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Abstract Several studies relating land cover to
stream properties have used sample sizes of more
than 100 watersheds, but the variance that they
explain is moderate to low (R less than 50%),
limiting the predictive value of these studies when
their models are applied to watersheds that were
not included in the models’ development. We
hypothesize that this is due to the increases in
variation that occur with increases in sample size
and in the geographic scales of the areas in which
the watersheds are distributed. Land cover alone
cannot explain all of that variation; more predictors
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must be considered. Conversely, models with high
explicative power would require relatively small
sample sizes distributed over small areas. This
hypothesis was evaluated sampling 17 watersheds
from southern Chile’s Lake Region, for which we
developed regressive models between land cover/
watershed area/precipitation/geomorphology and
stream properties (i.e., conductivity, temperature).
With a maximum #n = 15 watersheds, on a regional
scale, a poorly explained variation in hydrologic
variables (mean 37-49%) was obtained. The R?
increased slightly, to 45-52%, when precipitation
was included as a predictor. In half of the cases
analyzed, the models improved when geomor-
phology was considered as an additional predictor
(60-66%), supporting our hypothesis. Further-
more, when our analysis was restricted to a nar-
rower latitudinal span (n = 9), the R* was much
stronger (68-87%) when only land cover and wa-
tershed area were included as predictors. These
percentages also increased when more predictors
were incorporated. Nevertheless, a portion of
unexplained variance remained that would require
the consideration of more predictors, such as
geology and edaphology. The documented trade-
off provides evidence that argues against the spatial
generality of land cover/stream property models.

Keywords Geomorphology - Land cover -

Precipitation - Temperate forests - Water flow -
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Introduction

Many studies have shown that water quality and
the amount of water drained by watersheds de-
pend partially on the land covers that characterize
the landscape. For instance, streams associated
with fertilized pasturelands (which originated
after native forests were cleared) contain higher
levels of nitrate compared to streams within for-
ested areas (Brady and Weil 2000; Oyarzin and
Huber 2003). Conversely, some pasturelands are
not fertilized, and their nitrogen exports could be
lower than those of forested streams (Thomas
et al. 2004). Regarding the hydrologic regime,
native forest watersheds could produce more
water than landscapes dominated by pine plan-
tations (Otero et al. 1994; Putuhena and Cordery
2000). Native forests also regulate stream flows
better, giving rise to streams with lower flows
during winter and higher flows during summer,
compared to streams originating in plantations
(Otero et al. 1994; Oyarzun et al. under review).
Further, plantations also produce sediment ex-
ports to the water that are between 15 and 81%
greater than those from native forests (Otero
et al. 1994). In addition to land cover, other fac-
tors, such as soil characteristics, slope, precipita-
tion, and in-stream-losses of nutrients can
influence concentrations of chemicals in streams
(Dillon and Molot 1992; Moore et al. 2004).
Most landscapes have been modified from their
original states by human interventions that have
contributed to the creation of a mosaic of cover
types (shrublands, pasturelands, forests, cities,
etc.) (Strayer et al. 2003; Biggs et al. 2004). For
this reason, predicting the effects of land cover on
stream characteristics may be difficult, because an
array of land covers can occur in a single wa-
tershed. Simple statistical modelling tools can
enable one to study the behaviour of an ecosystem
when one has numerous predictor variables
(Herlihy et al. 1998; Strayer et al. 2003). The
aforementioned studies have used sample sizes of
more than 100 watersheds, permitting the evalu-
ation of the mathematical relationships between
predictor and criterion variables (i.e., the slopes of
the regression models) with high precision. How-
ever, the percentage of variance explained by land
cover is usually moderate to low (R*< 0.55)
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(Herlihy et al. 1998; Strayer et al. 2003). On the
other hand, Moore et al. (2004) used a more
restricted data set, from 67 watersheds, which
produced a much better fit using a more complete
set of predictors and non-linear models. We
hypothesize that the reduced explicative power of
studies that encompass more extensive areas is
due to the amount of variation, which increases
with larger sample sizes and with the broader
geographic scales of the areas in which the
watersheds are distributed. Therefore, a small set
of predictors cannot produce a very good fit. The
problem could be resolved by including more
predictors (such as precipitation, geology,
geomorphology, etc.), but the sample size must
increase accordingly to keep an adequate ratio of
cases to variables, in order to allow the precise
estimation of parameters in multiple regression
models. If these new cases (sites) are not from the
same area in which the original data set was col-
lected, it is likely that more variation will be pro-
duced, returning one to the above problem of the
need for additional predictors. In other words, we
foresee models that have robust explicative pow-
ers, but only when used with relatively small
sample sizes distributed at local scales. Conversely,
at larger regional scales, and with larger sample
sizes, the models’ explicative powers are expected
to be low. This trade-off could provide evidence
favouring the argument against the spatial gener-
ality of land cover/stream property models.

We evaluated our hypothesis using a set of
watersheds from southern Chile’s Lake Region.
This mostly-forested landscape has a mosaic of
land cover types, which provides an ideal oppor-
tunity for study of this topic, which is especially
relevant considering that the Southern Hemi-
sphere’s streams are not as impacted by acid rain
and other chemical contaminants as comparable
Northern Hemisphere streams often are (Hedin
et al. 1995; Pérez et al. 1998). Therefore, we may
be able to explore the landscape’s influence on
stream properties without considering additional
perturbations, such as nitrogen deposition.

In order to evaluate our hypothesis, we devel-
oped multiple regression models relating land
cover types, watershed area, precipitation, and
geomorphology to some physical and chemical
hydrologic variables.
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Study area

Chile contains most of South America’s temper-
ate rainforest area, which accounts for more than
half of the area of temperate forest in the
Southern Hemisphere (Donoso 1993). The forests
of southern Chile and adjacent Argentina, located
from 36° S through 48° S latitude, are defined as
the Valdivian Rainforest Eco-region (Dinerstein
et al. 1995). In addition to having been affected
by natural disturbances, such as volcanism,
tectonic events, and landslides (Veblen et al.
1995; Armesto et al. 1998), native forests in this
region have been affected by human disturbances,
including degradation due to poor logging prac-
tices, conversion of forested land to agricultural
fields (Donoso and Lara 1995), replacement of
native forests by fast-growing exotic tree planta-
tions (Lara and Veblen 1993; Lara et al. 1995),
and human-set fires (Donoso and Lara 1995).
These disturbances have fragmented the natural
landscapes, contributing to the creation of a land
cover mosaic that has probably altered the eco-
system services that were at one time provided by
the original native forests (Lara et al. 2003).
Forestlands that have persisted through such
disturbances now support second-growth stands
of native species (Echeverria and Lara 2004) or
have been transformed into shrublands composed
of a combination of native and exotic species.

