
Landscape Ecology vol. 6 no. 3 pp 121-132 (1992) 
SPB Academic Publishing bv, The Hague 

Control of C,N,P distribution in soils of riparian forests 

G .  Pinay, A. Fabre, Ph. Vervier and F. Gazelle 
Centre d’Ecologie des Ressources Renouvelables C.N.R.S. 29, rue Jeanne Marvig, 31055 Toulouse cedex 
France 

Keywords: floodplain, geomorphology, sediment, nutrients, organic carbon 

Abstract 

It is now well accepted that riparian forests have an important role in regulating upstream/downstream flow 
of matter and energy in river ecosystems. Since geomorphic processes determine the structure of channels 
and floodplains, we have investigated whether different geomorphic features of riparian forests had any ef- 
fects on the ability of their soils to retain nutrients and organic carbon. Willow riparian forests were chosen 
within the annual floodplain of the Garonne River, southwest France, to represent two different geomorphic 
types. Erosional types of riparian forests (E-type) were characterized by sand deposition on their soils 
because of high current velocity which hampered fine particle deposition. Depositional types of riparian 
forests (D-type) were characterized by slower overflow velocity; consequently silt and clay were dominant 
in their soils. Soil samples were taken at the end of the vegetation growth period, coinciding with low water 
levels prior to annual floods. Erosion and sedimentation processes affected the distribution of total C,N, and 
P contents in riparian forest soils, since they were significantly correlated with soil grain size. D-type riparian 
forest soils act as a sink for upstream/downstream nutrients and carbon flows during floods through 
accumulation of total C,N and P from year to year. In contrast, E-type riparian forests act as potential 
nutrient sources during high water periods, since they may release from their soils large amounts of easily 
available C, N and P into the river. These results demonstrate that nutrients and carbon retention ability of 
riparian forests soils should be analyzed through their geomorphic features rather than by their vegeta- 
tion composition. Even if they belong to the same vegetation succession, riparian forests should not be 
considered as a homogeneous buffering system for upstream/downstream flows of nutrients and organic 
carbon. 

Introduction 

Riparian zones have been defined from many per- 
spectives and for many purposes since Hynes (1975) 
first identified the importance of the river valley in 
the functioning of running water. The importance 
of the riparian zone far exceeds their areal extent 
because of the intricate linkages between terrestrial 
and aquatic ecosystems and their central location 

within watersheds. From an ecological perspective, 
their roles and functions and their application for 
river management have been well studied (Petersen 
et al. 1987). For instance, buffer capacities of ripar- 
ian areas regarding nutrient fluxes between drainage 
basins and rivers is now well documented (Schlosser 
& Karr 1981; Lowrance et al. 1984; Peterjohn & 
Correl 1984; Jacobs & Gilliam 1985; Pinay & Dk- 
camps 1988). It is now well accepted that riparian 
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Fig. 1. Localization of the study sites in the Garonne River floodplain. 

vegetation controls the quantity, quality and timing 
of allochthonous organic matter to streams (Cum- 
mins 1974). The high productivity of riverine vege- 
tation has been also well documented (Brinson et al. 
1980; Howard-Williams 1985; Megonigal & Day 
1988). Yet, one lacks to know the importance of 
riverine vegetation in supplying organic matter to 
larger rivers, in comparison with numerous studies 
focused on streams (see Bird & Kaushik (1981) for 
a review). 

Since geomorphic processes, riparian vegetation 
and aquatic biota are intimately linked in the river 
ecosystem, overlying terrestrial vegetation is not the 
only key factor determining the standing stocks of 
carbon, nitrogen and phosphorus available for 
river functioning. At the floodplain scale, spatial 

pattern and successional development of riparian 
vegetation are under the control of geomorphic 
processes (Salo et al. 1986). The geomorphic and 
hydraulic characteristics of stream channels condi- 
tion the sorting of organic material and inorganic 
sediment through erosion/sedimentation during 
floods. In turn, the proportion of fine sediments in 
different density fractions differs by location with- 
in a given community of riparian forest succession 
(Sollins et al. 1985). Peterson and Rolfe (1982) have 
found that nutrient pools were higher in floodplain 
soils than in upland ones. However, little is known 
about the effects of the flood-induced changes in 
soil properties on the function of riparian forest vis 
a vis their retention role (source vs sink) in the up- 
stream/downstream flow of nutrients and carbon 
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Fig. 2. Flow regime of the Garonne River at Verdun between 1980 

in river ecosystem. The aim of this study is to evalu- 
ate the effect of erosional/depositional processes, 
on soil C,N,P distribution in willow ( M i x  alba) 
riparian forest and their potential availability for 
the river. 

