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Water Quality and Mass Transport in Four Watersheds in

Eastern Puerto Rico

By Robert F. Stallard and Sheila F. Murphy

Abstract

Water quality of four small watersheds in eastern Puerto
Rico has been monitored since 1991 as part of the U.S.
Geological Survey’s Water, Energy, and Biogeochemical
Budgets program. These watersheds represent a montane,
humid-tropical environment and differ in geology and land
cover. Two watersheds are located on granitic rocks, and two
are located on volcaniclastic rock. For each bedrock type, one
watershed is covered with mature rainforest in the Luquillo
Mountains, and the other watershed is undergoing reforesta-
tion after being affected by agricultural practices typical of
eastern Puerto Rico. A subwatershed of the Icacos watershed,
the Guaba, was also monitored to examine scaling effects. The
water quality of the rivers draining forest, in the Icacos and
Guaba (granitic watersheds) and Mameyes (a volcaniclastic
watershed), show little contamination by human activities.
The water is well oxygenated and has a nearly neutral pH, and
nutrient concentrations are low. Concentrations of nutrients
in the disturbed watersheds, the Cayaguas (granitic rock) and
Canovanas (volcaniclastic rock), are greater than in the for-
ested watersheds, indicating some inputs from human activi-
ties. High in-stream productivity in the Candvanas watershed
leads to occasional oxygen and calcite supersaturation and
carbon dioxide undersaturation. Suspended sediment concen-
trations in all watersheds are low, except during major storms.
Most dissolved constituents derived from bedrock weathering
or atmospheric deposition (including sodium, magnesium,
calcium, silica, alkalinity, and chloride) decrease in concentra-
tion with increasing runoff, reflecting dilution from increased
proportions of overland or near-surface flow. Strongly bioac-
tive constituents (dissolved organic carbon, potassium, nitrate,
ammonium ion, and phosphate) commonly display increas-
ing concentration with increasing runoff, regardless of their
ultimate origin (bedrock or atmosphere). The concentrations
of many of the bioactive constituents eventually decrease at
runoff rates greater than 3 to 10 millimeters per hour, presum-
ably reflecting an increased relative contribution from over-
land flow. Sulfate behaves like the nonbioactive constituents in
the Candvanas, Cayaguas, and Mameyes watersheds but like
a bioactive constituent in the Icacos and Guaba watersheds.
Storms resulted in several anomalous sample compositions.
Runoff waters from a number of storms—mostly hurricanes,

but also other storms—have exceptionally high chloride
concentrations, presumably resulting from windborne seasalt
from the ocean, and low nitrate concentrations, reflecting a
dominance of maritime air masses contributing moisture to the
storms. High-potassium samples, without high chloride, are
also associated with some smaller storms that followed Hurri-
cane Georges in 1998; they are likely related to the breakdown
of fallen vegetation. Finally, occasional low-silica events are
observed in the Icacos and Guaba watersheds in the years prior
to Hurricane Georges, but not after; this difference may be
related to a change in hydrologic flow paths.

Introduction

The U.S. Geological Survey initiated the Water, Energy,
and Biogeochemical Budgets (WEBB) program in 1990 to
study water, energy, and biogeochemical fluxes and interac-
tions throughout a range of temporal and spatial scales (Lins,
1994). The WEBB site in eastern Puerto Rico represents
a montane, humid-tropical environment with a bedrock
geology typical of many parts of the world, and it therefore
provides an excellent platform for obtaining a better under-
standing of processes that control the composition of water
in other tropical environments (Larsen and others, 1993). At
the Puerto Rico site, four watersheds with different geology
and land cover can be compared (Murphy and others, 2012).
Two watersheds are located on coarse-grained granitic rocks
(Icacos and Cayaguas), and two are located on fine-grained
volcanic and volcaniclastic rocks (Mameyes and Candvanas).
For each bedrock type, one watershed is covered with mature
forest (Icacos and Mameyes), and the other watershed has
been affected by agricultural land use typical of eastern
Puerto Rico (Cayaguas and Candvanas). In addition, a sub-
watershed of the Icacos watershed, the Guaba, was studied to
examine scaling effects.

The warm, wet Luquillo Mountains of eastern Puerto
Rico are the headwaters of numerous streams and rivers,
including the Rio Icacos and Rio Mameyes (fig. 1). Visitors to
the El Yunque National Forest (which is contiguous with the
Luquillo Experimental Forest) typically visit the forest during
calm weather, when rivers are clear and gently flowing over
their beds. This water has a neutral pH and is well oxygenated,
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and if it is treated to make it potable, it is quite delicious—
presumably being flavored by the chemical breakdown of
bedrock, a little seasalt, and bit of dissolved organic matter.
Most visitors avoid the forest during intense storms, such as
hurricanes and major cold fronts, which turn the rivers into
muddy, raging torrents that threaten life and infrastructure.
Sometimes so much rain falls that entire hillslopes of soil
crash down in landslides. Occasionally, winds are so strong
that forest vegetation is shredded and large quantities of salt
spray from the ocean are blown over the forest. Less visible
contributions to the forest are made by atmospheric deposi-
tion; nitrogen in rainfall has almost doubled since it was first
monitored in 1985 (Stallard, 2012a). A fungus has led to a
die-off of some endemic frogs, and droughts and pollution
from North America, Europe, and Africa may have increased
the virulence of the infection (Stallard, 2001; Burrowes and
others, 2004).

The Rio Grande de Loiza watershed drains the western
flank of the Luquillo Mountains and the flatter area to the
west (fig. 1). Deforestation for hundreds of years (Gould and
others, 2012; Murphy and others, 2012) and the construction
of roads in steep terrain have increased surface runoff and
sediment delivery to streams (Larsen and Parks, 1997; Clark
and Wilcock, 2000). As Puerto Rico has urbanized during the
past half century, much of the island’s previously denuded
lands, including the Cayaguas and Candvanas watersheds, are
undergoing reforestation; however, stored sediment continues
to be released to the reservoirs and the ocean during floods
(Webb and Soler-Lopez, 1997; Larsen and Santiago-Roman,
2001). The water quality of rivers in the recovering landscape
is affected by runoff from remaining agricultural lands and
waste from domestic and industrial sources.

Factors Affecting Water Chemistry of Tropical
Rivers

The processes by which river waters acquire their com-
position, as related to the movement of water through soil
and its interaction with the overlying vegetation and underly-
ing bedrock, are an area of active research. Previous stud-
ies of large tropical rivers (Gibbs, 1967, 1972; Stallard and
Edmond, 1981, 1983, 1987, Stallard, 1985, 1988; Lewis and
others, 1987; Saunders and Lewis, 1988, 1989; 1990; Fox,
1989, 1993; Lewis and Saunders, 1989; Stallard and others,
1991; Devol and others, 1995; Edmond and others, 1995,
1996; Tardy and others, 2005, 2009) and of the Luquillo
Mountains (McDowell and others, 1990, 1996; McDowell,
1991, 1998; Lodge and others, 1994; McDowell and Asbury,
1994; Chestnut and others, 1999; Aitkenhead and McDowell,
2000; Chestnut and McDowell, 2000; Zeigler and others,
2005; Derry and others, 2006; Peters and others, 2006; Bhatt
and McDowell, 2007; Heartsill-Scalley and others, 2007;
Pett-Ridge, 2009; Pett-Ridge and others, 2009a,b; Shanley
and others, 2011) demonstrate that it is possible to classify
and organize river-borne chemical constituents on the basis
of their primary sources and bioactivity. Constituents that are

largely bedrock derived include calcium (Ca?"), alkalinity, sil-
ica (Si(OH),), and phosphate (—PO,*"). Phosphate is suscep-
tible to attaching to aluminum and iron oxides and hydroxides
and being lost from solution, and the preceding “— indicates
linkages with other constituents such as iron, aluminum, and
organic matter. Chloride (CI) and sulfate (SO,*) are largely
of seasalt origin; additional SO,* comes from the weather-
ing of sulfide minerals, sometimes exposed through mining,
and from atmospheric sulfuric acid, which has both natural
and combustion sources. The cations sodium (Na*), potas-
sium (K*), and magnesium (Mg?") are predominantly bedrock
derived, with lesser seasalt contributions. Siliceous bedrock is
a source of all of the bedrock-derived constituents, and Na*-
bearing and Ca**-bearing bedrock-forming minerals weather
the most rapidly and completely. Where present, carbonate
minerals are strong sources of Ca?', alkalinity, and sometimes
Mg*". Several constituents, such as nitrate (NO,"), ammonium
ion (NH,"), and dissolved organic carbon (DOC), are ulti-
mately derived from atmospheric gases that have chemical,
biological, and sometimes anthropogenic origins.