Methods
Watersheds

The sampled watersheds were distributed in the
main physiographic zones of southern Chile’s
Lake Region (39.5°—41.5° S). These zones are
known as the Coastal Range, the Intermediate
Depression, and the Andean Range (Fig. 1).
There is also another mountain range (the
Loncoche Range), which connects the Coastal
and Andean Ranges along the northern portion
of the study area (Fig. 1). We sampled 17 water-
sheds within the large basins of the Valdivia,
Bueno, and Maullin rivers. We selected water-
sheds that met the following criteria: water flows
above 0 m s~ throughout the year, with mean

depths between 0.1 and 1.5 m, and current speeds
below 2 m s™' (Table 1, Fig. 1). The watersheds
were relatively small, covering between 0.3 and
14.5 km®.

Native vegetation is characterized by ever-
green forests in the Coastal Range and in the
foothills of the Andean Range, south of the
MANZ watershed (Fig. 1, watershed 12). In this
area, the main native tree species are Aextoxicon
punctatum R. et P., Drimys winteri J.R. et
G. Forster, Nothofagus spp., and Laureliopsis
philippiana (Looser) Schodde. North of MANZ
watershed, within the Andean Range, forests are
mainly composed of N. obliqua (Mirb.) Oerst.,
N. alpina (Poepp. et Endl.) Oerst. (both decidu-
ous trees), and N. dombeyi (Mirb.) Oerst. (ever-
green trees). The Intermediate Depression is
occupied by extensive prairies and pasturelands,
which were formerly forested areas, dominated
by the grasses, Holcus lanatus L. and Poa annua
L. Lastly, exotic tree plantations of Pinus radiata
D. Don and Eucalyptus spp. are mostly found in
the Coastal Range (Donoso 1993).

Land-use and land-cover mapping

The literature suggests that land cover is relevant
to water quality and flow regime (Otero et al.
1994; Hedin et al. 1995; Oyarztin and Huber 2003;
Thomas et al. 2004). Land-use and land-cover
mapping were performed following the methods
described by Lara and Sandoval (2003), which
were specifically designed for making detailed
descriptions of small study areas ranging from less
than one to more than 100 km?. Aerial photo-
graphs were taken at a scale of 1:8,000-1:10,000.
Using these, we preliminarily described differ-
ent homogeneous cartographic units (HCUs).
Thereafter, all watersheds were ground-truthed in
the field to assure adequate delimitations and
improved descriptions of the HCUs. Finally, we
prepared maps that were integrated with a
Geographic Information System using ArcView
3.2 software (Environmental Systems Research
Institute, Inc., USA). The areas of each HCU and
overall watershed were calculated by this soft-
ware. Watershed area was considered a predictor
because previous studies have shown it to be a
useful, indirect expression of a number of
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Fig. 1 Watersheds studied in Chile’s Lake Region. Code:
1=CUGA, 2=LLAN, 3=SEND, 4=TORN,
5 =PILO, 6 = SJUA, 7 = MINA, 8 =JOA1, 9 =JOA2,

variables that influence stream properties, such as
human population density, travel distance of wa-
ter towards the sampling point, differences in
explicative powers over varying watershed areas,
etc. (Strayer et al. 2003; Biggs et al. 2004).

We distinguished seven land-cover types ex-
pressed as percentages of cover (Universidad
Austral de Chile et al. 1995; Lara and Sandoval
2003). We used percentages of land cover instead
the actual areas, because it is more informative to
know what percentage of the landscape is occu-
pied by a given land cover. (1) Prairies, pasture-
lands, and agricultural lands, mostly unploughed,
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10 = GUIN, 11 =PLAT, 12=MANZ, 13 = CHAN,
14 = NILQ, 15 = LAN1, 16 = QUEM, 17 = GATI. For
complete names, see Table 1

all originated from the clearing of native forests,
and are considered prairies in the broad sense. (2)
Shrublands, including both pasturelands and
shrublands, which can have up to 25% cover of
sparse trees or scattered forest stands. (3) Second-
growth native forests, originating after anthropo-
genic and/or natural disturbances, are generally
homogeneous in their vertical and diameter
structures; this category includes purely second
growth stands as well as mixed stands that include
old-growth individuals. (4) Old-growth native
forests are generally heterogeneous in their ver-
tical structures, crown sizes, tree diameters, and
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Table 1 Watersheds studied in Chile’s Lake Region

Code Main basin Stream name Latitude* UTM (m) Longitude* UTM (m)
(Huse 18)
CHAN?®® Bueno Pichichanlelfu 5490208 727308
CUGA™® Valdivia Curirruca grande 5623864 711729
GATI® Maullin Gatito 5406779 648457
GUIN® Valdivia Guindos 5574653 659941
JOA1*P Valdivia Joaquines 1 5576251 654737
JOA2™P Valdivia Joaquines 2 5576586 654450
LAN1® Maullin Lahuenfiadi 1 5416015 665294
LLAN™® Valdivia Llancahue 5586874 658324
MANZ®® Bueno Manzano 5491905 727641
MINA® Valdivia Las Minas 5578386 635385
NILQ® Bueno Nilque 5488661 716758
PILO™® Valdivia Pillo-Pillo 5584148 663630
PLAT*® Valdivia La Plata 5568385 659958
QUEM" Maullin Las Quemas 5413105 656236
SEND?*® Valdivia Senderos 5585617 657897
SJUA®™® Valdivia San Juan 5578149 635652
TORN®® Valdivia Tornagaleones 5584788 660589

