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Abstract

Instream wood plays important chemical, physical and ecological functions in aquatic systems,
benefiting biota directly and indirectly. However, human activities along river corridors have dis-
rupted wood recruitment and retention, usually leading to reductions in the amount of instream
wood. In the tropics, where wood is believed to be more transient, the expansion of agriculture
and infrastructure might be reducing instream wood stock even more than in the better studied
temperate streams. However, research is needed to augment the small amount of information
about wood in different biomes and ecosystems of neotropical streams. Here we present the
first extensive assessment of instream wood loads and size distributions in streams of the wet-
tropical Amazon and semi-humid-tropical Cerrado (the Brazilian savanna). We also compare
neotropical wood stocks with those in temperate streams, first comparing against data from the
literature, and then from a comparable dataset from temperate biomes in the USA. Contrary to
our expectations, Amazon and Cerrado streams carried similar wood loads, which were lower
than the world literature average, but similar to those found in comparable temperate forest
and savanna streams in the USA. Our results indicate that the field survey methods and the
wood metric adopted are highly important when comparing different datasets. But when prop-
erly compared, we found that most of the wood in temperate streams is made-up of a small
number of large pieces, whereas wood in neotropical streams is made up of a larger number of
small pieces that produce similar total volumes. The character of wood volumes among biomes
is linked more to the delivery, transport and decomposition mechanisms than to the total num-
ber of pieces. Future studies should further investigate the potential instream wood drivers in
neotropical catchments in order to better understand the differences and similarities here
detected between biomes and climatic regions.
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Introduction

The input of wood from forests to streams is a critical material flow between land and water
[1]. Branches, logs and rootwads which fall from riparian forests affect chemical, physical and
biological aspects of streams [2]. Despite being ignored for a long period in the history of river-
ine research, instream wood finally became a focus for study by ecologists and geomorpholo-
gists from the 1970s onwards [3]. After almost 50 years of research, wood in rivers is
recognized as a key element [1, 4-7] that can be as important as sediments and riparian vegeta-
tion for the functioning of river systems [8]. The natural wood regime can be considered the
third leg of the tripod of riverine physical processes, together with the hydrological regime and
sediment flow [9]. Among its many functions, instream wood changes the morphology of the
channel, creating pools and riffles [10-13], enhancing hydraulic roughness and sediment
retention [10, 14], and promoting heterogeneity in substrate sizes [15, 16]. Instream wood also
contributes to bank stabilization and the formation of islands and mid-channel bars [17, 18].
Instream wood also enhances nutrient cycling and carbon storage [19-21], benefits the aquatic
biota by structuring the habitat [22-24], providing spawning areas for fish [16, 25, 26], increas-
ing shelter, cover and refuge [11, 27-29], and increasing the supply of food, organic matter
and nutrients [11, 30]. Through these many pathways, instream wood generally increases the
ecological integrity of flowing waters, as reflected in its positive association with indicators of
biotic population and assemblage integrity [31-35]. However, the benefits of wood to aquatic
habitats depend on its distribution and quantity in rivers, which are variable in space and time
and still poorly known in many regions [7].

Worldwide, human activities have been transforming the ‘wood regime’, that is the inputs
of wood and the processes that decrease or retain wood in rivers [9]. Deforestation and degra-
dation of riparian zones, compounded by channelization and loss of connectivity in streams
and rivers, disrupt the supply and storage of wood, with consequences for the conservation of
aquatic systems [9]. The lower recruitment and retention rates result in stocks of instream
wood that are lower than those in pristine streams [9]. In the tropics, the expansion of agricul-
ture and the development of anthropogenic infrastructure have certainly changed the natural
wood regime [23, 36, 37]. However, instream wood research has received far less attention in
tropical than temperate regions [32, 38-46], and the few localities studied do not represent the
diversity of tropical biomes [7].

The characteristics of each biome (a biotic community expressed at large geographic scales,
shaped by climatic factors, and characterized by physiognomy and functional aspects [47])
affect the wood regime, since the amount of wood delivered to streams depends on the charac-
teristics and proximity of forest, and the wood storage depends on the transport and decay
rates [9, 48, 49]. Therefore, it is important to study an extensive range of environments to
understand the natural and contemporary wood regimes and their regional variation. Previous
studies have shown that the bioclimatic region is a critical factor in predicting wood dynamics
in rivers [49], with the largest wood volumes occurring in biomes with high primary produc-
tivity, combined with limited decomposition rates, leading to long wood turnover times [48].
However, the former study [49] was limited by comparing secondary data from different data-
sets and the second [48] by analysing only temperate biomes.

The few studies that have measured instream wood in the tropical region suggest that these
streams have lower wood storage than streams from the temperate region [7]. Higher rates of
biological activity, wetter and warmer conditions mean that wood in tropical streams has a
higher decay rate [50, 51], so that it is more readily degraded and transported downstream [7,
52, 53]. Further, high peak discharge per unit drainage area in the tropics, should result in
higher wood transport rates [54] leading to even more decay through higher abrasion and
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breakage rates [55]. Nevertheless, wood in tropical streams still performs important physical
and ecological functions [13, 23, 25, 29, 33, 34].

The restricted set of tropical biomes that have already been analysed in relation to instream
wood, include some humid headwater streams in Central America and Southeast Asia [53, 56—
58], streams in a semi-humid tropical region in Brazil [13, 59], large rivers in a tropical wet-
dry region of northern Australia [34], and in the semi-arid African savanna [60, 61]. To our
knowledge, there are no published studies describing the instream wood in the Amazon For-
est, despite the fact that it is the largest tropical forest in the world. Neither has instream wood
been studied in the wadeable streams from the South American savanna, locally known as Cer-
rado, which in Brazil occupies over two million km®. Further aggravating the lack of informa-
tion, the Amazon and Cerrado biomes have been experiencing high rates of deforestation in
recent years, mainly triggered by the expansion of agriculture [62-65]. Studies evaluating the
condition of aquatic habitats suggest a reduction in the availability of wood in tropical streams
impacted by agriculture [23, 36, 37]. Therefore, we may already have a disturbed wood regime
in tropical streams (i.e. the contemporary wood regime of Wohl et al. [9]), even before know-
ing the natural regime.

Aiming to fill this knowledge gap, we present the results of the first extensive assessment of
instream wood in the Amazon and Cerrado tropical biomes. Here we analyse an original data-
set sampled with a standardise methodology that allows comparisons among biomes and
regions. Our objectives were to (i) assess instream wood stock and describe the stream and
catchment characteristics influencing wood in Amazon and Cerrado streams across six differ-
ent regions, (ii) compare the instream wood amounts from Brazilian neotropical biomes with
those from temperate biomes in the USA that use the same field and analytical methods, and
discuss the results in the context of published instream wood stock data from around the
world. Based on these objectives we formulated two hypotheses: (H;) Cerrado streams contain
less and smaller instream wood than Amazon streams, because of the thinner and smaller trees
of Cerrado riparian forests, the primary source of wood; (H,) Tropical streams contain less
instream wood than temperate streams, because of the potentiality higher transport and decay
rates in tropical streams.

Materials and methods

The wood data used in this study was part of larger systematic sampling surveys of Brazilian
and North American streams carried out using a standardised methodology developed by the
USEPA, which is commonly applied in different studies across the American continent [23,
36, 66-68]. Sample reaches were randomly selected and then observations were made during
the dry season of instream wood, stream channel morphology, bed substrate, and adjacent
riparian vegetation cover and structure.

Study area

We analysed two datasets from two climatic zones, including six biomes (assigned using the
same criteria as Trimble and van Aarde [69]) distributed across 15 regions in two countries
(Table 1). In the tropical zone (Brazil dataset), we surveyed 258 reaches of wadeable streams
(one site per stream) located in six different regions (Figs 1 and 2), of which two are located in
the Amazon Forest, and four in Cerrado (the Brazilian Savanna). The study regions are located
in different river basins, and the Amazon ones include more than one basin within the region.
The two Amazon regions are characterized by a mosaic of mechanized agriculture, extensive
and intensive pastures, forestry (mainly exotic Eucalyptus spp. and Schizolobium amazonicum,
especially in the region of Paragominas), densely populated colonies of small farms and land

PLOS ONE | https://doi.org/10.1371/journal.pone.0275464  October 5, 2022 3/30


https://doi.org/10.1371/journal.pone.0275464

Wood stock in neotropical streams

PLOS ONE

(panuiiuo))

‘pasATeue suordar uozeury
om) 3y} Jo uordar pasrasard
JSOW Y] ST STY T, "20eJINns pue|
a1 jo afejuadiad yueoyruSis
® £dnoo0 sarpoq 1918 |
'SBIR PAUOpUE]E PI)SIIOJIP
ur paAIasqo Apeaife are
saypjed euueaes Suroueape
amjsed ynq ‘surewrop

'SBAIR PUB[MO]

152105 A1epUO023s pue Arewrid | djew)d pruny [errojenby pue 25e119) JO XIA 081 9z 09 180T 8% WIS wdIe)ues
"pareap ‘suonzod
ST 1$910J SB 9ST PUB[ UOUIIOD JSEAY}IOU PUE 110U )
JSOW PU03s ) Apeafe st ur spuepmor ‘sdoygip (uozeury)
amjsed Jnq ‘19405 pue] urewr UM pasiadsiojur seare 15910]
9Y} [[1S 31 §)$3.10] Arewrig ‘pruny [errojenby | 99e119) Jo ddUBUTOPAI] S61 9T 69 weel 1S WO seurwoJereq ISIOIN [eardoa],
*3SN pUe[ JATBUIA)[E
ureur o) st aInjseq
‘(sdurems wed) sepaioa,
JO 9DUALINIIO Y} UOWWOD
Sureq ‘s1oprr1oo uerredrr
A} UO A[UTRW }S310,] dNUENY ‘seaxe doygid
J0 sayored yym pasradsiayur st “ayeUId pruny PUE 208112} SWIOS Y)IM
UOI3a1 STy} UT dWOIq eUURARS | -Trds pue pruny resrdor) | seare Asqrea pue neayerd
31} )R I12)STOW $JT 0) INJ [ET)UID BILIDUIY YINOS JO PdUBUTWOPAI] 6V %4 €1 206°CT 6¢ SS oewrg oesg
‘SJUBUWIAI §)5910) AI1BPU0I3S
a1el pue souoz uerredix
a1y £q 1daoxa ‘uoneradaa
aATeU A1) [[E Jsoure pade[dar
aAeY S[E21D pue dued 1edns
Jo spuerdord pue ormynoride “ayew]d
paziueypaw jo uoryejuerdur prumy-twas resrdorn ‘surerd pue sneayerd
1) PAINOARJ JI[21 JBf YT, [eNUD eILDWY YINOS | £q PIsLIdIOLIRYD JI[Y o9ST w 41 8THC 0¥ DA JpueIn) BJOA
‘s)uBUWaI §15910§ Arewrtid
pue euueaes Sunjuasard
[0S ‘pasA[eue suordax
euueaes [esrdor) moy ayyy
Jo uo13a1 Pa)saI0JIP ISBI[ A}
ST SIY ], "9SN PUE[ dATJRUI)[E *JSeIYYIOU
UTeUr 3 S JINI[NOIAIS Je 25119 pue uontod
sn1dApang jo dueUTWOpaId “dewIp UI2)SOM ) UT Spue|
a1y} 0 pea] uordax sty ur prumy-rwas [edordor) | snourejuNour Yim seare
[1os 2y jo Ayenb ax00d oy, [e1U2D BOLIDWY YINOS | £3[[eA JO 2OUBUTOPAI] 9z1 w (=4 918CI ov WL SeLIBJA] S91],
*s10p11100 UeLredr
Suore paaI1asqo [[us sI 15210§
Arepuooas jo dins morreN “yInos (opeira)D)
*INYMOIATIS sn3dAjvonyg pue 39U} J& SBIJE 2DBLID) spueqniys
armysed ‘ommymonide £q Ajureur ® 0) Judde(pe uontod pue seuueAeS
paoerdax Suraq parourar “ayewIp UI2)SOM U] UT SedTR ‘Spue[sseID)
A[oatsuaixa sem uone)afoa prumy-twoas resrdorn doygyrp yam sneayerd reordonqng
BUUERARS [BUISLIO AU, [e1)U2) BILIDWY YINOS JO douBUTWOPaI] 091 0z 9¢ cLEL ov dN 2Juo0J BAON pue reordouy, nzeig reordoxy,
(und) .) (%) (uD)
Jenuue uedw Tenuue uesw 19400 vaIy SIS [69] Juoz
SNJe)s UOTJBAIISUOD) ajewr)) Aydexdodo], uoneydmarg | sanjerddurdy, | 3saxoj puel Apmyg | apo) uoroy awolq piIop | Anuno) | snewn)