Biological processes associated with the growth and
maintenance of a forest can have a considerable effect on
the ultimate chemical composition of that water. The classic
model of nutrient cycling in tropical rainforests (Herrera and
others, 1978a,b; Stark and Jordan, 1978; invoked for Luquillo
by McDowell, 1998, 2001) is a tight, vertical, almost-closed
cycle where nutrients released from vegetation by throughfall
or decay are efficiently recovered by plant roots and reincor-
porated into vegetation as water moves through the upper
soil profile. Of the constituents studied here, K*, SO,*, DOC,
NO,”, NH,", and —PO,™, are strongly bioactive, and biological
processes, including this internal cycling, can have a profound
effect on their distribution in surface waters. The bioactivity
of these constituents is manifested by a strong enrichment
in throughfall (water that has interacted with leaves and
branches) compared with rainfall (Heartsill-Scalley and others,
2007) and in streams following hurricanes (McDowell and
others, 1996; Schaefer and others, 2000; Shanley and others,
2011). Sulfate, DOC, NO,", and NH," can be also be lost to the
atmosphere through transformation back into various gases.
All of the biologically active constituents have domestic and
agricultural sources.

The chemistry of underlying bedrock is a controlling
factor of the water chemistry of any river. In Puerto Rico’s
WEBB program watersheds, the two rock types primarily
differ in their quartz content: the granitic rocks typically
contain between 20 and 33 percent quartz, whereas the
volcaniclastic rocks have little or no quartz (Murphy and
others, 2012). The presence of quartz in bedrock leads to a
sandy texture in overlying soils and tends to increase their
ability to transmit water (Murphy and Stallard, 2012). Where
quartz is absent, as in volcanic bedrock, sand-sized grains in
associated soils and river sediments are rare (Johnsson and
Stallard, 1989; Johnsson, 1990), and soils are typically finer
grained and have lower permeability and infiltration rates
(Simon and others, 1990).
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The presence or absence of quartz in bedrock is clearly
evident in the channel forms of eastern Puerto Rico rivers
(see cover photograph). The two WEBB study-area rivers
that drain quartz-poor, volcaniclastic rocks (Mameyes and
Canovanas) have abundant exposed bedrock, bouldery beds,
and poorly developed flood plains and riparian areas. Many
nooks and crannies shelter aquatic creatures. In contrast, the
rivers that drain granitic rocks (Icacos, Cayaguas, and Guabd)
have beds of quartz sand, well-developed flood plains, and
extensive riparian areas, especially where their stream gradi-
ents are gentler. Their channels support hyporheic flow, and
the flood plains and riparian areas can modify water quality.

When quartz chemically weathers, it produces only
dissolved silica (Si(OH),), which is a common weathering
product of many silicate minerals. Therefore, quartz dissolu-
tion is difficult to differentiate from other reactions when one
examines solute composition alone (pitted quartz surfaces,
which have been observed on grains from the Icacos water-
shed, have been used to identify dissolution; Brantley and oth-
ers, 1986; Schulz and White, 1999). If quartz is ignored, the
remaining minerals in the granitic and volcaniclastic bedrock
types are similar, with a slight bias to more Mg- and Ca-rich
minerals in the volcaniclastic rocks (Smith and others, 1998,
their fig. 3, table 2). Therefore, solute signatures from weath-
ering of the granitic or volcaniclastic rocks should be similar.
Differences in solute composition, however, can be caused
by other rock types, such as carbonate rocks, sulfide ores, and
ultramafic rocks, or by indirect effects, such as different rates
and pathways for water movement through soils and the pres-
ence or absence of riparian areas.

The interaction between water, soil, and bedrock, as
manifested by the relation between concentration (C) and
runoff rate (R), appears to be similar in a wide range of riv-
ers, indicating a commonality in the physical and chemical
mechanisms that mobilize and export solutes from water-
sheds. Godsey and others (2009) compare data from the U.S.
Geological Survey Hydrologic Benchmark Network for 59
small, geochemically diverse watersheds in the United States

in landscapes that are not heavily affected by human activities.

They focused on chemical constituents that are derived from
bedrock weathering and are not biologically active—Na®,
Ca*, Mg*, and Si(OH),—and looked for crosscutting patterns
that would provide insight as to how these constituents were
acquired by the streams.

Godsey and others (2009) note that most streams demon-
strated a linear relation between log(C) and log(R),

log(C) = a + belog(R),

where « is a constant and b is a slope. A zero slope implies a
fixed concentration and is termed a “chemostat,” whereas a
slope of —1 implies a constant input rate of the constituent,
independent of runoff. A positive slope implies that increas-
ing rainfall and runoff serve to mobilize the constituent. For
Na*, Ca*", Mg*, and Si(OH),, b is typically negative, mostly
between —0.05 and —0.15 and is statistically different from

zero. The slightly negative slope is close to being a chemo-
stat, implying that subsoil processes substantially increase
the supply of these constituents in response to more water
flowing through the soil and that many watersheds respond in
a similar way, despite marked differences in geology, vegeta-
tion, and climate.

Godsey and others (2009) compared three simple models
that each successfully reproduce nearly log-linear relations
between runoff and constituent concentration. For two of these
models, the Hubbard Brook “working model” of Johnson and
others (1969) and the rapid, flow-through-reaction model of
Langbein and Dawdy (1964), the model relation has a sigmoi-
dal shape, leveling off at low and high runoff rates. Successful
models require that the concentrations of constituents in the
input to the soil reservoir greatly exceed those of rainwater
and could be thought of as soil-water concentrations. The
authors also develop their own strictly log-linear model, the
“permeability-porosity-aperture” model. This model assumes
that permeability, porosity, and average pore aperture decrease
exponentially with depth; precipitation rates are approximately
the same across a hillslope; flows through the watershed
behave according to Darcy’s Law; minimal flows originate
near the divide and the stream; and solute flux is proportional
to reactive surface area such that secondary and back-reactions
do not control solute fluxes (Godsey and others, 2009). The
model handles stored water.

The slope, b, of the permeability-porosity-aperture model
is derived from the depth-dependent e-folding lengths of
four different structural and chemical properties. The model
predicts that b should be the same for all bedrock-derived con-
stituents, although the authors allow that differences for slopes
among various constituents could be attributable to differences
in the depth distribution of reactive minerals throughout the
soil profile. The authors also caution against trying to derive b
from field measurements, stating “Any such attempt at direct
measurement [of the properties that go into determining the
slope] would be complicated by the spatial heterogeneity in
subsurface properties, as well as the large differences between
field and laboratory weathering rates.”

