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J. C. Martins • M. L. Fernandes • F. P. Pires

Received: 1 April 2014 / Accepted: 15 November 2014 / Published online: 26 November 2014

� Springer-Verlag Berlin Heidelberg 2014

Abstract The temporal variability of particulate (POC)

and dissolved (DOC) organic carbon concentrations was

analyzed in the Enxoé temporary river, southern Portugal,

between September, 2010 and August, 2013. The overall

aim was to study the variability of those elements during

storm events, and determine their origin and the main

transfer mechanisms to the river. Twenty-one flood events

were observed. An empirical model was used to describe

changes in solute concentrations, and the magnitude and

rotational patterns of the hysteretic loops during flood

events. POC and DOC concentrations varied between

0.49–88.93 and 0.25–25.75 mg L-1, respectively. POC and

DOC annual yields varied between 0.06–2.15 and

0.03–1.47 t km-2, respectively. Flood events had greater

effect in POC than in DOC variability. POC had mostly a

terrestrial origin, with exports being related to soil erosion

and runoff. POC revealed a flushing behavior during the

entire monitored period, and clockwise or anticlockwise

trajectory loops whenever the predominant origin of the

exports was in river bed deposits or arable lands, respec-

tively. DOC had also a terrestrial origin, but it revealed a

contrasting dilution behavior and, in general, anticlockwise

hysteresis loops. DOC showed a delay in the arrival of

solutes to the river, consistent with mass flow through

subsurface flow. DOC exports were thus associated with

soil weathering and crop mineralization. This work

highlights the main processes involved in POC and DOC

loads in a temporary river during flood events, with a

precise quantification of those elements.

Keywords DOC � Hysteresis � POC � Mediterranean

region � Temporary rivers

Introduction

Flood events are recognized as the most effective process

for driving sediments and sediment-bound pollutants

(pesticides, particulate, nutrients, heavy metals, and other

toxic substances) into rivers and lakes on a short time scale,

leading to aquatic habitat degradation and to the contami-

nation of drinking water and ecosystems. Many hydrolog-

ical studies have shown how the river exports vary

significantly in magnitude and frequency along the year as

a result of those episodic event discharges (Oeurng et al.

2011; Zhu et al. 2012; Cerro et al. 2013). These studies

typically require monitoring programs with a high sam-

pling density focusing on the hydrological and biogeo-

chemical regimes of the studied rivers, which are still very

rare in the particular case of temporary Mediterranean

rivers.

Temporary Mediterranean rivers and streams are gen-

erally ungauged due to their restricted economic impor-

tance (Tzoraki and Nikolaidis 2007). Sediment and

contaminant dynamics in temporary rivers is mainly

determined by sequences of dry periods and the following

flood events (Lillebø et al. 2007), providing a significant

challenge in developing sustainable water management

plans. The Enxoé temporary river, located in semi-arid

southern Portugal, is a good example where effective

conservation measures need to be put into practice. The
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river flows to the water reservoir with the highest eutrophic

state in Portugal (Instituto da Água 2008), but which sup-

plies close to 25000 inhabitants. Ramos et al. (2014) have

recently identified the main origins of the sediments and

nutrients (P and N) being flushed to the Enxoé reservoir

and their respective transfer mechanisms. We now focus on

the dynamics of particulate (POC) and dissolved (DOC)

organic carbon forms, which are an important factor in

stream water quality and an indicator of organic

contamination.

Organic carbon (OC) transport from terrestrial ecosys-

tems to marine systems represents an important process in

the global carbon cycling. The dissolved form contributes

to the transport of heavy metals and organic micropollu-

tants, acts as an energy source, affects light penetration,

plays a role in pH buffering, controls the partition of

components between water and sediment, is a source of

nutrients, and represents a major issue in the treatment of

water (Veum et al. 2009; Worrall et al. 2012; Strohmeier

et al. 2013). POC, normally bounded to sediments, further

contributes to the loss of water storage capacity in reser-

voirs, and constitutes an indicator of soil erosion and land

degradation (Oeurng et al. 2011; Némery et al. 2013). OC

transport is strongly associated with catchment physical

characteristics (Hope et al. 1997; Lu et al. 2012; Oh et al.

2013), but the underlying factors that control exports are

still only partially understood. Thus, there is a need for

studies focusing on OC concentrations and fluxes in tem-

porary rivers, particularly during flood events, to better

understand the mechanisms and processes associated and

their relations with edafo-climatic conditions and land uses

(Butturini et al. 2008; Oeurng et al. 2011; Strohmeier et al.

2013).

Interpreting POC and DOC delivery processes using

hysteresis patterns may help to understand the origin of

those elements in a catchment and respective transfer

mechanisms into rivers (House and Warwick 1998; Oeurng

et al. 2011; Strohmeier et al. 2013). Hysteresis, at a given

discharge (Q), is characterized by differences in the con-

centration (C) of an element on the rising and falling limb

of a hydrograph (Hall 1970). Recurrent C-Q patterns of a

specific solute can then be detected using simple methods

which require only a few parameters (Evans and Davies

1998; House and Warwick 1998; Bowes et al. 2005;

Butturini et al. 2006). These methods can help identifying

solute origin and the transfer mechanisms in detail. How-

ever, the analysis of C–Q responses in Mediterranean

streams is still in a preliminary phase, and even rarer are

those studies that explored these responses in Mediterra-

nean human-altered systems, like Enxoé.