* These approximate the locations of the water sampling points

% Watersheds used for model development when sample size was 8-9

" Watersheds used for model development when sample size was 14-15

tree ages; this category also includes dwarf trees
(krummbholz), typical of timberlines, which could
be between 2 and 8 m in height. (5) Plantations
with adult trees (12-22 years old, >75% canopy
cover) and (6) Plantations of young trees
(1-5 years old, <25% canopy cover). Plantations
are composed of either Pinus radiata or
Eucalyptus spp. Plantations of intermediate ages
(611 years old) were not found. (7) Other cov-
ers, including small lakes, wetlands, roads, urban
sites, snowfields, and bare soil. As this combined
category generally occupies a small proportion
( < 5%) of the studied watersheds, and likely has
a minor effect on hydrologic variables, we did not
consider it in the analyses. Furthermore, we did
not want to have an excessive number of
independent variables, as our sample size was
relatively small (9-15 watersheds).

Precipitation and water flow

Chile’s Lake Region is characterized by a humid
temperate climate with a moderate Mediterra-
nean-type climatic influence (di Castri and Hajek
1976). There is year-round precipitation ranging
from 1,100 to 5,000 mm (Pezoa 2003). Our data
showed that most of our hydrologic variables

changed only between 0 and 10% on a monthly
basis, but we are aware that stream variables can
change even more over the long term (Little 2005,
and personal communication). Therefore, we
discriminated between two sampling seasons, a
rainy season (July-September) and a drier season
(January-May), considering that monthly pre-
cipitation during those respective periods is usu-
ally above and below the monthly mean
precipitation. Notwithstanding, we consider our
samplings to be representative of the particular
months in which the water samples were col-
lected, but not necessarily of the overall season.
In order to develop models for these contrasting
seasons, we studied the rainy season of 2003 and
the dry seasons of 2003 and 2004.

Precipitation is an important predictor because
it can affect the delivery of nutrients from the
land surface to streams by determining the
volume and rate of runoff (Moore et al. 2004).
Rainfall was recorded with rain gauge collectors
connected to a HOBO Data Logger (Onset
Computer Corporation, Massachusetts, USA). In
addition, daily information was obtained from
small pluviometers (area = 95 cm?) installed in
each watershed. Rain gauges and pluviometers
were installed in open areas (no trees within 20 m
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of the measuring point) of eight watersheds in the
neighbourhood of the water sampling points.
Some watersheds were very close to each other,
and we assumed that the amounts of precipitation
that they received were very similar when no data
were available for a particular watershed. Daily
measures were taken from August 2002 to March
2004. Rainfall was analyzed as accumulated pre-
cipitation over the season (rainy or dry) and as
the coefficient of variation (CV) calculated from
the daily measurements. This coefficient is a
measure of how variable precipitation is. The
effects of extreme rainfall events on streams can
be predicted from this coefficient.

Stream water discharge was estimated from
daily visual observations of rods measuring water
levels. This method was calibrated against direct
evaluations of stream flow by the velocity-area
method; thus, the cross-sectional area and the
current velocity were measured several times with
a Hydro-Bios Kiel Cat. 445 500-033 (Germany)
current meter during the study period 2002-2004.
The relationship between water level and water
flow was determined using linear and quadratic
equations. Stream water discharges were ana-
lyzed as mean values and as coefficients of vari-
ation calculated from the long-term data collected
for each season. We also measured stream flow
directly once or twice every season, visiting each
site at the same date for water sample collection;
those measurements were recorded as instanta-
neous flow.

Daily readings from pluviometers and rods
were taken between 9 and 10 A.M.

Geomorphology

Geomorphology deserves attention because some
of its components, such as the watersheds’ slopes,
can also control the delivery of nutrients to
streams (Dillon and Molot 1992; Moore et al.
2004). All these variables were calculated using
the Spatial Analyst extension of ArcView 3.2. We
expressed geomorphology as the mean slope of
each watershed, averaging each cell across the
watershed. We also considered the differences
between the maximum and minimum elevations
of each watershed. Furthermore, the compound
topographic index (CTI) was incorporated into
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models, as it has been shown to be a powerful
geomorphic variable in many other studies (e.g.,
Quinn et al. 1995; Yang et al. 2005). This index is
expressed as

CTI = In(a/tanp)

where In is the natural logarithm, a is the upslope
contributing area per contour length for each land
pixel, tan is the tangent function, and f is the
slope of the respective pixel. CTT was calculated
for cells of 25 m x 25 m across the entire wa-
tershed, and then it was averaged in order to
obtain a unique value for each watershed. High
CTI values generally indicate landscapes with
gentle slopes, and low CTI values generally indi-
cate landscapes with steep slopes.

Water quality

A set of standard variables for water quality
assessment was measured at the lower limit of
each watershed once or twice every season. We
purposely sampled after at least three days with-
out heavy rains, to avoid collecting from storm
flows. Selected variables (e.g., conductivity, tem-
perature, nutrients, etc.) are relevant to water use
by humans; in addition, they can influence the
autochthonous productivity of the stream, there-
by indirectly affecting food available to fish. By
way of example, moderate concentrations of ni-
trate and ammonium are needed to support
stream productivity and, therefore, fish popula-
tions (Stockner and Shortreed 1978; Stockner and
Maclsaac 1996). In addition, high concentrations
of nitrate favour excessive algal growth, causing
water eutrophication (Vitousek et al. 1997). In
general, water quality is important for sport fish-
ing and salmon farming (Soto and Lara 2001).
Conductivity and pH were measured in a
beaker in the field using 250-ml samples of water
taken from the surfaces of pools (where speeds
were below 70% of those measured in the centers
of the streams). We used the following Thermo
Orion sensors (United Kingdom): conductivity,
DuraProbe Epoxy graphite cells (range
0-1999 uS cm™); for pH, Aqua Pro pH flat sur-
face. For temperature measurements, we inserted
a multiparameter Thermo Orion Model 1230
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probe into the centers of the streams, waiting for
the readings to stabilize before recording them.