During big storms, water does not necessarily flow
through the soil profile. Storm events play a major, often dom-
inant, role in the mobilization of river-borne materials from
hillslopes and stream channels and in the transport of these
materials downriver (Wolman and Miller, 1960). In tropical,
high-runoff settings, near-surface and overland flow can be
more important than soil infiltration during storms (Elsenbeer,
2001, Godsey and others, 2004). Elsenbeer (2001) developed
a simplified classification scheme based on infiltration styles
(fig. 2). When rainfall intensities for a given locale exceed the
hydrologic conductivity (K_)) in the shallow parts of the soil
profile, water is shunted into shallower, lateral flow paths or
into overland flow. In hilly watersheds with shallow bedrock
or impermeable soils (Acrisols), surface lateral flow of water
will predominate (fig. 2), because K decreases rapidly in the
soil profile (a change of 2 or 3 orders of magnitude in the first
meter of soil). In contrast, in watersheds with deep, porous
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soils (Ferralsols), K remains high through the soil profile
(a change of 1 order of magnitude or less in the first meter
of soil), and deep infiltration is likely. In Acrisols, water and
nutrients can both leave the watershed during storms before
ever interacting with soil and roots.

For all soils, pipes and macropores (large-diameter con-
nected flow paths characteristically produced by soil cracks,
decayed roots, and burrows) can be sufficiently abundant
that they dominate infiltration and lateral shallow-soil flow.
Shallow-soil, overland, macropore, and pipe flow all pro-
vide pathways for water and solutes that modify interaction
with plant roots, especially during large storms (Beven and
Germann, 1982; Elsenbeer and Cassel, 1990; Elsenbeer and
Lack, 1996; Elsenbeer and others, 1996; Godsey and others,
2004, Kinner and Stallard, 2004; Chappell and others, 2005;
Larsen and others, 2012). In fact, macropore effects can domi-
nate soil-matrix flow at hillslope scale, considerably changing
how a soil might be classified according to figure 2 (Chappell
and others 1998, 2005).

The most intense rainfall events in eastern Puerto Rico
occur during hurricanes and large frontal storms. These large
storms shred and topple vegetation, generate landslides that
strip soils and vegetation off slopes, and substantially alter
stream-water chemistry (McDowell and others, 1996; Schaefer
and others, 2000; Heartsill-Scalley and others, 2007; Larsen,
2012). Although granitic soils have greater groundwater stor-
age and somewhat faster infiltration (Murphy and Stallard,
2012), in both the Mameyes and Icacos watersheds, high
runoff rates produce substantial overland flow on forested soils
on both granitic and volcaniclastic bedrock as well as on fresh
and recovering landslides (Larsen, 2012), indicating Acrisol-
type soil hydrology in both types of bedrock.

Study Design and Objectives

This chapter presents water chemistry for thousands of
samples collected during the first 15 years (1991-2005) of the
Puerto Rico WEBB program. The data, which are available
from the U.S. Geological Survey’s National Water Informa-
tion System website (http.//nwis.waterdata.usgs.gov/usa/nwis/
gwdata), provide a unique opportunity to examine the com-
position of stream water during storms. We are not aware of
any published data anywhere in the world for water samples
collected at runoff rates greater than 20 millimeters per hour
(mm h™') that have been analyzed for chemistry and suspended
sediment (appendix 1). The Hydrologic Benchmark Network
dataset examined by Godsey and others (2009) contains com-
prehensive chemistry for only 30 samples, from 12 rivers, that
were sampled at runoff rates greater than 1 mm h'; of these,
the maximum runoff rate was 5.9 mm h™'. The eastern Puerto
Rico WEBB study analyzed comprehensive chemistry in 543
samples collected at runoff rates greater than 1 mm h™!, 256
samples at greater than 10 mm h™', and 3 samples at greater
than 90 mm h™'. Because the soils of the study watersheds
generally behave like Acrisols (Murphy and Stallard, 2012),
strong, downslope, near-surface water flow and concomitant
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Figure 2. Adaptation of Elsenbeer’s (2001) functional
classification of tropical forest watersheds according to
prevailing hydrological flow paths, based on measured
saturated hydraulic conductivities (K_, ). Each row represents
soil response under different rainfall intensities. Arrows
indicate movement of water overland and through soil;
thickness of arrows indicates approximate relative proportions.
For light rain, much moisture does not get to the stream and

is probably lost through transpiration. Surface lateral flow

is encountered in hilly watersheds with shallow bedrock or
impermeable soils (left diagram), where K__ typically decrease
rapidly in the profile and rainfall is intense. Deep lateral flow
(right diagram) occurs where K_ do not decrease rapidly in
the profile. Note that Acrisols are roughly equivalent to Ultisols
in the United States soil classification and Ferralsols are
roughly equivalent to Oxisols (Soil Survey Staff, 1995), and that
macropores normally complicate the role of matrix porosity
(Chappell and others, 1998; Chappell and Sherlock, 2005).
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nutrient export are expected during storms. The models
presented by Godsey and others (2009) are for water moving
through soil; thus, at the high-flow regimes sampled during the
WEBB study, deviations from linear trends of log(C) com-
pared with log(R) might be expected because different flow
paths are active.

In this report, we use the relation between constitu-
ent concentration and discharge as a basis for examining
processes operating at different flow regimes. Similar to the
approach used by Godsey and others (2009), we examined
the structure of the primary data graphically and through
fitting simple regressions to the data, and we compared these
results among study rivers and with the results of other stud-
ies. We also estimated continuous rates of watershed export
(loads) of each constituent and averaged the loads for ranges
of discharge in order to construct averaged constituent-
discharge relations. We asked: (1) Do we see nonlinear
features in the high-runoff samples in this dataset that are
not seen elsewhere, such as in the Hydrologic Benchmark
Network’s summary of Godsey and others (2009)? (2) How
do atmospherically derived and biologically active constitu-
ents differ from largely bedrock-derived constituents? And,
(3) Do we see features in these data comparisons that can be
used to inform the selection of models for describing the
biogeochemistry of tropical and other watersheds? To ask
these questions, we performed a set of tests:

* Does each constituent show similar behavior among all
sites?

* Do all bedrock-derived constituents have nearly linear
relations between log(C) and log(R)?

» For a given river or for rivers with similar watershed
geology, are the slopes similar for all bedrock-derived
constituents?

 If slopes are not similar, are they arrayed according to
the reactivity of the parent minerals in the soil profile,
or in some other biogeochemically consistent manner?

» Do differences of slopes in the linear relations between
log(C) and log(R) among rivers relate to geology,
supporting an assumption that soil porosity and pore
openings, and their vertical distribution, are controlled
by geology?

¢ Is there a breakdown in the log-linear relation (curva-
ture) at high flow, indicating that other flow paths are
active?

* Do bioactive constituents show concentration-runoff
relations that reflect their increased abundance in the
near-surface environment due to biological activity?

Methods Used to Collect and Interpret
Data

Sample Collection and Field Measurements

During the eastern Puerto Rico WEBB program, two
principal types of samples were collected: grab samples,
which were manually collected on a regular basis from river-
banks at well-mixed cross sections near each gage site, and
event samples, which were collected by an automated sampler
during storm events and retrieved when weather conditions
permitted. Conductivity, temperature, pH, and dissolved
oxygen (O,) of grab samples were measured onsite; only
conductivity was measured onsite for event samples, because
the other field measurements are unstable and thus incorrect
if not measured immediately. Depth-integrated samples for
suspended sediment were occasionally collected at the same
time as a grab sample. All water samples were filtered through
0.2-micrometer (um) filters as soon as practicable in the
laboratory. Sample collection and processing are described in
detail in appendix 2.

The automated sampler was programmed to begin sam-
pling when the river rose above a preset stage (appendix 1).
Once triggered, all 24 bottles were filled at preset times deter-
mined beforehand using representative storm hydrographs.
The sampler had to be emptied and restarted manually. Thus,
a small storm could prevent the sampling of a subsequent,
larger storm and, consequently, trigger levels were gradually
raised to ensure sampling of the largest storms. Event samples
were a crucial part of the study, because only 20 grab samples
were collected in the top 50 percent of runoff, and 2 in the top
10 percent, compared with thousands of event samples. This
protocol allowed us to sample several massive storms during
the study period, including Hurricane Hortense in September
1996, Hurricane Georges in September 1998, and a powerful
upper-level trough in May 2003. Samples from these storms
enabled accurate estimation of mass discharge of constitu-
ents at high runoff. Owing to the enormous volume of event
samples (even after threshold stages were increased), analyses
performed on event samples were eventually reduced to stable
constituents that are sufficient to assess primary processes
(conductivity, Si(OH),, CI", suspended sediment, and usually
DOC and K*).