‘suor3ax Apnjs 9y} Jo uondrosap Arewrmng ‘1 d[qe],

4/30

PLOS ONE | https://doi.org/10.1371/journal.pone.0275464  October 5, 2022


https://doi.org/10.1371/journal.pone.0275464

Wood stock in neotropical streams

PLOS ONE

H00¥ 797G/ ¢0"8uod [euInol/L L€ 1°01/BIo"lop//:sdpy

‘seare uerredur
Ppapoom daey A[erouad 'skaTea pue
A1) pue ‘Spue[MO[ 1135p surseq ‘sureyunow Y3y
a1 uey) 19)1oM A[QRISPISUOD quourpard ‘spuepaiqe)
SIE YOTYM ‘SUTEJUNOU [} JA1[PI-y 31y ‘surejunour
ur A[rewrtad axe uorda orrex Mo[ pue STy yim surerd
Ay} UT sweax§ "a8elIoys Jojem -ayeradudy Surpnpour ‘sarnjeay SPUR[QIIYS JLIdX
03 anp uonelaSoa asredg 0 L1p pue wrrepy osryderSorsAyd jo xiq 70103 $7 010 /L €86°9¢9 ¥HC gax spue[ dLIY pue s11s2J
-puerdod
£q paoerdar s)sa105 snonprap
Jeapeoiq A[eurdio sem spue[qnIys
jred uId)sed AU, "pareAnNd *SIdWWNS prurmny pue seuueaes
mou aurred sserS-[re; PUE 107 pUE ‘SIUIM ‘SPUB[}aM PUE Sa¥E[ surerd spue[sserd
reruuarad reuruQ ‘sure[q PIo2 M jeradwa, [[ews Auewr pue sure[q 601 03 T €101 o1 €67°988 97¢ 1dL rerodway, eradway,
spue[qnIys
“asxeds are $201) “pareAnnd *SI9JUIM P[OD ‘UO] | S[[IY MO[ pue Spue[a[qe) pue seuueaes
10 paze1d A[9AISUL)XO MOU | PUE ‘SISUIWINS J0Y 9I0Ys Im pasiadsiajur sure[J spue[sserd
spueysserd arrrexd AfeuiSuiQ | 4q paziayoereyd pue A1 surerd renSarig $9 03 6T 8017 ¢ GOTTES $0€ TdN UWIdYIION ayeradway,
Inos
1) UT BUULAES PUE [}I0U spue[qnIys
oy ur aurexd sseid-1roys *S[[IY MO PUE SpUe[[qe) pue seuueAes
m ‘ourrerd sseid y1oys pue ym pasadsiayur surerd sure[q spue[sserd
ssex3-[rey Teruuarad A[reurdliQ -ayeradway L1(g Ien3a1ir pue yroows 9/ 0167 9701/ S SP68F0°T 987 1dS uIINoS dyeradwa],
§15210§
papooyj Surpnpourt ‘saa1)
SNOIDJTUOD PUE JeI[PEOIq JO *S[[TY SUIOS 18910
SPUB[POOM [BII0Q PIXTW YJIM | 'SISWINS }I0YS A[oATe[oT ym surerd £jreord4y JSOMPIIN SNONpIdA
spuerdn pue sured pajerse[n PpUE SI2)UIM P[OD) <Ure119) pajerde[n) 61103 TS 7101 ] 9¢ 99¢‘STH 781 | MINN 12ddn Jearpeorg
‘surerd renSax
'$301) SNONPIDAP pue s£a[[eA apIm SUTRIUNOTA! 15210,
Jearpeoiq £q pajeururop JUIOS YIIM ‘SUTRJUNOUT uerpeeddy snonpa(
spuejdn pajsaoj ApSrey Jom djeradwa, Mmo[ pue S[Iy £PSO | €0T 03 70T 8103 €T 65 L1668 | ss€ | dVS uIRyINog Jeapeorg
'$991) SNONPIP ‘sauer ureyunour pue SUTBJUNOIA! 15910
Jea[peoiq £q pajeurwop sure[d poxXIuLIa)UI SWOS ueryoeeddy SnONpIdA
spuefdn pajsaioy A[pS1e] ‘ayeradwa) 0) pjop M Ay Aersuan 7ST 0} 68 601 ¥ 09 901°T9¢ 0¥C dVN UIdYLION Jearpeorg
'$)$210] PaPOO[} *SOPe[SIOAT JAISU)XD
PUE SPUB[JOM SAISU)XD () pue spueom 18210,
SIPNOU] '$391) SNOIJTUOD ‘resrdonqns SNOJAWNU SUTEJUO0D SNOIDJIUO])
£q pajeurop $)sa10g 03 3om djeradwa ], pue surefd yepy Apso 102039/ 470301 Vi SHOSTOT | 65T TdD | surelq [eiseo) deradwa ],
“eILIOWY
UION] JO SR 1S9)JoM
31 218 2191 S)SAI0JUTRT
[€3SBO)) "SUOTIBAS[D
1oyS1Y 1€ p[Od pUe
‘seare ueLredrr Ur UOWWOD pruny 0) ‘s£a[[ea 1mo[ *SPUB[MO]
$391) SNONPIDAP JeI[PLoIq UWISYINOS UT P[IUW pue pue s£af[ea apim £q 15210,
INq ‘s991) SNOITUOD prre-turas woj satrep | pajeredss sneajerd pue SUTBJUNOIA! SNOIDJIUO])
£q pajeurop s3sa10,] -a8uer onewnp afie SUTRJUNOW JAISUSIX 019 03 1§ €1 010 $S 08€0€0°T | 92¢ | LINM WIS M seradwa], vsn | oyeradway,
(o) .) (%) ()
Jenuue uedw Tenuue uesw 19400 vaIy SIS [69] Juoz
SNJe)s UOTJBAIISUOD) ajewr)) AyderSodoy, uoneydmarg | sanjerdduwrdy, | 3sax0g puel Apmgs | apoD uoroy Jwolq piIop\ | Anuno) | snewn)

(panunuoD) ‘1 9qeL,

5/30

PLOS ONE | https://doi.org/10.1371/journal.pone.0275464  October 5, 2022


https://doi.org/10.1371/journal.pone.0275464.t001
https://doi.org/10.1371/journal.pone.0275464

PLOS ONE Wood stock in neotropical streams

70.000°W 60.000°W. 50.000°W 40.000°W

A

Datum WGS 84

0.000°

10.000°5

20.000°5

Bl Study regions
[ state limits
[ Amazon biome
[77 Cerrado biome
Other biomes

30.000°

0 250 500 km
\

o Sampled sites
Streams

¥/, I River/Reservoir

exﬁg‘ I Region limit

\

Volta Grande (VG) Nova Ponte (NP)

Fig 1. Location map. The study sample sites are shown within the six study regions across the two study biomes in
Brazil.

https://doi.org/10.1371/journal.pone.0275464.g001

reform settlements, and large areas of undisturbed and disturbed primary and secondary forest
[70]. The four Cerrado regions are subject to a high degree of anthropogenic influence mainly
by agriculture and livestock, preserving only small fragments of native vegetation [71].
Regarding the temperate region (USA dataset), we analysed data obtained from informa-
tion provided by USEPA [72, 73] for 2,502 wadeable streams sampled in nine ecoregions
across the conterminous USA (CONUS) (Fig 3), of which two are located in Coniferous For-
est, three in Broadleaf Deciduous Forest, three in Savanna and one in Xeric biomes. The cli-
mate of these nine regions ranges from wet subtropical in the south-eastern USA (within CPL)
to temperate rainforest in the north-western USA (within WMT), and from mesic and dry
plains within the central and western US (TPL, NPL, SPL) to remote desert and high mountain
environments in the western half of the country (XER, WMT) (Table 1). Mean annual temper-
ature ranges from 0 to 27°C across the conterminous USA (CONUS), with considerable varia-
tion within the nine ecoregions. For example, differences in mean annual temperatures within
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Fig 2. Pictures of typical study streams located in Amazon and Cerrado biomes. One example of each study region
is presented. (A) Paragominas- PGM (Amazon), (B) Santarém—STM (Amazon), (C) Nova Ponte—NP (Cerrado), (D)
Trés Marias—TM (Cerrado), (E) Volta Grande- VG (Cerrado) and (F) Sao Simao- SS (Cerrado).

https://doi.org/10.1371/journal.pone.0275464.9002

the CPL, SPL, and XER are, respectively 17, 19, and 24°C. Mean annual precipitation is simi-
larly variable, ranging from 5 to 610 cm/yr across the CONUS and differing by factors of 15x
in the WMT, 20x in the XER, and by 2 to 3x within the other six ecoregions (Table 1). We do
not exhaustively analyse and interpret the US wood data, instead presenting it to facilitate
comparison of our Neotropical wood stock data with that from more temperate climates.
More detailed treatment of US regions and their descriptions, the EPA surveys, and sample
site locations are readily available in [74-77].

Data collection

The Brazilian dataset includes 258 wadeable streams and the USA dataset 2,502 wadeable
streams (see Table 1), all of them sampled using the USEPA physical habitat assessment field
protocol [66, 67]. In the Amazon the study sites are distributed over a gradient of forest cover
as described in Gardner et al. (2013). In the Cerrado, we selected sample sites using a random-
ized, spatially balanced draw as described by Macedo et al. [71]. In the USA regions, the sample
sites were chosen from the National Hydrography Dataset (NHD-Plus; McKay et al., 2012)
using a randomised, spatially-balanced design stratified by ecoregion [75, 78, 79]. At each
stream sample site one reach was sampled, where field crews made systematic measurements
and observations of wood, stream channel morphology, bed substrate, and riparian vegetation
cover and structure during the dry season.
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Fig 3. Map of the USA ecoregions. Adapted from USEPA (2020) [74]. For information on the sample site locations
see Kaufmann et al. (2022a) [76].

https://doi.org/10.1371/journal.pone.0275464.g003

The sample reach length at each site was set proportional to the stream mean-wetted width
(40 times the mean width), with a minimum of 150 m. All large wood pieces (LW) were
counted along each reach. A LW piece was defined as being inside the bankfull channel with a
length >1.5 m and diameter >0.1 m at the small end (note, if small end diameter was <0.1m,
the wood piece was defined as the length between large end and the point where the
diameter = 0.1m). To calculate wood volume, each piece was categorised into one of five size
classes (T = tiny, S = small, M = medium, L = large, X = extra-large). A nominal mean volume
was calculated for each piece of LW according to its diameter-length class membership (Eq 1),
such that the intermediate classes (S, M and L) are composed by three nominal means each
[80] (Table 2).

Di _ minDi 2 I — minL
Volume = n[O.E) (minDiam + (max wam — min zam))} [minLength + (max ergth — min e"gth>] (1)

3 3

Besides LW, multiple variables that may influence wood storage were measured. Channel
morphology (including bankfull width and bank-height, thalweg depth, slope, sinuosity), bed
material (bedrock, concrete, boulder, cobble, coarse gravel, fine gravel, sand, silt and clay,
hardpan, fine litter, coarse litter, wood, roots, macrophyte or algae) and riparian vegetation
were also classified, estimated or measured. The bankfull channel corresponds to the seasonal
bed area which is flooded during the annual wet season. The riparian vegetation measure con-
sists of a visual estimation of the areal cover of each one of the three vegetation layers (canopy,
understory, and ground cover) located on both banks within a 10-meter field of view. The
maximum cover in each layer is 100%, so the sum of the areal covers for the combined three
layers could add up to 300% [67]. Because we are interested in the riparian forest as a source of
LW in the present study, we considered only the field data on woody riparian vegetation
(XCMGW), excluding cover from herbs, grasses and non-woody shrub. As there are no stream
gauges in any of the sampled Brazilian catchments, we measured discharge at the time of
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Table 2. The twelve wood size classes. Classes are described according to length and diameter and their respective
mean nominal volume calculated from Eq 1.

Diameter Length
1.5-5m > 5-15m >15m
0.1-0.3m T® = 0.058 $;°=0.182 M;° = 0.438
>0.3m—0.6m $,°=0.333 M,° = 1.042 L4 =2.501
> 0.6 m—0.8 m $,° =0.932 L% =20911 L, =6.988
>0.8m M, =3.016 L, =9.421 X©=2262

*T (tiny).

> S =8+ S,+ S5 (small).

‘M = M,;+M,+Mj; (medium).
4L = Li+L,+L; (large).

X (extra-large).

https://doi.org/10.1371/journal.pone.0275464.1002

sampling (during the low flow season) by the floating object technique and also estimated
bankfull discharge using a slope-area method of Kaufmann et al. [14, 81]. The complete set of
measured variables are listed in the S1 Table and the detailed methods in [66, 67].