Water nutrient samples were collected in 11
plastic bottles that had been previously washed
with 1% chlorhydric acid. The bottles were first
rinsed with 100 ml of water taken from a central
point on the streams’ surfaces. The bottles were
capped and shaken, and the water was discarded.
Thereafter, 950 ml samples were taken, the
capped bottles were kept at cool temperatures
(below 5°C) and the samples were frozen within
6 h of being collected. Samples were analyzed
within 1-2 weeks of being collected. Nitrate was
measured by the cadmium reduction method,
ammonium was measured by the phenol salt
method, orthophosphate was measured by the
heptamolybdate method, total phosphorus was
measured, after oxidation and autoclaving, by the
heptamolybdate method, and dissolved organic
nitrogen (DON) was measured, using filtered
water, by the Kjeldahl method, discounting
ammonium concentration. The lower detection
limit was <1 pg 1. Methodologies for these
analyses can be found in Wetzel and Likens
(1979) and Zahradnik (1981).

Data analysis

Water quality and flow regime variables were
analyzed separately as dependent variables. For
predictors, we used six land cover types (prairies,
shrublands, old-growth and second-growth native
forests, and adult and juvenile plantations),
watershed area, seasonal precipitation, the coef-
ficient of variation of daily precipitation
throughout the respective season, the mean slope
of each watershed, the difference between the
maximum and minimum altitudes for each
watershed, and the compound topographic index.

We included the predictors in the following
order: first, land cover and watershed area only;
then we added precipitation, and, finally, we
added geomorphology. This was done in order to
evaluate whether improvements in explicative
power could be made by including more and
more predictors, especially for those watersheds
distributed at a regional scale (see below).

In order to avoid the problem of colinearity
between predictors, we had to use orthogonal

predictors: we calculated Pearson correlation
coefficients (r) to select only variables with non-
significant associations among them. Moreover,
we developed several models for the same
dependent variables using different sets of pre-
dictors, none of which were correlated with other
predictors within the same equation.

We used a forward stepwise multiple regres-
sion analysis to determine the most explicative
model for water quality and flow regime, using
the Statistica 6.0 software (StatSoft, Inc., Tulsa,
Oklahoma, USA; Module Statistics, Multiple
Regression: the F-to-enter was set at 0.0001 and
the F-to-remove at 0). With such a low F-to-enter,
we were assured that all predictor variables could
potentially enter the model, but we finished the
addition of variables manually when the next step
produced an increase of less than 0.05 (5%) in
R%adj') (the adjusted coefficient of multiple deter-
mination), and the model was statistically signifi-
cant at P < 0.05. This modality produced results
identical to those that would have been obtained
by following the backward stepwise protocol. We
disregarded other more restrictive procedures,
such as those fixing the P-to-enter and the P-
to-remove at 0.05 and 0.10, respectively (Sokal
and Rohlf 1995), because they produced fixed
solutions that impeded to stop the addition of
variables when the maximum R7, ;| was obtained.
Instead, we used a combination of manual and
computer procedures to avoid the inclusion of an
excessive number of independent variables. This
was due to our unavoidably small sample size; in
Chile the Water Agency (Direccion General de
Aguas, DGA) only collects data for major rivers
(Pefia 1999), and therefore our study of small
watersheds required the special collection of data
in streams not monitored by DGA. However, this
sample size is representative for Chile’s Lake
Region; other areas of the world, like the United
States, require much larger data sets (Herlihy
et al. 1998; Moore et al. 2004).

As our sample units (i.e., the watersheds) were
about the same in all analyses, we used the
sequential Bonferroni test based on the Dunn-
Sidak method for correcting the type I error o
values (Sokal and Rohlf 1995).

We constructed linear models. Although nat-
ural phenomena do not necessarily have linear
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relationships, these models are the simplest ones,
and they provide a starting point that can be
made more complex with other mathematical
relationships if the linear equations fit the ob-
served data poorly. All equations were checked
for normal distributions of raw residuals. When
this assumption was not met, we logarithmically
transformed the dependent variables.

We began our study with data for 11 water-
sheds from the 2003 dry season. The watersheds
were located in two large basins in the Lake
Region, the Valdivia River basin (the acronyms
for each watershed in this basin are as follows:
CUGA, JOA1, JOA2, LLAN, PILO, PLAT,
SEND, SJUA, and TORN) and the Bueno River
basin (containing the CHAN and MANZ water-
sheds) (Fig. 1). Thereafter, we increased the
number of watersheds to 17. The new watersheds
were from the southern portion of the study area,
including the Maullin River basin (watersheds:
GATI, LAN1, and QUEM), another site from the
Bueno River basin (NILQ), and two other sites
from the Valdivia River basin (GUIN and
MINA). Although this progressive increase in
sample size was unintentional, it later enabled us
to develop models with different numbers of
watersheds and with geographic areas of different
extents. Therefore, we carried out two analyses:
one with a maximum sample size of nine water-
sheds, and another with a maximum sample size

of 15 watersheds. The exact number of sites de-
pends on the particular variable under analysis,
because not all variables were measured for all
available watersheds. The addition of six water-
sheds appears to be a modest increase in absolute
terms, but, proportionally, it represents a general
increase of 67% (up to 75% in the case of nitrate
concentration; compare Table 5 with Table 2).
Furthermore, the point of our study lies in the
effect of including new watersheds, located in
different areas than the original ones, rather than
the effect of increasing the number of sites.

Results

In Appendix 1 we show the ranges of the vari-
ables studied, as well as their mean values.