Study sites 

Three riparian forests were chosen for our study 
along a 30 km stretch of the Garonne River, down- 
stream from the city of Toulouse, southwest France 
(Fig. 1). The River Garonne has its source in the 
PyrCnCes mountains (altitude 2850 m) and drains 
ten thousand km2 up to Toulouse. In the stretch 
under study the Garonne River is an order 7 stream. 
The slope of its riverbed is 0.1%. It presents a 
pluvial-nival regime (Fig. 2) with maximum dis- 
charges (over 500 m3/s) in spring (precipitation 
and snow melting), which entail erosion/sedimen- 
tation processes in the river floodplain, with fewer 
periods of severe land/water interactions in winter 
(precipitation). The low water period generally lasts 
from August to October, with discharge down to 20 
m3/s, while the mean annual discharge flowing 
through the stretch under study is 200 m3/s. 

The riparian forests Fenouillet, Grenade and 
Verdun were chosen to represent two different ge- 
omorphologic types (Fig. l), typical in the stretch 
of the Garonne River under study (SMEPAG 
1989). Erosional type of riparian forest (E-type) is 

and 1989. 

represented by Grenade, situated in a straight 
stretch. During floods, high current velocity (0.1 
m/sec) entails erosional processes which remove 
soil litter and hamper fine particle deposition. Its 
soils are dominated by sand accumulation (Table 
1). Depositional type of riparian forest (D-type) is 
represented by Fenouillet and Verdun, situated in a 
more protected area where overflow velocity is 
slower (0.05 m/sec). Although they differ in ge- 
omorphology, these two types of riparian sites are 
at the same altitude (140 m) along the Garonne 
riverbanks and are subject to the same flood dura- 
tion and frequency (Table 1). During low water 
period, soil moisture is controlled by soil texture 
and precipitation, since the groundwater table os- 
cillates between 0.5 m and 3.0 m (Pautou & 
DCcamps 1985). Moreover, the vegetative cover as- 
sociated with this submersion pattern is composed 
of a homogeneous willow stand (Salk alba), typical 
of the Garonne floodplain (Pautou & DCcamps 
1985; DCcamps et al. 1988). 

Materials and methods 

Soil samples were taken in September 1989, during 
low water period, at the end of the vegetation 
growth and prior to litter fall. In each of the three 
study sites, 30 samples of the upper 10-cm of soil 
(after the litter was discarded), were taken every 5 
meters (at the same elevation), along transects 
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Table 1. Mean characteristics of the study sites. 

E-type site D-type sites 

Grenade Fenouillet Verdun 

Submersion 

Frequency 
Duration 

4.2. times a year 
(average over ten years) 2.8 days 

maximum 12 days 

Vegetation 

Community 
Litterfall 

Willow stand (Salix alba) 
5.23 tons/ha 

Granulometry VQ SD Vo SD Vo SD 

Sand 49.37 7.11 19.41 8.83 14.43 6.76 
Silt coarse 16.13 4.80 22.46 5.34 24.40 5.14 
Silt fine 26.66 7.61 53.05 9.84 53.22 12.24 
Clay 7.85 6.91 5.08 1.54 7.95 5.54 

PH 7.70 0.15 1.92 0.08 7.98 0.08 

parallel to the river bank (20 meters from the river 
bank). After collection, all samples were stored at 
4°C until they could be processed, within 48 hours. 

Soil grain-size was determined by the Pipette 
Sampling Method (Day 1965), pre-treating the sam- 
ples with hydrogen peroxide and dispersing with so- 
dium hexametaphosphate solution. Soil subsam- 
ples were oven-dried for 24 hours at 105°C in order 
to determine fresh:dry mass and percent moisture 
by mass (MOIST). Soil pH was determined on air- 
dried soils in 2.5: 1 (1iter:kilogram) water. 

