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Abstract This work studies benthic CPOM in two

streams of Ecuador: the Atacames stream, located in a

developed watershed, and the Súa stream, located in a

rural watershed and used as a reference. It is tested

whether the amount, composition and timing of

benthic CPOM will differ between them as a function

of watershed and riparian land uses. Benthic CPOM

was collected at five study sites on each stream with a

Surber net and classified into four categories: leaves,

twigs and bark, flowers and fruits and debris. Leaves

were further identified to genus or species. There were

no significant differences in the amount, composition

and timing of benthic CPOM between the streams.

CPOM storage showed strong seasonality linked to

seasonal rainfall and a weak relation with land uses,

channel width and stream order. Diversity of the

benthic CPOM was high and 30 species contributed to

the benthic leaf pool. Presence or absence of Ficus

species with heavy leaves that are easily retained in the

streambed explained the spatial distribution of benthic

CPOM, so spatial differences in the composition of the

riparian vegetation in these tropical streams seem to be

more important to explain CPOM distribution than in

their temperate counterparts.

Keywords Chocó region � Land use � Riparian

forest � Land–water interface

Introduction

Coarse particulate organic matter (CPOM) in rivers is

composed of particles with a diameter larger than

1 mm (Pozo et al., 2009). CPOM in forest streams is

mainly composed of plant materials including leaves,

twigs, reproductive structures and fragmented mate-

rials that originate in the riparian vegetation that

borders the channel (Webster et al., 1990; Pozo et al.,

1997). CPOM enters the stream as a direct input from

the forest canopy, as a lateral input when the materials

on the banks slide down into the channel or as an

upstream input when materials are transported by the

water flow (Molinero & Pozo, 2004, 2006) and is

trapped in channel obstacles such as rocks, boulders,

branches and debris damns (Dı́ez et al., 2000;

Larrañaga et al., 2003). Benthic CPOM that is retained

in the streambed plays a major role in the ecological

functioning of forest rivers and streams because it
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contributes to channel heterogeneity (Webster et al.,

1994) and it is an energy source for microorganisms

and benthic macroinvertebrates (Wallace et al., 1997;

Baldy et al., 2007; Woodward et al., 2012). In addition

to be an energetic resource in streams, terrestrial

CPOM inputs to fluvial systems can be considered a

fraction of lateral carbon fluxes which transport

organic carbon away from the areas where it was

originally photosynthesized, contributing to regional

CO2 sinks and balancing the carbon budget of

terrestrial ecosystems (Ciais et al., 2008; Auf-

denkampe et al., 2011). Transport of carbon by

riverine systems into coastal waters is dominated by

dissolved inorganic carbon and CPOM represents only

a minor fraction (Aufdekampe et al., 2011; Stackpoole

et al., 2012). However, CPOM is temporally retained

within the drainage network, which provides many

opportunities for its biological degradation and may

represent an important source of atmospheric CO2

(Battin et al., 2008; Stackpoole et al., 2012).

Land use changes near the stream modify the

amount, quality and timing of CPOM inputs and

benthic CPOM storage (Delong & Brusven, 1994;

Karlsson et al., 2005; Carroll & Jackson, 2009). The

loss of the riparian vegetation because of land use

changes or because of forestry practices reduces the

benthic CPOM stocks in the channel (Delong &

Brusven, 1993; Reid et al., 2008). When the riparian

vegetation is removed, the amount of leaves in the

benthic CPOM diminishes, although the residues of

the clearing activities may be accumulated in the

channel for different periods of time (Haggerty et al.,

2004; Santiago et al., 2011). In monoculture forestry

plantations, the riparian vegetation is substituted by

fast-growing species of commercial interest which

largely modifies the stream CPOM budget (Molinero

& Pozo, 2006). These changes are considered delete-

rious and the quantity and quality of the benthic

CPOM is a good indicator of the conservation status of

these stream ecosystems (Epstein et al., 2016).

Studies about the CPOM in the tropical rivers of

South America are scarce, although there is informa-

tion from some biomes: in Ecuador, there are studies

on the benthic CPOM in Andean streams (Rı́os-Touma

et al., 2009; Vanegas, 2016); in Brazil, in the savannah

and the Atlantic rainforest (Gonçalves et al., 2006;

Gonçalves & Callisto, 2013; Gonçalves et al., 2014;

Bambi et al., 2017; Rezende et al., 2017) and in

Colombia, in the rainforest of the Chocó (Valencia

et al., 2009). These works have shown that benthic

CPOM storage is controlled by the seasonality of

rainfall and discharge and that its composition is

characterized by a high diversity of plant species.