The objectives of this paper are: (i) to present the tem-

poral variability in POC and DOC transport in the Enxoé

River (southern Portugal) during three hydrological years

(September, 2010 to August, 2013); (ii) to determine POC

and DOC loads to the Enxoé reservoir at the outlet of the

watershed during the monitored period; and (iii) to identify

POC and DOC source areas and processes associated based

on the interpretation of hysteresis in the C–Q relationship.

The results permit to have data on OC loads during storm

events in the case of temporary rivers, and pretend to help

decision-makers to improve the management of drinking

water catchments areas by minimizing organic contami-

nation risks during flood events.

Materials and methods

Catchment description

The Enxoé catchment is located in the Alentejo region,

southern Portugal (Fig. 1). The river is a tributary of the

Guadiana River, has a bed length of 9 km, and catchment

area of 60.80 km2. The dominant soils are Luvisols,

Cambisols, and Calcisols. The main land uses are olive

groves, agro-forestry of holm-oaks, and annual winter

crops. The climate in the region is dry sub-humid to semi-

arid. The annual average precipitation is 500 mm, with

80 % concentrated between October and April. The annual

average temperature is 16 �C, and the annual reference

evapotranspiration varies between 1,200 and 1,300 mm.

The catchment has a population of 1,000 inhabitants,

mainly concentrated in Vale de Vargo, and is limited

downstream by a dam (10.4 million m3). Weather data used

in this study were collected from a weather station located

in Serpa (Fig. 1).

River Enxoé water quality monitoring

The river Enxoé water was monitored from September,

2010 to August, 2013 at a sampling station located at the

outlet of the watershed before the reservoir (Fig. 1). The

upstream drainage area covers approximately 45 km2.

Sampling waters was for suspended sediment concentration

(SSC), POC, and DOC. An YSI 6920 measuring probe

(YSI Incorporated, Ohio, USA) was used to monitor the

water stream level and turbidity (nephelometry). Readings

were taken every 15 min during flood events and daily

during non-flood events. Flow was obtained from the

measured water level and the shape of the river bed with

the well-established Gauckler–Manning formula. An

automatic water sampler (EcoTech Umwelt-Meßsysteme

GmbH. Bonn, Germany) with 8 bottles, 2 L each, was used

for monitoring water quality during floods. The monitoring

station was positioned near the bank of the river, where the

homogeneity of water movement was considered repre-

sentative of all hydrological conditions. The pump inlet of
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the automatic water sampler was placed next to the mea-

suring probe pipe. The probe was programmed to activate

the automatic water sampler when the water level varied

more than 10 cm on both rising and falling stages of flood

events (variations of 3 min to 15 h during flood events).

Manual sampling was also carried out at weekly intervals

using 2 L bottles collected near the probe location. The

total number of water samples taken from both automatic

and manual sampling was 176.

Water samples (250–1,000 mL) were filtered in the

laboratory to determine SSC using pre-weighed glass mi-

crofiber paper (GFF 0.75 lm). The sediments retained on

the filter paper were oven dried at 508 C during 24 h. The

filters were again weighed and SSC was calculated. SS

retained in the dried filters were then acidified with HCl

2 N and dried at 60 �C for 24 h to remove the carbonates.

POC analysis was carried out in the remaining SS using a

LECO CNS2000 analyzer. POC content was expressed as a

percentage of dry weight of sediment and converted to

POC concentration (M L-3).

The same water samples, after being filtered for deter-

mining SSC and POC, were acidified with HCl (12N; pH 2)

and kept cold at 4 �C until DOC was analyzed. DOC

analysis was performed using a colorimetric method

(closed reflux), in which samples were digested with

potassium dichromate and sulfuric acid. Readings were

taken with a Thermo Scientific UV visible spectropho-

tometer using two different wavelengths (340 and 590 nm)

depending on carbon concentration in the solution (APHA

1998).

POC and DOC loads

Water yield was determined after integrating river dis-

charge over a time period (3–15 min during flood events

and daily during non-flood events), as follows:

W ¼
X

i

QðiÞ þ Qði�1Þ
� �

2
� tðiÞ � t i�1ð Þ
� �

ð1Þ

where W is the accumulated water yield (L3), and Qj is the

instantaneous river discharge (L3 T-1) at time i (T).

POC and DOC yields were obtained by averaging con-

centrations between two adjacent samples and integrating

this with discharge. Continuous POC series were thus

developed to significantly reduce uncertainty that would

Others

Luvisols

Cambisols
Fluvisols

Soils:

Vertisols

Calcisols
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Low: 155 m

High: 348 mWater

Other land uses
Village
Permanent pastures

Annual crops
Olive groves

Agro-forestry of holm-oaks “Montado”

Monitoring station

Land use:

Fig. 1 Location (top left), land use (bottom left), major soil units (top right), and digital elevation model (bottom right) in Enxoé catchment area
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result from interpolation and extrapolation of low-fre-

quency measurements of POC. The continuous data series

were based on the SSC-turbidity, SSC–POC, and POC-

turbidity relations found in Enxoé, and on the quasi-con-

tinuous turbidity recording provided by the automatic

probe which complemented the information collected with

the automatic water sampler. Further details can be found

in Ramos et al. (2014). DOC was estimated from the high

frequency of data collection provided by the automatic

sampler. POC and DOC loads were thus linear interpolated

between two adjacent samples, as follows:

Md ¼
X

i

Cd ið Þ þ Cd i�1ð Þ
� �

2
�Wi ð2Þ

where Md is the solute mass lost in the catchment from

diffuse (d) sources (M), and Cj is the instantaneous solute

concentration (M L-3) at time i (T). No point source

emissions exist in the Enxoé catchment (Ramos et al.

