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Abstract We investigated controls on the water chemistry of a South Ecuadorian cloud
forest catchment which is partly pristine, and partly converted to extensive pasture. From
April 2007 to May 2008 water samples were taken weekly to biweekly at nine different
subcatchments, and were screened for differences in electric conductivity, pH, anion, as
well as element composition. A principal component analysis was conducted to reduce
dimensionality of the data set and define major factors explaining variation in the data.
Three main factors were isolated by a subset of 10 elements (Ca>", Ce, Gd, K*, Mg*™,
Na', Nd, Rb, Sr, Y), explaining around 90% of the data variation. Land-use was the major
factor controlling and changing water chemistry of the subcatchments. A second factor was
associated with the concentration of rare earth elements in water, presumably highlighting
other anthropogenic influences such as gravel excavation or road construction. Around
12% of the variation was explained by the third component, which was defined by the
occurrence of Rb and K and represents the influence of vegetation dynamics on element
accumulation and wash-out. Comparison of base- and fast flow concentrations led to the
assumption that a significant portion of soil water from around 30 cm depth contributes to
storm flow, as revealed by increased rare earth element concentrations in fast flow samples.
Our findings demonstrate the utility of multi-tracer principal component analysis to study
tropical headwater streams, and emphasize the need for effective land management in
cloud forest catchments.
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1 Introduction

Tropical cloud forests are one of the most species rich ecosystems in the world, but also
one of the most endangered. In contrast to lowland rain forests, a main characteristic of
cloud forests is the interception of cloud moisture, which makes them unique in their
watershed quality and quantity (Doumenge et al. 1995). The scarce knowledge of the
functioning of these fragile systems, and the changes that result from deforestation, may
hinder effective environmental management (Feddema et al. 2005). The conversion of
cloud forest to pasture or crop land and the fast degradation of these ecological units
thereafter is one of the big threats that tropical regions are facing nowadays (Giinther et al.
2007). It is widely recognized that small-scale climate regimes, soil chemistry and
hydrology, among others, are influenced by the loss of forest cover (Ataroff and Rada
2000; Neill et al. 2006), but the degree of this influence is poorly known. Both the pristine
and the transformed state of the ecosystem, including inputs and outputs, should be
investigated to detect changes in physical and chemical parameters of tropical forest
catchments. Just as important as detecting changes is the question of why these changes
occur, which is an issue of alteration in soil processes and flow paths (Burt and Pinay
2005).

One of the big unknowns of tropical cloud forest systems still is the fate of water.
Which paths does it take? How is its chemistry influenced and changed before it leaves
the system? How does deforestation alter the course of the water and its associated
chemistry? What are the major drivers of water quality? These questions can be
answered not only by subsurface flow path investigations but also via spatially distrib-
uted water quality surveys. Subsurface flow paths (infiltration, groundwater flow) and
surface water quality (subcatchments, source areas etc.) are intimately connected in a
catchment (Soulsby et al. 2007; Tetzlaff and Soulsby 2007b). In remote areas though,
most studies focus on only one of these fields, probably mostly due to limited time and
resources.

Subsurface flow paths have been identified in the small scale by employing artificial dye
tracers and excavating soil profiles after tracer irrigation (Albrecht et al. 2003; McLeod
et al. 1998; Vanderborght et al. 2002). For a larger scale, natural tracer concentrations
(C17, SiO,) and isotopes (B3, 0'8, N'%) have been monitored to derive flow path under-
standing and generation of storm hydrographs (Rice and Hornberger 1998; Rodgers et al.
2005; Soulsby et al. 2006; Tetzlaff and Soulsby 2007a; Uhlenbrook et al. 2002). In tropical
regions, subsurface flow path studies clearly dominate over surface water analyses
(Elsenbeer et al. 1994; Elsenbeer and Lack 1996; Elsenbeer and Vertessy 2000; Goller
et al. 2005; Schellekens et al. 2004; Wilcke et al. 2001).

Surface water (source area, water quality) investigations are mostly conducted by
sampling different subcatchments, and either analyze bulk parameters (pH, conductivity,
alkalinity) or ion and element concentrations to spatially and temporally quantify all water
quality aspects of a catchment (Bernal and Sabater 2008; Clow et al. 1996; Simeonov et al.
2003). Often paired catchment approaches are used to investigate alterations in flow
chemistry with land-use change (Neill et al. 2001; Ramos-Escobedo and Vazquez 2001). In
the tropics mainly small watersheds were used for water quality studies, and have,
according to Neill et al. (2006), played a large role in the understanding of catchment
functioning. Almost all studies, however, have in common that they focus on the fate of
some few nutrients or elements, such as sulfate, carbon or nitrate, and nitrogen, respec-
tively, or on bulk parameters like alkalinity and conductivity (Poor and McDonnell 2007;
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Worrall et al. 2003). In areas with few site data, and even more so in tropical headwater
streams with low nutrient concentrations, it is questionable whether such an approach is
sufficient because concentration differences are often very small in standard parameters.
To overcome this problem, multi-tracer investigations represent a feasible option for
improving the understanding of ungauged headwater basin processes. With the fast
improvement in analytical techniques, trace elements such as, e.g., rare earth elements
(REEs) have become popular as environmental tracers, at least in geochemical studies
(Bwire Ojiambo et al. 2003; Chung et al. 2008; Viers and Wasserburg 2004). REEs
encompass all elements belonging to the Lanthanides (periodic table elements 57-71), plus
scandium (element 21), and yttrium (element 39). Due to their ubiquity in the earth’s crust
they represent good tracers for weathering rates and for geological and pedological pro-
cesses (Hannigan and Sholkovitz 2001; Hu et al. 2006).