However, none of these studies have addressed the

impact of land use changes on the benthic CPOM

storage.

This work compares benthic CPOM in two coastal

tropical streams of Ecuador: one of them, the

Atacames stream, is located in a developed watershed

with paved roads, established town centers and two

weirs for recreational use, and the other, the Súa

streams, is located in a watershed mostly occupied by

dispersed farms and is used as a reference. The

objectives of this work are: (1) to compare the amount,

composition and temporal variability of benthic

CPOM in two streams with different land uses and

(2) to identify the factors that control storage and

composition of benthic CPOM. It is hypothesized that

the amount, composition and temporal variability of

benthic CPOM will differ between the two streams as

a function of the land uses in the riparian area and in

the watershed.

Materials and methods

Study area

The Atacames and Súa streams are in the Ecuadorian

Chocó region, South of Esmeraldas city (Fig. 1).

Mean monthly temperature varies between 24 and

26�C and annual precipitation, between 500 mm in the

lower parts of the Atacames watershed and 4000 mm

in the South-western edge of the Súa watershed.

Precipitation is strongly seasonal, with a wet season

from January to June and a dry season from July to

December (GADMA, 2014; GADPS, 2015; Fig. S1).

Potential vegetation in both watersheds ranges from

tropical evergreen forest in the headwaters and in the

middle part of the watershed to tropical semideciduous

forest in the lower part of the watershed (MAE, 2005).

The Atacames, a 4th order stream, is 42.5 km long,

springs in the North-western side of the Cordillera

Costanera inside the Mache-Chindul Natural Reserve

and ends at the Atacames city (Fig. 1). The Atacames

watershed has 117.6 km2 with a 34.8% cover of native

forest and 17.6% of pasture land, although if we

exclude the Reserva Natural Mache-Chindul, land
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uses become 25.5% of native forest and 23.7% of

pasture land (MAGAP, 2006; MAG, 2016). The Súa, a

3rd order stream, is 27.6 km long, also springs inside

the Mache-Chindul Natural Reserve and ends at Súa

town (Fig. 1). The Súa watershed has 63.7 km2 with a

25.8% cover of native forest and 4.3% of pasture land

(MAGAP, 2006; MAG, 2016). Other parts of the

watersheds are occupied by a mosaic of villages,

agricultural land, forest patches and forestry planta-

tions. Both streams have a low gradient channel

(1.0–2.3%) that forms a sequence of riffles and pools

with a streambed composed by gravel and sand and a

mean depth than ranges between 30 and 70 cm during

the dry season. Because the Atacames watershed is

close to the touristic town of Atacames with more than

20,000 habitants, it is more developed and has asphalt

roads, regular town centers, two large weirs that are

used for recreation and the banks in the Atacames

stream are more modified than in the Súa stream.

Field work

We selected five sampling sites on each river as a

function of stream order. Study sites were further

characterized by measuring channel width, canopy

angle (angle that is formed by the highest points of the

riparian vegetation on each side and the middle point

of the stream channel) and the percentage of pasture

land and native forest cover in the riparian area (a

30-m-width buffer strip on each side of the channels

draining into the sampling point) and in the watershed

(Fig. 1, Table 1). At each site, we established study

reaches of 25 m (sites with a channel width of 5 m or

more) or 50 m (sites with a channel width less than

5 m) and we collected five random samples of benthic

CPOM with a Surber sampler (30 9 30 cm) and

0.5 mm mesh size. Sites were sampled bimonthly

from July 2016 to May 2017. The collected samples

were stored in labeled plastic bags that were trans-

ported to the laboratory and frozen until analyzed.

Laboratory work

In the laboratory, samples were unfrozen and air dried

for 48 h in paper pans. The CPOM was sorted into four

categories: leaves, twigs and bark (only branches with

less than 1 cm diameter), flowers and fruits and debris

(particles over 0.5 mm diameter that we couldn’t sort

into the other categories). Additionally, the leaves

were sorted into morphotypes and identified to genus

or species with field guides (Little & Dixon, 1983;

Palacios, 2011) and the use of digital herbariums from

the Missouri Botanical Garden (2018), Arizona State

University (2018) and the Field Museum (2018). The

identified species were further classified into three

groups: species that are common on the margins of

rivers (riparian); species that are cultivated (culti-

vated) and species that are not cultivated (non-

cultivated). The sorted CPOM was dried in an Elos

Heat oven at 65�C for 24 h and combusted in a furnace

at 450�C for 5 h and weighted in a Mettler Toledo

MS104S scale to the nearest 0.0001 g. All CPOM data

were expressed as ash free dry weight in g m-2.