Regional models

At first, we used only land cover and watershed
area as predictors (Table 2). The sample size was
set at 15 watersheds distributed over a regional
scale (Fig. 1), in order to allow comparisons with
the same site numbers and identities presented in
Table 3. In few cases, logarithmic transformation
of the variables did not normalize the residuals.
Generally, the explained variation (R%ad”) was

poor, and in spite of the apparent statistical

Table 2 Regression analysis of water variables against land cover and watershed area only, for watersheds distributed on a

regional scale

Variable Rainy season 2003 Dry season 2004

R%adj.) F* df P n  Res R(Zde.) F ad P n  Res
Log;o (conductivity) 0.230 3.1 2,12 0082 15 x 0.594 6.1 4,10 0.009 15
Temperature 0.571 72 3,11 0006 15 » 0.376 52 212 0023 15
Logo [NO3] 0.149 33 1,12 009 14 » 0578 54 49 0017 14 »
Logio [NHZ] 0.259 59 1,13 0.030 15 » 0.260 59 1,13 0.030 15 x
Log;o [DON] 0.042 1.6 1,13 0226 15 v
Log,, [PO3] 0.293 39 212 0050 15 » 0.541 51 410 0.017 15
Logyo [total P] 0.231 52 1,13 0040 15 x 0.407 42 311 0033 15 »
Instantaneous water flow 0.734 6.5 7,7 0012 15 » 0.778 174 3,11 0.000% 15
Mean water flow 0.693 157 2,11 0.001* 14 » 0749 140 3,10 0.001* 14
Coefficient of variation of water flow 0.141 31 1,12 0102 14 »~  0.597 74 3,10 0.007 14
Mean R? 0.367 0.492

(adj.)

Asterisks indicate statistically significant models according to the sequential Bonferroni test. Some variables (pH, and DON

for the rainy season of 2003) are missing because the sample sizes for these variables were below seven

? Abbreviations: F = Fisher value; df = degrees of freedom; P = probability; n = sample size; Res = normal distribution of

residuals; DON = dissolved organic nitrogen
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significance of several models, only water flow
was truly statistically significant after the Bon-
ferroni’s correction (asterisks in Table 2). The
mean R%adj‘) was 0.367 and 0.492 for the rainy and
dry seasons, respectively.

Therefore, we decided to include precipitation
as a predictor. Again, only about half of the
models explained more than 50% of the variation
(Table 3). Most models were statistically signifi-
cant at P < 0.05, but temperature and water flow
produced more statistically significant models
(according to Bonferroni’s test). The mean values
for the rainy and dry seasons R%ade were 0.454
and 0.522, respectively. Although some particular
equations improved their explained variation
(e.g., conductivity and total phosphorus; compare
Tables 2 and 3), the overall result is only a slight
improvement (3-9%) compared to the models
that only considered land cover and area, and we
conclude that the explicative power of many re-
gional models continues to be poor.

In order to evaluate the possible contributions
of different geomorphologies to the unexplained
variations at the regional scale, we included the
mean slope, the difference between the maximum
and minimum altitudes of each watershed, and
the compound topographic index as predictors.
We found that in about 50% of the cases ana-
lyzed, the R(zadj.) increased, in some cases notice-
ably (e.g., nitrate and DON, Table 4). Some

models turned out to be statistically significant in
comparison with those of Table 3 (e.g., nitrate
and coefficient of variation of water flow). The
mean R%adj‘) also improved (60-66%) (Figure 2).

Local models

We analyzed data from a more restricted latitu-
dinal range, using only land cover and watershed
area as predictors (Table 5). This analysis was
conducted because we obtained good R%adj'>
values for the dry season of 2003 using these
predictors (n = 9 watersheds, located in the con-
tiguous Valdivia and Bueno river basins, Fig. 1).
These data are not shown, as we only had data for
nine watersheds and we could not verify whether
the results were similar with a more comprehen-
sive set of 15 watersheds. Instead, comparisons
were possible with the other seasons (rainy 2003
and dry 2004). It is striking that the explained
variation increased in most cases when comparing
Table 5 with Table 2: several Rzad.) values were
very high (> 0.9) during the dry season (e.g.,
conductivity and nitrate, Table 5). During the
rainy season, the explained variation was gener-
ally lower than it was during the dry season
(e.g., orthophosphate and water flows). This is
shown by comparing mean R%adj_) values of both
seasons, being 0.681 for the rainy season versus
0.870 for the dry season. Both values can be

Table 3 Regression analysis of water variables against land cover, precipitation, and watershed area, for watersheds

distributed on a regional scale

Variable Rainy season 2003 Dry season 2004

R%adj.) P daf P n  Res R(Zﬂdj.) F ad P n  Res
Log;o (conductivity) 0.500 80 2,12 0006 15 » 0.683 110 3,11 0.001 15
Temperature 0.707 123 3,11 0.001* 15 » 0.515 47 410 0021 15
Logo [NO3] 0.149 33 1,12 009 14 » 0578 54 49 0017 14 »
Logio [NHZ] 0.259 59 1,13 0.030 15 » 0.260 59 1,13 0.030 15 x
Log;o [DON] 0.042 1.6 1,13 0226 15 v
Log,, [PO3] 0.421 6.1 212 0.015 15 » 0.541 51 410 0.017 15
Logyo [total P] 0.479 74 212 0008 15 » 0427 45 311 0028 15 »
Instantaneous water flow 0.734 6.5 7,7 0012 15 » 0.778 174 3,11 0.000% 15
Mean water flow 0.693 157 2,11 0.001* 14 » 0749 140 3,10 0.001* 14 »
Coefficient of variation of water flow 0.141 31 1,12 0102 14 »~  0.648 9.0 3,10 0.003 14
Mean R? 0.454 0.522

(adj.)

Asterisks indicate statistically significant models according to the sequential Bonferroni test. Some variables (pH, and DON

for the rainy season of 2003) are missing because the sample sizes for these variables were below seven

?Abbreviations: F = Fisher value; df = degrees of freedom; P = probability; n = sample size; Res = normal distribution of

residuals; DON = dissolved organic nitrogen

@ Springer



Biogeochemistry (2006) 81:313-329

322

paINQLISIP A[[RULIOU 9IoM S[ENPISAI [V

UBQUI SIY) UIYIIM PIIOPISUOD Os[e 21om AFojoydiowroas jo uoisnpour oy} yiim aao01dwl jou pIp jey) s[opow I0J sanfea 9], ,

159 IuoLIuOg [enuanbas dy3 03 FUIPIOOE S[OPOW JULOYIUSIS A[[BOHSHE}S AJBIIPUL SYSLIAISY

uafonru o1edio paajossip = NO( :ozis o[dwes = u (K)iqeqoid = g7 ‘wopaa1j Jo s92I30p = Jp ‘on[ea IaysL] =,/ :SUONBIAAIQQY/,