Hydro-chemical studies that include a variety of sampling sites and analytes inevitably
result in large amounts of data. The variation in the data reflects different chemical
behavior, different spatio-temporal sources, as well as different hydrologic conditions,
making an interpretation of the results difficult. To derive general trends, the complexity of
the data sets can be reduced to a few, more easily interpretable, components. Principal
component analysis (PCA) is a statistical tool which is typically employed to reduce the
number of dimensions in hydro-chemical data (Christophersen and Hooper 1992). In a
PCA, the variation in data is projected on new, abstract orthogonal principal components
(eigenvectors), with each principal component, or factor, describing a different source of
variation for the data set. Each factor thus is derived from a set of correlated elements,
which are influenced by the same underlying processes (flow paths) or environmental
parameters (e.g., geology, anthropogenic disturbance, season). This correlation among
elements which is specific for every factor enables the scientist to draw conclusions on the
sources of this “collective” variation.

Here we use principal component analysis on water samples of a tropical montane cloud
forest catchment. We investigate a set of over 30 elements and nutrients, which can be
analyzed by standard laboratory methods. Our methodology is based on a paired catchment
approach, with forested and deforested sites located in the same 75 km? cloud forest
catchment. Both sites are geologically as well as topographically comparable (Makeschin
et al. 2008).

Our objectives were to (1) generally describe the spatial and temporal variation in water
quality of a mesoscale tropical cloud forest catchment using qualitative approaches and
PCA, and to (2) evaluate if differences in water chemistry of subcatchments can be
attributed to land-use and -management practices.

This leads us to the hypotheses that

(1) in remote, ungauged basins, the analysis of hydro-chemical characteristics of surface
and subsurface flows can help to elucidate the sources and flow-paths of water,

(2) land-use practices are the predominant controls on water chemistry in tropical
montane watersheds,

(3) in headwater streams, differences in water chemistry are attenuated at high flows due
to rain dilution processes,

(4) water parameters commonly taken as indicators of water chemistry change (e.g., pH,
EC, SO42’, Ca2+) are not sufficient to explain controls on water chemistry in the ion
poor waters of tropical cloud forest catchments. Rare earth elements can be of use in
these areas.
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2 Materials and Methods
2.1 Site Description

The study catchment is situated at 03°58" S and 79°04’ W in the south of Ecuador (1,800~
3,140 m a.s.l.). The San Francisco catchment drains a 75.3 km? area in the Cordillera Real,
on the eastern slope of the Andes facing the Amazon basin. A deeply incised valley divides
the watershed into a northern and a southern sub-area. In the north, the natural forest has
been replaced by extensive pastures (Setaria sphacelata, Schumach.) (Werner et al. 2005),
with some pine plantations being spread in between. After some years of use, pastures are
mostly overgrown by ferns (Pteridium aquilinum, L.) and thereafter abandoned. The only
road in the study area also draws its course along the northern slope. It connects the
province capitals Loja and Zamora. Taking advantage of this road, two creeks situated in
the northwest (Quebrada Zurita, Quebrada Navidades) are used for gravel excavation (see
Fig. 1).

The southern portion of the basin exists within the Podocarpus National Park and is
covered with an almost pristine montane cloud forest with canopy heights rarely exceeding
20 m. Dominant plant species are of the families Lauraceae, Euphorbiaceae, Melastom-
ataceae, and Rubiaceae (Homeier et al. 2002). The highest crest of the study region, the so
called “Antenas” at 3,140 m a.s.l., is also located in the southern part. All crest regions are
predominantly covered by a neotropical alpine grass- and shrub land (paramo) and an
evergreen elfin forest, both of which are adapted to higher wind speed, lower temperatures,
and lower nutrient availability (Beck et al. 2008). Numerous landslides, naturally opening
space for secondary forest growth, characterize the landscape. One of the factors favoring
landslides most probably is the steep topography of the San Francisco Valley. Around 76%
of all slopes are steeper than 25°, with 19% hereof even steeper than 40° (Beck et al. 2008).

Quebrada Zurita San Francisco Quebrada Pasto -
) /j\\'i‘i?—m\ma
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Fig. 1 Study catchment and subcatchments with sampling points
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The catchment’s climate regime generally originates from the east and results in three
distinct local climate zones (Bendix et al. 2008). The lower part of the study area at around
2,000 m exhibits a mean annual rainfall of 2,050 mm, low average wind speeds and
relatively little cloud cover. The uppermost part, however, shows a dramatic increase in
precipitation amounts (around 4,400 mm at 3,140 m a.s.l) as well as wind speed and cloud
cover (data from 1998 to 2004, Rollenbeck 2006; Bendix et al. 2008). Lastly, a transition
zone situated in moderate altitudes closes the link between these extremes. These altitu-
dinal differences in climatic regime are true for the whole catchment area. In general, the
region is clearly marked by two seasons, with the rainy season peaking around May and
June and the dry season between October and December.