For Brazilian streams we delimited the catchment area upstream of each sample site from
digital elevation models (DEMs) with 30 m resolution for NP, TM, VG, SS and PGM regions
(generated using TopoData-IBGE; [82]), and 90 m resolution for STM region (SRTM-NASA;
Jarvis et al., 2008). We obtained the drainage network for Cerrado regions from a national
database, with data available per municipality (spatial resolution 1:25,000; [83]). For the Ama-
zon regions, the drainage network map was constructed using the hydrological model ArcS-
WAT [84] with subsequent manual correction. We used satellite images (Landsat TM and
ETM+ images, 30 m resolution, year 2010) to map land use and quantify the native vegetation
cover that includes the different types of savanna (woodland savanna, parkland savanna,
grassy-woody savanna, and palm swamp) and mature and young Amazon forest. The mature
forest includes never deforested areas (the primary forests), areas under selective logging (the
degraded forests) and areas under natural regeneration with more than 10 years since the last
deforestation event (the old secondary forests). The young forest includes areas under natural
regeneration process with less than 10 years since the last deforestation event (the secondary
growth forests). Despite the different types of native vegetation in each biome, here we refer to
all of them as forest to facilitate understanding and comparisons. We considered forest cover
at three spatial scales relevant to wood stock: (i) forest in the whole catchment upstream of the
site (catchment forest cover); (ii) riparian forest upstream of the site within a 100 m wide
buffer along the stream network (network riparian forest cover); (iii) riparian forest within a
100 m buffer along the sample reach site (local riparian forest cover). The spatial data were
processed in geographic information systems (ArcMap 10.5 and QGis 3.4). Regarding the
USA streams, the only spatial data compared with Brazilian streams was the forest cover per-
centage at the catchment scale, which was available from the USEPA [72, 73].

The present research was conducted following all ethical standards, having been dismissed
from consent by the ethics committee from the “Universidade Federal de Lavras” once we did
not use any alive organism.

Data analysis

From field measurements we obtained LW counts and volume per size class for each stream.
To allow proportional comparisons among different streams we calculated four instream
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wood metrics: two scaled by channel length [abundance (number of pieces) and volume (m>)
per 100 m (C1W_100, VIW_100)], and two scaled by bankfull channel surface area [abun-
dance (pieces) and volume (m’) per 100m* (C1W_100MSQ, VIW_100MSQ)]. We grouped
streams according to regions and biomes.

As our objectives are primarily to present information from Amazon and Cerrado streams,
and secondarily to compare the tropical instream wood with that observed in temperate
streams, we only present from the USA streams in the comparison section focusing on con-
trasting results. Thus, to test our first hypothesis, which is only related to tropical streams, we
compared average wood loads and dimensions from Amazon and Cerrado streams applying
analysis of variance (ANOVA) and Tukey’s test. We compared regions according to the forest
cover and to the visual evaluation metric, using ANOVA followed by post-hoc Tukey’s test.
When necessary non-normally distributed data were log transformed.

To understand our results in a global context we conducted a literature review and com-
pared our results with other studies in the world. Considering each study average, we ranked
the wood stock assessments according to the biome analysed. Because there is no consensus
about the metric used to represent wood stocks, we selected the two metrics most commonly
presented in the consulted papers (wood volume per 100 m and volume per 100m?) and
ranked the regions according to each metric. We made further comparisons adopting the vol-
ume per channel area (m’/100m?) as the main wood load metric and tested average differences
between our estimates and the other three tropical wood assessments. We also compared the
stream and catchment characteristics among studies, transforming non-normal distributed
data as needed.

Finally, to test the second hypothesis, we directly contrasted the Brazilian and USA datasets.
To do so, we considered the four instream wood metrics (CIW_100MSQ, VIW_100MSQ,
C1W_100, VIW_100) and performed ANOVA followed by post-hoc Tukey’s test, always log
transforming the non-normal distributed response variables.

Results
Amazon vs. Cerrado instream wood

Measures of tropical instream wood. A total of 8,495 wood pieces totalling a volume of
1762 m® were counted in the 258 Brazilian stream sample sites. The average number and vol-
ume per 100 m of channel length were 20.8 and 4.21 m” respectively, and the average number
and volume per 100 m? of channel surface area were 3.9 and 0.86 m” respectively, but there
was great variability among streams (Fig 4). The diameter and length of pieces were remark-
ably similar among the six studied regions, being approximately 4 m in length and 0.25 m
diameter. Relative to channel dimensions, we observed the smallest LW length average in STM
(LW length/channel width = 0.42) and the largest in TM (LW length/channel width = 0.91).
The ratio between LW diameter and channel depth was similar in all regions, ranging from
0.18 in NP t0 0.31 in STM (see S2 Table). When analysing LW abundance and volume per
channel length we did not observed any differences among regions (ANOVA: F(5, 252) = 2.09,
p = 0.06; F(5, 252) = 0.72, p = 0.61) (Fig 4B and 4D), whereas when analysing according to
channel area, STM region presented the lowest averages (Fig 4A and 4C) (ANOVA: E(5, 252)
=3.56, p = 0.004; F(5, 252) = 3.49, p = 0.004). Despite the wood storage average being similar
among regions, there was a great variability within all regions (see S2 Table).

Wood stock in all streams was dominated by pieces classified as ‘tiny” and ‘small’ (96.2%).
Amazon streams did not contain any ‘extra-large’ pieces, and the proportion of ‘large’ pieces
was low and similar in Amazon (0.7%) and in Cerrado streams (1.0%) (Fig 5A). Despite being
few (only 1.0% of the pieces), large’ and ‘extra-large’ pieces contributed disproportionately to
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Fig 4. Boxplots of the instream wood quantities per region. Large wood (LW) volume per 100 m*—V1W_100MSQ
(A), LW volume per 100 m (V1IW_100) (B), LW pieces per 100 m? (CIW_100MSQ) (C), and LW pieces per 100 m
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box away from the box, the red dots are the outliers defined by the ‘1.5 rule’, the black dots show the values of each
stream. The colours in the boxes indicate the biome where each region is located. Different letters next to whiskers
indicate which groups differed in post-hoc comparisons (Tukey’s test).

https://doi.org/10.1371/journal.pone.0275464.9004

the volume of wood, representing 33% of the volume. Nonetheless, ‘tiny’ and ‘small’ pieces are
the overwhelming majority of instream LW (97%) and provide most of the wood volume
(51%) (Fig 5B).

Catchment and channel characteristics. Amazon and Cerrado catchments had similar
mean river slopes among all regions, but catchment area varied greatly, from 0.4 to 227 km?
and the bankfull width from less than 1 m to more than 100 m (see S3 Table). Trés Marias
(TM) is the region with larger catchments (45.2 km® on average) and NP with the smaller ones
(10.7 km?), while the Amazon catchments are intermediate. Channel morphology was similar
among regions within biomes whereas differed greatly between the two biomes. Amazon
streams, especially in STM, had wider and shallower bankfull channels, reflecting lower bank-
full discharges.

Amazon streams had lower gradients resulting in weak stream power, and few riffles, rapids
or waterfalls. Whereas in Cerrado, slope was twice as large as the Amazon streams, and stream
power six times greater and both variables were more heterogeneous among streams, which
suggests a higher capacity for wood transport than in the Amazon streams. Bed texture dif-
fered markedly between the two biomes (S3 Table). Amazon streams had small grain size with
low variation, with streambeds predominantly composed of sand and silt. By contrast, Cerrado
streams showed a large variety of substrates among streams including bedrock (> 4,000 mm),
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https://doi.org/10.1371/journal.pone.0275464.g005

boulders (250-4,000 mm), cobble (64-250 mm), coarse gravel (16-64 mm), fine gravel (2-16
mm), sand (0.06-2 mm), and silt (< 0.06 mm).

The catchment and network riparian forest cover in Amazon streams averaged 80 to 90%,
compared with just 10 to 60% for Cerrado streams (Fig 6A and 6B, S3 Table). Greater variation
in riparian tree cover immediately bordering streams reduces the distinction among regions
and biomes (Fig 6C and 6D). Thus, despite Cerrado streams having few forest remnants in
their catchments, they nonetheless have some riparian forest along their banks. However, the
riparian forests in Cerrado streams are narrow (narrower than the resolution limit of the
remote imagery, that is 30 m) since they were still lower than the Amazon in the 100 m buffer
estimate (except by TM), but equal in the visual evaluation to PGM.

Brazil streams vs. other temperate and tropical streams in the literature

Our instream wood stocks (measured as number and volume) are slightly below the average
when we consider other studies of tropical and temperate streams in the world (Fig 7A). When
we rank 23 studies according LW volume our study occupies the 9™ position and the 11" posi-
tion when scaled by channel length and area respectively (Fig 8) (see S4 Table for more details).
Only considering the tropical biomes, we compared our results with three other studies from
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similar biomes as ours: Cadol et al. [57] in a Tropical Rainforest area in Costa Rica, Paula et al.
[59] in a transition area between the Brazilian biomes Cerrado and Atlantic Forest, and Pettit
et al. [61] in a Savanna River in South Africa. Our wood volume per channel area average was
lower than the Costa Rica study (even the Amazon ones were lower), higher than the other
Brazilian study, and similar to the South Africa one (Fig 7B). When we compared only our
most forested streams (considering a forest cover higher than 80%), both Amazon regions still
present lower average wood volumes than Costa Rican streams (ANOVA: F(2, 92) = 118.35;
p<0.01). When we compared our forest cover data with those Brazilian streams in Paula et al.
(2013), we found that our catchments present similar or less forest cover amounts than theirs
(ANOVA: F(4,172) = 20.1949, p < 0.01). We also compared the ratio of LW piece and channel
dimensions from Cerrado streams with those from Paula et al. (2013), and they had higher val-
ues both for LW length/channel width and LW diameter/channel depth (Kruskal-Wallis test:
LW length/channel width: H(4, 163) = 14.84, p < 0.01; LW diameter/channel depth: H(4, 164)
=38.74,p < 0.01).

Tropical vs. temperate instream wood (Brazil vs. USA data)

We have contrasted our results with those documented in the literature, but the differences in
the survey methods limits the interpretation of the differences detected. So, we now directly
compare the wood stock between tropical and temperate streams by using comparable datasets
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obtained by the application of the same field survey protocol. When compare LW volume per
channel area for streams in Brazil and the USA (VIW_100MSQ), streams in tropical forests in
Brazil (i.e. Tropical Moist Forest regions—PGM, STM) contain similar amounts of wood to
those in temperate forests in the USA (i.e. Temperate Coniferous Forest regions—WMT, CPL,
and Broadleaf Deciduous Forest regions—NAP, SAP, UMW) (Fig 9A). However, streams in
Brazilian tropical savanna (Tropical and Subtropical Grasslands, Savannas and
Shrublands = Cerrado—NP, TM, VG, SS) have more instream wood than in the USA xeric
region (Deserts and Xeric Shrublands—XER) and two of their temperate savanna regions
(Temperate Grasslands, Savannas and Shrublands—SPL, NPL), but in similar quantities to
USA temperate plains (TPL) and temperate forest streams. When considering the wood vol-
ume per channel length (VIW_100) temperate forest regions tend to contain more instream
wood than tropical forests (Fig 9B), and the temperate savanna almost equals the tropical
savanna stock. It is interesting to note that the volume of wood in STM region is more similar
to the temperate savanna regions in the USA than it is to the tropical savanna in Brazil or tem-
perate forest regions in the USA.

When considering the LW abundance per channel area (Fig 9C) tropical regions tend to
contain more pieces, with tropical savanna regions (NP, TM, VG, SS) having higher numbers
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than temperate savanna regions (SPL, NPL, TPL) and xeric lands (XER). Tropical forests
(PGM, STM) have higher or similar wood amounts than temperate forest regions (WMT,
CPL, NAP, SP, UMW). When scaling LW abundance per channel length (Fig 9D), temperate
wood numbers approach the tropical ones, but are still lower. The temperate savanna and
xeric regions of the US contained the lowest LW abundance of all regions. In contrast to wood
volume, STM (tropical forest) wood abundance was significantly higher than temperate
savanna and xeric regions.

Temperate and tropical regions differed in terms of LW size (Figs 5 and 10). As we found
for tropical streams, ‘tiny” and ‘small’ pieces were dominant in temperate streams (T = 64%,

S =23%), but the lower LW volume averages in the small size classes (T = 8, S = 16%) indicate
that the temperate streams have less small wood pieces than the tropical ones. This becomes
more evident when combining this result with the previous one (Fig 9C and 9D) that showed
that temperate streams tend to have fewer LW pieces overall. The large pieces (i.e. ‘extra-large’,
‘large’ and ‘medium’) were more frequent in temperate (X = 20%, L = 35%, M = 21%) than
tropical systems. The lowest LW volume were in the NPL and XER regions and were associ-
ated with a predominance of ‘tiny’ wood pieces (T = 90% and 75% respectively) and scarcity of
‘large’ and ‘extra-large’ LW (L = 0.9% and 1.7%, X = 0.04% and 0.2%).