A3ojoydrowoad Furjerodioour Aq poASIYdE Sem S[OpOW JO judwAoIdwl ou uaym Inddo (aInjeradurd) “o°1) so[qerrea Juissiur 1o sooeds Aydwg

$09°0 1990 L0y ueay
MOJJ IdJem
JO uorneLIeA
YL €00 11T €% vEE0 1710 30 JudYFa0)
BO@ Idjem
ST %0000 TI'T 059 1060 8LLO snosuejuRISU]
ST 1100 ZTI'T 89 570 LTF0 ST «0000 TIT  TLL L69°0 6LY°0 [d 1®107] 01807
ST 7000 TIT 801 ¥85°0 12h0 [LFOd] ©*801
ST «T000 TI'€ STl LTILO w00 [NOd] **so1
ST «0000 OIF T6€ 916°0 65C°0 [YHN] ©'301
¥I  L100  §S S¢ $£9°0 6¥1°0 [EON] ©'801
ST 000 1T’ 86 €590 00s'0  (A&1anonpuod) 01307
A3ojoydiowoad £3ojoydiowoo3 A3ojoydiowoad £3ojoydiowoo3
u d Ip A mim (fpe) .y mompm (fpe) yy  u od Ip ol mm (lpe) y o (fpe) Ly

007 uoseas A1Qq

€00C UOseas Aurey]

JqeIreA

xoput orgderSodo) punodwoo ueow aY) pue ‘poysIojem [OBd JO SIPNIII[E WNUWITUTUT
pUB WNWIXBW 91} Ud9M}q 90UIJIP ) ‘@do[s ueowr oy} se passaidxa sem siy ], *10301paid e se A3ojoydiowoasd Junerodioour uoym sfopout jo juoworoidw] ¢ qer,

pringer

Qs



Biogeochemistry (2006) 81:313-329

323

Table 5 Regression of water variables against land cover and watershed area, for watersheds distributed in neighbouring

large basins (Valdivia and Rio Bueno)

Variable Rainy season 2003 Dry season 2004

R? (adj.) F° ad P n  R*(adj.) F a P n
Log;o (conductivity) 0.397 36 26 0092 9 0.921 475 2,6  0.000+ 9
Temperature 0.797 88 44 0029 9 0.762 95 35 0.016 9
Logo [NO3] 0.939 227 52 0043 8 0.961 356 52  0.028 8
Logio [NHZ] 0.807 94 44 0026 9 0.646 59 35 0.043 9
Log;o [DON] 0.845 9.7 53 0.045 9
Log, [PO3] 0.401 1.9 62 038 9 0.984 84.1 6,2  0.012 9
Logyo [total P] 0.519 39 35 008 9 0.984 849 62 0.012 9
Instantaneous water flow 0.701 19.8 1,7 0.003 9 0.903 38.0 2,6 0.000* 9
Mean water flow 0.633 79 2,6 0.021 9 0.940 220 62 0.044 9
Coefficient of variation of water flow 0.935 29.6 44 0.003 9 0.757 9.3 3,5 0.017 9
Mean R? 0.681 0.870

(adj.)

Asterisks indicate statistically significant models according to the sequential Bonferroni test. Some variables (pH, and DON
for the rainy season of 2003) are missing because the sample sizes for these variables were below seven

? Abbreviations: F = Fisher value; df = degrees of freedom; P = probability; n = sample size; DON = dissolved organic

nitrogen

All residuals were normally distributed

considered to be relatively good, considering the
limited set of predictors. Again, most models
appeared to be statistically significant, although
the Bonferroni’s test determined that only two
models (conductivity and instantaneous water
flow, Table 5) were truly significant. In sum, with
a sample size of nine watersheds in neighbouring
basins, we can adequately explain the water
variables from our predictors (land cover and
area), without including precipitation and geo-
morphology, as we did in the regional analysis. If
we include precipitation, the mean R%adi‘) in-
creases to 0.713 and 0.888 for rainy and dry sea-
sons, respectively (Fig. 2). Finally, the inclusion
of geomorphology also helps to improve the
models (0.855 and 0.938, respectively).

Potential confounding factors

The increase in explicative power shown in Fig. 2
could be caused by an increase in the number of
predictors needed to develop the respective
models (Table 6). This increase is unavoidable
because, in the stepwise regression, we aimed to
find the R%adj') near the asymptote in a plot of
explained variance versus the number of predic-
tors, thereby obtaining models with an acceptable
R%adj.), but without including an excessive number

of predictors. Thus, we did not control for the

100
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90 4 ——

85 N
30 4 Local models _ -~

75 4 ///

70 4 o
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Mean explained variance (%)
|

T
Land cover+
watershed area+
precipitation +
geomorphology

T
Land cover +
watershed area+
precipitation

T
Land cover+
watershed area

Predictors

Fig. 2 Increase in explicative power of stream variables
when additional predictors are incorporated. Black sym-
bols: rainy season; white symbols: dry season

number of variables entered in the final model.
Even bearing this in mind, the percentage of
explained variation per predictor increased when
going from regional models, that only considered
land cover and area, to those that also included
precipitation and geomorphology (Table 6). The
same trends were found with the models devel-
oped at local scales (n = 9), which generally had
the highest explained variation per predictor.
Although this variation, on a per predictor basis,
is narrow, it suggests that not all the increase in
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Table 6 Variation in the number of predictors as a function of the type of predictors considered for the evaluation of
relationships with hydrologic variables in southern Chilean watersheds

Predictors Rainy season

Dry season

Mean number
of predictors

Explained variation
per predictor (%)

Mean number
of predictors

Explained variation
per predictor (%)

Regional models

Land cover + watershed area 2.2

Land cover + watershed area 2.3
+ precipitation

Land cover + watershed area 3.3
+ precipitation + geomorphology

Local models

Land cover + watershed area 3.4

Land cover + watershed area 3.2
+ precipitation

Land cover + watershed area 4.7

+ precipitation + geomorphology

18.7
215

23.0

253

26.5

20.6

2.8 17.6
2.9 18.1
29 227
41 24.8
4.7 19.5
5.0 19.4

explicative power is due to the higher number of
predictors in the more complete models.