2014).

Relationships between POC, DOC and hydro-

climatological variables

The relationships between POC and DOC concentrations

and loads, SS concentrations and loads, and hydro-cli-

matological variables were analyzed to determine the

factors controlling POC and DOC transport during flood

events. Flood events were defined as complete hydro-

logical events with rising and recession limbs. A database

was generated for each discharge peak monitored during

flood events, containing three groups of variables:

(i) antecedent variables characterizing the situation prior

to peak flow; (ii) storm event variables (precipitation and

discharge); and (iii) variables related to water quality (SS,

POC, and DOC).

Antecedent variables included: accumulated precipita-

tion 1, 5, and 10 days before each discharge peak (P1, P5,

and P10); the baseflow before the first peak discharge of a

flood event (Qb); and flow in the end of the falling limb of

the antecedent peak flow when multiple peaks occurred

during a flood event (Qa) (Table 1).

Storm event variables comprised: total precipitation

during flood events (Pe); the peak number when multiple

peaks occurred (Pn); flood duration, here defined as the

time between rising and recession limbs of a discharge

peak (Fd), but also as the cumulative time when multiple

discharge peaks occurred (Fdc); mean discharge (Qm);

maximum discharge (Qmax); the time of rise to reach a peak

discharge (Tr); water yield, expressed as the total depth of

water during a discharge peak (Wt), but also the cumula-

tive depth of water registered during multiple peaks (Wtc);

flood intensity, here defined as the discharge speed to reach

the peak [Fi = (Qmax–Qb)/Tr]; and a dummy variable to

represent seasonality (S).

Water quality variables included SS, POC, and DOC

mean and maximum concentration values monitored dur-

ing a discharge peak (SSCm, SSCmax, POCm, POCmax,

DOCm, and DOCmax); SS, POC, and DOC loads to the

reservoir during a discharge peak (SSt, POCt, and DOCt);

and the cumulative loads when multiple peaks occurred

(SSct, POCct, and DOCct) (Table 2).

A Pearson correlation matrix that included all the above-

mentioned variables was generated for all 35 peak dis-

charges registered in Enxoé during the 21 flood events

monitored. DOC information was only generated for 23

peak discharges since the monitoring of some discharge

peaks was missed as data were limited to the number of

samples taken manually and with the automatic sampler as

referred above.

Identification of POC and DOC sources

For each flood event, the analysis the C–Q relationships

for POC and DOC was performed with the approach

proposed by Butturini et al. (2006). The shape, rotational

patterns and trends of hysteretic loops of each determi-

nand are here described with two parameters: the changes

in solute concentrations (DC), and the overall dynamics of

each hysteretic loop (DR). DC (%) describes the relative

changes in solute concentration and hysteresis trend, as

follows:

DC ¼ Cs � Cbð Þ=Cmax � 100 ð3Þ

where Cb and Cs are the solute concentrations at base flow

and during peak flow, respectively, and Cmax is the highest

concentration observed in the stream during a storm. The

DR (%) descriptor integrates information about the mag-

nitude (area) and direction (rotational pattern) of the C–Q

hysteresis, as follows:

DR ¼ R� Ah � 100 ð4Þ

where Ah is the area of the C–Q hysteresis, estimated after

standardizing discharges and concentrations to a unity

scale, and R summarizes the rotational pattern of the C–

Q hysteresis.

The variability of POC and DOC hysteresis descriptors

is described in the unity plane DC vs. DR, where four

regions can be identified, according to flushing/dilution of

the constituent and the hysteresis loop sense (clockwise or

anticlockwise). All this information allows clarifying the

source of POC and DOC, and separating different types of

floods.
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Results

Hydro-climatological context

Twenty-one flood events were registered between Sep-

tember, 2010 and August, 2013 (Fig. 2). These events took

place during autumn (10), winter (8), and spring (3).

Table 1 summarizes the main characteristics of all flood

events monitored. The Enxoé River normally exhibited no

flow or ephemeral conditions from June to October. In the

beginning of each hydrological year (September/October),

the first rain events generated flow peaks that were quickly

reduced as the soil was not fully saturated and groundwater

flow was greatly diminished. From October to December,

the soil became increasingly saturated with successive

heavy rains. Subsurface flow was enhanced during this

period, resulting most times in flood events with multiple

discharge peaks. From December to April, the response to

rain events still existed as the soil continued to be satu-

rated. Groundwater flows were maintained for longer

periods, but still tended to fall quickly, especially during

months with less rain (January/February). Hence, flow in

Table 1 Storm event parameters including antecedent variables, characterizing the situation prior to peak flow, and storm event variables

(precipitation and discharge)

No. P1 P5 P10 Pe Fd Fdc Tr Fi Wt Wtc Qm Qmax Qb Qa

(mm) (h) (m3 min-2) (hm3) (m3 s-1)