Stream Discharge

The characterization of mass balances requires high-
resolution discharge data to estimate stream discharge at the
moment of sampling. The collection frequency was every
5 minutes for the Rio Mameyes and every 15 minutes for
the remaining rivers, and time stamps were used to match
chemistry samples to discharge (appendix 1). All discharge
datasets had gaps, ranging from 30 minutes to several months.
Commonly the longest gaps were associated with the loss of a
streamgage caused by a huge storm, and the length of the gap
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reflects the time needed to rebuild the gage. The procedures
for determining sample discharge and estimating missing data
are described in appendix 1. Estimated data were not used in
determining the relation between concentration and discharge
discussed below.

Analytical Procedures

The water-quality analytical program was built around
a core suite of chemical measurements: field measurements
(temperature, conductivity, pH, and dissolved oxygen), major
cations (Na*, K*, Mg*", and Ca*"), nutrients (nitrite (NO,"),
nitrate (NO,"), ammonium ion (NH,"), and phosphate (—PO,*")),
major anions (CI” and SO,*), alkalinity, Si(OH),, and DOC.
Suspended solids were measured from the weight of filtered
material per unit volume following drying to 105°Celsius (C).
Sample preservation and analysis are described in appendix 2.
Alkalinity, temperature, and pH were used to calculate the
partial pressure of carbon dioxide, P, , CO, saturation, O,
saturation, and the saturation index forzcalcite, SI, ;.. following
Stumm and Morgan (1981), in grab samples (appendix 1).

Discharge, Load, Runoff, and Yield

Hydrologic and water-quality data, including several
million discharge measurements, thousands of precipitation
measurements (from automated rain gages), and almost 10,000
water quality samples were reprocessed for rate calculations
as described in appendix 1. Constituent loads were calculated
from concentrations by using the computer program LOAD
ESTimator (LOADEST; Runkel and others, 2004), which
estimates constituent loads in streams and rivers given a time
series of stream discharge, constituent concentration, and addi-
tional explanatory variables (typically, seasonal cycles (sine
and cosine of time in a one-year cycle), and time). LOADEST
assists the user in developing a regression model of constitu-
ent load (calibration); the model then is used to estimate loads
over a specific time interval (estimation).

The construction of the input data files used by LOAD-
EST (Runkel and others, 2004) from our datasets was auto-
mated and required some minor adaptations (appendix 1).
First, the shortest time step allowed by LOADEST for the time
series of explanatory variables is 1 hour, so discharge data
were resampled from 5-minute and 15-minute intervals into
1-hour intervals. Estimated Na*, K*, Mg?*, Ca?*, alkalinity,

CI, SO,*, Si(OH),, DOC, NO,", NH,*, —PO,*", and suspended
solid loads are discussed here; several more parameters
(including bedrock-derived Na*, K*, Mg?*, and Ca*", total dis-
solved silicate bedrock, total dissolved bedrock cations, sus-
pended bedrock, and particulate organic carbon) are discussed
in Stallard (2012b). Complete chemistry was more intensely
sampled from 1991 through 2000, whereas CI", Si(OH),, K7,
and suspended solids were sampled intensively through 2004
(table 5 in appendix 1). These changes in sampling intensity
means that for most properties LOADEST is primarily being
modeled on the first 10 years of data.
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LOADEST is fundamentally a regression, and biases
produced by the logarithmic transformation of data and non-
normality of the fits to the log-transformed data can produce
problems (Runkel and others, 2004). For example, alkalinity
loads for the Icacos and Guaba watersheds cannot be esti-
mated directly using LOADEST, because at highest discharge
values, alkalinity is sometimes negative (acidity). Discharge,
seasonal cycles, and time trends are the core explanatory
variables in LOADEST. Some samples have real, but aberrant,
concentrations caused by phenomena not strictly related to dis-
charge, time, or seasonality. Some of these measurements, as
discussed later in this report, were not included in load estima-
tion; one example is high-chloride storms. These samples are
summarized in appendix 1, and the effect of the excluded data
on yields is discussed below.

The areas of the study watersheds range from 0.114
square kilometers (km?) to 26.42 km?, so for interwatershed
comparisons we converted discharge and loads to runoff
rates (discharge/area) and yields (constituent load/area).
Average yields were totaled, and average concentrations
were calculated from average yield divided by average runoff
(table 1). Data are presented both in mass units and molecu-
lar units for comparison with other datasets. Concentration
data (top two sections, table 1) allow for comparison of
water quality, whereas yields (bottom two sections, table 1)
allow comparison of rates at which constituents are being
released into the rivers.

The forested rivers are wetter (mean annual runoff 2,750
to 3,760 millimeters per year (mm yr ') than the developed
watersheds (970 to 1,620 mm yr™'; table 1), so to compare
samples from equivalent parts of hydrographs, runoff rates
were ranked by their overall contribution to annual runoff.

All water-quality samples were assigned into runoff-rate
percentile classes, similar to the approach used by the U.S.
Geological Survey WaterWatch website (http.://water.usgs.
gov/waterwatch/) in monitoring flood and drought conditions
throughout the United States. WaterWatch ranks discharge into
percentile classes based on the amount of time a river flows

in a given discharge range. For this study, however, percen-
tile classes (0-10, greater than (>)10-25, >25-50, >50-75,
>75-90, >90-95, >95-99, and >99 percent) are based on
runoff (for example, the 10th percentile corresponds to the
runoff rate below which 10 percent of the total runoff has been
discharged from the watershed; table 2). Rising and falling
stage are also distinguished for each sample. The runoff rates
and predicted constituent-yield rates for each percentile class
of each river were calculated by using all runoff measure-
ments for the 15-year period. Predicted constituent yields and
instantaneous runoff were totaled for each percentile class, and
a discharge-weighted average concentration for each percen-
tile class was then calculated by dividing total yield for each
constituent by total runoff within that class (table 3). When
base flow is referred to in this text, it represents the samples in
the 0-to-10 percent range. The cumulative fraction of constitu-
ent yield that corresponds to each percentile class was also
calculated (table 4).
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Table 2. Runoff rates for Water, Energy, and Biogeochemical Budgets program rivers during the study period (1991-2005) at certain

thresholds.
Minimum Percentile of annual runoff volume Maximum
River runoff 10 25 50 75 90 95 99 runoff
Runoff rate (millimeters per hour)

Candvanas 0.009 0.041 0.083 0.246 1.43 8.10 20.3 43.1 69.0

Cayaguas 0.020 0.073 0.114 0.270 1.79 7.76 17.9 40.6 54.8

Mameyes 0.024 0.141 0.222 0.457 1.49 4.95 11.0 43.3 89.8

Icacos 0.059 0.203 0.290 0.566 2.14 7.51 14.0 36.4 86.0

Guaba 0.036 0.196 0.287 0.477 1.84 10.92 25.5 63.7 118.8

For each constituent for each river the relation between
log(concentration) and log(runoff rate) was determined using
regressions on the primary data following Godsey and others
(2009). In each case, a linear regression,

log(C) = C, + C *log(R)
was compared to a quadratic regression,
log(C) = C, + C,*log(R) + C,*log(R),

where C,, C, and C, are regression constants. A t-test (Bev-
ington and Robinson, 2003) was used to determine whether
the slope of the linear regression, C,, was statistically dif-
ferent, with 95 percent confidence, from a zero slope (the
chemostat condition). An F-test (Bevington and Robinson,
2003) was used to determine whether the quadratic regression
significantly reduced the residual error, with 95 percent con-
fidence, compared to the linear regression or to no regression.
The most statistically significant regressions are indicated in
table 4. Also, for reference, the constant-input and chemostat
conditions of Godsey and others (2009) are provided.