Statistical analysis

To test spatial and temporal differences between the

two rivers, data of total CPOM density and the

categories (g m-2) were transformed with the square

root function to reduce the impact of extreme values

(Greenacre & Primicerio, 2014) and were compared

by nested four-way ANOVA (River 9 Season 9 Site

9 Month) with Site as a random factor nested into the

River factor and Month as a non-random factor nested

into the Season factor (Table S1). Contributions of

categories to total CPOM (%) were transformed with

the logit function (Warton & Hui, 2011) and compared

by nested four-way ANOVA in the same way as the

CPOM density data (Table S2).

To identify which factors are controlling the

quantity and composition of the benthic CPOM, a

principal component analysis (PCA) was performed

on the variables used to describe the study sites

(Table 1). Significance of the principal components

and the variable loadings was assessed by the broken-

stick method following Peres-Neto et al. (2003). Then,

linear correlations between the amount and composi-

tion of the benthic CPOM and the first and second

principal components obtained in the PCA were

performed. Dependent variables were transformed as

bFig. 1 Location of sampling sites in the Atacames (A) and Súa

(S) streams (filled star). Location of the river gauging (filled

plus) and meteorological (open triangle) stations near the study

sites is also shown (see also Fig. S1)
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explained above before the correlation analyses. All

statistical analyses were done in R (R Development

Core Team, 2015).

Results

Benthic CPOM storage

Mean total CPOM storage varied between 28.2 and

86.6 g m-2 among the sites in the Atacames river and

between 16.8 and 44.2 g m-2 among the sites in the

Súa river (Table 2), but there were no significant

differences between the two rivers (four-way

ANOVA, F1,8 = 0.97, P[ 0.05). There were neither

significant differences between the two rivers in the

CPOM categories (four-way ANOVA: leaves,

F1,8 = 0.11, P[ 0.05; twigs and bark, F1,8 = 2.36,

P [ 0.05; flowers and fruits, F1,8 = 1.12, n. s.; debris,

F1,8 = 0.11, n. s.), although the average amount of

twigs and bark in the Atacames river (18.3 g m-2) was

more than double than in the Súa river (7.0 g m-2).

There was a strong seasonality in the benthic

CPOM storage in both rivers (Fig. 2). CPOM storage

Table 1 Characteristics of the sampling sites

Stream Site Order Drainage

area (km2)

Watershed

pasturea (%)

Watershed

foresta (%)

Riparian

pasture (%)

Riparian

foresta (%)

Channel

width (m)

Canopy

angle (8)

Atacames A1 1 0.7 – 28.4 – 11.9 4.28 10 ± 15

A2 3 39.9 – 44.9 – 31.6 16.90 68 ± 44

A3 4 84.0 – 41.0 – 36.6 16.03 108 ± 37

A4 4 104.8 8.5 37.5 6.3 33.0 10.84 71 ± 62

A5 4 117.6 17.6 34.8 13.8 30.4 8.05 31 ± 46

Súa S1 2 3.5 – 37.3 – 11.7 4.90 29 ± 22

S2 1 3.9 – 45.6 – 23.2 3.90 62 ± 51

S3 3 36.4 – 27.6 – 16.6 13.69 82 ± 43

S4 3 51.8 1.4 22.8 – 13.3 10.43 56 ± 63

S5 3 63.7 4.3 25.8 – 14.1 7.78 18 ± 40

aCalculated from MAGAP (2006) and MAG (2016)

Table 2 Mean benthic CPOM stocks (g m-2) at the study sites

Stream Site Total (g m-2) Leaves (g m-2) Twigs and bark (g m-2) Flowers and fruits (g m-2) Debris (g m-2)

Atacames A1 86.6 11.0 (13) 12.3 (14) 19.9 (23) 43.5 (50)

A2 29.0 8.6 (30) 9.8 (34) 0.0 (0) 10.5 (36)

A3 28.2 7.4 (26) 11.3 (40) 2.0 (7) 7.5 (26)