Geologically, the research area belongs to the Chiguinda Unit of the Zamora Series,
which is mainly composed of paleozoic metamorphic rocks like semipelites, phyllites, and
quartzites (Litherland et al. 1994). Soils in the study area range from Cambisols (below
2,100 m) with a moderate organic layer, to Histosols (above 2,100 m) with an increasing
organic layer thickness (Wilcke et al. 2008). In the organic layer, a decrease in macro-
nutrient concentration (N, P, K, Ca**, Mg>") with altitude is countered by the increasing
depth of the organic layer, therefore nutrient storages per m> are similar along altitudinal
gradients (Wilcke et al. 2008). In general, nutrient concentrations vary greatly between the
organic layer and the A horizon, with C, Ca>", Mg*", N, and P concentrations being higher
in the organic layer, and K™ being lower (Wilcke et al. 2008). Most studies investigating
soil properties in the area concur that small-scale heterogeneity is predominant (Huwe
et al. 2008) in part probably due to the frequent landslides along the steep slopes of the
valley.

2.2 Sampling Design

We used a nested sampling approach, with a total of ten sampling sites in nine sub-
catchments (see Fig. 1, Table 1). The sites were chosen according to land-use character-
istics and accessibility of the area, the latter one being a highly restricting factor in the
steep and mostly impenetrable catchment. We thus located six sampling stations in dif-
ferent tributaries, i.e., two in forested (F1, F2), two in pasture creeks (P1, P2), and two in
anthropogenically disturbed sub-catchments (D1, D2). Additionally we sampled three sites
in the main river (R1, R2, R3). The forest creek F2 was sampled in two locations. Just

Table 1 General information on the sampling sites

No. (Land-) use Station name Code Size (km?) Location

1 Mixed, disturbed Quebrada Navidades D1 10.15 Western slope
2 Mixed, disturbed Quebrada Zurita D2 11.38 North-western slope
3 Forest Quebrada Milagro F1 1.27 Southern slope
4 Forest Quebrada Ramén (a) Fa 4.46 Southern slope
5 Forest Quebrada Ramén (b) F2b 4.49 Southern slope
6 Extensive pasture Quebrada Cruzes P1 0.69 Northern slope
7 Extensive pasture Quebrada Pasto P2 3.45 Northern slope
8 Forest Francisco Head R1 35.01 Main river

9 Mixed San Francisco R2 65.41 Main river

10 Mixed Planta R3 75.28 Main river
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before F2 flows into the main river, a small channel diverts creek water to a power plant
downriver. We sampled before (F2a) and after (F2b) the channel diversion. After the
channel diversion a spring emerging from a rock fracture enters the creek (Fy.j). F2b was
situated after the mixing of well water with the remaining creek water.

For principal component analysis we also included measurements of three wells. One
situated in the P1 catchment (Py.j), one in the F2 catchment (F.j), and one entering the
main river next to the R2 sampling station (Ry.j). Rain (labeled ‘Rain’ in the PCA) was
sampled on an event basis, and surface water from 2,750 m altitude was taken during non-
precipitation periods in pristine (sub-)paramo vegetation (labeled ‘Paramo’ in the PCA),
reflecting water sources with a higher amount of fog water.

Water grab samples were taken at all stations between April 2007 and May 2008 at
weekly to biweekly intervals. For each sample, two aliquots were taken, one for element
analysis, collected in an acid washed PE bottle. The second sample was collected in a PE
bottle rinsed with deionized water for the analysis of anions (Cl~, NO3~, NO, ™, PO437,
and SO,*7). Water samples were filtered through 0.45 pm polypropylene membrane filters
(Whatman Puradisc 25PP, Whatman Inc.) directly in the field.

Within three hours after collection, element samples were acidified to a pH < 2 (using
nitric acid) in the field-lab and then kept cool until analyzed. Element concentrations were
determined via inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7500ce,
Agilent Technologies). The Agilent 7500ce is able to perform ultra-trace measurements of
complex unknown samples and therefore allowed us to semi-quantitatively analyze a
variety of elements over a wide concentration range. The quality of the results of the ICP-
MS measurements was controlled by certified reference material (NIST 1643e and NRC-
SLRS4) and via additional internal calibration standards. The following elements were
considered (in alphabetical order): Al, As, Ba, Ca’t, Ce, Cr, Cu, Dy, Er, Fe, Fl, Gd, K,
La, Li, Mg”, Mn, Nat, Nd, Ni, Pb, Pr, Rb, Sm, Sr, U, V, Y, Yb, and Zn. Element
concentrations of Co, Cd, Eu, Tb, Ho, Lu, and Tm were below detection limit.

For C17, NO;~, NO, ™, PO43_, and SO42_ samples were frozen within three hours after
collection until they were analyzed by ion chromatography (DX-120, Dionex Corporation).
Every sample value represents the mean of two consecutive measurements.

The pH and electric conductivity (uS/cm) were measured directly in the field (pH/Cond
340i, WTW, Weilheim, Germany). Due to the ion poor water, the pH-electrode Sen Tix
HW was especially chosen for these low-conductivity measurements.