Total organic carbon (TOC) was determined by 
combustion of air-dried subsamples with a Carm- 
hograph 8. Ten grams of fresh soils were treated 
with 20 ml of deionized water and filtered through 
a pre-washed 0.45 Fm filter after 30 min shaking 
and 20 min centrifugation (8000 g). Aliquots of the 
filtered solutions were used for the determination 
of “extractable glucose equivalent” (EGE), consi- 
dered as an index of carbon availability (Stanford 
et al. 1975; Reddy et al. 1982), by the phenol 
method (Dubois et al. 1956). 

Approximately 10 g (fresh mass) of each sample 
was extracted with 150 ml of 2 mol/L KCI. The ex- 
tract was filtered and analyzed for NH4-N and 
NO,-N with a Technicon Autoanalyser (Technicon 
1976). NO2-N form of inorganic nitrogen has not 

been taken into account since it presented low and 
constant values whatever the site considered. Nitro- 
gen mineralization potential (NMNL) was per- 
formed on fresh subsamples by anaerobic incuba- 
tion for 7 days at 40°C (Waring & Bremner 1964). 
The potential of nitrogen mineralization (NMNL), 
is considered as an index of nitrogen availability in 
forest ecosystems (Waring & Bremner 1964; Keeney 
1980; Powers 1980). Total nitrogen (TN) was deter- 
mined by digestion of air-dried subsamples follow- 
ing Kjeldahl method (Bremner 1965). Denitrifica- 
tion (DNT) was assayed by a static core acetylene 
inhibition technique (Yoshinari & Knowles 1976). 
Intact cores (length 10 cm, diameter 3 cm) were 
capped with rubber serum stoppers and then 
amended with acetone-free acetylene to bring core 
atmosphere concentrations to 10 KPa (10010 V/V) 
acetylene and 90 KPa air. Head space samples were 
removed from all cores and stored in evacuated col- 
lection tubes. Gas samples were analyzed via gas 
chromatography (GC Varian 3300)  equipped with 
electron captur detector (ECD 63Ni) and Porapak 
Q columns. 

Total phosphorus (TP) was determined by igni- 
tion and subsequent extraction with 1N H2S0, and 
total inorganic phosphorus (Pi) by extraction of 
unignited samples with 1N H,S04. The difference 
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Table 2. Soil characteristics in D-type and E-type riparian forests. 

Parameter Units E-type N = 30 D-type N = 60 

Mean k 95% CL SD Mean k 95% CL SD 

Moisture 070 

PH pH unit 
17.2 f 1.04 2.80 25.1 k 1.37 5.30 
7.7 k 0.06 0.15 8.0 f 0.02 0.09 

Carbon 
TOC mg/g of dry soil 22.3 k 1.96 5.26 33.4 k 0.82 3.19 
EGE pg/g of dry soil 21.5 k 2.10 5.63 8.8 k 1.48 5.74 

Nitrogen 
TN mg/g of dry soil 1.5 t_ 0.12 0.32 2.6 f 0.09 0.33 
NH4-N pg/g of dry soil 9.4 f 0.33 0.89 20.0 f 3.22 12.48 
N03-N pg/g of dry soil 12.4 f 3.79 10.16 32.0 f 5.57 21.58 
NMNL pg/g of dry soil 61.3 k 8.76 23.50 67.7 k 8.19 31.71 
DNT ng N/g of dry soil/h 0.4 k 0.18 0.47 4.1 f 1.84 7.12 
NMNL/TN To 39.0 f 3.21 8.60 26.6 k 3.23 12.50 

~~ ~~ 

Phosphorus 
PT pg/g of dry soil 668 t_ 12.00 82.60 808 t 20.90 82.60 
Pi pg/g of dry soil 374 k 11.67 31.30 561 k 17.51 67.80 
Po pg/g of dry soil 293 f 13.38 35.90 246 k 13.79 53.40 
MLPi pg/g of dry soil 68 k 2.98 8.00 40 k 2.61 10.10 

between TP  and Pi gives estimation of organic 
phosphorus (Po) (Saunders &Williams 1955). Solu- 
ble inorganic phosphorus in sodium bicarbonate 
solution at pH 8.5 was extracted according to 01- 
sen et al. (1954). This form of inorganic phospho- 
rus is generally considered as moderate labile Pi 
(MLPi). 