We found a positive relationship between mean LW abundance and volume among regions
(regression analysis: y = 0.0416 + 0.1464"x; r = 0.91; p <0.01; r* =0.83) (Fig 11A), indicating
that the more pieces per channel area, the greater is the instream wood volume per area. The
points above the line indicate the regions which have proportionally higher volume per num-
ber of wood pieces, that is, they have the biggest pieces. The points below the line indicate the
regions which have proportionally less volume per number of wood, i.e., the smallest pieces.
The tropical regions from both savanna and forest biomes (except TM) and the temperate
savanna (except TPL) have relatively smaller sized wood pieces for their volume, whereas
more of the wood volume in the temperate forest regions, especially WMT but not UMW, is
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Fig 9. Boxplots of the instream wood quantities in logarithmic scale for Brazil and USA regions. The large wood (LW) volume per
100 m? (VIW_100MSQ) in (A), the LW volume per 100 m (VIW_100) in (B), the LW pieces per 100 m? (CIW_100MSQ) in (C) and
the LW pieces per 100 m (CIW_100) in (D). The line crossing the chart represents the mean for all regions. In the boxplots the line
represents the median, the box is the first (25%) and the third (75%) quartiles, the whiskers extend to the most extreme data point
which is no more than 1.5 times the length of the box away from the box, the red dots are the outliers defined by the ‘1.5 rule’. The
colours in the boxes indicate the biome where each region is located. Different letters next to whiskers indicate which groups differed
in post-hoc comparisons (Tukey’s test).

https://doi.org/10.1371/journal.pone.0275464.g009

made up of large pieces of wood. Ranking the 15 study regions (Fig 11B) according to LW
abundance (number of pieces), tropical regions occupy the first four positions, except NP
(7th) and STM (12th). When considering LW volume, the tropical regions lose the first posi-
tion to WMT (Temperate Coniferous Forest biome), which is the region with the largest
pieces.

Tropical forest regions (PGM and STM, but especially STM) present higher forest cover in
the catchment than temperate forest regions (WMT, CPL, NAP, SAP and UMW) and much
higher values than temperate grasslands and savannas (SPL, NPL and TPL) and xeric land
(XER) (Fig 12A). Two of the tropical savanna regions (NP and TM) present higher forest
cover than temperate savannas, but similar to xeric land. The other two tropical savanna
regions (VG, SS) have similar forest cover to temperate savannas, especially in NPL that is
mostly grassland rather than savanna (with most trees found in riparian zones). When analys-
ing the riparian forest located on the channel banks (Fig 12B), only STM (tropical forest) and
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Fig 12. Boxplots of the riparian and channel characteristics for Brazilian and USA regions. (A) Catchment forest cover
(CAT_FOR), (B) visual evaluation of the woody riparian forest—XCMGW, (C) log of the bankfull channel width—XBKF_W and (D)
log of the bankfull channel depth—BKF_DEPTH. In the boxplots the line represents the median, the box is the first (25%) and the
third (75%) quartiles, the whiskers extend to the most extreme data point which is no more than 1.5 times the length of the box away
from the box, the red dots are the outliers defined by the ‘1.5 rule’. The colours in the boxes indicate the biome where each region is
located. Different letters next to whiskers indicate significant difference in post-hoc comparisons.

https://doi.org/10.1371/journal.pone.0275464.9012

NPL (temperate savanna) regions presented significant differences in cover compared to all
other regions, with the first having the highest and the second the lowest values. The other
tropical and temperate forests or tropical and temperate savannas did not differ between them-
selves. (p>0.05).

Analysing the channel dimensions, temperate streams surveyed were wider and shallower
than tropical streams, except for those from the STM region (Fig 12C and 12D). Channel
width is largest for the temperate savanna streams, which are all at least three times wider than
their tropical counterparts. There was no significant difference in channel depth between
streams. Note that STM channel width and depth were more similar to the temperate streams
than to the other tropical regions.

Discussion

Our study is the first to extensively describe instream wood in tropical Amazon Forest, and
Cerrado (sub-tropical savanna) streams. We also considered explanatory variables including
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geoclimatic, geomorphic and landcover data to identify the factors likely to be responsible for
the differences. Surprisingly, Amazon and Cerrado streams have similar amounts and sizes of
wood. Also contradicting what we expected, these tropical streams did not contain less wood
volume than those in temperate zone of the USA. Tropical Forest (Amazon streams) have
instream wood in similar amounts to Temperate Forest, and Tropical Savanna (Cerrado
streams) contain more instream wood than Temperate Savanna. However, streams in the tem-
perate biomes had larger wood pieces and less small sized pieces. Thus, the high abundance of
small sized LW in tropical streams compensates for the lack of larger logs, resulting in similar
volumes of wood in streams from both climatic zones. We discuss our findings by trying to
relate the wood stock found with the expectations for tropical streams according to the litera-
ture, identifying the particularities of the analysed biomes. We draw on the description of
catchments, channels, riparian forest and wood stock to indicate the likely mechanisms influ-
encing wood load and suggest the logical next steps for instream wood research in tropical
regions.

Amazon vs. Cerrado instream wood

Amazon streams have greater forest cover in the catchment and in the riparian zones than
Cerrado streams. Despite that, streams from both biomes contained similar amounts and sizes
of wood, contrary to our first hypothesis. Thus, the wood stock existing in streams did not
reflect, in amount and size, to the characteristics of the adjacent riparian forest. Riparian forest
in both biomes differed not only in quantity (indicated by forest cover metrics), but also in
layer structure (indicated by the visual estimation metric XCMGW). Of all the Brazilian tropi-
cal regions, STM had the greatest height, cover, and density of trees in the riparian forest.
Because tree density, species composition, age, and proximity of the forest to the stream chan-
nel affect LW recruitment [41, 59, 85-87], more wood is expected in streams located in old—
growth and less—-impacted forest areas [88-91]. That is why we expected that Amazon streams,
especially in STM, would have more wood than Cerrado streams. However, our results showed
LW abundance did not differ significantly between Amazon and Cerrado streams.

Cerrado and PGM streams had more confined channels with well-defined banks than
those in STM. Because of the flat relief, streambed sediment characteristics (predominance of
silt) and the relatively large size of the vegetation in STM streams, the water flows between
trees and root-wads without excavating a well-defined channel. The unconfined channel char-
acteristic of STM streams means that the overflow to easily occupies adjacent areas, so that the
bankfull channel is wider in this region compared to the others (see bankfull width averages in
S3 Table). Thus, LW may be more easily exported out of the channel and into the riparian
zone, resulting in lateral loss output of wood. Lateral outputs are influenced by the spatial
extent, magnitude, frequency, duration, and rate of rise of the overbank flow. Extensive, fre-
quent, and prolonged flooding may balance the transport of wood in and out of the channel
(i.e. between stream and riparian zone) [7]. Floodplains able to trap floating LW, such as the
forested ones, may limit its transport back into the channel [7]. The higher density of decom-
poser organisms in the forest floor, such as termites, wood-feeding beetles and fungi could
lead to higher decay rates for LW pieces located on the STM floodplain [92], helping to explain
the lower amount of wood in this region.

The possible greater loss through lateral output combined with an enhanced decay rate in
the riparian zones and a lower recruitment rate through bank erosion and forest stability may
explain why STM streams have less wood volume. Our results suggest that STM has lower
recruitment of large pieces of wood as seen by the lack of ‘extra-large’ pieces and the lower
quantity of smaller size-class pieces, resulting in lower wood volume overall. Bank erosion can
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be the dominant source of wood, importing entire trees into the channel, especially in high
energy rivers with erodible banks [93-95]. However, STM streams are characterized by low
marginal slopes and poorly-defined banks, which might reduce the likelihood of bank erosion
and consequent recruitment of fallen trees. Deforestation and forest degradation may also
influence the recruitment of trees by changing forest cover and age of trees in catchment and
riparian zones [9]. STM is the most well-preserved among our tropical study regions and has
greater forest cover and denser riparian forest (Fig 4). Consequently, the riparian forest in
STM sites might be more stable and with lower chance of large trees falling into the streams.
Benda et al. [88] previously detected a similar result when comparing second growth and old-
growth forested streams in temperate regions. They found lower wood volumes in the old-
growth forested streams due to lower forest mortality and bank erosion rates.

Considering LW size, the most consistent pattern across Amazon and Cerrado biomes and
regions was the much larger number of wood pieces in the smaller size classes. As suggested by
Cadol & Wohl [58] this can be a result of the branching morphology of tropical trees, which
may contribute more small pieces by dropping branches into streams instead of main boles.
Since branches are more easily carried downstream and decomposed because of their smaller
dimensions [40, 55, 96, 97], one would expect to find fewer small pieces and smaller loads in
tropical streams overall. However, the high numbers of smaller pieces stored in these tropical
streams reflect the high replacement rate of wood that allows persistent storage despite high
rates of transport and decay [53].

Brazil streams vs. other temperate and tropical streams in the literature

Comparing our results with others around the world we verified that our streams contain less
wood (volume per area metric) than the average. However, we could not conclude that this is a
general trend in tropical streams related to temperate streams. Considering wood surveys
from tropical and temperate zones we verified that the study performed in Costa Rica Tropical
Forest [57] presented the second highest average wood volume average, lower only than a
study performed in a temperate conifer forest in the USA Pacific northwest [98]. In an excel-
lent overview paper about instream large wood across time and space Wohl [7] verified that
wood loads tend to be especially high in streams of the Pacific Northwest relative to other
regions because this region includes Temperate Rain Forests with high primary productivity
and low rates of wood decay compared to tropical regions. According to this argument, we
would expect more instream wood in Temperate Moist Forests followed by Tropical Moist
Forests. However, ranking all the surveyed studies according to wood load we found that the
position in the rank varies with the wood metric used. If we consider the volume per channel
length, the Costa Rica study occupies the seventh position and our streams the nineth one.
Whereas considering the wood volume per meter squared, the Costa Rica study occupies the
second position and our study the eleventh one. Considering the Costa Rican study, we could
conclude that tropical streams tend to have more wood pieces, but lower wood volumes com-
pared to Temperate and Boreal Conifer Forests, mainly when not considering the channel
dimensions (linear metrics). However, the huge difference between our results and theirs
regarding wood load values do not allow us to make any generalisation about tropical instream
wood numbers. Equally important, the differences in survey methods cannot be disregarded.
Considering only tropical streams, when comparing our results with those from Cadol et al.
[57] we note that their streams present higher average wood volumes than ours. Another study
performed in Brazilian streams [59] presents a lower average. Our volumes are intermediate as
are those in the study performed in the African savannah [61]. However, because the condi-
tions under which the South African study was performed (in a large river after an extreme
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flood event), the comparison is not very informative. Instead, we decided to compare our Cer-
rado results with the other Brazilian study [59] and our Amazon results with the Costa Rica
study [57]. Regarding the Amazon and Costa Rica comparison, both studies were performed
in a tropical rainforest. So, we would expect similar instream wood values. The first possible
reason to explain the difference detected would be the land use change and the moderate
degree of deforestation in Amazon catchments. However, when we considered only the most
preserved catchments in the Amazon, the wood load was still lower than in the Costa Rica
study. So, the reason why Amazon presents less wood must lie in the differences between the
study areas.

La Selva Biological Station in Costa Rica was described by the authors as an old-growth
tropical wet forest located in low elevation ranges (34-110m) with a topography varying from
low-gradient valley bottoms to steep segments. Stream channels of lower gradient tend to have
beds of silty fine sand and dune-ripple or pool-riffle morphology, whereas steeper segments
have gravel and boulder-size sediments and pool-riffle or step-pool morphology. They
described the hydrograph as flashy due to the responsiveness of streams to rainfall and high
transport capacity. By contrast, Amazon streams are located inside the Amazon Forest in relief
varying between the Amazon plain and plateau. Elevation varies from sites 4 to 163 m among
sample sites, and all streams are low gradient channels with sand bed and glide flow without
riffles, rapids or waterfalls. Therefore, Amazon streams may have lower transport capacity
which is reflected in the low values of stream power and larger seasonal bed, reflected in high
bankfull channel values. If this is true, then the lower transport rates and the bigger floodplain
in Amazon streams might provide better opportunities for decomposition of the wood [92],
because a LW piece is more likely to stay trapped at the same place in the stream or on the
floodplain.

Mass tree mortality events promoted by hurricanes, volcanism, windstorms and landslides
are important sources of wood to streams [7]. As demonstrated by Wohl et al. [53], the wood
load in tropical streams may be dominated by either episodic or steady recruitment processes.
However, in this case, mass recruitment processes do not seem to be important and wood load
is dominated by steady processes, which is evidenced by the scarcity of logjams in La Selva and
no record in Amazon of such extreme events. Lastly, but very important, once more we cannot
disregard the difference in the methodology applied to survey LW in both studies.