Discussion
On the model structure

We determined that hydrologic variables can be
explained by land cover, watershed area, precip-
itation, and geomorphology. The variation in
some variables was better explained when pre-
cipitation was considered, but the mean increase
in R%adj‘) in these cases was slight when compared
with analyses made using land cover and area as
the only predictors. Although some studies do use
precipitation as a predictor (Graham 1999; Moore
et al. 2004), other similar studies only use land
cover as a predictor (Herlihy et al. 1998; Strayer
et al. 2003).

Most dependent variables (except daily water
flow) were only measured once every season.
Many predictors, such as land cover, watershed
area, and geomorphology, are generally fixed
values that do not vary with the season; it is
perfectly logical to associate these predictors with
fixed dependent variables. However, the other
predictor, precipitation, varies with the season
and was calculated from a dynamic variable that
changes on a daily basis. Using this synoptic
expression of precipitation, we still developed
models with a good percentage of explained

@ Springer

variation (n = 9, Figure 2). As we also collected
daily precipitation data, it would be possible to
make further refinements of the models that
consider the amount of rainfall some days before
the collection of water samples. This would pro-
duce more realistic models, but we probably
would not gain enough explicative power to jus-
tify the task, except in those cases with low R%adj'>
values (Tables 3, 5).

Thus, although instantaneous measures of
water quality and quantity are not necessarily
good descriptors of stream properties throughout
the season, they correspond fairly well to static
(e.g., land cover, total area, and geomorphology)
and dynamic (e.g., rainfall) properties of the
watersheds, as Herlihy et al. (1998) have also
found for their static measures.

Trade-off between watershed homogeneity
and sample size

When we considered only a maximum of nine
watersheds, the percentage of explained variation
was quite high, even though the watersheds were
relatively small; Strayer et al. (2003) have dem-
onstrated that high explained variation is not ex-
pected for small watersheds (1-10 km?).
Moreover, we could have expected a low proba-
bility of detecting statistically significant models,
because of our small sample size compared to
other studies (Herlihy et al. 1998; Caraco et al.
2003; Strayer et al. 2003), as levels of significance
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and Rzadj' depend on the sample size (Sokal and
Rohlf 1995). Apart from the Bonferroni’s cor-
rection, we had statistically significant results,
probably due to the relative homogeneity in those
predictor variables that were not considered in
our models for the watersheds distributed across
the contiguous Valdivia and Bueno river basins of
the Lake Region. In other words, the differences
in water variables would mainly be the conse-
quences of varying land covers and watershed
areas, the exact variables that we are considering
at local scales. On the contrary, when we ex-
panded our study to include the Maullin River
basin, including some watersheds from the
aforementioned basins, the R%ad.‘ decreased
noticeably (Tables 2 and 3). This decrease prob-
ably due to subjacent variables, including geo-
morphology, geology, and edaphology (see
below), that contribute to the differences in the
hydrologic variables.

According to Strayer et al. (2003), in a similar
study of 110 watersheds in the United States,
increasing the number of watersheds and, in turn,
increasing the geographic range, lowers the R%adj')
(maximum 0.55) because there are further varia-
tions in plant species composition, climate, and
soils. As they did not include precipitation as a
predictor in their models, this would probably
have improved their results. On the other hand,
Herlihy et al. (1998) included 368 watersheds in
their study, obtaining a modest maximum R(zadj')
(0.48), and discovered that they could drastically
improve it by restricting their analyses to an
ecoregional level (maximum 0.89) or to the main
drainage basins (maximum 0.92). To obtain an
explained variance of more than 80%, the sample
size usually had to be reduced to less than 20
watersheds (Herlihy et al. 1998). Thus, the issue
of geographic scale is intensified as the sample
size increases. This is in contrast with laboratory
studies, which produce better adjustments when
the sample size increases.

Geomorphology

Typical watersheds with good adjustment in our
models are SJUA, JOA1, JOA2, and PLAT, in
the Coastal Range, CUGA, PILO, LLAN,
SEND, and TORN, in the Loncoche Range, and

MANZ and CHAN, in the Andean Range
(Fig. 1, Table 1). These watersheds have moun-
tainous geomorphologies, which contrasts with
those of some flat watersheds, which did not
produce good adjustments in our models: NILQ,
which is located in the transition zone between
the Intermediate Depression and the Andean
Range, and GATI, LAN1, and QUEM, which are
entirely within the Intermediate Depression.
Only GUIN and MINA are mountainous (they
are discussed below in more depth). All of the flat
watersheds have mean slopes of less than 5°. For
instance, those of the Maullin River basin are
characterized by rivers with multiple meanders, a
pattern that is typical of flat landscapes. In
Table 4, we demonstrated that the explained
variation could be improved by including geo-
morphology as a predictor. Dillon and Molot
(1992) and Creed and Band (1998) have also
reported that watershed slope and other topo-
graphic characteristics were correlated with
nitrate exports in Canada. Even so, some
unexplained variation still remains in our study,
which may be the consequence of other factors,
including geology or edaphology.

Geology and soils

Other studies (Johnson et al. 1997; Allan and
Johnson 1997) have demonstrated that, among
other variables, geology is an effective predictor
of some chemical characteristics of water (e.g.,
nitrogen, alkalinity, and total dissolved solids) in
Michigan, USA. We do not have quantitative
data for all aspects of geology and soils (e.g.,
cover of particular rocks, concentration of various
soil nutrients, soil density, pH, etc.). In these
cases, it is common practice to conduct the
analysis in blocks of restricted areal extension
(Herlihy et al. 1998; Strayer et al. 2003), as we did
with the Valdivia and Bueno river basins, in order
to decrease the amount of variation expected for
broad geographic scales (Table 5). Therefore, we
can ask whether geology and soils really vary at a
regional scale, and inversely, whether they are
roughly constant at smaller local scales. We can
mention the following background, which would
explain a portion of the variation in water vari-
ables that our predictors do not account for on a
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regional scale. Both the Coastal and the Lonc-
oche Ranges are composed of metamorphic
rocks, consisting mainly of mica schist with quartz
lenses (SERNAGEOMIN 1998). In some places,
these rocks are overlaid by Tertiary marine sedi-
ments (Martinez and Pino 1979; Le Roux and
Elgueta 2000). Although GUIN and MINA (two
anomalous watersheds) are apparently located
over the dominating Palaeozoic metamorphic
rocks, closer inspection reveals that they are
actually situated in Tertiary marine basins (i.e.,
they have a different basement than do the well-
adjusted watersheds located in these ranges).