The amount of variance explained by the simple regres-
sions, as compared to LOADEST, was also compared
(table 4). In all cases, LOADEST explains more of the data
variance than do the simple regressions. An F-test was used to
evaluate the likelihood that the LOADEST model results offer
a statistically more significant explanation of the dataset.

Water Quality of Eastern Puerto Rico
WEBB Project Watersheds

The water quality data produced during the first 15 years
of the eastern Puerto Rico WEBB project are available from the
U.S. Geological Survey’s National Water Information System
website (http://waterdata.usgs.gov/nwis). The results are sum-
marized and interpreted here. Suspended-sediment yield differed
greatly among the study watersheds (table 1). Yields were larger
than 1,900 metric tons per square kilometer per year (t km 2 yr ')
in granitic watersheds (Icacos, Guaba, and Cayaguas), and about
one-sixth this value from volcaniclastic watersheds (Mameyes
and Canovanas), independent of land cover and climate (the
developed watersheds, Candvanas and Cayaguas, are drier, hav-
ing both less rainfall and runoff (Murphy and Stallard, 2012)).

However, dissolved constituent yields were not very different
among watersheds of different geology. Yields of nonbioactive
constituents derived largely from bedrock weathering (Ca®",
alkalinity, Si(OH),), from seasalt (CI"), or from a mix of the two
sources (Na“, Mg*" and SO,*) differed by a factor of less than

2 among all watersheds, showing little relation to land cover,
annual runoff, or bedrock type. Nutrient yields were consis-
tently greater in the developed watersheds, despite their lesser
runoff. Most dissolved constituents have clearly defined runoff-
concentration relations; however, the field measurements and
several nutrients (nitrate, ammonium ion, and phosphate) do not.

Runoff Percentile Classes, Concentration, and
Yield

Percentile classes correspond to equivalent parts of the
hydrograph for each river, so comparing constituent yield per
percentile class of runoff provides a means of comparing the
relation between runoff and constituent concentration among
all watersheds. The percentage of time that runoff is below
each threshold in each watershed and the percentage of constit-
uent yield discharged below that threshold are shown in table 4.
Constituents are sorted by decreasing yields at 50 percent of
runoff. The constituents are therefore ordered from those that
are most diluted at higher discharge to those that become most
concentrated. For reference, the constant-rate input (equivalent
to time) and the “chemostat” input (equivalent to runoff) of
Godsey and others (2009) are indicated.

Eighty-five percent of the time, the runoff in the WEBB
rivers was less than half of the maximum runoff rate (the
constant-rate line in table 4). For example, in the Candvanas
watershed, the lowest 50 percent of runoff rates were recorded,
on average, 93.8 percent of the time, or about 342 days’ worth
of time in a year. The lowest 75 percent of runoff rates were
recorded 99.4 percent of the time, or about 363 days’ worth
of time in a year. In other words, the highest 25th percentile
of runoff rates was reached only for 2 days’ worth of time in
a year, during large storms. The lowest 50 percent of runoff
rates corresponds to the export of 70.8 percent of Ca?* from
the Candvanas watershed, but only 38.8 percent of DOC and
4.5 percent of suspended sediment. The lowest 90 percent of
runoff rates exports only 53.7 percent of suspended sediment;
that is, almost half of suspended sediment is exported when
runoff exceeds the 90th percentile, during storm events that
total less than 1 day per year.


http://waterdata.usgs.gov/nwis
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The increase in percentage yield of constituents listed in
table 4 parallels the increase in the value of the linear regres-
sion coefficient (or slope), C,. The constituents with negative
slopes are bedrock-weathering derived, seasalt derived, or a
mix of the two (Si(OH),, Ca*’, Mg*, Na*', and CI"). Although
the order varies slightly among rivers, the constituents that are
most dominantly of bedrock origin, Si(OH),, Ca*', and Mg*',
produce more negative slopes than Na?*, which has a large
seasalt contribution, and CI', nearly all of which is derived
from seasalt. Dissolved organic carbon and suspended sedi-
ment always have a positive slope, consistent with surface
flow-path inputs. Phosphate has slopes that are either negative
or indistinguishable from zero, differing considerably among
rivers. All remaining constituents have a mix of slopes that are
Zero or near zero, close to the slope of the chemostat.

Both LOADEST and simple regression models explained
most of the data variance, typically more than 80 percent,
in the nonbioactive bedrock-derived constituents (Si(OH),,
Ca?', Mg?*, Na?*, and CI'; table 4). The models generally
explained less than half the variance of bioactive constituents
(K*,NO,", NH,", and —PO,*"). The LOADEST model, as
compared to simple regressions, significantly improved the
explanation of variance for the bioactive constituents, presum-
ably by introducing the influence of seasonality and temporal
trends (LOADEST models 3-9). Ammonium ion was modeled
poorly in most watersheds. Phosphate was not well modeled
in the Icacos and Guaba watersheds, whereas K* was not well
modeled in the Mameyes watershed. These results parallel
similar models by Peters and others (2006) in a comparison
of the Rio Icacos with the four other Puerto Rico WEBB sites
using the first years (1991-1997) of the present dataset. They
noted that discharge variations and seasonality explained most
of the variance in log(concentration) of alkalinity, Ca?", Mg,
Na’, CI', and Si(OH),, but less than half of the variance of K,

NO,", and SO,*; SO, concentration increased with discharge.

Water-Quality Constituents

The concentration-runoff relations for various con-
stituents (table 3) are consistent with major processes that
deliver the constituents to the river—bedrock weathering,
seasalt deposition, and biological activity. These relations
are reviewed here. Field measurements are presented first,
followed by chemical constituents, which are grouped by the
major processes that regulate them.

Field Measurements

Water temperature ranges of the rivers were quite narrow
(fig. 3), as air temperatures in Puerto Rico do not vary sub-
stantially year round. Generally, as runoff increases, tempera-
ture decreases. The forested watersheds (Icacos, Guaba, and
Mameyes) typically had water temperature values between 18
and 25°C. The developed watersheds (Candvanas and Cay-
aguas) generally had higher water temperatures—between 22

and 30°C—because they are located at lower elevations (and
hence air temperatures are higher), have less water in streams,
and have less riparian vegetation to shade stream channels (see
cover photograph).

Dissolved oxygen concentrations of the study rivers were
usually close to saturation or slightly undersaturated (fig. 3).
Some samples from the Candvanas watershed were supersatu-
rated; this state is probably due to photosynthesis by aquatic
vegetation, which produces oxygen and consumes carbon
dioxide during daylight hours (when grab samples were
collected). Respiration and decomposition, which continue
24 hours a day, consume oxygen and produce carbon dioxide;
therefore, O, levels are likely lower at night. The effects of
photosynthesis and its relation to carbonate dynamics in the
streams are further discussed later in section Alkalinity, Car-
bon Dioxide, and Calcite Saturation of this chapter.

The pH values of study rivers were typically circum-
neutral, between 6 and 8. Generally, pH of the study rivers
decreases with increasing runoff (fig. 3). The granitic water-
sheds had the lowest pH values; the forested watersheds
(Icacos and Guabd) were of lower pH than the developed
watershed (Cayaguas). Highest pH values, as much as 9, were
observed in the developed, volcaniclastic Canovanas. These
high pH values are likely related to both the higher alkalinity
of the Rio Candvanas (discussed in section Alkalinity, Car-
bon Dioxide, and Calcite Saturation of this chapter) and to
sampling times. Grab samples were always collected during
the day, when photosynthesis produces oxygen and consumes
carbon dioxide, leading to an increase in pH. Therefore, water
likely was sampled when pH values were at a maximum for
the day.