Silicate could not be analyzed by our standard methods and was thus omitted in the
following analysis. However, some measurements were conducted using rapid tests
(Merck, Microquant 0.5-15.0 mg/l SiO,) with a precision of +0.5 mg/l SiO, and this data
were used to later on discuss the origin of well water.

2.3 Data Analysis

To be able to differentiate between variation due to land-use and hydrologic regime, we
classified water samples into two flow conditions, i.e., baseflow and fast flow condition.
Baseflow samples were defined as samples taken at hydrologic conditions with at least 70%
baseflow (Fig. 2). Among the many methods to differentiate between base- and fast flow,
we decided to use a numerical filter because of the ease of use and good reproducibility.
Baseflow contribution was thus derived by the recursive digital baseflow filter imple-
mented in the WETSPRO tool (Willems 2009). WETSPRO applies a filter for exponential
recessions proposed by Chapman (1991). All samples not applying to baseflow conditions
were classified as “fast flow samples.” Thus, between 10 and 13 baseflow and 16 and 24
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Fig. 2 Hydrograph separation and daily precipitation values (gauge at 1,980 m) for the outlet, PL

fast flow samples were available for each station. At one pasture creek station (P1) though,
we only had 6 baseflow and 10 fast flow samples available for analysis because this
sampling station was not set up until September 2007.

For statistical analysis, means (and standard deviation) of element baseflow concen-
tration at all sampling stations were calculated. A comparison of means was conducted
using an analysis of variance (ANOVA) and « = 0.05. If significant differences were
apparent, we applied Scheffé’s multiple pair-wise comparison of means to extract differ-
ences among sampling stations for every investigated parameter (Scheffé’s PostHoc Test,
o = 0.05). The results of this comparison are summarized in Sect. 3.1.

In a second step, for principal component analysis (PCA), all water chemistry data were
converted to molar concentration units and standardized (i.e., centered by subtracting the
arithmetic mean, and divided by the respective standard deviation) according to Hooper
(2003).

PCA was developed using the whole set of elements for baseflow samples, only excluding
the elements which did not reveal any spatial difference in the ANOVA. Then, subsets of ten
elements were tested for factor loadings and variation explained. The set having highest
loadings and best explaining the variation in the data was chosen for further analysis. To
account for the heterogeneity in variances, the PCA analysis was based on a correlation
matrix. All factors explaining 5% or more of the variation in the data were retained.

To clarify differences in base- and fast flow concentration for the elements used in the
PCA, we also applied an ANOVA (a = 0.05) comparing mean concentrations of the two
flow conditions. All statistics were executed with the STATISTICA Software (StatSoft®),
Version 6.0.
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3 Results and Discussion
3.1 Descriptive Spatial Analysis of Element Concentration

As expected for headwater streams, concentrations of all elements and nutrients were very
low. The chemical constituents of river water at baseflow condition are summarized in
Tables 2 and 3 for all stations. Major cations were Na™, Ca’", Mg>", and K", major
anions C1~, NO;~, and SO,%>~. Neither NO,~ nor PO, was detected. This was probably
due to a relatively high detection limit of 0.5 mg/l for phosphate and 0.1 mg/l for nitrite.
Mean ion concentrations generally were low, as reflected in the electric conductivity,
which ranged from 5.9 to 31.9 uS/cm. The concentrations of most parameters varied much
more strongly in the fast flow samples compared to the baseflow samples (compare Figs. 3
and 4).

Despite these low concentrations, significant differences between land-uses were
apparent. Forest creeks F1 and F2a were clearly separated from the other catchments by
having the lowest pH values, and low NO;~, SO4*~, Nat, Mg”", Ca®>", K™, Sr, and As
concentrations. Both sites in forest creek F2 possessed significantly higher Rb concen-
trations, but Rb was also elevated in F1. Site F2b (after channel diversion and well water
input) showed highest NO; ™~ concentrations of all streams, whereas NO; ™~ concentration at
the outlet was similar to forest creeks F1 and F2a. SO4*~ concentration in the uppermost
river station R1 was comparable to the values found for F1 and F2a.

Pasture streams showed significantly elevated Na™, Mg?*, and Li values, with Na™
being about twice as high as in the other sites. Both disturbed catchments (D1, D2) had
significantly higher SO4>~ values and D1 exhibited higher concentrations in Mn, Dy, Er,
Gd, La, Nd, Pr, Sm, and Y, the latter eight elements all belonging to the rare earth
elements. No spatial variation was found for the following ten elements: Al, C1™, Cr, Cu,
Fe, Ni, Pb, U, Yb, and Zn.

Compared to other tropical headwater catchments our study area exhibited noticeably
low element concentrations (see Table 5). In montane watersheds of Puerto Rico, e.g.,
McDowell and Asbury (1994) report comparable values in K* but higher concentrations in
Na't, Ca®*, Mg*", C1™, and SO,*>". The same is true for a study in a volcanic headwater
stream in Mexico, where Ramos-Escobedo and Vazquez (2001) encountered higher values
of all cations and anions except SO,>~. This difference to other headwater streams can
only be a consequence either of less nutrient input into the catchment via the atmosphere,
or of a more effective nutrient retention by the dense forest vegetation and soil.