1 31.4 31.5 40.6 37.1 51.6 51.6 1.0 3.51 0.045 0.045 1.34 3.59 0.08 0.08

2 16.6 16.6 16.7 60.1 27.6 27.6 0.5 8.24 0.157 0.157 2.51 5.18 1.06 1.06

2 5.6 60.3 60.4 60.1 8.3 35.9 6.8 1.37 0.132 0.290 6.90 10.46 1.13 5.18

2 5.6 60.3 60.4 60.1 11.8 47.7 2.8 0.71 0.215 0.505 6.08 8.20 6.20 10.46

3 10.6 38.7 39.6 84.1 47.4 47.4 9.0 3.10 1.355 1.355 7.81 27.98 0.04 0.04

3 18.2 69.4 70.3 84.1 38.2 85.6 19.1 0.40 0.575 1.930 4.21 8.26 0.68 27.98

3 14.7 84.1 84.5 84.1 41.5 127.1 13.1 0.45 0.623 2.553 4.14 8.93 2.97 8.26

4 18.8 18.9 55.9 21.7 92.3 92.3 25.2 0.16 0.497 0.497 1.48 4.20 0.12 0.12

5 6.4 13.1 34.8 13.0 70.3 70.3 4.0 0.67 0.265 0.265 1.04 3.54 0.87 0.87

6 6.4 13.5 25.5 6.6 63.1 63.1 4.0 1.36 0.333 0.333 1.51 5.51 0.07 0.07

7 18.5 23.5 23.6 32.7 5.8 5.8 3.5 1.65 0.081 0.081 3.82 7.17 1.40 1.40

7 18.5 23.5 23.6 32.7 23.4 29.2 3.5 1.08 448.1 0.529 5.32 9.46 5.68 7.17

7 13.2 36.6 36.8 32.7 40.1 69.3 4.3 2.58 0.782 1.310 5.32 13.76 2.80 9.46

8 27.8 52.7 93.6 27.9 13.4 13.4 6.8 0.76 0.253 0.253 5.21 10.64 0.39 0.39

8 27.8 52.7 93.6 27.9 29.2 42.6 5.3 0.55 0.692 0.944 6.56 19.74 3.80 10.64

9 45.6 45.8 45.8 77.0 40.3 40.3 8.5 0.70 0.162 0.162 0.94 6.20 0.24 0.24

10 36.5 66.9 66.9 68.2 29.4 29.4 2.0 1.17 0.069 0.069 0.64 2.35 0.01 0.01

11 14.4 37.3 76.1 37.3 35.5 35.5 4.0 0.58 0.153 0.153 0.08 2.35 0.05 0.05

12 26.9 27.8 45.9 26.9 1.8 1.8 0.5 5.82 0.010 0.010 1.39 3.01 0.10 0.10

13 8.4 33.4 42.8 19.7 4.3 4.3 2.0 2.13 0.048 0.048 3.04 4.26 0.01 0.01

14 24.2 43.3 76.7 33.8 28.0 28.0 4.5 2.83 0.335 0.335 3.29 12.77 0.02 0.02

14 9.5 41.5 75.0 33.8 13.3 41.3 8.8 0.55 0.099 0.433 2.17 4.87 0.01 12.77

15 40.3 49.2 90.8 49.4 12.8 12.8 2.3 1.35 0.059 0.059 1.25 3.13 0.10 0.10

15 40.3 49.2 90.8 49.4 19.8 32.5 8.0 0.33 0.083 0.142 1.17 2.69 0.02 3.13

16 14.7 17.4 29.1 14.8 46.8 46.8 10.3 0.41 0.227 0.227 1.34 4.18 0.01 0.01

16 3.5 20.7 21.2 14.8 10.0 56.8 0.3 7.63 0.035 0.262 0.97 2.46 0.02 0.02

17 15.7 17.4 20.5 21.0 20.5 20.5 2.8 1.35 0.109 0.109 1.46 3.72 0.02 0.02

18 7.1 19.6 21.4 85.4 53.2 53.2 9.0 0.70 0.458 0.458 1.77 6.37 0.05 0.05

18 22.0 43.9 45.7 85.4 31.5 84.7 6.0 0.98 0.382 0.840 3.38 5.94 0.09 6.37

18 11.9 55.0 57.6 85.4 84.0 168.7 3.1 4.94 0.156 0.996 3.55 17.60 2.39 5.94

18 16.4 42.3 86.2 85.4 64.8 233.5 8.8 0.59 0.425 1.421 1.82 5.34 0.18 17.60

19 21.1 23.8 53.2 21.0 29.3 29.3 5.8 1.42 0.347 0.347 3.28 8.29 0.10 0.10

20 9.8 42.9 45.6 12.8 43.0 43.0 2.5 1.68 0.425 0.425 2.73 4.26 0.07 0.07

21 32.3 36.7 66.2 45.8 68.0 68.0 11.3 1.45 0.891 0.891 3.63 16.40 0.09 0.09

21 5.9 43.1 52.3 45.8 32.3 100.3 3.3 1.36 0.285 1.176 2.45 4.60 0.18 16.40
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the Enxoé River was mostly influenced by rainfall events,

whereas the effect of groundwater table was not significant.

Total precipitation amounted 695, 270, and 570 mm

during the 2010/2011, 2011/2012, and 2012/2013 hydro-

logical years (i.e., from September to August of the fol-

lowing year), respectively. The first hydrological year can

thus be classified as humid, the second as very dry, and the

third as within average (&500 mm). River discharge

reflected those rainfall amounts, with annual water yield

reaching 28.73, 1.27, and 10.14 hm3 in the corresponding

hydrological years.

POC and DOC concentrations and relationships

with hydro-climatological variables

Figure 3 present POC and DOC concentrations monitored

between September, 2010 and August, 2013. POC con-

centrations ranged from 0.49 to 88.93 mg L-1, with the

highest value being detected in October, 2010 (event 2).