We also compared our Cerrado results with the other Brazilian study [59] performed in a
similar transition zone between the Cerrado and Atlantic forests. Despite expecting to find
similar wood loads in both studies, we detected higher wood volume in our streams than they
did in theirs, despite our catchments presenting similar (in NP and TM) or lower (in VG and
SS) percentages of forest cover. Also, the LW pieces in our study presented lower relative
lengths and diameter relative to the channel than theirs, which makes the result even more
unexpected. We consider two possible explanations arose from this: (i) the differences in the
survey methodology; (ii) differences in the history of human activities between the study areas.
Because Paula et al. [59] catchments are located in Sdo Paulo state, closer to the coast in the
border between the Atlantic Forest and Cerrado biome, they have been experiencing defores-
tation since the end of the 18th century [99]. Our catchments, located farther from the coast in
the interior of Minas Gerais state on the border with Goias state and Sdo Paulo northwest,
have a much more recent history of deforestation, which effectively began in the 1970s [100].
The high transport and decay rates in these tropical streams mean that we will not find LW
pieces recruited decades ago in Cerrado streams, before the deforestation process started in
our catchments. However, the conservation status of the remaining riparian forest might differ
between our ours and their study areas. According to Paula et al. [13] the vegetation present
on Sao Paulo study catchments is secondary and highly degraded because the largest trees
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were removed (selective logging). The poor quality of these forests was one of the authors’
arguments to explain the low wood load on their streams, because of their simplified structure
[101]. Higher wood loads are commonly found in old-growth forest stream corridors [5, 91,
102] and the recruitment rates change as a forest ages following a disturbance episode [103-
105]. Because our catchments were more recently deforested, we expect a superior structure of
the remaining riparian forest due to the less elapsed time and also to a more effective environ-
mental legislation and inspection after the institution of the first Brazilian national forest code
in 1965 [106]. An older forest with a more complex structure in our Cerrado catchments
would potentially result in the higher instream wood volume observed. However, the lack of
common metrics to evaluate the quality of the riparian forest in both studies prevents deep
comparisons between the two studies. Furthermore, the absence of long-term temporal data
on deforestation and wood loads limit our understanding of the natural or historical range in
wood load variability [7, 107]. The challenges of comparing wood studies using different meth-
odologies highlights the importance of our international comparisons using a standard sam-
pling approach, described in the next section.

Tropical vs. temperate instream wood (Brazil vs. USA data)

Based on a comparison of our dataset with that from another survey using the same methods,
and contrary to our second hypothesis, tropical streams did not contain less instream wood
than temperate streams. In forest biomes, tropical and temperate streams had similar volumes
of LW per channel area, but tropical streams tended to have lower volume per channel length
and higher LW abundance whether per channel area or length. In savanna biomes, tropical
regions contained more instream wood than temperate ones, especially when considering the
abundance and volume per channel area (except TPL). As the riparian vegetation is the pri-
mary source of wood into streams, one would expect that the instream wood stock would
reflect the catchment or the riparian forest cover, but we did not detect a general and direct
relationship between instream wood and riparian forest metrics. Despite having greater forest
cover, the Tropical Forest regions had similar volumes of instream wood to the Temperate
Forests. With regard to savanna, it was not surprising to find that the Dry-Temperate Savanna
and Grassland region, with less woody riparian vegetation (NPL), also had the lowest instream
wood stock together with the Xeric region. Almost the only trees in this region are riparian
trees and they are mainly on rivers and larger streams. The other Temperate Savanna regions
did not differ from Tropical Savanna regions with respect to the amount of woody riparian
vegetation cover, but the Tropical Savanna streams contained greater amounts of wood, sug-
gesting that other factors beyond the riparian forest explain the character of the instream
wood.

The size of LW provides an important indicator of likely influences on instream wood
stock. While tiny and small pieces comprise most of the wood volume in tropical streams,
medium and large pieces dominate in temperate streams. The branching morphology of tropi-
cal trees and their dropping branches are good explanations here, so that in tropical streams
small wood from tree branches fall constantly [58] such that they are equivalent in aggregate
volume to the large logs of the temperate streams. Small pieces were also sparser and large
pieces were more relatively more abundant in temperate streams, especially regions located in
the temperate coniferous forest biome (i.e. WIM), characterized by high volumes of instream
wood.

A recent review of instream wood across the globe reports that wood stock tends to be espe-
cially high in streams from the Pacific Northwest relative to other regions of the world because
temperate rainforests have high primary productivity and low rates of wood decay compared
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to tropical regions [7]. In the tropics, the decay of wood is faster because of the high humidity
and temperature [50, 51]. In the Amazon, the environmental conditions may be especially
prone to wood decay because the floodplain is subject to recurrent flooding and drying events
providing better opportunities for decomposition [92]. The transport rates are also expected to
be higher in tropical environments because of the greater magnitude and frequency of floods
[54], which may either move wood pieces out of the reach (downstream transport) or acceler-
ate the decomposition of wood through abrasion [55]. Thus, the lack of big large wood pieces
in tropical streams can be explained by potentially higher decay and transport rates; even
when large boles fall from the riparian forest, they do not remain there for long because decay
or transport agents quickly degrade or move them. Obviously, these agents will also mobilise
the small pieces even more easily, but the rate of replacement of the small sized wood is so
high and fast [58] that tropical streams maintain a wood volume comparable to temperate
streams despite not having big logs.

Comparing the instream wood data between tropical and temperate forest biomes, the
explanation for the similar volume of wood per channel area in the two biomes is likely to be
the result of the balance between input and export forces. When formulating our second
hypothesis, we imagined that export factors (i.e., wood decay and downstream transport)
would predominate in tropical streams resulting in lower wood stock. However, the similar
volumes of instream wood in Brazilian tropical and temperate forested streams suggest that
input factors (i.e., local recruitment) are particularly important in tropical streams.

It is important to point out that the channel dimensions need to be considered when analys-
ing the wood stock. When the LW volume was scaled by length of channel, the USA streams
presented higher wood volumes than Amazon streams. Indeed, when analysing the channel
width, we note see that temperate streams are relatively wider. Consequently, a higher value of
wood volume for temperate streams is demonstrated only when disregarding the channel area.
However, when analysing the LW abundance, tropical streams had similar or greater wood
stock compared to temperate streams, whether or not the channel area was considered. This
result reinforces the importance of recruitment processes and the predominantly small size of
tropical instream wood, which we discussed in the size profile analysis.

Similar but stronger patterns seem to repeat in savanna streams which have higher wood
stock averages despite not having more riparian forest than the temperate ones. According to
Grace et al. [108], savannas located in arid and semi-arid regions have lower values of primary
productivity. In the case of the Brazilian Savanna (Cerrado) the productivity rate can be higher
even during the dry season because the trees have deep roots to access water. Therefore, the
higher primary productivity of the Cerrado due to the wetter and hotter climate [109] might
result in higher rates of branches dropping into streams. Indeed, the temperate savanna region
with the lowest average of instream wood (i.e. NPL-dominated by grassland vegetation and
impacted by livestock grazing) is characterized by an arid and cold climate, while the Temper-
ate Savanna with the wetter climate (TPL) presented the highest load similar to the tropical
savanna average. However, because the transport factors seem to prevail in Tropical Savanna
(Cerrado) streams, most falling branches are likely to be delivered from upstream reaches, and
certainly in higher amounts than what is being transported downstream. This is in agreement
with the results found by Paula et al. [59] in a study of agricultural Brazilian streams, in which
they detected a strong positive relationship between upstream riparian forest and LW vari-
ables. We did not detect this direct linkage between upstream forest and LW volume in neo-
tropical streams of our study, but as mentioned before, indirect effects and interactions among
variables may be affecting our ability to directly infer wood predictors, demanding further
analysis.
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Conclusion

The differences in survey methods and metrics applied in diverse studies around the world
may limit the ability of river researchers to understand the variation on instream wood loads
across the globe. As recommended by Wohl et al. [110], standard techniques for measuring
and reporting instream wood would allow us to examine the regional differences on wood
amounts, whether they are natural or human-induced. This is the first study to be able to pro-
vide comparisons between international sites using an identical methodology. We report Ama-
zon and Cerrado instream wood stock, based on standardized methods that can be compared
with a large data set from the USA, collected using the same methods. The differences or simi-
larities in wood stock detected here between regions and biomes, whether tropical or temper-
ate environments, and the consequent differences in the likely mechanisms behind them,
indicate that we cannot simply generalise patterns detected to other regions of the world, even
within the same biome or climatic zone.

Therefore, further studies should deepen our understanding of the natural and anthropo-
genic controls and influences, as well as the regional and local effects on the wood budget. Spe-
cial focus should be given in measuring the transport and wood decay rates, which seem to be
the most important wood predictors in tropical streams [57]. While we are still trying to
understand the natural wood regime, widespread human-induced changes have already unbal-
anced the process, generally reducing recruitment rate and the size of the pieces recruited,
increasing transport and thus decreasing wood storage [9]. The multiplicity of factors that
could affect wood load across space and time and the likely interactions and indirect effects
among them, makes the task of understanding wood dynamics even more challenging, but the
increasing pace of anthropogenic disturbances makes the task urgent.

Supporting information

S1 Table. Channel and catchment measurements taken in field and spatial assessments.
(DOCX)

$2 Table. Amounts and dimensions of LW in the six Brazilian study regions. Mean, stan-
dard deviation and range are presented.
(DOCX)

$3 Table. Catchment and channel characteristics of the streams belonging to the six Brazil-
ian studied regions. Mean, standard deviation and range are presented.
(DOCX)

$4 Table. Large wood assessments in streams around the world according to biome. The
world biomes were classified following Trimble & van Aarde [69].
(DOCX)

S1 Dataset. Spreadsheets with the data set necessary to replicate our study findings.
(XLSX)

Acknowledgments

We thank the field crews for the great effort in generating the large amount of data used in the
present study by applying a standardized methodology. Our manuscript was subjected to
review by the U.S. Environmental Protection Agency National Health and Environmental
Effects Research Laboratory’s Western Ecology Division and approved for publication. We are
especially grateful for the contributions of Dr. Mark Meleason and Patti Meeks. Approval does

PLOS ONE | https://doi.org/10.1371/journal.pone.0275464  October 5, 2022 24/30


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275464.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275464.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275464.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275464.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275464.s005
https://doi.org/10.1371/journal.pone.0275464

PLOS ONE

Wood stock in neotropical streams

not signify that the contents reflect the views of the Agency, nor does mention of trade names
or commercial products constitute endorsement or recommendation for use.

Author Contributions

Conceptualization: Sarah O. Saraiva, Ian D. Rutherfurd, Philip R. Kaufmann, Paulo S.
Pompeu.

Data curation: Sarah O. Saraiva, Diego R. Macedo.

Formal analysis: Sarah O. Saraiva.

Funding acquisition: Paulo S. Pompeu.

Methodology: Sarah O. Saraiva, Philip R. Kaufmann, Paulo S. Pompeu.
Project administration: Sarah O. Saraiva, Cecilia G. Leal, Paulo S. Pompeu.
Resources: Paulo S. Pompeu.

Supervision: lan D. Rutherfurd, Paulo S. Pompeu.

Writing - original draft: Sarah O. Saraiva.

Writing - review & editing: Sarah O. Saraiva, Ian D. Rutherfurd, Philip R. Kaufmann, Cecilia
G. Leal, Diego R. Macedo, Paulo S. Pompeu.

References

1.  Wohl E. Floodplains and wood. Earth-Science Reviews. 2013. pp. 194—212. https://doi.org/10.1016/j.
earscirev.2013.04.009

2. Montgomery DR. Geomorphic Effects of Wood in Rivers. Am Fish Soc Symp. 2003; 37: 21—47. Avail-
able: http://www.fs.fed.us/rm/boise/publications/watershed/rmrs_2003_montomeryr001.pdf

3. Swanson FJ, Gregory S V., Iroumé A, Ruiz-Villanueva V, Wohl E. Reflections on the history of
research on large wood in rivers. Earth Surf Process Landforms. 2020; esp.4814. https://doi.org/10.
1002/esp.4814

4. Gurnell AM, Piégay H, Swanson FJ, Gregory S V. Large wood and fluvial processes. Freshw Biol.
2002; 47: 601-619. https://doi.org/10.1046/j.1365-2427.2002.00916.x

5. Gurnell AM. Wood storage and mobility. American F. In: Gregory SV, Boyer KL GA (eds)., editor. The
Ecology and Management of Wood in World Rivers. American F. Bethesda: American Fisheries Soci-
ety; 2003. pp. 75-91.

6. Ruiz-Villanueva V, Piégay H, Gurnell AM, Marston RA, Stoffel M. Recent advances quantifying the
large wood dynamics in river basins: New methods and remaining challenges. Rev Geophys. 2016;
611-652. https://doi.org/10.1002/2015RG000514.Received

7. Wohl E. Bridging the gaps: An overview of wood across time and space in diverse rivers. Geomorphol-
ogy. 2017; 279: 3-26. https://doi.org/10.1016/j.geomorph.2016.04.014

8. Roni P, Beechie T. Stream and watershed restoration: a guide to restoring riverine processes and hab-
itats. Chichester, UK: Wiley-Blackwell; 2013.