Chloride concentrations at all sampling stations also were low compared to other
tropical headwater catchments (McDowell and Asbury 1994), probably due to the Andes
acting as a natural barrier for atmospheric inputs from the coast and climate regimes
mostly coming from the east. The overall median molar ratio of Na:Cl in the water samples
was 3.1 for baseflow and 2.4 for fast flow, which differs considerably from the maritime
(precipitation) ratio of 0.85. Sea spray seems therefore not to play a major role for the input
of elements into the watershed, at least during the predominant easterly weather regimes
(Boy and Wilcke 2008).

Seasonal changes in concentrations of solutes were only observed in NO5;~, where
higher concentrations were found in the southern hemisphere winter. No other parameter
exhibited a seasonal change during our study period. We therefore did not distinguish
between seasons in the following analysis. The question on the possible causes of the
observed nitrate seasonality also is not in the scope of this study and will therefore remain
unanswered here.
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In Figs. 3 and 4 land uses are directly compared for a subset of ten parameters, all of
which are later on used in the PCA. The box plots of the surface waters clearly reveal the
distinction of concentrations for forested, disturbed, and pasture catchments. During both
flow conditions, Ca®*, Na¥, Mg”, and Sr concentrations are lowest in forest streams.
However, differences between disturbed and pasture streams for Na™, Mg2+, and Sr are
noticeable during baseflow but not during fast flow, where variation is higher. For Rb,
concentrations are clearly higher in forested streams during both flow conditions. Paramo
water chemistry was only measured during baseflow and is low in all ten parameters. This
is consistent with our assumption of a predominant input of ion-poor fog water (Bendix
et al. 2004), although other factors, like depth to bed rock and diminished organic matter
turnover, might play a role, too. High rare earth element (REE) concentrations during
baseflow are observed only for D1. In general, low REE concentrations and low variation
during baseflow contrasts with higher REE concentrations and high variation during fast
flow condition for all sites. Variation in fast flow clearly is highest in D1, R2, and R3,
though. More explanations for the patterns we observed between flow conditions and
forested, pasture and disturbed catchments, respectively, are given in the discussion of the
PCA analysis and PCA plots.

3.2 Emerging Spatial Patterns at Baseflow (PCA)

The projection of all investigated variables on two factors (principal components)
accounted for almost 66% of the variation in the baseflow data (Fig. 5). All rare earth
elements loaded negatively on principal factor 1, meaning that they are all correlated
among each other. Most of the other elements were grouped together with pH and EC,
loading positively on principal component 2 and negatively on component 1 (Fig. 5). Rb
plotted contrary to these elements.

Factor 2 : 24.40%

-1.0 -0.5 0.0 0.5 1.0
Factor 1: 41.66%

Fig. 5 Baseflow element loadings in the PCA for all elements (factors 1 and 2)

@ Springer



140 Aquat Geochem (2010) 16:127-149

(a) 1.0 (b)-] 0 e
baseflow g "*-x\baseﬂow
// S
v e
4 N\
05 osf /
= 2 \\
oW =] / \
> 3] 3
o o 1
© -
& 00 & 00
:
Q
& &
05 -0.5
1.0 -1.0
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Factor 1: 45.20% Factor 1: 45.20%
(©)10 (d)so
: fastflow ' fastflow
Na
Mg,
05f 05
= Ca, K 59
S g
& o ca
& 00 ~— o 001 oS
§ Rb 5 Ce
8 &
-0.5 -0.5
Nd K
Gd
LS Ce
-1.0 -1.0 Rt
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Factor 1: 43.43% Factor 1 : 43.43%

Fig. 6 Element loadings of selected parameters for baseflow (upper row) and fast flow samples (lower
row). In the left-hand plots, factor 1 is projected against factor 2, the right-hand plots show factor 1 plotted
against factor 3

For all further analyses, a subset was chosen (as explained in Sect. 2.3) consisting of
Ca*t, Ce, Gd, KT, Mg2+, Na™, Nd, Rb, Sr, and Y (Fig. 6). For baseflow, this subset
explained 78% of the variation in the data with only two factors, with Ca”, Mg”, Nat,
Sr, and K grouping mostly along factor 1 (i.e., explaining the largest amount of variation)
and the rare earth elements on factor 2. The remaining element Rb showed a contrary
loading compared to the other elements (see Fig. 6a).

The first two factors already accounted for 78% of variation in the data. Including the
third component, this value increased to more than 90%. Factor 3 was expressed exclu-
sively by the occurrence of Rb and K (see Fig. 6b), two elements with similar chemical
properties and some interesting implications (see below, this section).