A4 81.8 12.1 (15) 52.1 (64) 4.0 (5) 13.7 (17)

A5 28.8 10.5 (37) 6.0 (21) 0.9 (3) 11.4 (40)

Mean 50.9 9.9 (20) 18.3 (36) 5.3 (11) 17.3 (34)

Súa S1 38.1 7.2 (19) 9.9 (26) 0.0 (0) 21.0 (55)

S2 16.8 6.7 (40) 4.0 (23) 0.0 (0) 6.2 (37)

S3 28.7 8.7 (30) 8.6 (30) 0.6 (2) 10.8 (38)

S4 34.5 11.6 (34) 6.9 (20) 0.2 (1) 15.8 (46)

S5 44.2 19.4 (44) 5.6 (13) 5.5 (12) 13.7 (31)

Mean 32.5 10.7 (33) 7.0 (22) 1.3 (4) 13.5 (42)

The contribution of the categories to the CPOM total as a percentage is shown in brackets
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peaked in the middle (September) or at the end

(November) of the dry season and diminished after

January during the wet season. Differences in CPOM

storage between the dry and wet season were signif-

icant (four-way ANOVA, F1,8 = 19.53, p \ 0.01).

This temporal pattern was clearly observed at sites A1,

A2, A5, S1, S3, and S4, but slightly differed in the

other study sites (Fig. 2). The categories showed a

temporal variability that was similar to that of total

CPOM (not shown). Differences between the dry and

wet season were significant for the leaves, twigs and

bark and debris categories (four-way ANOVA: leaves,

F1,8 = 37.47, P\ 0.001; twigs and bark:F1,8 = 6.50,

P\ 0.05; debris: F1,8 = 21.46, P\ 0.01) and were

not significant for the flowers and fruits category

(four-way ANOVA, F1,8 = 2.65, p [ 0.05).
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Fig. 2 Benthic CPOM density (g m-2) at the study sites (mean ± standard deviation; A Atacames stream; S Súa stream)
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Benthic CPOM composition

Leaves and twigs and bark categories represented

more than 50% of the total benthic CPOM in both

streams (Table 2). The debris category was also

abundant and represented more than 30% of the total

benthic CPOM. The flower and fruits category con-

tributed with the lowest percentage to the total benthic

CPOM in both rivers. The percentage of twigs and

bark in the Atacames stream was significantly larger

than in the Súa stream (four-way ANOVA,

F1,8 = 6.08, P\ 0.05), but the other categories

showed no significant differences between the two

rivers (four-way ANOVA: leaves, F1,8 = 0.71,

P[ 0.05; fruits and flowers, F1,8 = 0.10, P[ 0.05;

debris, F1,8 = 0.11, P[ 0.05).

Benthic CPOM composition varied along time but

there was no a consistent temporal pattern among the

study sites (Fig. 3). There were significant differences

between the wet and dry season in the percentage of

twigs and bark (four-way ANOVA, F1,8 = 5.62,

P\ 0.05), but the other categories showed no signif-

icant differences between the two seasons (four-way

ANOVA: leaves, F1,8 = 0.26, p [ 0.05; flowers and

fruits, F1,8 = 0.43, P[ 0.05; debris, F1,8 = 0.76,

P[ 0.05).

Contribution of riparian species

Diversity of leaves in the benthic CPOM of these

streams was high and 30 morphotypes were identified

and classified to genus and species (Table S3 and

Table 3). The number of species was similar in both

streams and 17 were shared between them (Table S3).

Seventeen families were identified and Moraceae and

Fabaceae together contributed to 64% of the benthic

leaf stock in the Atacames stream and 86% in the Súa

stream. Other families that contributed with a per-

centage of 5% or higher to the benthic leaf stock were

Lauraceae, Malvaceae, Poaceae and Sapotaceae.

The most abundant species in the benthic leaf stock

were Zygia longifolia (Humb. & Bonpl. Ex Willd.)

Britton & Rose and an undetermined Ficus species

(Ficus sp1, Table 3). Mean benthic storage of Z.

longifolia was similar in both streams, and there were

no significant differences between them (four-way

ANOVA, F1,8 = 0.15, P[ 0.05). Mean benthic stor-

age of Ficus sp1 in the Atacames stream was lower

than in the Súa stream but the differences were not

significant (four-way ANOVA, F1,8 = 1.86,

P[ 0.05). Z. longifolia was abundant in all the sites

located in third- and four-order reaches, excepting site

A5 (Fig. 4), while Ficus sp1 was abundant in the lower

part of the Súa stream (sites S4 and S5, Fig. 4).