9.  Wohl E, Kramer N, Ruiz-Villanueva V, Scott DN, Comiti F, Gurnell AM, et al. The natural wood regime
in rivers. Bioscience. 2019; 69: 259—-273. https://doi.org/10.1093/biosci/biz013

10. Abbe TB, Montgomery DR. Large woody debris jams, channel hydraulics and habitat formation in
large rivers. Regul Rivers Res Manag. 1996; 12: 201-221. https://doi.org/10.1002/(SICI)1099-1646
(199603)12:2/3<201::AID-RRR390>3.0.CO;2-A

11. Bilby RE, Bisson PA. Function and Distibution of Large Woody Debris. In: Naiman R. J.; Bilby RE, edi-
tor. River ecology and management: lessons from the Pacific Coastal Ecoregion. New York: Springer;
1998. pp. 324—-346.

12. Rosenfeld JS, Huato L. Relationship between Large Woody Debris Characteristics and Pool Forma-

tion in Small Coastal British Columbia Streams. North Am J Fish Manag. 2003; 23: 928-938. https://
doi.org/10.1577/M02-110

PLOS ONE | https://doi.org/10.1371/journal.pone.0275464  October 5, 2022 25/30


https://doi.org/10.1016/j.earscirev.2013.04.009
https://doi.org/10.1016/j.earscirev.2013.04.009
http://www.fs.fed.us/rm/boise/publications/watershed/rmrs_2003_montomeryr001.pdf
https://doi.org/10.1002/esp.4814
https://doi.org/10.1002/esp.4814
https://doi.org/10.1046/j.1365-2427.2002.00916.x
https://doi.org/10.1002/2015RG000514.Received
https://doi.org/10.1016/j.geomorph.2016.04.014
https://doi.org/10.1093/biosci/biz013
https://doi.org/10.1002/%28SICI%291099-1646%28199603%2912%3A2/3%26lt%3B201%3A%3AAID-RRR390%26gt%3B3.0.CO%3B2-A
https://doi.org/10.1002/%28SICI%291099-1646%28199603%2912%3A2/3%26lt%3B201%3A%3AAID-RRR390%26gt%3B3.0.CO%3B2-A
https://doi.org/10.1577/M02-110
https://doi.org/10.1577/M02-110
https://doi.org/10.1371/journal.pone.0275464

PLOS ONE

Wood stock in neotropical streams

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Paula FR De Ferraz SFDB, Gerhard P Vettorazzi CA, Ferreira A. Large woody debris input and its
influence on channel structure in agricultural lands of Southeast Brazil. Environ Manage. 2011; 48:
750-763. https://doi.org/10.1007/s00267-011-9730-4 PMID: 21822981

Kaufmann PR, Faustini JM, Larsen DP, Shirazi MA. A roughness-corrected index of relative bed sta-
bility for regional stream surveys. Geomorphology. 2008; 99: 150—170. https://doi.org/10.1016/j.
geomorph.2007.10.007

Faustini JM, Jones JA. Influence of large woody debris on channel morphology and dynamics in
steep, boulder-rich mountain streams, western Cascades, Oregon. Geomorphology. 2003; 51: 187—
205. https://doi.org/10.1016/S0169-555X(02)00336-7

Montgomery DR, Beamer EM, Pess GR, Quinn TP. Channel type and salmonid spawning distribution
and abundance. Can J Fish Aquat Sci. 1999; 56: 377-387. https://doi.org/10.1139/f98-181

Brooks AP, Abbe TB, Jansen JD, Taylor M, Gippel CJ. Putting the wood back into our rivers: an experi-
ment in river rehabilitation. In: Rutherfurd |, Sheldon F, Brierley G, Kenyon C, editors. Proceedings of
the 3rd Australian Stream Management Conference. Clayton, Australia: Cooperative Research Centre
for Catchment Hydrology; 2001. pp. 73-80. Available: http://www.catchment.crc.org.au/archive/pubs/
1000045.html

Shields FD, Knight SS, Cooper CM. Incised stream physical habitat restoration with stone weirs.
Regul Rivers Res Manag. 1995; 10: 181-198. https://doi.org/10.1002/rrr.3450100213

Beckman ND, Wohl E. Carbon storage in mountainous headwater streams: The role of old-growth for-
est and logjams. Water Resour Res. 2014; 50: 2376—2393. https://doi.org/10.1002/2013WR014167.
Received

Guyette RP, Dey DC, Stambaugh MC. The temporal distribution and carbon storage of large oak
wood in streams and floodplain deposits. Ecosystems. 2008; 11: 643—653. https://doi.org/10.1007/
$10021-008-9149-9

Sutfin NA, Wohl EE, Dwire KA. Banking carbon: A review of organic carbon storage and physical fac-
tors influencing retention in floodplains and riparian ecosystems. Earth Surf Process Landforms. 2016;
41: 38-60. https://doi.org/10.1002/esp.3857

Kaufmann PR, Hughes RM. Geomorphic and anthropogenic influences on fish and amphibians in
pacific northwest coastal streams. Am Fish Soc Symp. 2006; 2006: 429-455.

Leal CG, Pompeu PS, Gardner TA, Leitdo RP, Hughes RM, Kaufmann PR, et al. Multi-scale assess-
ment of human-induced changes to Amazonian instream habitats. Landsc Ecol. 2016; 31: 1725-1745.
https://doi.org/10.1007/s10980-016-0358-x

Macedo DR, Hughes RM, Ferreira WR, Firmiano KR, Silva DRO, Ligeiro R, et al. Development of a
benthic macroinvertebrate multimetric index (MMI) for Neotropical Savanna headwater streams. Ecol
Indic. 2016; 64: 132—141. https://doi.org/10.1016/j.ecolind.2015.12.019

Power ME. Life cycles, limiting factors, and behavioral ecology of four Loricariid catfishes in a Pana-
manian stream. In: Arratia G, Kapoor BG, Chardon M, Diogo R, editors. Catfishes. Enfield: Science
Publishers; 20083. pp. 581-600.

Nagayama S, Nakamura F. Fish habitat rehabilitation using wood in the world. Landsc Ecol Eng.
2010; 6: 289-305. https://doi.org/10.1007/s11355-009-0092-5

Bryant MD. The Role and Management of Woody Debris in West Coast Salmonid Nursery Streams.
North Am J Fish Manag. 1983; 3: 322—-330. https://doi.org/10.1577/1548-8659(1983)3<322:
tramow>2.0.co;2

Bisson PA, Bilby RE, Bryant MD, Dolloff CA, Grette GB, House RA, et al. Large Woody Debris in For-
ested Streams in the Pacific Northwest: Past, Present, and Future. In: Salo EO, Cundy TW, editors.
Streamside Management: Forestry and Fisheries Interactions. Seattle: University of Washington;
1987. pp. 144-190. Available: https://andrewsforest.oregonstate.edu/sites/default/files/Iter/pubs/pdf/
pub1316.pdf

Wright JP, Flecker AS. Deforesting the riverscape: The effects of wood on fish diversity in a Venezue-
lan piedmont stream. Biol Conserv. 2004; 120: 439-447. https://doi.org/10.1016/j.biocon.2004.02.022

Frainer A, Polvi LE, Jansson R, McKie BG. Enhanced ecosystem functioning following stream restora-
tion: The roles of habitat heterogeneity and invertebrate species traits. J Appl Ecol. 2018; 55: 377—
385. https://doi.org/10.1111/1365-2664.12932

Angermeier PL, Karr R. Relationships between Woody Debris and. Trans Am Fish Soc. 1984; 113:
716-726. https://doi.org/10.1577/1548-8659(1984)113<716:RBWDAF>2.0.CO;2

Herdrich AT, Winkelman DL, Venarsky MP, Walters DM, Wohl E. The loss of large wood affects rocky
mountain trout populations. Ecol Freshw Fish. 2018; 27: 1023—1036. https://doi.org/10.1111/eff.12412

PLOS ONE | https://doi.org/10.1371/journal.pone.0275464  October 5, 2022 26/30


https://doi.org/10.1007/s00267-011-9730-4
http://www.ncbi.nlm.nih.gov/pubmed/21822981
https://doi.org/10.1016/j.geomorph.2007.10.007
https://doi.org/10.1016/j.geomorph.2007.10.007
https://doi.org/10.1016/S0169-555X%2802%2900336-7
https://doi.org/10.1139/f98-181
http://www.catchment.crc.org.au/archive/pubs/1000045.html
http://www.catchment.crc.org.au/archive/pubs/1000045.html
https://doi.org/10.1002/rrr.3450100213
https://doi.org/10.1002/2013WR014167.Received
https://doi.org/10.1002/2013WR014167.Received
https://doi.org/10.1007/s10021-008-9149-9
https://doi.org/10.1007/s10021-008-9149-9
https://doi.org/10.1002/esp.3857
https://doi.org/10.1007/s10980-016-0358-x
https://doi.org/10.1016/j.ecolind.2015.12.019
https://doi.org/10.1007/s11355-009-0092-5
https://doi.org/10.1577/1548-8659%281983%293%26lt%3B322%3Atramow%26gt%3B2.0.co%3B2
https://doi.org/10.1577/1548-8659%281983%293%26lt%3B322%3Atramow%26gt%3B2.0.co%3B2
https://andrewsforest.oregonstate.edu/sites/default/files/lter/pubs/pdf/pub1316.pdf
https://andrewsforest.oregonstate.edu/sites/default/files/lter/pubs/pdf/pub1316.pdf
https://doi.org/10.1016/j.biocon.2004.02.022
https://doi.org/10.1111/1365-2664.12932
https://doi.org/10.1577/1548-8659%281984%29113%26lt%3B716%3ARBWDAF%26gt%3B2.0.CO%3B2
https://doi.org/10.1111/eff.12412
https://doi.org/10.1371/journal.pone.0275464

PLOS ONE

Wood stock in neotropical streams

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Leitdo RP, Zuanon J, Mouiillot D, Leal CG, Hughes RM, Kaufmann PR, et al. Disentangling the path-
ways of land use impacts on the functional structure of fish assemblages in Amazon streams. Ecogra-
phy (Cop). 2018; 41: 219-232. https://doi.org/10.1111/ecog.02845 PMID: 29910537

Pettit NE, Warfe DM, Kennard MJ, Pusey BJ, Davies PM, Douglas MM. Dynamics of in-stream wood
and its importance as fish habitat in a large tropical floodplain river. River Res Appl. 2013; 29: 864—
875. https://doi.org/10.1002/rra.2580

Sterling KA, Warren ML. Effects of introduced small wood in a degraded stream on fish community
and functional diversity. Southeast Nat. 2018; 17: 74—94. https://doi.org/10.1656/058.017.0106

Betts JT, Urquhart GR, Roman-Heracleo J, Flores Mc.rea JC. Effects of deforestation from cattle
ranching over time on protected rainforest streams in the Rama-Kfriol Territory, Nicaragua. Hydrobiolo-
gia. 2021;0123456789. https://doi.org/10.1007/s10750-021-04684-w

Pompeu PS, Yuhara TY. Impactos de manilhas rodovidrias sobre o ambiente fisico de riachos. 1st
ed. In: Bager A, editor. Infraestrutura viaria & biodiversidade: métodos e diagnosticos. 1st ed. Lavras:
Universidade Federal de Lavras; 2018. pp. 147-1158.

Wohl E, Goode JR. Wood dynamics in headwater streams of the Colorado Rocky Mountains. Water
Resour Res. 2008; 44: 1-14. https://doi.org/10.1029/2007WR006522

Wohl E, Polvi LE, Cadol D. Wood distribution along streams draining old-growth floodplain forests in
Congaree National Park, South Carolina, USA. Geomorphology. 2011; 126: 108—120. https://doi.org/
10.1016/j.geomorph.2010.10.035

Lienkaemper GW, Swanson FJ. Dynamics of large woody debris in streams in old-growth Douglas-fir
forests. Can J For Res. 1987; 17: 150-156. https://doi.org/10.1139/x87-027

McDade MH, Swanson FJ, McKee WA, Franklin JF, Van Sickle J. Source distances for coarse woody
debris entering small streams in werstern Oregon and Washington. Can J Fish Aquat Sci. 1990; 20:
326-330.

Harmon ME, Franklin JF, Swanson FJ, Sollins P, Gregory S V, Lattin JD, et al. Ecology of Coarse
Woody Debris in Temperate Ecosystems. Adv Ecol Res. 1986; 15: 133-302.

Andreoli A, Comiti F, Lenzi MA. Characteristics, distribution and geomorphic role of large woody debris
in a mountain stream of the Chilean Andes. Earth Surf Process Landforms. 2007; 32: 1675-1692.
https://doi.org/10.1002/esp.1593

Iroumé A, Mao L, Andreoli A, Ulloa H, Ardiles MP. Large wood mobility processes in low-order Chilean
river channels. Geomorphology. 2015; 228: 681-693. https://doi.org/10.1016/j.geomorph.2014.10.
025

Howson TJ, Robson BJ, Matthews TG, Mitchell BD. Size and quantity of woody debris affects fish
assemblages in a sediment-disturbed lowland river. Ecol Eng. 2012; 40: 144—152. https://doi.org/10.
1016/j.ecoleng.2011.12.007

Benke AC, Wallace JB. Wood Dynamics in Coastal Plain Blackwater Streams. Can J Fish Aquat Sci.
1990; 47: 92—99.