The ordination plot, including all baseflow samples according to station, revealed a
distinct pattern of five groups plus one group of scattered data (see Fig. 7a). Group A
contained the pasture creek samples (P1 and P2) and plotted negatively on factor 1. Also
on this axis, a second group (B) consisted of samples of a disturbed site (D2). Group C was
arranged in the middle of the ordination plot and contained almost all river samples from
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Fig. 7 Projections of sampling sites (ordination plots) for baseflow and fast flow samples. In plots (a) and
(b) the baseflow samples are projected, first with factor 1 against factor 2 (a), and then with factor 1 against
factor 3 (b). In plots (¢) and (d), fast flow samples are projected, again first with factor 1 against factor 2 (c)
and then with factor 1 against factor 3 (d). Groups of stations with similar water chemistry are exemplarily
encircled (A-F) in plot (a)

the catchment outlet (R3). The uppermost main river samples (R1) plotted next to the F2b
forest creek samples (group D). All F2b samples also plotted close to the water samples
from the spring entering the same (Fy.p). The rest of the forest creek samples (F1, F2a)
grouped tightly together (group E), with a positive loading on factor 1 and a slightly
negative loading on factor 2. Close to this group, all Rain and Paramo samples as well as
samples from the pasture spring (Pyej) could be found. Lastly a sixth, much more diffuse
group (F) included samples of the other disturbed (gravel excavation) site (D1) and most
samples of the middle main river station (R2). This last group was the only one with a
strong negative loading on both, factor 1 and 2. When plotting factor 1 against factor 3 in
the ordination plot (Fig. 7b), the groupings remained relatively clear. Only sampling sites
F2b and R1 (former group D) diverged.

The first component of the PCA, accounting for 45% of the variation in baseflow
samples and linked to the elements Ca®", Mg®", Na™, and Sr most probably reflects
changes in soil physical and chemical processes under different land-uses. It shows a clear
trend for pasture creeks toward higher base cation concentrations. This is most likely
attributable to the history of land conversion to pasture in this region (Biggs et al. 2002;
Makeschin et al. 2008; Markewitz et al. 2001). Traditionally, forests are cut down and
burned before grass turfs are planted on the freshly burned soil. If pastures become
overgrown, burning is repeated or pastures are abandoned. The ashes resulting from
repeated burning of pastures reduce soil acidity in the soil. As a consequence, concen-
trations of exchangeable K™, Ca®*, and Mg2+ have been found to be augmented in the
uppermost layer (0—10 cm) compared to forest soil (Makeschin et al. 2008). Our aquatic
data indicate that this increase of cations in the pastures upper soils is reflected in the water
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chemistry and constitutes the major component of water chemistry change. If we assume
groundwater to be similar between sites these results suggest that near-surface flow is an
important factor of influence for baseflow water chemistry in our catchment. High cation
concentrations could not be due to groundwater influence because if this was the case,
baseflow chemistry would be more similar among sites (see also Markewitz et al. 2001).

The second principal component distinguishes a component connected to rare earth
element concentrations, attributable to a second type of land-use in our study area. Here,
gravel excavation might be the cause for increased amounts of rare earth elements in
stream water. According to Sholkovitz (1995) an increase in rare earth element concen-
tration can be due to the weathering of parent rock. In weathering products rare earth
elements are often accumulated (Patino et al. 2003; Price et al. 2005). The sampling station
with a high gravel excavation activity (D1) was distinguished quite clearly by factor 2. The
middle main river station (R2) obviously was largely influenced by the water coming from
D1, and therefore, also plotted close to this station in the PCA ordination. Another
prominent characteristic of the D1 sub-catchment is its closeness to the only semi-paved
road in the area. The road virtually follows the ridge of the D1 until it crosses the Andean
depression at “El Tiro” at the western limit of our study catchment (see Fig. 1 and study
site description for details). Large amounts of construction material (pebbles, stones, and
cement) have been and still are transported into the catchment due to frequent construction
works on the landslide affected road. Therefore, we hypothesize that the input of exca-
vation and/or construction material leads to an increased washing out of rare earth
elements, which is eventually reflected in the water chemistry. A geologic and/or a micro-
climatic explanation for an accumulation of rare earth elements might also be possible, but
cannot be proven up to now. The only geologic map available for the study area does not
convey differences in geology, which is also confirmed by a study of Makeschin et al.
(2008). It cannot be ruled out though, that the north-western part of the area differs slightly
in geological features and/or in weathering patterns. The predominantly easterly weather
regime might, e.g., lead to a different micro-climate on the western slopes of the catch-
ment. More detailed studies on geologic and climatic features in a small scale are needed to
fill this gap.

Lastly, the third principal component is clearly associated with the occurrence of Rb and
K*. As both elements also have a high loading on the first component, they seem to be
partly influenced by soil physical/chemical processes. Showing the same loading on a third
component though, they are an indicator of yet another reason for differences in water
chemistry, which at least explains some 12% of the remaining variation. Our hypothesis is
that the third component comprises a forest vegetation accumulation factor, leading to an
increased level of Rb in the organic layer of forest creeks, which eventually enters the
river. On pasture, vegetation biomass probably is too little, pH too high, or roots too
shallow to increase concentrations notably. Nyholm and Tyler (2000) report a negative
correlation between Rb uptake by plants and soil organisms and K availability. According
to Tyler (1997), acid soil conditions favor higher biological availability and therefore plant
Rb uptake. Especially wood-decaying fungi may accumulate Rb according to favorable
soil conditions (Tyler 1982). In growth experiments with Carex pilufera, Drobner and
Tyler (1998) observed an excess uptake of Rb from acid soils, but ascribe this to secondary
effects of soil acidity (e.g., leaching losses of K™, increased solubility of Al), and not
directly to pH. Higher Rb concentrations in forest stream water might therefore be indirect
biologic (vegetation accumulation) result of higher Rb availability in the acid soils of forest
catchments. Our finding, that Rb concentration is higher and K™ concentration lower in
forest creeks and therefore probably also in the soil also leads to the assumption that forest
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trees have to adapt to low K* levels in the soil. This is confirmed by Soethe et al. (2008)
who report foliar K™ deficiency at 3,000 and 2,400 m under forested soils in our study
area.