POC averaged 9.52 mg L-1 during the entire monitored

period (standard deviation, r = 13.32 mg L-1). On the

other hand, DOC concentrations ranged from 0.25 to

25.75 mg L-1, with the highest value being monitored in

Table 2 Concentrations and transport rates of suspended sediments (SS), particulate organic carbon (POC), and dissolved organic carbon (DOC)

during the 21 flood events monitored

No. SSCm SSCmax SSt SSct POCm POCmax POCt POCct DOCm DOCmax DOCt DOCct

(mg L-1) (t) (mg L-1) (t) (mg L-1) (t)

1 217.0 708.0 25.5 25.5 9.72 31.72 1.14 1.14 9.50 10.50 0.30 0.30

2 319.3 1027.1 61.8 61.8 14.30 46.02 2.77 2.77 7.63 9.77 0.47 0.47

2 475.7 696.3 58.7 120.4 21.31 31.19 2.63 5.40 7.23 18.38 2.47 2.94

2 260.8 529.3 84.8 205.2 11.69 23.71 3.80 9.19 6.89 9.42 2.96 5.90

3 119.5 494.6 174.0 174.0 5.37 20.92 7.79 7.79 – – – –

3 126.1 298.5 94.2 268.2 5.61 13.11 4.22 12.02 – – – –

3 122.3 334.1 98.7 366.8 5.51 14.75 4.42 16.43 – – – –

4 30.8 113.0 29.4 29.4 1.38 5.02 1.32 1.32 – – – –

5 18.2 88.1 9.9 9.9 0.81 3.91 0.45 0.45 – – – –

6 27.8 630.8 13.4 13.4 1.25 28.26 0.60 0.60 – – – –

7 117.8 275.0 18.8 18.8 5.28 12.32 0.84 0.84 5.72 6.89 0.36 0.36

7 163.9 471.4 86.1 104.9 7.34 21.12 3.86 4.70 12.18 14.08 4.78 5.14

7 224.6 757.6 212.7 317.5 10.06 33.94 9.53 14.23 14.58 11.32 3.60 8.74

8 157.3 815.5 46.2 46.2 5.97 13.11 2.07 2.07 14.10 15.14 1.11 1.11

8 133.2 292.7 209.7 255.9 7.05 36.53 9.40 11.46 14.68 15.67 5.00 6.11

9 422.9 863.6 72.2 72.2 18.95 38.69 3.23 3.23 13.80 18.06 1.70 1.70

10 217.8 411.6 1.5 1.5 9.58 18.44 0.05 0.05 0.59 1.25 0.03 0.03

11 7.7 10.2 1.8 1.8 0.35 0.46 0.07 0.07 5.24 6.11 0.77 0.77

12 743.3 3790.1 5.7 5.7 33.30 169.80 0.25 0.25 13.79 15.50 0.34 0.34

13 720.7 1153.0 33.8 33.8 32.29 51.66 1.52 1.52 14.22 16.18 1.22 1.22

14 548.5 3519.4 378.3 378.3 24.58 157.67 16.95 16.95 – – – –

14 523.2 1410.0 80.4 458.7 23.44 63.17 3.60 20.55 11.79 18.99 1.23 1.23

15 254.0 985.5 11.8 11.8 11.38 44.15 0.53 0.53 10.46 19.11 1.07 1.07

15 129.7 401.4 15.7 27.5 5.81 17.98 0.70 1.23 7.51 8.20 0.93 2.00

16 111.8 212.7 31.5 31.5 5.01 9.53 1.41 1.41 6.89 11.51 1.43 1.43

16 99.9 114.7 3.7 35.2 4.47 5.14 0.17 1.58 7.11 8.77 1.55 2.98

17 251.6 1431.2 41.1 41.1 11.27 64.12 1.84 1.84 3.50 5.29 1.37 1.37

18 126.6 718.0 50.1 50.1 5.67 32.17 2.24 2.24 5.91 9.55 0.97 0.97

18 129.6 457.7 60.6 110.7 5.81 20.51 2.72 4.96 – – – –

18 113.6 1065.3 401.6 512.3 5.09 47.72 17.99 22.95 7.03 10.01 1.62 2.59

18 43.0 212.4 31.1 543.4 1.93 9.52 1.39 24.34 – – – –

19 124.7 577.9 61.6 61.6 5.58 25.89 2.76 2.76 8.54 10.01 0.34 0.34

20 78.2 387.4 39.3 39.3 3.50 17.36 1.76 1.76 – – – –

21 106.5 622.0 158.1 158.1 4.77 27.87 7.08 7.08 – – – –

21 56.4 205.7 20.8 178.9 2.53 9.21 0.93 8.02 – – – –
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October, 2012 (event 12). DOC averaged 10.27 mg L-1,

but r was only 4.69 mg L-1. Thus, flood events had greater

effect in POC than in DOC variability.

Figure 4 present the relationships between POC and

SSC and turbidity values documented in Ramos et al.

(2014). These relationships show a R2 higher than 0.90,

confirming POC adsorption onto SS. Hence, POC yields

were estimated based on these close relationships to reduce

uncertainty.

POC and DOC loads

Figure 5 present POC and DOC loads to the Enxoé reser-

voir between September, 2010 and August, 2013. POC

loads totalized 173.7 t (3.86 t km-2), but the amounts

exported varied considerably throughout the years. In

2010/2011, POC losses reached 2.15 t km-2. The second

year only registered exports of 0.06 t km-2 due to an

extended drought. Finally, POC yields reached 1.66 t km-2

during 2012/2013.

Flood events contributed with 57.2 and 85.7 % of POC

exports during the first and third years, respectively. During

2011/2012, the events registered did not produce signifi-

cant water yield, and thus POC losses were more

distributed along the year. The same behavior had already

been found for SS (Ramos et al. 2014). The most signifi-

cant POC exports were registered in autumn and spring.