Benthic storage of Z. longifolia peaked during the dry

season, while Ficus sp1 peaked during the dry season,

but it was also found in the benthos during the wet

season in four sites (S2, S3, S4 and S5, Fig. 4). The

seasonal differences were only significant for Z.

longifolia (four-way ANOVA: Z. longifolia,

F1,8 = 8.07, P\ 0.05; Ficus sp1, F1,8 = 0.57,

P[ 0.05).

Contribution of Z. longifolia and Ficus sp1 to the

benthic leaf stock in the Atacames stream was lower

than in the Súa stream (Table 3). However, there were

no significant differences between the two streams

(four-way ANOVA: Z. longifolia, F1,8 = 0.15,

P[ 0.05; Ficus sp1, F1,8 = 1.86, P[ 0.05). There

were neither significant differences between the dry

and wet seasons in the contribution of these species to

the benthic leaf stock (four-way ANOVA: Z. longifo-

lia, F1,8 = 0.40, P[ 0.05; Ficus sp1, F1,8 = 0.07,

P[ 0.05). Other species that represented a 5% or

more of the benthic leaf stock: Castilla tunu Hemsl.,

Chrysophyllum argenteum Jacq., Theobroma cacao

L., Guadua angustifolia Kunth, Inga edulis Mart.,

Ficus sp2, Terminalia catappa L., Erythrina sp. and

Mezilaurus sp. (Table 3).

Neither the amount of leaves from riparian species,

cultivated species and non-cultivated species in the

benthos (Table 3, four-way ANOVA: riparian:

F1,8 = 0.22, P[ 0.05; non-cultivated, F1,8 = 1.20,

P[ 0.05; cultivated, F1,8 = 3.32, P[ 0.05) nor their

contribution to the benthic leaf stock as percentages

(Table 3, four-way ANOVA, riparian: F1,8 = 0.42,

P[ 0.05; non-cultivated, F1,8 = 1.53, P[ 0.05; cul-

tivated, F1,8 = 2.21, P[ 0.05) showed significant

differences. However, the amount of cultivated

species in the Atacames stream was twofold higher

than in the Súa stream (Table 3). Only the amount of

riparian and cultivated species in the benthos showed

significant seasonal differences (four-way ANOVA:

riparian, F1,8 = 8.07, P\ 0.05; non-cultivated,

F1,8 = 0.95, P[ 0.05; cultivated, F1,8 = 5.71,

P\ 0.05). However, there were no significant sea-

sonal differences in the contribution of these cate-

gories to the benthic leaf stock as percentages

(Table 3, four-way ANOVA: riparian, F1,8 = 0.14,
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P[ 0.05; non-cultivated, F1,8 = 0.28, P[ 0.05; cul-

tivated, F1,8 = 0.02, P[ 0.05).

Factors controlling CPOM distribution

The PCA selected two components that explained

82% of the variance of physical variables and land use

indicators used to describe the study sites (Table 4,

Fig. S2). The first component (PC1) was positively

correlated with drainage area, the canopy angle,

stream order and width and the percentage of riparian

forest. The second component (PC2) was positively

correlated with stream order and negatively correlated

with the percentage of forest in the watershed

(Table 4). Study sites from each river were segregated

in two groups along the PC1 and, excepting A1, study
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Fig. 3 Benthic CPOM composition as percentages at the study sites (A, Atacames stream; S, Súa stream; filled square, leaves; filled

square, twigs and bark; filled square, flowers and fruits; open square, debris)
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sites of the Atacames river had higher scores than sites

of the Súa river (Fig. S2). On the contrary, there was

no segregation of the study sites of each river along the

PC2.

The storage and composition of the benthic CPOM

showed low correlations with the two principal

components identified in the PCA (Table 5). In the

dry season, only the storage and the percentage of the

Table 3 Contribution of tree and shrub species to the benthic CPOM

Scientific name Plant

type

Atacames Atacames Súa Súa

Dry season

(g m-2)

Wet season

(g m-2)

Dry season

(g m-2)

Wet season

(g m-2)

Zygia longifolia (Humb. & Bonpl. Ex Willd.)