Linear correlation coefficients, univariate 
(ANOVA) and multivariate (MANOVA) analyses 
of variance were performed using Systat software 
(Wilkinson 1990). For all reported results we consi- 
dered only high significant differences at P < 0.01 
(Elliott 1977). 

Results 

The two types of riparian forests under study differ 
in geomorphology. D-type riparian forests are af- 
fected by sedimentation processes which lead to silt 
deposition on their soils (Table I), while in E-type 
forest soils sand deposition dominates. Thus grain 
size of E-type soils differs significantly in its sand 
and fine silt composition from D-type ones 
(MANOVA P < 0.001). 

There were other significant differences (ANO- 
VA, P < 0.01) between the erosional (E-type) and 
depositional (D-type) riparian forest soils (Table 2). 
The depositional type had a higher concentration in 
total carbon (TOC), nitrogen (TN) and phospho- 
rus (PT), with values averaging respectively 33.5 
mg.g-', 2.58 mg.g-' and 808 pg.g-' of dry soil for 
TOC, TN and PT. These values were significant- 
ly different from those measured in E-type soils 
since they averaged only 22.3 mg.g-' for TOC, 
1.54 mg.g-' for TN and 668 pg.g-' for PT. 
Moreover, in D-type forest soils, inorganic forms 
of nitrogen (ammonium NH,-N and nitrate 
NO3-N) had also higher concentrations than in E- 
type forest soils. Soil NH4-N concentration aver- 
aged 20.0 mg.g-' of dry soil in D-type soils com- 
pared to 9.4 mg.g-' in E-type ones, while soil 
NO,-N concentration averaged 32.0 mg.g-' of dry 
soil in D-type soils compared to 12.4 mg.g-' in E- 
type ones. Denitrification activity (DNT) was also 
significantly higher in D-type soils (4.1 ng N.g-' of 
dry soi1.h-l) than in E-type ones (0.4 ng N.g-' of 
dry soi1.h-'). Furthermore, average soil concen- 
tration of inorganic phosphorus (Pi) was signifi- 
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Fig. 3. Relationships between percentage of Silt + Clay content (SC), total organic carbon (TOC), total nitrogen (TN) and total phos- 
phorus (TP) in D-type and E-type riparian forest soils. 
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Fig. 4. Correlation between total organic carbon (TOC) and extractable glucose equivalent (EGE) and between total nitrogen (TN) and 
nitrogen potential of mineralization (NMNL) in D-type and E-type riparian forest soils. 

Although the potential of mineralization (NMNL) 
is not significantly different (P > 0.1) between the 
two types of soils, the availability of nitrogen 
potentially mineralizable (NMNL/TN) is signifi- 
cantly higher (P < 0.01) in the E-type soils than in 
the D-type ones (Table 2). 

Total nitrogen (TN) and total carbon (TOC) in 
the soil samples were significantly correlated (P < 
0.01) with soil grain size (SC) in D-type as well as 
in E-type riparian forest soils (Fig. 3). Moreover, 
total phosphorus was correlated with soil grain size 
(SC) only in D-type soils (Fig. 3). 

Qualitative characterization of total carbon 
(TOC) and total nitrogen (TN) in the two types of 
riparian soils was evaluated through the relation- 
ship existing between TOC and extractible glucose 
equivalent (EGE), and between TN and potential of 
nitrogen mineralization (NMNL). Erosional soils 
had significant correlations (r = 0.604, P < 0.01) 
between TOC and EGE and between TN and 
NMNL (r = 0.804, P < 0.01), while D-type soils do 

not present any correlation at P > 0.1 (Fig. 4). For 
a wide range of TOC content, D-type soils provide 
low and rather constant extractible glucose equiva- 
lent (EGE), while potential of nitrogen mineraliza- 
tion is highly variable for a given total nitrogen 
content. 

Soil moisture content (MOIST), inorganic forms 
of nitrogen (NH,-N, NO,-N), and rate of denitrifi- 
cation do not present any correlation with soil grain 
size in both soil types (Fig. 5). High values of am- 
monium (NH,-N), positively correlated with soil 
moisture (r=0.453, P < 0.01), were measured in 
D-type soils sampled after a storm event (Fig. 5). 
Moreover, in situ denitrification process has shown 
some activity only in these moist D-type soils. 