During 2010/2011, events 2, 7, and 8 contributed with 9.5,

14.7, and 11.9 %, respectively, of the annual export. Dur-

ing 2012/2013, events 14 and 18 registered more than 60 %

of the annual losses.

DOC loads to the Enxoé reservoir were slightly lower

than POC exports (Fig. 5). DOC losses totalized 98.1 t

(2.18 t km-2). Again, the three hydrological years showed

great variability, with DOC exports reaching 1.47, 0.03,

and 0.68 t km-2 in 2010/2011, 2011/2012, and

2012/2013, respectively. Table 2 show few gaps in the

DOC dataset which were inevitable since DOC data were

limited to the number of samples taken manually and with

the automatic sampler. Figure 6 show the relationship

used to derive DOC losses when no measured data were

available. This relationship was based on the high corre-

lation found between DOCct and Wtc in Table 3. Thus,

having in mind that this approach may have led to sig-

nificant uncertainty in some of the estimates (e.g., event

3), it seems as one of the best possible ways to provide an

estimate of DOC exports for the entire monitored period

(Fig. 5).
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Flood events contributed with 64.5, 63.0, and 95.2 % of

DOC exports during 2010/2011, 2011/2012, and

2012/2013, respectively. The most significant DOC exports

were also registered in autumn and spring. Events 3 and 7

registered 20.4 and 13.2 %, respectively, of the DOC lost

during 2010/2011. Event 11 seems to have been the main

responsible for DOC losses during 2011/2012. Finally,

events 14, 18, 20, and 21 contributed with 68.2 % of the

annual losses during the last year.

Hysteresis patterns

POC-discharge and DOC-discharge relationships were

analyzed for most of the events monitored in the Enxoé

catchment. Those that did not produce sufficient detailed

information as a result of data limitation were not analyzed

for their hysteresis patterns.

Figure 7 show the unity plane DC vs. DR of Butturini

et al. (2006), and summarizes POC-Q and DOC-Q hyster-

esis relations during the monitored period. POC compo-

nents were located in regions A and D, indicating a flushing

behavior (positive DC). Most flood events registered during

autumn were located in region A, presenting a clockwise

hysteresis loop trajectory (positive DR). Events 15 and 16

were the exception, registering anticlockwise loop trajec-

tories in all discharge peaks (region D). Winter flood events

registered mixed (figure-of-eight-shaped hysteresis loops;

DR = 0) or anticlockwise loop trajectories (negative DR)

with small magnitudes (-20 %\DR\ 0 %). Spring

flood events showed contrasting behaviors, with the event

monitored during 2010/2011 registering an anticlockwise0.0
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trajectory, and the events monitored in 2012/2013 pre-

senting clockwise trajectories.

Generally, the first discharge peaks of autumn floods

showed larger dispersion of the C–Q hysteresis loops when

compared with the remaining events. Those peaks pre-

sented a large area (DR[20 %) while all other events

registered smaller magnitudes (-20 %\DR\ 20 %).

Also, a significant number of events (especially those that

occurred during winter) presented a DC close to 100 %,

indicating that the concentration and the discharge peaks

observed during the hysteresis loops were relatively close,

i.e., the delay between concentration and discharge peaks

was small.

DOC was mostly located in regions B and C of the

unity plane DC vs. DR. DOC presented, in general, a

dilution behavior (negative DC) during the entire

monitored period. The only exceptions were observed

during events 7 and 14, where some of the peak flows

revealed a flushing behavior for DOC. The C–Q hys-

teresis loops observed during event 7, although

revealing contrasting loop trajectories in the multiple

discharge peaks monitored, presented always large

magnitudes (-20 %\DR\ 20 %). Autumn and

spring events presented, in general, an anticlockwise

trajectory (negative DR). DOC transport during winter

events was more erratic and no typical trajectories

were identified.

Discussion

The large seasonal and annual variability observed in POC

exports was mostly associated with variations in SS

transport. POC and SS dynamics showed a strong corre-

lation (R2[ 0.90) (Fig. 4), which means that POC moni-

tored at the outlet was mainly adsorbed onto SS. Ramos

et al. (2014) showed that SS transport in Enxoé was related

to variations in the stream transport capacity and particle

availability. Sediments were stored at low flow and trans-

ported under high discharge conditions. Tillage operations

carried out during autumn and spring in agricultural fields

with annual crops, and pasturing the river bed during spring

and summer were the main activities associated with soil

erosion and particle availability. The high precipitation

rates also registered especially during autumn when soil

cover provided by crop residues had been removed and

surface runoff were the main processes associated with the

transfer of soil particles to the Enxoé reservoir. Thus, like

SS loads, the most significant POC exports were registered

in autumn and spring. These processes explain the signif-

icant correlations found between POCm and S, Fd and Fdc,

and Wt; between POCmax and Fi; and also between POC

loads (POCt and POCct) and Fdc, Wtc, Qmax, Qm, and

rainfall (P5, P10, and Pe). Autumn and spring flood events

registered, in general, higher magnitudes, leading to greater

POC exports from the catchment, consistent with the
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behaviors reported for different catchments in the Medi-

terranean region (e.g. Butturini et al. 2008; Oeurng et al.

2011; Cerro et al. 2013).