On the other hand, NILQ is located within a
zone with deposits mainly produced by volcano-
clastic fluxes from the last interglacial period
(about 100,000 years ago). MANZ and CHAN,
which yield good adjustments in our models, are
characterized by the typical Andean volcanic and
plutonic outcrops (SERNAGEOMIN 1998).
South of UTM 5,450,000 m (Fig. 1), the inter-
glacial deposits are replaced by till and outwash,
belonging principally to the last glaciation
(20,000 years ago, Heusser 1974). Over the out-
wash plains, Holocene volcanic ash was depos-
ited, and edaphic processes transformed @ it,
producing colloidal iron deposits. These kinds of
soils, with extremely low permeability, formed
bogs and ‘‘fiadis”, which are denominations for
both soils and their associated vegetation. Such is
the situation with LAN1, GATI, and QUEM.

Regarding edaphology of the other watersheds,
those of the neighbouring Loncoche and Coastal
Ranges have volcanic soils dating to 125,000 years
ago. NILQ and CUGA are characterized by
modern volcanic ashes, while MANZ and CHAN
possess stratified ashes (Mella and Kiithne 1985).

In summary, in several cases considered here,
well-adjusted and poorly-adjusted watersheds are
fundamentally different in geomorphology, geol-
ogy, and soils. In other cases, the two kinds of
watersheds have many characteristics in common.
Not necessarily all of the factors invoked, or any
in particular, are responsible for the loss of
adjustment in a/l anomalous watersheds. In some
cases, one might be more important than another,
or combinations of several causes might produce
the loss of explicative power in our models.
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Other idiosyncrasies

GUIN had the lowest possible transparency
value. These turbid waters may result from the
lowest portion of the watershed (next to the
sampling point), as this area has been almost
completely denuded. Since the beginning of 2002,
GUIN has been planted with eucalyptus. This has
caused an inconsistency with the predictions of
clearer waters from the prevalent land cover in
that watershed (mainly native forests) (Otero
et al. 1994; Iroumé 2003). This may be a source of
noise in some of our models.

Finally, Strayer et al. (2003) point out other
factors that hamper the achievement of com-
pletely explained models, including: measurement
error in some variables, differences in species
composition within the same land cover category
that has been assumed to be homogeneous, and
the assumption that land cover instantaneously
affects the stream variables (i.e., a time lag may
exist between dependent and independent vari-
ables).

Conclusions

We conclude that hydrologic variables can be
adequately explained within restricted geo-
graphic scales (i.e., a high R* can be obtained),
based on land cover and watershed area, only
when the watersheds are relatively similar to
one another in those factors not included in the
models (e.g., geology, relief, and soils). If the
landscape encompassed by the watersheds is
heterogeneous, the explained variation is
expected to be lower. We have demonstrated
that models of landscapes on a larger geographic
scale could be improved if there are sufficient
data to add new predictors, such as geomor-
phology. However, it may be impractical or
costly to measure many variables if we consider
that we must simultaneously increase the num-
ber of watersheds to create robust models,
especially when the sample size is relatively
small (Herlihy etal. 1998). Adding more
watersheds may further increase the variation
that must be explained, making it necessary
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to incorporate more and more predictors.
Therefore, the trade-off between sample size
and watershed homogeneity can result in a
never-ending positive feedback loop. Alterna-
tively, we could increase the sample size at a
local scale, but this will result in a loss of spatial
generality.

In summary, the distribution of sampling points
at different geographic scales is likely to result in
the aforementioned phenomena, regardless of
what variables are measured.
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Appendix 1 Ranges of the variables measured or estimated from the 17 watersheds studied

Variable Rainy season 2003 Dry season 2004

Mean Minimum Maximum Mean Minimum Maximum
Water quality variables
Conductivity (uS cm™) 312 17.0 91.0 59.3 19 181
Temperature (°C) 7.8 43 10.1 15.1 11.3 19.1
pH 8.0 6.7 9.3 8.1 7.7 8.5
[NO3] (ng 1) 54.0 33 157.8 59.0 29 386.0
[NHZ] (ng I 72 1.0 39.6 69.5 1.2 966.0
[Dissolved organic nitrogen] (DON) (pg I™) 70.2 7.5 141.5 66.5 25.8 230.6
[POF] (ng ™) 10.3 1.3 67.6 32.5 2.9 153.4
[Total phosphorus] (ug 1) 16.9 51 94.5 45.7 59 221.1
Water flows
Instantaneous flow (m> s™) 0.956  0.015 5.832 0.119  0.012 0.288
Mean water flow (m> s™) 0.806  0.072 2.097 0272 0.010 1.049
Coefficient of variation of water flow (%) 48.5 8.0 96.0 60.7 5.9 153.7
Precipitation
Seasonal rainfall (mm) 7762 316 1967 159.6 46 325
Coefficient of variation of rainfall (%) 165.4 115.0 204.3 312.1 2121 360.8
Land covers (both seasons)
Old-growth native forest (%) 21.0 0.0 85.8
Second-growth forest (%) 36.1 4.8 84.0
Prairies (%) 9.9 0.0 47.5
Shrublands (%) 9.8 14 40.9
Adult tree plantations (%) 18.1 0.0 70.4
Juvenile tree plantations (%) 3.9 0.0 19.3
Watershed area (km?) 5.5 0.3 14.5
Geomorphology (both seasons)
Watershed mean slope (°) 9.7 0 17.3
Difference between maximum and minimum altude (m) 387 0 951
Compound topographic index (adimensional) 11.1 9.7 14.8
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