Conductivity values, which are affected by all dis-
solved ions regardless of source, ranged from about 10 to
300 microsiemens per centimeter (uS cm™'). Values were
generally lowest in the forested watersheds, and values in the
granitic watersheds (Icacos and Guaba) were lower than in the
volcaniclastic watershed (Mameyes) (fig. 3). Highest conduc-
tivity values were observed in the volcaniclastic, developed
Canovanas watershed. This general pattern was repeated for
almost all constituents: at a given runoff rate, forested streams
were more dilute. In the pH range of the watersheds, conduc-
tivity was a conservative property that generally decreased
with increasing runoff, as shallower flow paths during storms
decrease the concentrations of constituents that dominate con-
ductivity measurements (such as CI” and Na*). High-chloride
samples were a notable exception to this trend, as discussed in
a later section entitled “Chloride.”

Silica

Dissolved Si(OH), is derived primarily from the weather-
ing of silicate minerals in bedrock and soil. Dissolved Si(OH),
concentrations decreased markedly with increasing runoff in
all eastern Puerto Rico WEBB rivers (fig. 4). This decrease is

consistent with the concept that an ever-larger portion of water
moves through shallower flow paths, and they hence have less
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Figure 3. Temperature, pH, conductivity, and dissolved oxygen in the eastern Puerto Rico Water, Energy, and Biogeochemical Budget
program rivers, 1991-2005. Additional sample characteristics are indicated with black symbols: calcite, samples supersaturated with
respect to calcite; high chloride, samples with exceptionally high chloride concentrations collected during huge storms; high potassium,
samples with high potassium but not high chloride; low silica, Icacos and Guaba samples with unusually low silica concentrations for
the runoff rate.
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Figure 4 (facing page). Runoff rate—concentration graphs for
dissolved silica. Samples in individual rivers are keyed according
to runoff percentile class. Averages for runoff percentile class,
estimated using LOADEST (see table 3) are indicated in the lower
left diagram. Additional sample characteristics are indicated
with black symbols: calcite, samples supersaturated with
respect to calcite; high chloride, samples with exceptionally
high chloride concentrations collected during huge storms; high
potassium, samples with high potassium but not high chloride;
low silica, Icacos and Guaba samples with unusually low silica
concentrations for the runoff rate. The points separated from

the watershed-average curves (F) represent the averages of

the classes of sample indicated by the superimposed character.
These samples are not included in LOADEST models.

contact with deep soil and bedrock, with increasing rainfall
and runoff (see Elsenbeer, 2001). Although the Luquillo
Mountains receive, on a long-term annual average, about
21+7 tkm? yr! of Saharan desert dust (Pett-Ridge and others,
2009b), the dust likely does not contribute substantially to dis-
solved Si(OH),. More than 85 percent of the dust is composed
of aluminosilicate clay minerals (such as illite, kaolinite, and
montmorillonite), quartz, and amorphous silicon (Reid and
others, 2003), which rather than contributing to dissolved load
in rivers would contribute to the solid phases in soils, as has
been observed on carbonate islands such as Bermuda (Herwitz
and others, 1996). The dust contribution is also small com-
pared to suspended-solid yields, which range from about 320
to 2,100 t km 2 yr! (table 1).

The slope, C,, of the regression of the relation of
log(Si(OH),) to log(R) is least negative in the Canovanas
watershed and most negative in the Icacos and Guaba (table 4)
watersheds. These slopes are more negative than the slope (C))
of most rivers studied by Godsey and others (2009), indicating
less of a chemostat-like response (more dilution). Regressions
on the primary data demonstrate no curvature.

Unusually low Si(OH), concentrations were observed in
the granitic, forested Icacos watershed (and its subwatershed,
the Guabd) on the falling stage of some high-runoff hurricanes
and frontal storms (fig. 4 and appendix 1, figs. 4, 5). Some
samples (which plot below the constant-input line anchored
to average base flow; see fig. 4) had Si(OH), yields that were
even less than base flow yields, indicating that water that would
normally drain from deep in the soil was not doing so during
these events. Such low-Si(OH), events were not observed,
even during the same storms, in the volcaniclastic watersheds
(Mameyes and Candvanas) or in the granitic watershed with an
agricultural land-use history (Cayaguas). Soils on the volca-
niclastic rocks are more dense, clay-rich, and less permeable
(Murphy and Stallard, 2012), whereas the Cayaguas watershed
has been deeply eroded and trampled by cattle (Brown and
others, 1998; Larsen and Santiago-Roman, 2001); it is pos-
sible that the mechanism for low-Si(OH), waters involves
soil porosity. Yield reductions indicate that pathways for
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deeper groundwater flow in the forested, granitic watersheds
were being restricted or even reversed during such storms.

It is possible that sediment or litterfall is mobilized in such a
way that shallow soil pore spaces in lower slopes and along
channels, including macropores, become clogged. This clog-
ging would lead to decreased groundwater seepage and hence
lower Si(OH), concentrations. Most of the low-Si(OH), events
occurred prior to the 1998 Hurricane Georges (which was not
a low-Si(OH), event). Georges was a category 2 hurricane that
struck eastern Puerto Rico directly and caused substantial for-
est damage (Lugo and Frangi, 2003). This damage may have
led to changes in soil properties and flow paths. It is also pos-
sible that earthworms, which are quite active in these forests
(Larsen and others, 2012) and increase soil porosity, may have
had their activity reduced by Georges. Finally, it is possible that
low-Si(OH), events may have occurred, but were not sampled,
following Georges. Regardless of the reason, because of their
occasional and enigmatic nature, the low-Si(OH), events were
excluded from the LOADEST calculations.

Chloride

Chloride is derived almost exclusively from seasalt
entrained in the atmosphere, and it is primarily deposited as
rain (rather than as dry deposition) in the Luquillo Mountains
(Heartsill-Scalley and others, 2007; Stallard, 2012a). As with
Si(OH),, CI” concentrations typically decrease with increasing
runoff in all eastern Puerto Rico WEBB rivers (fig. 5), because
a greater proportion of stream water is derived from shallow
and overland flow paths, rather than from base flow, during
large storms. Base flow contains higher CI~ concentrations
than average rainwater (Stallard, 2012a) because evapora-
tion and transpiration concentrate Cl~ in waters moving
downward through the canopy, surface soil, and rooting zone.
During high-runoff events, water passing quickly overland
and through shallow soils is subjected to proportionately
less evaporation and transpiration than during small events
(fig. 2). Average CI” concentrations are typically greatest in the
developed Canovanas and Cayaguas watersheds (fig. 5). These
watershed are drier and have a greater ratio of evapotrans-
piration to runoff (Murphy and Stallard, 2012), which may
concentrate the seasalt contribution.

Because Cl™ does not have a bedrock source, the nega-
tive slopes (C)) of the regression of log (CI") and log(R)
(table 4) must reflect dilution of the aged, evaporated water
by active storms. The range of slopes is quite narrow, —0.20
to —0.14, presumably reflecting a similar style of mixing
among all the watersheds.

Exceptionally high CI™ concentrations, as much as an
order of magnitude greater than average, were recorded in
the Mameyes, Icacos, and Guaba watersheds at high runoff
rates, primarily during some hurricanes and also during some
frontal storms (fig. 5). During Hurricane Georges, a quantity
of CI” roughly equivalent to 0.3 millimeters (mm) of seawater
was deposited over the entire Mameyes watershed (Stallard,
2012a). The Cayaguas watershed, which is leeward of the
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Figure 5 (facing page). Runoff rate—concentration graphs for
chloride. Additional sample characteristics are indicated with
black symbols: calcite, samples supersaturated with respect
to calcite; high chloride, samples with exceptionally high
chloride concentrations collected during huge storms; high
potassium, samples with high potassium but not high chloride;
low silica, Icacos and Guabhé& samples with unusually low silica
concentrations for the runoff rate. The points separated from
the watershed-average curves (F) represent the averages of
the classes of sample indicated by the superimposed character.
These samples are notincluded in LOADEST models.

