jams are rare at La Selva, with seven observbd 1.5 km of
channel surveyed. If jams are defined as groups of at leastwhbiek pieces in contact
with one another, 42% of the pieces are in jams. Therefore,ifgmaprobably a minor
component, although the other factors that affecsuch as boulder or constriction
trapping, could be important. Large floods and the low retention rates and mdanages
times of the wood suggest tf@will be very important.

If equation (7.6) is accurate, there is the potential for sdifecing feedback
with equation (7.2), because of the dependence of fluvial transport dug¢ oédch on

wood storage within the reach and the dependence of wood storage in therrédawial
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transport out of the reach. Essentially this is saying thad jaap wood, creating larger
jams and trapping more wood.

Finally, the decay component can be calculated as:

D =SFRy (7.7)
WhereS is the reach wood storade, is a wood surface area conversion factof/fm
i.e., the average surface area per unit volume of wood)Raisdthe decay rate of wood
(m/yr, i.e., the rate at which the wood surface retreats).splagéal variability ofRy is
expected to be very high, and the value will depend on temperaterepral or fungal
diversity, wood characteristics, frequency of wetting or drying,dewtee of abrasion by
sediment transport (Aumen et al., 1983; Melillo et al., 1983; Bilta).e1999; Bucher et
al., 2004). As witlQ,, decay will be a function of the wood volume in the reach, the very
guantity it is being used to estimate. This will lead toraeraction between the two, and
likely make equation (7.2) indefinite except in environments wiieres negligible
relative toL and Q. Because the terms are multiplicative, they will all hageaé
influence on the value @; a doubling of any of the three will lead to doublbDg

Comparing the relative importance of all the major components eofwttod
budget is somewhat qualitative. At La Selva, wood input is dominaget;, bwith
secondary influence fror®;. This statement may at first appear to contradict a primary
conclusion of Chapter 2, that fluvial transport differences betwiee study sites is a
greater influence on site-to-site wood load variation than erdainput differences
between the sites. However, the results of Chapter 2 more pyesiwal thatQ, has a
greater influence on wood load at a site thareaving open the possibility thef may

be more influential tha®;. Wood introduction appears to be rather constant from reach

175



to reach; it is the preferential removal of wood from high eneegghes that leads to
spatial variation in wood load. The ratio Iof/Q; is difficult to estimate since sourcing
wood was not attempted in this study, and could be considered eitleems daf pieces

or volume. But because of the high discharges observed in the stedynst and the

relative scarcity of jams that might trap passing wood, | sidhe ratio may be higher
than in similar temperate streams. This supposition is based oaabening that once
wood is mobilized it is more likely to break apart than come toagain because of the
high energy of the floods and the predominance of highly decayeds pretiee stream

which are unlikely to survive transport.

Wood output is dominated bg,, with very few instances of export onto the
floodplain being observed. Larger rivers, with well developed floodplawik likely
have higher ratios df,/Q, regardless of the climatic setting. Furthermore, manydabpi
streams, including those at La Selva, have multiple floods eachwyta magnitudes
similar to the annual flood, as opposed to temperate streams Wwheaerntual maximum
flow series is a good indicator of formative flows. Thus theeenaore transport events to
which equations (7.5) and (7.6) should be applied.

Although each of the terms so far discussed was difficult tsunean the field,
the most difficult term to quantify was decay. An estimattheD/Q, ratio is limited by
the short duration of the wood decay study, but | suspect it is quiteNoed that was
frequently exposed to the air rotted quickly, but the submerged wocetisgajte sound
for 2.3 years, and fluvial outputs were so high that they should dominatefféct of
decay that is not incorporated into equation (7.7) is the weakening oiviémmobile

wood, and its subsequent breakage and transport. It is not clear gebiBcsprocess of
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removal should be considered decay or fluvial export. Because bigiméropical decay
rates, one might assume tHatQ, is higher than similar temperate streams, yet in
temperate streams with very low flows and low wood mobilityagienay dominate the
wood export, even if the absolute value of decay is much lower than at La Selva.