3.3 Well Water Chemistry

As mentioned in Sect. 2.2, the creek water of forest creek F2 is largely diverted into a
channel, and only a fraction of this water continues on into direction of the sampling point
F2b. This fraction mixes with spring water emerging from a rock fracture (Fy.).

Our analysis revealed that the chemistry of Fy.; was quite different from the creek
water F2a, so the mixing resulted in a significant change of water chemistry at sampling
point F2b. This mixing was reflected in the baseflow ordination plot (see Fig. 7a). Inter-
estingly, well water sampled from the pasture sites (Py.) was chemically most similar to
the forest creek samples (Fig. 7a), again indicating that geological differences among
subcatchments are of minor importance for the observed differences in water chemistry.
Compared to the other well waters (Fy.e1, Ryen) Pwen showed low concentrations of Ca’t,
Mg**, and Na™, slightly lower concentrations of SiO, and similar concentrations of K*.
The Na/(Na + Ca) ratio, which has been used as an indicator of cation inputs by weath-
ering (ratio < 1) or precipitation (ratio approaching 1) (Markewitz et al. 2001) is 0.87 for
Pyen (0.72 for Fyep, 0.76 for Ry.ep). We therefore assume that Py is fed by rain and fog
water and probably runs as fast sub-surface flow through cracks in the rock, where it takes
up some silicate. Ryey and Fye are similar in their Ca**, Sr, Mg>", K™, and SiO,
composition, but differ in Na™ (with Ry having almost twice as much Na™). For the
southern slope of the study catchment Wilcke et al. (2001) observed higher Nat con-
centrations in the A and B horizon compared to the organic layer. Conversely, Mg®" and
Ca?* concentrations were found to notably decrease. Thus, it seems clear, that Ry,.; and
Fyen are both groundwater-like subsurface flows, with Ry, probably having longer resi-
dence times as observed by the enrichment of Na*. The closeness of D2 to Ry, in Fig. 7a
might hint to a higher contribution of groundwater sources for this stream. Further analysis
such as H and '*0 isotope based estimations of water mean transit times should be
conducted to further explain these observations.

Our first hypothesis that the analysis of hydro-chemical characteristics of surface and
subsurface flows can help to elucidate sources and flow-paths of water is in agreement with
our study. We also conclude, that the differences in water chemistry are the consequence of
land-use practices, and are not due to differences in geological features (second
hypothesis).

3.4 Emerging Spatial Patterns at Fast Flow (PCA)

Compared to baseflow, the fast flow projection of factors 1 and 2 was almost identical in
respect to the relation of the variables to each other and their loadings, respectively
(compare Fig. 6a, ¢). Ca®", K™, Mg®", Na™, and Sr were still only associated with factor 1,
the rare earth elements on factor 2. Rb and K again were loading on factor 3 and showed
opposite loadings on factor 1 (compare Fig. 6b, c). In general, the principal components 1
and 2 explained 80% of the variation in fast flow data (Table 4); principal component 3
explained an additional 12% of the variation.

The ordination plot of the fast flow data (Fig. 7c) revealed a slightly more compressed
pattern compared to the baseflow samples (Fig. 7a). Only forest (F1, F2a) and pasture (P1,
P2) creeks, equivalent to groups A and E still separated relatively clearly from the other
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Table 4 Eigenvalues of and
percent variability explained by

the PCA factors

Table 5 Comparison of mean concentrations of selected parameters in tropical streams

Factor Eigenvalue % Total Cumulative % Cumulative
Baseflow

1 4.52 45.20 4.52 45.20

2 3.29 32.98 7.81 78.18

3 1.22 12.20 9.04 90.38
Fast flow

1 434 43.42 4.48 43.42

2 3.63 36.24 7.97 79.67

3 1.24 12.43 9.21 92.10

Parameter McDowell and Newbold et al. Ramos-Escobedo and Neill et al.  Our study (all
Asbury (1994) (1995) Vazquez (2001) (2001) samples)
mg/1 mg/l (FWM) mg/l mg/l mg/1

Ca®* 2.22-6.27 4.90-10.99 6.30-14.30 - 0.20-2.15

Cl™ 6.24-8.82 - 2.80-23.70 - 0.77-0.85

K* 0.22-0.51 0.70-2.46 0.30-5.30 - 0.27-0.52

Mg** 1.20-4.42 1.84-4.20 4.10-9.90 - 0.14-0.69

Na* 4.36-7.52 3.56-7.94 10.80-21.40 - 0.54-2.36

NO;~ 0.24-0.29 0.51-1.23 2.10-3.00 0.05-0.68  0.72-1.11

SO~ 2.24-2.67 - 0.10-1.60 - 0.59-1.37

Table 6 Comparison of base- to fast flow concentrations for the ten elements used in PCA

Na*

Ca2+

Mg2+

K+

Sr Rb

Y

Q
a

D1
D2
Fl1
F2a
F2b
Pl
P2
R1
R2
R3

— — — —

!
!
!