POC transported to the Enxoé River seems to have had

mainly a terrestrial origin. During autumn, POC was

transported along with sediments from deposits accumu-

lated in the river bed due to pasturing, bank degradation,

and temporary deposition, but also from arable lands

located upstream and where tillage operations were carried

out. The former, i.e., loads arriving from nearby locations

explains the dominant loop trajectories and the flushing

effect registered during the first peak discharge of autumn

floods. The latter, i.e., sediments and POC arriving simul-

taneous from multiple locations explains the mixed tra-

jectories registered in the following peak discharges of the

flood events, when multiple peaks occurred. Table 4

summarize POC dynamics in the Enxoé catchment.

During autumn, POC loads had also an aquatic origin

though. In Enxoé, the dominant loop trajectories and the

flushing effect registered during the first peak flow of

autumn floods can also be partially explained by the

transfer of POC accumulated in pools formed in the river

bed during summer, which were enriched with the accu-

mulation of nutrients and organic matter. However, the

contribution of this component seems to be minor when

comparing with POC exports from soil erosion monitored

in Enxoé or with some reports available in literature from

other catchments (e.g. Hélie and Hillaire-Marcel 2006).

These authors reported that in the St. Lawrence River

(Canada), aquatically produced POC dominates terrestri-

ally derived organic matter (OM) throughout the system all

year round, which does not happened in Enxoé. POC

production in Enxoé seems to be more consistent with Lu

et al. (2012), who refer that POC was mainly terrestrially

produced in high turbid rivers (in our case, flash floods),

whereas the contribution of aquatic biomass to POC

increased evidently in low turbid rivers (in our case, pools

formed during non-flood events). Those authors found that,

in the Longchuanjiang catchment (Upper Yangtze basin,

China), terrestrial production contributed 78 % to POC,

and the rest of POC was due to aquatic origin.

During winter, as sediment loads remained generally

low, so did POC exports. This was attributed to the

depletion of the sediment deposits in the river bed (Ass-

elman 1999). Hence, POC exports resulted from soil ero-

sion in agricultural fields, as observed in the flushing

anticlockwise or mixed patterns registered in the C–

Q relation. During spring, POC presented also a terrestrial

origin. Loads increased again as a result of high precipi-

tation values and soil erosion. Tillage operations were

carried out throughout the catchment, and the cattle

returned to pasturing near the river bed. These practices

again promoted particle availability to runoff, i.e., flushing.

Clockwise and anticlockwise trajectory loops were thus

observed during spring whenever POC was transported

predominantly from river deposits (or temporary pools) or

from more distant locations upstream, respectively.

The close relationship found between SS and POC is

easy to understand if we acknowledge that POC represents

all physically present organic particles (e.g. leaves), as

opposed to DOC, which represents the colloidal and truly

dissolved organic matter dominated by humic and fulvic

acids (Worrall et al. 2005). Nonetheless, the linear relation

found between SS and POC (Fig. 4) is different than the

relationships reported by Oeurng et al. (2011) and Cerro

et al. (2013). These authors showed that POC–SSC rela-

tionship may be hyperbolic due to changes in organic

matter sources. High POC % may correspond to phyto-

plankton production during low-flow periods, and lower

content of POC during high flow periods may result from

soil erosion or from resuspended inorganic sediments from

the main channel. Although pools formed in the Enxoé

temporary river during non-flood events were largely

enriched with organic matter, the hyperbolic relationship

between POC and SSC was not found here since the

temporary pools also contained a large portion of sedi-

ments as a result of bank degradation and pasturing. Thus,

in the Enxoé River high SS exports will likely always

coincide with high POC loads if agricultural practices

carried out in the catchment are not modified.

Table 4 Conceptual model of the source and transport of particulate

organic carbon (POC) and dissolved organic carbon (DOC) in the

river Enxoé catchment area

Season POC DOC

Autumn

Source Terrestrial/Aquatical

(River banks)

Terrestrial

(Agricultural fields)

Transfer Runoff Subsurface flow

Hysteresis

pattern

Clockwise/Flushing Anticlockwise/

Dilution

Winter

Source Terrestrial (Agricultural

fields)

Terrestrial

(Agricultural fields)

Transfer Runoff Subsurface flow

Hysteresis

pattern

Mixed/Flushing Mixed/Dilution

Spring

Source Terrestrial (River banks/

Agricultural fields)

Terrestrial

(Agricultural fields)

Transfer Runoff Subsurface flow

Hysteresis

pattern

Mixed/Flushing Anticlockwise/

Dilution

Summer

Transfer No flow No flow
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DOC dynamics also presented a strong seasonal and

annual variability, but flood events had less effect in DOC

than in POC variability. Storm pulses of POC are often

reported in literature as transients (Jung et al. 2012; Lu

et al. 2012; Lloret et al. 2013). This seems to be the case in

Enxoé, where POC/TOC (total OC) increased from 0.19

(average value) during non-flood events to 0.47 during

flood events. In contrast, DOC/TOC decreased from 0.81 to

0.53. Thus, while POC exports increased with discharge,

DOC loads were smaller due to dilution, with concentra-

tions only increasing when discharge was reduced.

Although DOC is reported in literature as the main com-

ponent in riverine organic C in large rivers (Moreira-Turcq

et al. 2003; Hélie and Hillaire-Marcel 2006; Worrall et al.

2012), unusually high concentrations and export POC

exceeding those of DOC have been observed in streams

draining upland forested watersheds and small mountain-

ous rivers during storm events (Jung et al. 2012), a

behavior more consistent with the Enxoé catchment.