Britton & Rose

R 5.24 (34.5) 0.75 (16.2) 5.49 (38.4) 1.79 (25.2)

Ficus sp1 N 1.82 (12.0) 0.44 (9.4) 4.87 (34.0) 3.63 (51.0)

Castilla tunu Hemsl. C 1.66 (10.9) 0.22 (4.7) 0.35 (2.4) –

Chrysophyllum argenteum Jacq. C 1.08 (7.1) 0.22 (4.8) 1.29 (9.0) 0.03 (0.4)

Theobroma cacao L. C 1.10 (7.2) 0.40 (8.7) 0.42 (2.9) 0.20 (2.8)

Guadua angustifolia Kunth. C 0.88 (5.8) 0.59 (12.8) 0.05 (0.4) 0.02 (0.3)

Inga edulis Mart. C 1.18 (7.8) 0.34 (7.5) 0.03 (0.2) 0.17 (2.4)

Ficus sp2 N – 0.52 (11.3) – –

Ocotea sp. C 0.67 (4.4) – – 0.05 (0.7)

Terminalia catappa L. C 0.21 (1.4) 0.29 (6.2) – 0.26 (3.7)

Cupania cinerea Poepp. C 0.30 (2.0) 0.02 (0.5) 0.13 (0.9) –

Guarea glabra Vahl. N 0.12 (0.8) – 0.16 (1.1) 0.09 (1.2)

Pseudolmedia rigida (Klotzsch & H. Karst.)

Cuatrec.

N 0.21 (1.4) – – 0.23 (3.2)

Cordia hebeclada Johnston, Ivan Murray. C 0.07 (0.5) 0.13 (2.7) – –

Malpighia sp. N 0.14 (0.9) 0.11 (2.4) – 0.11 (1.5)

Zuelania sp. N 0.12 (0.8) – 0.10 (0.7) –

Nectandra sp. N 0.11 (0.7) – – –

Erythrina sp. C – 0.26 (5.7) 1.06 (7.4) 0.43 (6.0)

Mezilaurus sp. N 0.05 (0.3) 0.27 (5.8) – –

Mangifera sp. C 0.12 (0.8) 0.07 (1.4) – –

Coffea arabica L. C 0.03 (0.2) – 0.03 (0.2) –

Castilla elástica Sessé. C 0.01 (0.1) – 0.04 (0.3) –

Piper sp. N 0.06 (0.4) – – –

Ficus maxima Miller, Philip. R 0.01 (0.1) – – –

Citrus sinensis (L.) Osbeck. C – – 0.05 (0.3) –

Inga spectabilis (Vahl) Willd. C – – 0.12 (0.8) 0.07 (1.0)

Clonodia sp. N – – 0.04 (0.3) –

Ficus insipida Willd. R – – 0.03 (0.2) –

Bougainvillea glabra Choisy. C – – 0.02 (0.1) 0.03 (0.4)

Citrus maxima (Burm.) Merr. C – – 0.01 (0.1) –

Pisonia aculeteada L. N – – 0.01 (\ 0.1) –

Riparian species 5.25 (34.6) 0.75 (16.2) 5.52 (38.6) 1.80 (25.2)

Non-cultivated species 2.62 (17.2) 1.34 (28.9) 5.17 (36.2) 4.06 (57.0)

Cultivated species 7.31 (48.2) 2.54 (55.0) 3.61 (25.2) 1.26 (17.7)

Contribution of the different species to the leaf stock as a percentage is shown in brackets

R riparian species; N non-cultivated species; C cultivated species
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debris category were inversely correlated with the

PC1, which indicated that both diminished as stream

width and order and the percentage of riparian forest

increased. In the wet season, only the storage of leaves

was correlated with the PC1, which indicated that it

diminished as the stream size and the percentage of

riparian forest increased. The storage of leaves, leaves

of Ficus sp1 and leaves of non-cultivated species and

the percentages of Ficus sp1 and non-cultivated

species in the leaf stock were correlated with the

PC2 during the dry season, but only the percentages of

Ficus sp1 and non-cultivated species in the leaf stock

were significantly correlated with the PC2 during the

wet season. These correlations indicated that the

storage of leaves, leaves of Ficus sp1 and leaves of

non-cultivated species and the percentages of Ficus
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Fig. 4 Benthic storage of Zygia longifolia and Ficus sp1 leaves (g m-2) at the study sites (mean ± standard deviation; A, Atacames

stream; S, Súa stream)
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sp1 and non-cultivated species in the leaf stock

increased as stream order increased and the percentage

of forest in the watershed diminished.