Mucina L. Biome: evolution of a crucial ecological and biogeographical concept. New Phytol. 2019;
222:97-114. https://doi.org/10.1111/nph.15609 PMID: 30481367

Lininger KB, Wohl E, Sutfin NA, Rose JR. Floodplain downed wood volumes: a comparison across
three biomes. Earth Surf Process Landforms. 2017; 42: 1248—1261. https://doi.org/10.1002/esp.4072

Wohl E, Lininger KB, Fox M, Baillie BR, Erskine WD. Instream large wood loads across bioclimatic
regions. For Ecol Manage. 2017; 404: 370-380. https://doi.org/10.1016/j.foreco.2017.09.013

Panshin A., De Zeeuw C, Brown HP. Textbook of Wood Technology. 2nd ed. New York: McGraw-
Hill Book Company Inc.; 1964.

Zabel RA, Morrell JJ. Wood Microbiology: Decay and its Prevention. San Diego: Academic Press,
Inc.; 1992. Available: https://books.google.com.br/books?hl=pt-PT&Ir=&id=Y5KqglLXeoi-wC&oi=
fnd&pg=PR1&dg=Wood+Microbiology:+Decay+and-+its+Prevention&ots=WhoKbrOgAf&sig=
992KLgfFQQI8mMzZwlcWCUU9GQqc#v=onepage&qg&f=false

Wohl E, Ogden FL, Goode J. Episodic wood loading in a mountainous neotropical watershed. Geo-
morphology. 2009; 111: 149-159. https://doi.org/10.1016/j.geomorph.2009.04.013

Wohl E, Bolton S, Cadol D, Comiti F, Goode JR, Mao L. A two end-member model of wood dynamics
in headwater neotropical rivers. J Hydrol. 2012; 462—-463: 67—76. https://doi.org/10.1016/j.jhydrol.
2011.01.061

Wohl E, Jaeger KL. Geomorphic implications of hydroclimatic differences among step-pool channels.
J Hydrol. 2009; 374: 148-161. https://doi.org/10.1016/j.jhydrol.2009.06.008

PLOS ONE | https://doi.org/10.1371/journal.pone.0275464  October 5, 2022 27/30


https://doi.org/10.1111/ecog.02845
http://www.ncbi.nlm.nih.gov/pubmed/29910537
https://doi.org/10.1002/rra.2580
https://doi.org/10.1656/058.017.0106
https://doi.org/10.1007/s10750-021-04684-w
https://doi.org/10.1029/2007WR006522
https://doi.org/10.1016/j.geomorph.2010.10.035
https://doi.org/10.1016/j.geomorph.2010.10.035
https://doi.org/10.1139/x87-027
https://doi.org/10.1002/esp.1593
https://doi.org/10.1016/j.geomorph.2014.10.025
https://doi.org/10.1016/j.geomorph.2014.10.025
https://doi.org/10.1016/j.ecoleng.2011.12.007
https://doi.org/10.1016/j.ecoleng.2011.12.007
https://doi.org/10.1111/nph.15609
http://www.ncbi.nlm.nih.gov/pubmed/30481367
https://doi.org/10.1002/esp.4072
https://doi.org/10.1016/j.foreco.2017.09.013
https://books.google.com.br/books?hl=pt-PT&lr=&id=Y5KqLXeoi-wC&oi=fnd&pg=PR1&dq=Wood+Microbiology:+Decay+and+its+Prevention&ots=WhoKbrOqAf&sig=992KLqfFQQI8mzZwlcWCUU9GQqc#v=onepage&q&f=false
https://books.google.com.br/books?hl=pt-PT&lr=&id=Y5KqLXeoi-wC&oi=fnd&pg=PR1&dq=Wood+Microbiology:+Decay+and+its+Prevention&ots=WhoKbrOqAf&sig=992KLqfFQQI8mzZwlcWCUU9GQqc#v=onepage&q&f=false
https://books.google.com.br/books?hl=pt-PT&lr=&id=Y5KqLXeoi-wC&oi=fnd&pg=PR1&dq=Wood+Microbiology:+Decay+and+its+Prevention&ots=WhoKbrOqAf&sig=992KLqfFQQI8mzZwlcWCUU9GQqc#v=onepage&q&f=false
https://doi.org/10.1016/j.geomorph.2009.04.013
https://doi.org/10.1016/j.jhydrol.2011.01.061
https://doi.org/10.1016/j.jhydrol.2011.01.061
https://doi.org/10.1016/j.jhydrol.2009.06.008
https://doi.org/10.1371/journal.pone.0275464

PLOS ONE

Wood stock in neotropical streams

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Merten EC, Vaz PG, Decker-Fritz JA, Finlay JC, Stefan HG. Relative importance of breakage and
decay as processes depleting large wood from streams. Geomorphology. 2013; 190: 40—47. https://
doi.org/10.1016/j.geomorph.2013.02.006

Gomi T, Sidle RC, Noguchi S, Negishi JN, Nik AR, Sasaki S. Sediment and wood accumulations in
humid tropical headwater streams: Effects of logging and riparian buffers. For Ecol Manage. 2006;
224: 166—175. https://doi.org/10.1016/j.foreco.2005.12.016

Cadol D, Wohl E, Goode JR, Jaeger KL. Wood distribution in neotropical forested headwater streams
of La Selva, Costa Rica. Earth Surf Process Landforms. 2009; 34: 1198-1215. https://doi.org/10.
1002/esp.1800

Cadol D, Wohl E. Wood retention and transport in tropical, headwater streams, La Selva Biological
Station, Costa Rica. Geomorphology. 2010; 123: 61-73. https://doi.org/10.1016/j.geomorph.2010.06.
015

Paula FR, Gerhard P, Wenger SJ, Ferreira A, Vettorazzi CA, de Barros Ferraz SF. Influence of forest
cover on in-stream large wood in an agricultural landscape of southeastern Brazil: A multi-scale analy-
sis. Landsc Ecol. 2013; 28: 13-27. https://doi.org/10.1007/s10980-012-9809- 1

Pettit NE, Naiman RJ. Flood-deposited wood debris and its contribution to heterogeneity and regener-
ation in a semi-arid riparian landscape. Oecologia. 2005; 145: 434—444. https://doi.org/10.1007/
s00442-005-0143-z PMID: 16025355

Pettit NE, Naiman RJ, Rogers KH, Little JE. Post-flooding distribution and characteristics of large
woody debris piles along the semi-arid Sabie River, South Africa. River Res Appl. 2005; 21: 27-38.
https://doi.org/10.1002/rra.812

Parente L, Nogueira S, Baumann L, Aimeida C, Maurano L, Affonso AG, et al. Quality assessment of
the PRODES Cerrado deforestation data. Remote Sens Appl Soc Environ. 2021;21. https://doi.org/
10.1016/j.rsase.2020.100444

Pereira EJ de AL, Ribeiro LC de S, Freitas LF da S, Pereira HB de B. Brazilian policy and agribusiness
damage the Amazon rainforest. Land use policy. 2020; 92: 104491. https://doi.org/10.1016/j.
landusepol.2020.104491

Silva Junior CHL, Pessda ACM, Carvalho NS, Reis JBC, Anderson LO, Aragdo LEOC. The Brazilian
Amazon deforestation rate in 2020 is the greatest of the decade. Nat Ecol Evol. 2021; 5: 144—145.
https://doi.org/10.1038/s41559-020-01368-x PMID: 33349655

Trigueiro WR, Nabout JC, Tessarolo G. Uncovering the spatial variability of recent deforestation driv-
ers in the Brazilian Cerrado. J Environ Manage. 2020;275. https://doi.org/10.1016/j.jenvman.2020.
111243 PMID: 32841792

Hughes RM, Peck D V. Acquiring data for large aquatic resource surveys: the art of compromise
among science, logistics, and reality. J North Am Benthol Soc. 2008; 27: 837—859. https://doi.org/10.
1899/08-028.1

USEPA- U.S. Environmental Protection Agency. National Rivers and Streams Assessment 2013-
2014: Field Operations Manual-Wadeable. EPA-841-B-. Washington, DC: Office of Water; 2013.
Available: https://www.epa.gov/sites/production/files/2016-04/documents/nrsa1314_fom_wadeable_
version1_20130501.pdf

Junqueira NT, Macedo DR, de Souza RCR, Hughes RM, Callisto M, Pompeu PS. Influence of environ-
mental variables on stream fish fauna at multiple spatial scales. Neotrop Ichthyol. 2016;14. https://doi.
org/10.1590/1982-0224-20150116

Trimble MJ, van Aarde RJ. Geographical and taxonomic biases in research on biodiversity in human-
modified landscapes. Ecosphere. 2012; 3: art119. https://doi.org/10.1890/es12-00299.1

Gardner TA, Ferreira J, Barlow J, Lees AC, Parry L, Vieira ICG, et al. A social and ecological assess-
ment of tropical land uses at multiple scales: the Sustainable Amazon Network. Philos Trans R Soc B
Biol Sci. 2013; 368: 20120166—20120166. https://doi.org/10.1098/rstb.2012.0166 PMID: 23610172

Macedo DR, Pompeu PS, Morais L, Castro MA, Alves CBM, Franca JS, et al. Sampling site selection,
land use and cover, field reconnaissance, and sampling. In: Callisto M, Hughes RM, Lopes JM, Castro
MA, editors. Ecological conditions in hydropower basins. Belo Horizonte, Brazil: Companhia Energé-
tica de Minas Gerais; 2014. pp. 61-83.

USEPA- U.S. Environmental Protection Agency. National Aquatic Resource Surveys. National Rivers

and Streams Assessment 2008—2009 (data and metadata files). 2016 [cited 1 Jan 2021]. Available:
https://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys

USEPA- U.S. Environmental Protection Agency. National Aquatic Resource Surveys. National Rivers
and Streams Assessment 2013-2014 (data and metadata files). 2020 [cited 1 Jan 2021]. Available:
https://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys

PLOS ONE | https://doi.org/10.1371/journal.pone.0275464  October 5, 2022 28/30


https://doi.org/10.1016/j.geomorph.2013.02.006
https://doi.org/10.1016/j.geomorph.2013.02.006
https://doi.org/10.1016/j.foreco.2005.12.016
https://doi.org/10.1002/esp.1800
https://doi.org/10.1002/esp.1800
https://doi.org/10.1016/j.geomorph.2010.06.015
https://doi.org/10.1016/j.geomorph.2010.06.015
https://doi.org/10.1007/s10980-012-9809-1
https://doi.org/10.1007/s00442-005-0143-z
https://doi.org/10.1007/s00442-005-0143-z
http://www.ncbi.nlm.nih.gov/pubmed/16025355
https://doi.org/10.1002/rra.812
https://doi.org/10.1016/j.rsase.2020.100444
https://doi.org/10.1016/j.rsase.2020.100444
https://doi.org/10.1016/j.landusepol.2020.104491
https://doi.org/10.1016/j.landusepol.2020.104491
https://doi.org/10.1038/s41559-020-01368-x
http://www.ncbi.nlm.nih.gov/pubmed/33349655
https://doi.org/10.1016/j.jenvman.2020.111243
https://doi.org/10.1016/j.jenvman.2020.111243
http://www.ncbi.nlm.nih.gov/pubmed/32841792
https://doi.org/10.1899/08-028.1
https://doi.org/10.1899/08-028.1
https://www.epa.gov/sites/production/files/2016-04/documents/nrsa1314_fom_wadeable_version1_20130501.pdf
https://www.epa.gov/sites/production/files/2016-04/documents/nrsa1314_fom_wadeable_version1_20130501.pdf
https://doi.org/10.1590/1982-0224-20150116
https://doi.org/10.1590/1982-0224-20150116
https://doi.org/10.1890/es12-00299.1
https://doi.org/10.1098/rstb.2012.0166
http://www.ncbi.nlm.nih.gov/pubmed/23610172
https://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys
https://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys
https://doi.org/10.1371/journal.pone.0275464

PLOS ONE

Wood stock in neotropical streams

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94,

95.