I

>

>
- - —

I > > - > —

— —

1

T e e e

Arrows indicate significant concentration change (T means higher concentration in fast flow, and | means

lower concentration in fast flow,

“w

pattern in more than three stations are shaded in gray

indicates that no significant change was observed). Cells with a regular

groups. However, former groups B, C, D, and F were mixing more or less strongly. In
general, factor 1 decreased in importance during fast flow, whereas factor 2 increased (see
Table 4). Factor 1 therefore, seems to be rather associated with baseflow than with fast
flow conditions.
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Relative changes in mean element concentration between base- and fast flow condition
are summarized in Table 6 and reveal some general patterns. For all sites, Na™ concen-
trations significantly decreased during fast flow compared to baseflow condition, which can
be attributed to the mixing of stream water with less concentrated water such as rainfall
(dilution pattern). However, Boy et al. (2008) also report low Na' concentrations in soil
water of 15 and 30 cm depth (~0.5 mg/l) compared to stream water (~3 mg/l) for forest
soils and microcatchments in our study area. A dilution effect could therefore also occur
through the mixing of stream water with soil water during events. In contrast to Na®, rare
earth element (REE) concentrations increased significantly during fast flows (flushing
pattern). As mentioned earlier, REEs are mostly associated with weathering products, and
therefore should be higher in soil layers containing weathered material, as for example
occurring in the A horizon (below the organic layer). Measurements of soil water from the
southern, forested slope of the San Francisco catchment indicate that REE concentrations
are higher in 30 cm soil depth compared to 15 cm soil depth (unpublished data). REE
concentration in rain, on the other hand, was at least an order of magnitude lower than
stream water concentration in our data. Thus, both changes in fast flow concentration
(Na™ decrease and REE increase) can be explained by storm flow being created by a
flushing of soil water from around 30 cm depth, at least for the forested sub-catchments.
For pasture sites, measurements of soil water concentration of Na® and REE are still
missing, so no general conclusions can be made here.

According to our third hypothesis, stream waters should be completely mixed in the fast
flow ordination plot. This was not the case. However, there was some mixing in the plot,
and the formerly clearly separated groups partly converged. Rain events therefore were not
capable of completely masking the chemical fingerprint of the subcatchments. This might
be due to our finding of a flushing of soil water during fast flow events. The fact that ion
ratios are rather influenced by geographical location than by stage of stream flow has also
been reported by McNeil et al. (2005) for mesoscale catchments in Queensland, Australia.
It was also established, that rare earth elements are important tracers in clear headwater
streams, as they are capable of conveying weathering patterns and water source areas
(Chung et al. 2008; Picouet et al. 2002; Velbel and Price 2007). This confirms our fourth
hypothesis, that standard parameters like pH, EC, SO42_, or Cat are not sufficient to
explain controls on water chemistry in clear mountain streams.

4 Conclusion

Studies investigating alterations in soil processes of tropical montane forests after land-use
change are relatively abundant (Bautista-Cruz and del Castillo 2005; Jin et al. 2000;
Rhoades et al. 2000), but the influence of these changes on the water chemistry has mostly
been neglected. Here we investigated differences in water element composition in closely
related tributaries with the objective of defining the main controls on water chemistry at a
catchment scale.

We conclude that principal component analysis indeed is effective in assisting in the
evaluation of spatial surveys of water chemistry change, even if concentrations of nutrients
and elements are low. The inclusion of over 30 elements permitted us to identify those with
the highest potential to explain predominant catchment processes. Standard parameters like
pH and conductivity did not enable us to differentiate between sampling stations in detail.
However, rare earth element (REE) concentrations clearly separated another sampling
station, highlighting gravel excavation as a second important anthropogenic process
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influencing water chemistry in our catchment. Rare earth elements, which have been
extensively used as tracers for chemical weathering also gave insights into storm flow
origin. Our finding, that Rb concentration was higher and K+ concentration lower in forest
creeks support the results of other studies, that forest trees have to adapt to low K levels in
the soil.

The inclusion of well water from the F2 sub-catchment could explain at least some of
the differences between F2b and the other forest-stream stations (F1, F2a). We could also
observe a decoupling of fast and slow subsurface flow paths by analyzing the three well
waters. This result highlights the importance of sampling springs and seeps in mountain
catchments, as also claimed by Soulsby et al. (2007).

Our central finding is that in cloud forest catchments land-use practices not only
influence soil characteristics but also change water chemistry through various ways. Due to
the extreme low nutrient and element concentrations in the streams, even small contri-
butions of ion-rich water (e.g., well water) can already change the overall water quality of
streams. This high sensitivity of cloud forest catchments certainly has implications for
land-use and water quality management.

Our next step will be to calculate nutrient budgets for pasture and forested sub-catch-
ments, and to more closely scrutinize changes in flow paths between pasture and forest
creeks using isotopic tracers and end member mixing analysis (EMMA). In the end, this
information will be used to evaluate the performance of hydro-biogeochemical catchment
models.

In general, more studies on tropical headwater catchments are needed to be able to
compare our results and to develop a more general process understanding of the ever more
threatened cloud forest ecosystems.
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