Discussion

Mean benthic CPOM stocks in this study, between

23.3 and 142.6 g m-2, were like those observed in

streams of the Colombian Chocó (between 9.4 and

110.9 g m-2; Valencia et al., 2009). They were also

like values observed in other tropical streams else-

where (between 6.9 and 281 g m-2; Dobson et al.,

2002; Colón-Gaud et al., 2008; Li & Dudgeon, 2008;

Tonin et al., 2017). It seems that there is a higher

variability in the benthic CPOM stocks of temperate

rivers (as an example, CPOM data compiled by Jones

(1997) showed a variation between 40 and

970 g m-2), which could be a result of the higher

seasonality of leaf litter inputs to streams draining

temperate deciduous forests that leads to high CPOM

accumulations in autumn (Delong & Brusven, 1993;

Molinero & Pozo, 2004) or a consequence of having

less observations on the benthic CPOM of tropical

rivers and streams.

Temporal variability of benthic CPOM stocks is

controlled by the timing of inputs from the riparian

vegetation and discharge variability (Molinero &

Pozo, 2004; Tonin et al., 2017). In the studied streams,

rainfall seasonality controls the annual cycle of the

benthic CPOM, with peaks at the end of the dry season

(September–November) and minimums along the wet

season (January–May), as observed in other tropical

Table 4 Variance explained and variable loads of the PCA on

the variables used to describe the study sites. Only loads of

variables selected by the broken-stick method are shown

PC1 PC2

Variance (%) 0.59 0.24

Cumulative V (%) 0.59 0.82

Order 0.453 0.413

Drainage area (km2) 0.405 –

Watershed forest (%) – - 0.701

Riparian forest (%) 0.477 –

Channel width (m) 0.473 –

Canopy angle (�) 0.410 –

Table 5 Correlations

between the amount

(g m-2) and composition

(%) of benthic CPOM and

the principal components

obtained in the PCA

-, correlation no

significant; *, P\ 0.05;

**, P\ 0.01

Dry season Wet season

PC1 PC2 PC1 PC2

Total CPOM (g m-2) – – – –

Leaves (g m-2) – 0.82** - 0.66* –

Twigs and bark (g m-2) – – – –

Flowers and fruits (g m-2) – – – –

Debris (g m-2) - 0.75* – – –

Z. longifolia (g m-2) – – – –

Ficus sp1 (g m-2) – 0.79** – –

Riparian species (g m-2) – – – –

Non-cultivated species

(g m-2)

– 0.83** – –

Cultivated species (g m-2) – – – –

Leaves (%) – – – –

Twigs and bark (%) – – – –

Flowers and fruits (%) – – – –

Debris (%) - 0.74* – – –

Z. longifolia (%) – – – –

Ficus sp1 (%) – 0.81** – 0.81**

Riparian species (%) – – – –

Non-cultivated species (%) – 0.83** – 0.83**

Cultivated species (%) – – – –
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streams (Rı́os-Touma et al., 2009; Bambi et al., 2017).

Obstacles such as boulders and branches enhance

CPOM retention in the channel (Dı́ez et al., 2000;

Larrañaga et al., 2003), but the studied streams have

uniform streambeds composed of gravel and sand

(Montaño, 2018) and low densities of woody debris

(Cuenca, 2018). In these two streams, benthic CPOM

rests on the streambed during the dry season and the

lack of retention structures favors the downstream

transport of CPOM at the beginning of the wet season.

Leaves and woody materials make the most abun-

dant fraction of the benthic CPOM in temperate rivers

(Delong & Brusven, 1993; Molinero & Pozo, 2004),

but debris was the most abundant category in the

studied streams. The high abundance of the debris

category suggests a high CPOM decomposition rate,

which might be a consequence of high water temper-

atures (23–28�C, unpublished data) because temper-

ature is one of the main factors that regulate CPOM

decomposition (Martı́nez et al., 2014; Follstad et al.,

2017). In low-latitude streams, leaf litter is more

recalcitrant than in temperate streams (Boyero et al.,

2017) and its decomposition is mostly mediated by

microorganisms due to the scarcity of shredders

(Boyero et al., 2016). Shredder action converts CPOM

to fine particulate matter, so the benthic accumulations

of debris could be an indication of low shredder

density or activity. In addition to the lower contribu-

tion of leaves to the benthic CPOM stock, leaves rarely

formed leaf packs in the studied streams. Leaf packs

provide both food and refuge to benthic macroinver-

tebrates (Richardson, 1992) and the lack of suit-

able habitats could have led to low shredder densities

in these streams.