Luquillo Mountains and is the farthest inland of the Puerto
Rico WEBB watersheds, did not demonstrate any high-CI~
events; the Candvanas, on the western flank of the mountains,
demonstrated subdued events. This pattern suggests that most
of the high-Cl rainwater is deposited on the windward side of
the Luquillo Mountains. Substantial atmospheric loadings of
CI" (along with Na*, NO,™ and SO,*) to the Icacos watershed
were also noted by Peters and others (2006). Presumably,

the high concentrations are related to high winds and break-
ing waves in the ocean upwind of the watersheds (Stallard,
2012a). Because the high-Cl™ events have no relation to

the explanatory variables (discharge, time, and seasonality)
used in LOADEST, they were excluded from the LOADEST
regressions. Our estimates of yields of CI”™ and all constitu-
ents associated with seasalt are therefore slightly lower than
if high-Cl” samples were included. We do not know how
much lower, because the National Atmospheric Deposition
Program dataset (which was used to estimate CI™ inputs) has
major data gaps, many during storms (including Hurricane
Georges); however, the overall error appears to be small
(Stallard, 2012a).

Calcium, Magnesium, and Sodium

Dissolved Ca*", Mg?" and Na* are dominated by a
bedrock weathering source, but they can have appreciable
atmospheric inputs from seasalt (Mg?* and Na*) or minor
soluble desert dust (Ca?") (Stallard, 2012a). The concentra-
tions of Ca?*, Mg?', and Na™ in all of the study watersheds
usually decreased with increasing runoff (fig. 6, table 3), and
falling stages tended to have lower concentrations than rising
stages. Stream samples from the Mameyes and Can6vanas
watersheds contained distinctly elevated Ca** concentrations
compared with the other study watersheds, and the Canévanas
also contains contained elevated Mg?* (fig. 6). The bedrock of
these volcaniclastic watersheds is somewhat richer in Ca**-
bearing and Mg?**-bearing silicate minerals than the granitic
watersheds (Jolly and others, 1998; Smith and others, 1998;
Stallard, 2012b). Minor bedrock carbonate minerals, which
can be a source of abundant Ca*" and sometimes Mg>* (Stal-
lard, 1995a,b), have been documented in the bedrock units
underlying the Canévanas and Mameyes watersheds (Murphy
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and others, 2012). Rivers draining carbonate-rich water-
sheds in western Puerto Rico demonstrated only minor drops
in conductivity through major storm events (Haire, 1972)
because carbonate rocks dissolve rapidly. All eastern Puerto
Rico WEBB watersheds, in contrast, showed decreases in
conductivity with increasing runoff (fig. 3), suggesting that
the elevated Ca*" and Mg?** were not caused by the carbonate
minerals but rather by the silicate minerals.

Sodium concentrations, similar to concentrations of CI-,
were typically highest in the developed Cano6vanas and Cay-
aguas watersheds. This pattern may be due to a greater ratio of
evapotranspiration to runoff in these drier watersheds (Mur-
phy and Stallard, 2012), which would concentrate the seasalt
contribution, or due to domestic inputs (or both). Low-Si(OH),
samples tended to also have slightly lower Ca*" (fig. 6),
although the effect was not pronounced, indicating that the
mechanism causing low Si(OH), may affect other bedrock-
derived constituents.

All three cations demonstrate high concentrations during
the high-runoff, high-CI" events discussed earlier in the Chlo-
ride section. Accordingly, the cation concentration data for
these samples were excluded from the LOADEST calculations
and regressions.

For all study watersheds, comparison of the slopes (C))
of Ca*', Mg*, Na*, and CI  for the regression of log(C) and
log(R) demonstrates that the slope of Ca®* is the most nega-
tive, followed by Mg*', then Na*, and finally CI  (table 4).

This order represents a continuous variation from constituents
derived primarily from bedrock weathering to those derived
from seasalt, and it is consistent with a mix of the two sources:
bedrock weathering deep in the profile, and evaporated rain-
fall, distributed more widely through the soil profile.

Dissolved Organic Carbon

Dissolved organic carbon is uniquely derived from
plant material, either as the product of breakdown or as
exudates (Stumm and Morgan, 1981). The ultimate source
of DOC is atmospheric carbon dioxide fixed through
photosynthesis. DOC was slightly greater in the developed
watersheds, perhaps reflecting the differences in land cover
or the effects of agricultural on soils. For all watersheds,
DOC concentrations increased with increasing runoff rates
and reached a rough peak in the 75 to 90 percent or 90 to
95 percent runoff percentiles (table 3). At the very highest
runoff rates, DOC concentrations tended to decrease, and
differences among the watersheds lessened (fig. 7). This
trend was also observed by Shanley and others (2011), who
used other sources to extend the present dataset for the Ica-
cos watershed from 1981 to 2008.

The decrease in concentrations at high runoff could imply
a supply limitation, whereby the processes that generate and
release DOC cannot supply it at a rate that compensates for
the increased throughput of water. However, DOC concentra-
tions are highest on falling stages (fig. 7), opposite to what is
expected from a supply limitation.
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Figure 6 (facing page). Runoff rate—concentration graphs

for calcium, magnesium, and sodium ions. The left diagrams
represent the Water, Energy, and Biogeochemical Budget program
dataset. The right diagrams represent averages calculated from
hourly estimates determined using LOADEST. Additional sample
characteristics are indicated with black symbols; calcite, samples
supersaturated with respect to calcite; high chloride, samples
with exceptionally high chloride concentrations collected during
huge storms; high potassium, samples with high potassium but
not high chloride; low silica, Icacos and Guaba samples with
unusually low silica concentrations for the runoff rate. The

points separated from the watershed-average curves (B, D, F)
represent the averages of the classes of sample indicated by

the superimposed character. These samples are notincluded in
LOADEST models.

Alternatively, a DOC decrease with increasing runoff
rate may reflect a change to flow paths that involves less
interaction and contact time with soil organic matter. At low-
est runoff rates, stream water has moved through deep soils,
deeper riparian zones, and hyporheic zones (fig. 2). With the
exception of the hyporheic zone, these zones contain rela-
tively little organic matter. At intermediate runoff rates, more
water is presumably moving through shallow-soil pathways
and riparian zones which, if present, are likely to be flood-
ing; this flooding would represent optimum conditions for
interacting with shallow-soil organic matter. Finally, at the
highest runoff rates, overland flow is important because it
reduces the overall interaction of water with organic matter.
At runoff rates of roughly 3 to 10 mm h™' DOC concentra-
tions begin their substantial decline, reflected by the down-
ward curvature of diagrams shown in fig. 7. This decline
suggests that this range of runoff rates may mark a transition
to a regime where overland flow and associated reduced soil
interaction become important. Regardless of the mechanism,
these data show that the highest discharge classes (greater
than 90 percent) must be included when one calculates DOC
loads and yields from watersheds. Without the high-runoff
data, yields will be overestimated.

The curves of averaged concentrations based on LOAD-
EST calculations do not always pass through the middle of the
concentration-data field at middle-range runoff rates (fig. 7).
A likely factor is the lower collection density of middle-range
runoff samples (appendix 1), which will not alias the regres-
sion residual as strongly.

For every study river, the regression of log(DOC) on
log(R), using the primary data, has statistically significant
downward curvature. The position of the peak is calculated for
the zero of the first derivative

Peak = 10 /)

and peaks range from 2.5 mm h™' to 8.6 mm h™".