During the monitored period, DOC concentrations

monitored at the Enxoé outlet were more constant than

POC concentrations, and thus correlations between DOCm,

DOCmax and the hydro-climatological variables were

weaker or non-significant. Nonetheless, DOC yield (DOCt

and DOCct) was correlated to water yield (Wt and Wtc), to

the number of peak flows (Pn) observed during flood

events, and to their transport capacity (Qm and Qmax). Thus,

these variables seem to have been the main factors con-

trolling DOC exports from the Enxoé catchment during the

monitored period.

DOC losses were again monitored mostly during

autumn and spring. DOC showed, in general, a dilution

behavior throughout the entire monitored period, with

concentrations monitored at the outlet usually decreasing

with the arrival of the discharge peak, and increasing again

in the recession limbs of flood events. Thus, DOC con-

centration in surface runoff was lower than in subsurface

flow. Consequently, hysteresis patterns observed during the

monitored events showed predominantly anticlockwise

trajectories, indicating that DOC was mostly transported

from more distant regions, such as arable lands, olive

groves, etc. (Table 4). Events 1 and 7 were the exceptions

(Fig. 7). These events presented clockwise hysteresis loops

during the first discharge peaks, indicating a possible

transport of DOC produced in the enriched temporary pools

formed in the river bed during non-flood events. Oeurng

et al. (2011) and Strohmeier et al. (2013) found similar

dilution patterns in catchments in France and Germany,

respectively, but the latter only observed clockwised hys-

teresis patterns in the C–Q relationship. On the other hand,

Butturini et al. (2008), Cerro et al. (2013) observed a

dominant DOC flushing behavior in Spanish catchments.

However, Butturini et al. (2006) could not find a consistent

and recurrent pattern explaining DOC transport in three

Mediterranean streams during storms.

In Enxoé, DOC appears to be also dominated by ter-

restrially derived OM with some influence of DOC derived

from aquatically produced POC in summer, which is in

agreement with many reports found in literature (Raymond

and Bauer 2001; Hélie and Hillaire-Marcel 2006; Worrall

et al. 2012; Oh et al. 2013). DOC resulted mainly from soil

weathering processes, the mineralization of crop residues

and other organic wastes, and the mineralization of the soil

humus fraction. The main transfer mechanism to the river

was subsurface flow. DOC transport was thus dependent of

the soil physical and hydraulic characteristics, i.e., soil

texture, soil porosity, and soil hydraulic properties, which

influenced the delay in the C–Q relationship. Subsurface

flow is thus the same mechanism that was also associated

NO3
- exports in Enxoé (Ramos et al. 2014). However, the

origin and flow-paths of DOC and NO3
- seem funda-

mentally different, since NO3
- showed a flushing behavior

during autumn due to fertilization practices.

The Enxoé catchment registered average POC and DOC

yields of 1.29 and 0.73 t km-2 year-1, respectively. POC

average yields were thus higher than those obtained by

Veyssy et al. (1999) for the Garonne catchment in southern

France (0.80 t km-2). They were also higher than those

observed by Cerro et al. (2013) for the Alegria catchment,

in northern Spain (0.54 t km-2), but lower than the values

monitored by Oeurng et al. (2011) in the Save catchment

(1.80 t km-2), also in southern France. On the other hand,

DOC average yields were similar to those found by Veyssy

et al. (1999), Oeurng et al. (2011), Cerro et al. (2013),

Strohmeier et al. (2013), which ranged between 0.70 and

0.85 t km-2 year-1. However, the Enxoé catchment reg-

istered an extensive drought during the hydrological year

of 2011/2012 which lowered average annual yields sig-

nificantly. Results show that POC and DOC losses reached

up to 2.15 and 1.47 t km-2, respectively, during the first

hydrological year. These values are thus comparable higher

than the values monitored in Spain and France. The high

precipitation rates and soil erosion may explain the values

registered in Enxoé, since agriculture and pasturing were

not very intensive. The values registered in Enxoé are also

incomparably lower than those found by Alexander et al.

(1996), Hope et al. (1997), Moreira-Turcq et al. (2003),

Worrall et al. (2012), Lloret et al. (2013) in organic soils or

tropical regions.

Conclusion

This study shows that POC and DOC dynamics in the

Enxoé temporary river during storms were different than

those acknowledged for major rivers located in the
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Mediterranean region. POC registered a flushing behavior

during flood events, especially during autumn and spring,

similarly to suspended sediments dynamics. Clockwised

trajectory loops in the C–Q relationship were predomi-

nantly observed in autumn. During this period, POC loads

resulted mostly from sediments deposited in the river bed

due to bank degradation and pasturing. Aquatically pro-

duced POC was only a minor component of POC exports,

and was flushed during the first discharge peaks of autumn

events. During winter and spring, anticlockwise or mixed

trajectory loops were mainly registered, indicating that

POC exports continued having predominantly a terrestrial

origin. Soil erosion in agricultural fields was here the main

process contributing to POC exports during those periods.

POC yields varied between 0.06 and 2.15 t km-2, with

exports being relatively high during humid years due to

high precipitation rates and soil erosion.

The effect of flood events in DOC variability was

smaller than that observed for POC. DOC registered a

recurrent dilution behavior during the studied period. POC

concentrations in subsurface runoff were thus higher than

in surface runoff. Anticlockwise trajectory loops in the C–

Q relationship were, in general, observed during flood

events. DOC had mostly a terrestrial origin, resulting

mainly from soil weathering processes, the mineralization

of crop residues and other organic wastes, and the miner-

alization of the soil humus fraction. DOC yields ranged

from 0.03 to 1.47 t km-2, with exports being also depended

on rainfall.
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