A high number of species contributed to the benthic

CPOM in the studied streams, as observed in other

tropical streams (França et al., 2009; Valencia et al.,

2009; Gonçalves et al., 2014; Lisboa et al., 2015), but

two species, the ‘‘chı́paro’’ (Zygia longifolia) and

Ficus sp1, represented up to 75% of the leaf stock in

the benthos. This dominance of a few riparian species

in the CPOM pool is usually observed in temperate

streams (Webster et al., 1990; Molinero & Pozo,

2006). Functioning of forest streams is linked to the

composition of riparian vegetation as it determines

timing, composition and quantity of CPOM inputs and

benthic CPOM, and ultimately CPOM breakdown

rates and usage by shredders (Cummins et al. 1989).

More recently, the effect of leaf mixtures on leaf

decomposition rates has been addressed with variable

results. Decomposition of some species is independent

of being alone or in a mixture with others, while other

species have shown additive and synergistic effects

(Lecerf et al., 2007; Santschi et al., 2018). However, it

is still premature to drive any conclusion about the

functioning of the studied streams because these

experiments use leaf mixtures that do not resemble

the high diversity observed in the benthic CPOM pool

of tropical streams.

Channel width and stream order also determines

CPOM inputs and the amount of benthic CPOM in

streams (Delong & Brusven, 1993, 1994; González &

Pozo, 1996), but there was no a clear CPOM storage

longitudinal gradient along the studied streams. The

presence of Ficus sp1 on the banks seemed to have a

big impact on the spatial distribution of benthic

CPOM. Ficus sp1 produces leaves that are thick and

heavy, up to 30 cm length and easily retained in the

benthos. The correlation between the benthic leaf

stock and the PC2 suggest that the amount of leaves in

the benthos was greater in study sites of higher order

with low forest cover in the associated watershed.

However, this correlation is driven by the presence of

Ficus sp1 leaves on the benthos, which was more

abundant on the lower reaches of these streams. So,

species composition of the riparian vegetation in the

studied streams was more important to determine

CPOM storage than in temperate streams. Many

tropical tree species produce gigantic leaves and the

presence or absence of these species might be an

important driver of spatial differences in the benthic

CPOM storage of tropical streams.

Land use changes, especially those that modify the

density and composition of the riparian vegetation,

modify benthic CPOM quantity and quality in fluvial

systems (Delong & Brusven, 1993; Molinero & Pozo,

2004). However, there were neither significant differ-

ences between the two streams in benthic CPOM

storage nor a strong relationship between benthic

CPOM storage and the percentage of forest in the

watershed or in the riparian area. A low-intensity

arboriculture is common in the study area. Productive

species are mixed with riparian species and with other

non-productive species that are grown to provide

shadow or enhance the quality of soils, which seems to

be enough to maintain similar benthic CPOM stocks in

forested and agriculturally impacted streams. Also, the

composition of the benthic leaf pool is a better
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indicator of riparian alteration in the Atacames stream

than the quantity and timing of benthic CPOM.
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F. Gonçalves, J. Helson, T. Iwata, T. Jinggut, J. Mathooko,

C. Mathuriau, C. M’Erimba, M. S. Moretti, C. P. Pringle,

A. Ramı́rez, L. Ratnarajah, J. Rincón & C. M. Yule, 2016.

Biotic and abiotic variables influencing plant litter break-

down in streams: a global study. Proceedings of the Royal

Society B: Biological Sciences 283: 20152664.

Boyero, L., M. A. Graca, A. M. Tonin, J. Pérez, A. J. Swafford,
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A. Ferreira & M. Callisto, 2009. Composition and

dynamics of allochthonous organic matter inputs and

benthic stock in a Brazilian stream. Marine and Freshwater

Research 60: 990–998.

GADMA, 2014. Plan de ordenamiento y desarrollo territorial

del cantón Atacames 2014-2019. Gobierno Autónomo

Descentralizado Municipal de Atacames, Esmeraldas.

GADPS, 2015. Plan de ordenamiento y desarrollo territorial de
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