USEPA- U.S. Environmental Protection Agency. National Rivers and Streams Assessment 2013—
2014: A Collaborative Survey. Washington, DC; 2020. Available: https://www.epa.gov/national-
aquatic-resource-surveys/nrsa

Kaufmann PR, Hughes RM, Paulsen SG, Peck D V., Seeliger CW, Weber MH, et al. Physical habitat
in conterminous US streams and rivers, Part 1: Geoclimatic controls and anthropogenic alteration.
Ecol Indic. 2022; 141: 109046. https://doi.org/10.1016/j.ecolind.2022.109046 PMID: 35991319

Kaufmann PR, Hughes RM, Paulsen SG, Peck D V., Seeliger CW, Kincaid T, et al. Physical habitat in
conterminous US streams and Rivers, part 2: A quantitative assessment of habitat condition. Ecol
Indic. 2022; 141: 109047. https://doi.org/10.1016/j.ecolind.2022.109047 PMID: 35991318

USEPA- U.S. Environmental Protection Agency. Ecoregions used in the National Aquatic Resource
Surveys. 2022 [cited 24 Jul 2022]. Available: https://www.epa.gov/national-aquatic-resource-surveys/
ecoregions-used-national-aquatic-resource-surveys

Stevens DL, Olsen AR. Spatially Balanced Sampling of Natural Resources. J Am Stat Assoc. 2004;
99: 262-278. https://doi.org/10.1198/016214504000000250

Olsen AR, Peck D V. Survey design and extent estimates for the Wadeable Streams Assessment. J
North Am Benthol Soc. 2008; 27: 822—836. https://doi.org/10.1899/08-050.1

Kaufmann PR, Levine P, Robison EG, Seeliger C, Peck D V. Quantifying Physical Habitat in. EPA/
620/R-. Washington, DC: U.S. Environmental Protection Agency; 1999.

Kaufmann PR, Larsen DP, Faustini JM. Bed stability and sedimentation associated with human distur-
bances in Pacific Northwest streams. J Am Water Resour Assoc. 2009; 45: 434—459. https://doi.org/
10.1111/j.1752-1688.2009.00301.x

Valeriano M de M, Rossetti D de F. Topodata: Brazilian full coverage refinement of SRTM data. Appl
Geogr. 2012; 32: 300-309. https://doi.org/10.1016/j.apgeog.2011.05.004

FBDS (Fundagao Brasileira para o Desenvolvimento Sustentavel). Mapeamento em Alta Resolugéo
dos Biomas Brasileiros. Rio de Janeiro; 2009. Available: http://geo.fbds.org.br/. Date accessed: 2021-
10-29

Di Luzio M, Srinivasan R, Arnold JG. A GIS-coupled hydrological model system for the watershed
assessment of agricultural nonpoint and point sources of pollution. Trans GIS. 2004; 8: 113-136.
https://doi.org/10.1111/j.1467-9671.2004.00170.x

Robison EG, Beschta RL. Characteristics of coarse woody debris for several coastal streams of south-
east Alaska, USA. Can J Fish Aquat Sci. 1990; 47: 1684—1693. https://doi.org/10.1139/f90-193

Van Sickle J, Gregory S V. Modeling inputs of large woody debris to streams from falling trees. Can J
For Res. 1990; 20: 1593-1601.

Costigan KH, Soltesz PJ, Jaeger KL. Large wood in central Appalachian headwater streams: Controls
on and potential changes to wood loads from infestation of hemlock woolly adelgid. Earth Surf Process
Landforms. 2015; 40: 1746—1763. https://doi.org/10.1002/esp.3751

Benda LE, Bigelow P, Worsley TM. Recruitment of wood to streams in old-growth and second-growth
redwood forests, northern California, U.S.A. Can J For Res. 2002; 32: 1460-1477. https://doi.org/10.
1139/x02-065

Emery JC, Gurnell AM, Clifford NJ, Petts GE, Morrissey IP, Soar PJ. Classifying the hydraulic perfor-
mance of riffle-pool bedforms for habitat assessment and river rehabilitation design. River Res Appl.
2003; 19: 533-549. https://doi.org/10.1002/rra.744

Keeton WS, Kraft CE, Warren DR. Mature and old-growth riparian forests: Structure, dynamics, and
effects on adirondack stream habitats. Ecol Appl. 2007; 17: 852—868. https://doi.org/10.1890/06-1172
PMID: 17494402

Beckman ND, Wohl E. Effects of forest stand age on the characteristics of logjams in mountainous for-
est streams. Earth Surf Process Landforms. 2014; 39: 1421-1431. https://doi.org/10.1002/esp.3531

Martius C. Decomposition of Wood. In: Junk WJ, editor. The Central Amazon Floodplain: Ecology of a
Pulsing System. PIén, Germany: Springer; 1997. pp. 267—276. https://doi.org/10.1017/
CB09781107415324.004

Latterell JJ, Naiman RJ. Sources and dynamics of large logs in a temperate floodplain river. Ecol Appl.
2007; 17: 1127—1141. hitps://doi.org/10.1890/06-0963 PMID: 17555223

Lassettre NS, Piégay H, Dufour S, Rollet A-J. Decadal changes in distribution and frequency of wood
in a free meandering river, the Ain River, France. Earth Surf Process Landforms. 2008; 33: 1098—
1112. https://doi.org/10.1002/esp.1605

Moulin B, Schenk ER, Hupp CR. Distribution and characterization of in-channel large wood in relation
to geomorphic patterns on a low-gradient river. Earth Surf Process Landforms. 2011; 36: 1137-1151.
https://doi.org/10.1002/esp.2135

PLOS ONE | https://doi.org/10.1371/journal.pone.0275464  October 5, 2022 29/30


https://www.epa.gov/national-aquatic-resource-surveys/nrsa
https://www.epa.gov/national-aquatic-resource-surveys/nrsa
https://doi.org/10.1016/j.ecolind.2022.109046
http://www.ncbi.nlm.nih.gov/pubmed/35991319
https://doi.org/10.1016/j.ecolind.2022.109047
http://www.ncbi.nlm.nih.gov/pubmed/35991318
https://www.epa.gov/national-aquatic-resource-surveys/ecoregions-used-national-aquatic-resource-surveys
https://www.epa.gov/national-aquatic-resource-surveys/ecoregions-used-national-aquatic-resource-surveys
https://doi.org/10.1198/016214504000000250
https://doi.org/10.1899/08-050.1
https://doi.org/10.1111/j.1752-1688.2009.00301.x
https://doi.org/10.1111/j.1752-1688.2009.00301.x
https://doi.org/10.1016/j.apgeog.2011.05.004
http://geo.fbds.org.br/
https://doi.org/10.1111/j.1467-9671.2004.00170.x
https://doi.org/10.1139/f90-193
https://doi.org/10.1002/esp.3751
https://doi.org/10.1139/x02-065
https://doi.org/10.1139/x02-065
https://doi.org/10.1002/rra.744
https://doi.org/10.1890/06-1172
http://www.ncbi.nlm.nih.gov/pubmed/17494402
https://doi.org/10.1002/esp.3531
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1890/06-0963
http://www.ncbi.nlm.nih.gov/pubmed/17555223
https://doi.org/10.1002/esp.1605
https://doi.org/10.1002/esp.2135
https://doi.org/10.1371/journal.pone.0275464

PLOS ONE

Wood stock in neotropical streams

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Jacobson PJ, Jacobson KM, Angermeier PL, Cherry DS. Transport, retention, and ecological signifi-
cance of woody debris within a large ephemeral river. J North Am Benthol Soc. 1999; 18: 429-444.
Available: https://www.jstor.org/stable/1468376

Haga H, Kumagai T, Otsuki K, Ogawa S. Transport and retention of coarse woody debris in mountain
streams: An in situ field experiment of log transport and a field survey of coarse woody debris distribu-
tion. Water Resour Res. 2002; 38: 1-1-1-16. https://doi.org/10.1029/2001WR001123

Zelt RB, Wohl EE. Channel and woody debris characteristics in adjacent burned and unburned water-
sheds a decade after wildfire, Park County, Wyoming. Geomorphology. 2004; 57: 217-233. https://
doi.org/10.1016/S0169-555X(03)00104-1

Victor MAM, Cavalli AC, Guillaumon JR, Filho RS. Cem anos de devastacgao: revisitada 30 anos
depois. 1sted. Brasilia: Ministério do Meio Ambiente; 2005.

Miziara F, Ferreira NC. Expansao da fronteira agricola e evolugao da ocupagéo e uso do espago no
Estado de Goias: subsidios a politica ambiental. In: Ferreira LG, editor. A encruzilhada socioambien-
tal: biodiversidade, economia e sustentabilidade no Cerrado. Goiania: UFG; 2007. pp. 107—125.
Available: http://medcontent.metapress.com/index/A65RM03P4874243N.pdf%5Cnhttp://scholar.
google.com/scholar?hl=en&btnG=Search&qg=intitle:A+encruzilhada+socioambiental:+biodiversidade,
+economia+e+sustentabilidade+no+cerrado.#0

Brown S, Lugo AE. Tropical secondary forests. J Trop Ecol. 1990; 6: 1-32. https://doi.org/10.1017/
S0266467400003989

Gurnell AM. Wood in fluvial systems. In: Shroder J. and Wohl E., editor. Treatise on Geomorphology.
San Diego: Academic Press, Inc.; 2013. pp. 163—188. https://doi.org/10.1016/B978-0-12-374739-6.
00236-0

Andrus CW, Long BA, Froehlich HA. Woody Debris and Its Contribution to Pool Formation in a Coastal
Stream 50 Years after Logging. Can J Fish Aquat Sci. 1988; 45: 2080—-2086. https://doi.org/10.1139/
f88-242

Spies TA, Franklin JF, Thomas TB. Coarse Woody Debris in Douglas-Fir Forests of Western Oregon
and Washington. Ecology. 1988; 69: 1689—1702. https://doi.org/10.2307/1941147

Murphy ML, Koski K V. Input and Depletion of Woody Debris in Alaska Streams and Implications for
Streamside Management. North Am J Fish Manag. 1989; 9: 427—-436. https://doi.org/10.1577/1548-
8675(1989)009<0427:iadowd>2.3.c0;2

Soares-Filho B, Rajao R, Macedo M, Carneiro A, Costa W, Coe M, et al. Cracking Brazil ‘ s Forest
Code Supplemental. Science (80-). 2014; 344: 363—364. https://doi.org/10.1126/science.124663

Wohl E. What should these rivers look like? Historical range of variability and human impacts in the
Colorado Front Range, USA. Earth Surf Process Landforms. 2011; 36: 1378—1390. https://doi.org/10.
1002/esp.2180

Grace J, José JS, Meir P, Miranda HS, Montes RA. Productivity and carbon fluxes of tropical savan-
nas. J Biogeogr. 2006; 33: 387—-400. https://doi.org/10.1111/].1365-2699.2005.01448.x

Kicklighter DW, Bondeau A, Schloss AL, Kaduk J, Mcguire AD. Comparing global models of terrestrial
net primary productivity (NPP): Global pattern and differentiation by major biomes. Glob Chang Biol.
1999; 5: 16—24. https://doi.org/10.1046/j.1365-2486.1999.00003.x

Wohl E, Cenderelli DA, Dwire KA, Ryan-Burkett SE, Young MK, Fausch KD. Large in-stream wood
studies: A call for common metrics. Earth Surf Process Landforms. 2010; 35: 618—-625. https://doi.org/
10.1002/esp.1966

PLOS ONE | https://doi.org/10.1371/journal.pone.0275464  October 5, 2022 30/30


https://www.jstor.org/stable/1468376
https://doi.org/10.1029/2001WR001123
https://doi.org/10.1016/S0169-555X%2803%2900104-1
https://doi.org/10.1016/S0169-555X%2803%2900104-1
http://medcontent.metapress.com/index/A65RM03P4874243N.pdf%5Cnhttp://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:A+encruzilhada+socioambiental:+biodiversidade,+economia+e+sustentabilidade+no+cerrado.#0
http://medcontent.metapress.com/index/A65RM03P4874243N.pdf%5Cnhttp://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:A+encruzilhada+socioambiental:+biodiversidade,+economia+e+sustentabilidade+no+cerrado.#0
http://medcontent.metapress.com/index/A65RM03P4874243N.pdf%5Cnhttp://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:A+encruzilhada+socioambiental:+biodiversidade,+economia+e+sustentabilidade+no+cerrado.#0
https://doi.org/10.1017/S0266467400003989
https://doi.org/10.1017/S0266467400003989
https://doi.org/10.1016/B978-0-12-374739-6.00236%26%23x2013%3B0
https://doi.org/10.1016/B978-0-12-374739-6.00236%26%23x2013%3B0
https://doi.org/10.1139/f88-242
https://doi.org/10.1139/f88-242
https://doi.org/10.2307/1941147
https://doi.org/10.1577/1548-8675%281989%29009%26lt%3B0427%3Aiadowd%26gt%3B2.3.co%3B2
https://doi.org/10.1577/1548-8675%281989%29009%26lt%3B0427%3Aiadowd%26gt%3B2.3.co%3B2
https://doi.org/10.1126/science.124663
https://doi.org/10.1002/esp.2180
https://doi.org/10.1002/esp.2180
https://doi.org/10.1111/j.1365-2699.2005.01448.x
https://doi.org/10.1046/j.1365-2486.1999.00003.x
https://doi.org/10.1002/esp.1966
https://doi.org/10.1002/esp.1966
https://doi.org/10.1371/journal.pone.0275464