This study enables simplification of equations (7.2) through (7. 8libynation
of the components which are negligible at La Selva. In tthecexl equations below, the

most influential components are shown in bold font.

ag/tw =LiXx-LoX+ Q- Qo- DX (7.8)
Li = lm+ e (7.9)
Lo =0 (7.10)
Q = (Q)Mu(1-d)J (7.11)
Qo =SM(1-J) (7.12)
D = SFRq (7.13)

The variables are wood volume in the readh), reach lengthx), lateral inputs L),
mortality input (), bank erosion inputlyg), lateral outputsl(,), floodplain deposition
output ), fluvial inputs Q;), upstream storages{), proportion mobilized upstream
(My), trapping efficiency upstreamlyj, trapping efficiency in the reachl)( fluvial
outputs o), storage in the reacl&j, proportion mobilized in the reacM], decay D),
surface area conversion factéi)( and wood surface retreat rate or decay fie The
variableJ may also merit bold font in equations (7.11) and (7.12), for the reason that
appears to have a very small value rather than a large value. Lloes & J would
contribute to the lowQ; and highQ, As a comparison for La Selva, a landslide-

dominated wet tropical stream, such as the Rio Chagres, Panamwla, Wely have
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similar relative importance of controls on the total budget in egug{.8), with the
possible exception that decay may not merit the bold font. Buatéral inputs equation

would be dominated by landslide inpulg,(with a relatively minor role played by.

7.3 Future work

As can be deduced from the synthesis, there are many prodistvef future
research: essentially, working to quantify each component of the woodtbudg
diversity of environments. Intensive monitoring efforts such as tkisareh will likely
continue to yield useful results. Determining the source of wooeriegtthe study
reaches will greatly enhance such studies, helping to determineldbtiee importance of
Li andQ;. This has already been attempted (May and Gresswell, 2008&xdept when
the source of lateral wood is obvious, such as a debris flow, suchediféion has
proved to be very difficult. A more frequent monitoring regime than that gmglim this
study should solve this issue. Surveys timed immediately folloWidogls should reveal
the Q; component, while inter-flood surveys should be able to identify lateral inputs.

Long-term decay studies have the potential to resolve thenmdtengortance of
D. The six logs attached to bridge piers over the course of this pragide useful
information, but longer and better planned efforts are highly recommended.

Determining mean residence time from observed retention oaezs3 years, as
was done in this study, requires the assumption of steadyestadéions. Although this
appears valid at La Selva, it is far from certain if g@sumption is sound at other sites.
Dendrochronology is a very promising approach to estimating longf&sidence times,
and | highly recommend the acquisition of this kind of data in thepéeate zone to

expand the number of sites among which comparisons can be madeshugeless in
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the tropics where annual tree rings do not form. Thus, longer studlesimilar design
to this project may be necessary to quantify wood residencertitrgpical streams with
episodic wood loading. The lack of mass movement at La Selkalisto be something
of an anomaly among tropical forest streams, so | recommendrfgdusure tropical
wood monitoring efforts on catchments where debris flows have been observed.

Broadening the diversity of environments in which instream wootudtiesl is
key to differentiating the influence of environmental factors saglprecipitation and
temperature. Climate is not a binary variable, temperatet@mical, although this
dissertation has emphasized this dichotomy. Rather, subtropicalragigat, and
seasonal tropical environments are intermediaries, and have theigbotenteveal
climatic thresholds in wood dynamics. Similarly, a systetnatialysis of wood across
the gradient of humid temperate to semi-arid temperate str@aaysincrease our
understanding of the influence of precipitation.

Finally, stochastic computer models of wood transport, consideringidoel
wood pieces and a sequence of discrete flow events, would provicena ofdesting the
relative importance of the various components of the wood budget.cbé&y also help
identify interactions among the factors that vary across tisndy enabling analysis of
factor combinations that are not found in nature. Parameterizatsucbfmodels would
greatly benefit from the field data acquisition described above,hieyt dlso have the

potential to help narrow the focus of the field data acquisition efforts in advance.
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APPENDIX A
Flow resistance study reach profiles. A.1) Taconazo 01, A.2 88y A.3) Sura 05,
A.4)Esquina 17, A.5) Esquina 20, A.6) Esquina 21. Downstream distancexis ana
elevation above arbitrary datum on y-axis, both in meters. Eachhaitea unique
elevation datum.
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A.3.

y =-0.0098x + 99.313
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A5.
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APPENDIX B
Maps of wood distribution in March 2007 within the 10 long-term study esachhick
black lines indicate wood pieces, with thickness of line proporttonidle cross sectional
area of the piece. Thalweg is indicated with thin black link arow. Shades of gray or
color represent increasing distance from the thalweg. Grdg fgares have thalweg
distance zones trimmed to match the surveyed active channel. Redhdbe color
figures indicate surveyed active channel margin points.

B.1.

Site 01: Taconazo

B.2.

Site 02: Arboleda
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