Discussion 

Riparian forests evolve in response to dynamic in- 
teractions between the river channel and the flood- 
plain (White 1979; Pautou & DCcamps 1985). In 
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Fig. 5. Relationships between percentage of silt + clay content (SC), soil moisture (MOIST), inorganic forms of nitrogen (NH,-N, 
NO,-N) and rate of denitrification in D-type and E-type riparian forest soils. 
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turn, riverine wetlands markedly regulate the 
hydrology, since they constitute a retention system 
vis a vis upstream-downstream flow of matter and 
energy in river landscape (Schlosser & Karr 1981; 
Brinson et al. 1983; Pinay et al. 1990). However, 
the results obtained in the Garonne River’s flood- 
plain lead one to reconsider the retention capacity 
of the riparian areas vis a vis nutrient fluxes in 
fluvial landscape as a function of their geomorphic 
situation. 

Geomorphic pattern, through erosion/sedimen- 
tation processes exert control directly on total C,N, 
and P accumulation in riparian soils. The highly 
significant correlation between soil grain size and 
total C,N, and P contents in the upper soil level of 
the riparian forests under study confirms the im- 
portant role of erosion/sedimentation processes in 
soil nutrient distribution (Fig. 3). D-type soils are 
characterized by fine sediment deposits (Table 1). 
Their protected situation vis a vis high current ve- 
locity during floods prevents them from litter stra- 
tum scouring and favors in situ accumulation of 
organic matter (Table 2). Since vegetation cover 
and litterfall are not significantly different between 
E and D-types of riparian forests (Chauvet 1989), 
the erosional situation of E-type forests during 
floods, which hampers organic matter accumula- 
tion from year to year, explains their low TOC, 
TN and TP contents compared to D-type sites 
where deposition during floods enhances organic 
matter accretion (Table 2). Total phosphorus distri- 
bution follows different patterns in E and D-type 
soils (Fig. 3). The lack of correlation between TP 
content and soil grain size (SC) in E-type forest 
soils can be related to the fact that an important 
part of phosphorus (mainly Pi) in floodplains 
comes from suspended matter deposits (Walling & 
Webb 1987). Since E-type forests are submitted to 
high current velocity during flood, only coarse sus- 
pended matter, poor and relatively constant in 
phosphorus (Chauvet & Fabre 1990), are uniformly 
deposited and hide any correlation with grain size 
distribution. 

The importance of soil texture has been already 
demonstrated in toposequence of floodplain soils 
(Bell & Sipp 1975; Peterson & Rolfe 1982; Pinay et 
al. 1989; Walke 1989), in sediments (Syers et al. 

1969; Dong et al. 1983), as well as in other terrestri- 
al ecosystems (Rashid 1977; Quesnel & Lavkulich 
1980; Schimel et al. 1985; Burke 1989). Here, the 
pattern of distribution of grain size, and in turn of 
total C,N,P content is not only the result of gravity 
like in toposequence, but the geomorphic structure 
of the stretch of the river. 

Geomorphic pattern, through erosion/sedimen- 
tation processes induces directly and indirectly a 
higher availability of available carbon (EGE), 
nitrogen (NMNL/TN) and phosphorus (MLPi) in 
the erosional type of riparian soils (Table 2). 
Moreover, accumulation of labile P (MLPi) in E- 
type soils represses the mineralization of organic 
phosphorus (Po) which in turn accumulates as well 
(McGill & Cole 1981). 

Directly, annual rejuvenation of erosional type 
of riparian soils by high current velocity during 
floods hampers the accumulation of organic matter 
from year to year. High significant correlations be- 
tween TOC and EGE on the one hand, and TN and 
NMNL on the other hand in E-type soils (Fig. 4) 
suggest that organic matter remaining in E-type 
soils is still fresh and of high potential of availa- 
bility. 

Indirectly, erosion/sedimentation processes act 
by creating different soil moisture conditions relat- 
ed to soil texture, and in turn, condition nutrient cy- 
cling (Pastor and Post 1986). Due to their silty tex- 
ture, D-type soils are subject to frequent wetting 
and drying cycles, which enhances microbiological 
activities (Reddy and Patrick 1975; Lund and Gok- 
soyr 1980; Orchard and Cook 1983). This hypothe- 
sis of higher microbiological activity in D-type soils 
than in E-type ones is in accordance with Odum 
(1979) who envisioned that the abrasive flooding 
acts as stressor, depressing biological activity. This 
could explain the lower content of available carbon 
and phosphorus in D-type soils than in E-type, 
since it may have been already assimilated. Deposi- 
tional type of riparian forest soils present not only 
temporal alternance of wet/dry cycles and the 
resultant aerobidanaerobic functioning, but also 
spatial variations since they can present anaerobic 
microsites within an aerobic environment (Fluhier 
et al. 1976; Pinay and DCcamps 1988). Simultane- 
ous presence of high values of nitrates and am- 
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monium, as well as significant denitrification rates 
in D-type sites sampled after a storm event (Fig. 5 )  
confirm the existence of this spatial functional het- 
erogeneity in D-type soils due to their poorly 
drained capacity (Groffman and Tiedje 1989a, 
1989b). 

The large qualitative heterogeneity of total or- 
ganic carbon and total nitrogen in D-type soils re- 
vealed by the absence of correlation (P > 0.1) be- 
tween TOC and EGE and between TN and NMNL 
(Fig. 4), can be attributed, to the existence of this 
spatio-temporal functional heterogeneity (i.e., aer- 
obic/anaerobic), and to the accumulation process 
occuring from year to year, which leads to the ac- 
cumulation of different maturation levels of organ- 
ic matter more or less refractory. 

Conclusion 

Erosion and sedimentation processes affect the dis- 
tribution of total C,N and P contents, as well as 
their availability in riparian forest soils. Deposi- 
tional type of riparian forests, rich in fine grain size 
sediments, act as a nutrient sink for upstream/ 
downstream flow within the fluvial landscape since 
they accumulate total C,N and P from year to year. 
Erosional type of riparian forests, present large 
contents of carbon, nitrogen and phosphorus of 
high microbiological availability like extractable 
glucose equivalent (EGE), organic nitrogen easily 
mineralizable (NMNL/TN) and labile phosphorus 
(MLPi). High contents of easily available C,N and 
P in E-type soils, at the end of the vegetation 
growth period coupled to their geomorphic situa- 
tion, where erosional processes dominate, confer to 
these E-type willow riparian forests a predominant 
role in river functioning, since they act as nutrient 
sources during high water periods. 

Geomorphic processes and features determine 
the structure of stream channels and floodplains. 
The resulting mosaic of geomorphic surfaces deter- 
mine the spatial pattern of riparian forests and their 
retention capacity vis a vis upstream/downstream 
flow of energy and matter in river landscapes. Ri- 
parian forests, even if they belong to the same given 
vegetation succession like willow stand, should not 
be considered as a homogeneous buffering system. 

These willow riparian forests lying under different 
geomorphic features do not only present differ- 
ences in nutrients and carbon content of their soils, 
but present also significant differences regarding 
the quality of these nutrients. 

Hydrogeomorphic processes such as high flood 
events (i.e. over 2000 m3/s in the Garonne River’s 
reach under study, Fig. 2) can be viewed as distur- 
bance events from a nutrient retention perspective 
since they can alter the physical structure and bio- 
logical functioning of riparian forest soils on epi- 
sodic time scale. Such high flood event occuring 
naturally with a ten years frequency in the Garonne 
River will provoke mesoform processes like channel 
migration, which will induce changes in the se- 
quence of sedimentary deposits, and in turn will 
affect the retention capacity of the riparian areas. 
For instance, due to channel migration, deposi- 
tional type of forest may become subject to pre- 
ferential erosion processes which will lead to a large 
release in the river of organic matter and nutrients 
accumulated for several years, while a E-type forest 
may become a D-type one, where accumulation 
processes will predominate. 

These natural changes may be reversible in the 
course of the channel evolution, since another high 
flood event may revert the reach to previous con- 
ditions. Any anthropomorphic impoundment, such 
as river channelization, which often includes bank 
stabilization, will alter irreversibly the hydraulic 
and morphologic characteristics of the river reach 
and in turn its nutrient retention capacity. 
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