The Nutrients: Nitrate, Ammonium lon,
Phosphate, and Potassium

Nitrate, NH,", —PO 43’ and K" are considered to be the
principal plant nutrients. Of these, throughfall is especially
enriched in NH,", ~PO,*” and K* when compared with
rainwater (Heartsill-Scalley, 2007). Nitrate and NH," have
atmospheric sources, either dissolved in precipitation or as
a result of plant fixation. Both can be lost from a watershed
by conversion back to gaseous forms. Phosphate is primarily
derived from bedrock, but it can also be deposited in eastern
Puerto Rico as Saharan dust (Pett-Ridge and others, 2009b).
Phosphate is an important plant nutrient that is also easily
sequestered by chemical reactions with AI** or Fe** ions;
distinguishing these two mechanisms of —PO,*" removal is
difficult. Potassium is mostly bedrock derived but can also
be atmospherically deposited in seasalt (some K" arrives in
Saharan dust, but in the form of insoluble clay minerals; Reid
and others, 2003). Potassium and NH," can be weakly held on
cation-exchange sites in soil. In the developed watersheds, all
of these nutrients can be added by manmade products such as
fertilizers or by domestic or industrial wastes.

The runoff-concentration relations for K, NO,”, NH ",
and —PO,’” sometimes demonstrate considerable scatter
(figs. 8, 9), and diagrams of these relations do not demonstrate
the steeply decreasing curves observed for Si(OH),, CI", Ca*,
Mg?", and Na". For each nutrient at almost every runoff rate,
the concentration-runoff curves representing the developed
watersheds (Candvanas and Cayaguds) illustrate substantially
higher concentrations than those representing the forested
watersheds (figs. 8, 9); it is likely that this difference reflects
human inputs, such as fertilizers or agricultural and domestic
wastes. Precise identification of sources would require detailed
surveys that were not part of this study.

A number of high-runoff samples from the Mameyes,
Icacos, and Guaba watersheds demonstrated elevated K* con-
centrations (fig. 8). These samples, however, did not have high
concentrations of CI7, so elevated K™ probably was not caused
by windblown seasalt. These high-K* events were recorded
in the Icacos and Guaba watersheds only during the year after
Hurricane Georges (1998-1999) and in the Mameyes water-
shed mostly after Georges (appendix 1, figs. 1-5). After Hur-
ricane Hugo in 1989, stream-water concentrations of K*, NO,,
and NH," doubled and remained elevated for almost 2 years;
K™ and NO,™ returned to average concentrations at the same
time that the canopy recovered, suggesting biological con-
trol on the cycling of these ions (Schaefer and others, 2000;
concentrations of Na*, Mg*, Ca*", CI, and SO,* showed little
effect). The elevated K™ concentrations are consistent with
other post-Hurricane Georges observations that indicate the
release of K™ from litter (Ostertag and others, 2003). The high-
K™ events in this study, however, did not appear to be associ-
ated with higher concentrations of either —PO 43’ or NH,"; also,
not all the storms in the year following the hurricane resulted
in high K* concentrations. It is possible that the absence of
high concentrations of either —PO,*~ or NH," was a sampling
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Figure 7 (facing page). Runoff rate—concentration graphs for
dissolved organic carbon. Additional sample characteristics are
indicated with black symbols: calcite, samples supersaturated
with respect to calcite; high chloride, samples with exceptionally
high chloride concentrations collected during huge storms; high
potassium, samples with high potassium but not high chloride;
low silica, Icacos and Guaba samples with unusually low silica
concentrations for the runoff rate. The points separated from

the watershed-average (F) curves represent the averages of the
classes of sample indicated by the superimposed character.

artifact, because K* was analyzed in considerably more
samples than —PO,*” or NH,", and analytical errors for K* are
relatively smaller (appendix 2).

Some samples from the Icacos, Guaba, and Mameyes
watersheds demonstrated especially low NO,~ concentrations
(fig. 9). These samples, which were collected during hurri-
canes, also always have high Cl™ concentrations. Hurricanes
derive their energy and moisture from maritime air masses that
presumably lack a strong contribution of pollutants, such as
NO,", from continents.

Regardless of the reason, because of their occasional
and enigmatic nature, the high-K* samples and low-NO,~
samples collected during high-CI” events have no obvious
relation to the explanatory variables used in LOADEST,
so these solutes for these samples were excluded from the
LOADEST calculations.

Sulfate

Sulfur derives from a complex array of geologic and
atmospheric sources. Geologic sources include reduced sulfur
from sulfides, pyrite, and (rarely) elemental sulfur, and from
sulfate salts from minerals such as anhydrite and gypsum.
Minor sulfides and pyrite are found in small mineralized zones
surrounding the Rio Blanco intrusion in the Luquillo Moun-
tains (Murphy and others, 2012). Atmospheric sources of
sulfur include seasalt, Saharan dust (in the form of anhydrite
and gypsum; Reid and others, 2003), volcanic eruptions, burn-
ing of fossil fuels, and reduced sulfur gases from marine and
terrestrial sources (Stallard and Edmond, 1981; Andreae and
Andreae, 1988; Stallard, 2012a). Atmospheric sulfur is depos-
ited as SO,*". Sulfur, like organic carbon, NO,", and NH,*, can
be lost from a watershed as a gas (Stallard, 2012a).

The runoff-concentration relations for SO,*" in the Puerto
Rico WEBB watersheds differed substantially (fig. 10). Sulfate
concentrations were generally lowest in the forested, granitic
watersheds (Icacos and Guaba) and highest in the developed
watersheds (Candvanas and Cayaguds). Sulfur concentra-
tions in the forested, volcaniclastic Mameyes watershed were
similar to those in the developed watersheds at low runoff
rates, but at high runoff rates, concentrations were similar to
those in the Icacos and Guaba watersheds (fig. 10). The Icacos
and Guaba watersheds have runoff-concentration curves that
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are relatively flat (similar to the curves of DOC and nutrients),
whereas SO,*” concentrations in the remaining watersheds
decrease with increasing runoff (similar to the constituents
that are not particularly bioactive and have substantial bedrock
and atmospheric sources: Na*, Mg, and Ca*"). Owing to the
low level of human activity in the Mameyes watershed, the
high concentrations at low runoff probably reflected a geologic
source. It is hard to say whether the high concentrations at low
discharge in the Canovanas and Cayaguas are entirely natural
or are influenced by minor contamination, because without
detailed investigation, it would be difficult to distinguish

an exclusively geologic source from one with added human
inputs, such as fertilizers.

Sulfate-to-CI ratios provide information about sources
of sulfur (Stallard and Edmond, 1981). The SO,* -to-Cl" mole
ratio of seasalt, 0.051, is the lowest of all SO,* sources;
precipitation in eastern Puerto Rico has a higher average
SO,*-to- CI  ratio (about 0.106), because it contains not only
seasalt but also sulfur from gas phase and dust sources (Stal-
lard, 2012a). Sulfate-to-CI" ratios in stream samples from the
developed, farther-inland watersheds (Candvanas and Cay-
aguas) are always greater than the rainfall ratio and increase
with runoff, perhaps reflecting an increased contribution of
SO,* from vegetation or agricultural fertilizers (fig. 10). The
forested, volcaniclastic Mameyes watershed also has SO, -
to-Cl  ratios greater than the rainfall ratio (except for high
CI” events), but these ratios decrease slightly with increasing
runoff. The SO,* -to-Cl" ratios in samples from the forested,
granitic watersheds (Icacos and Guabd) are exceptionally low
(equal to or below the seasalt ratio) at low runoff rates, and
they increase to ratios above rainwater at high runoff rates
(except for high-Cl events). The exceptionally low ratios at
low runoff may be due to the transformation of SO,* into
reduced sulfur gases (such as dimethyl sulfide) in the soil,
whereupon the sulfur is emitted to the atmosphere (Stallard
and Edmond, 1981). Alternatively, these watersheds may have
no substantial geologic source of sulfur, and because sulfur is
a nutrient (a part of some amino acids), it should be retained
in biomass and organic matter in shallow soils (such as N, P,
and K) during lower-runoff conditions only to be subsequently
released to the stream during high-runoff events. Soil chemical
analyses (Stallard, 2012b), however, show no sulfur in mineral
soil or stream sediment.

Alkalinity, Carbon Dioxide, and Calcite Saturation

Alkalinity is the amount of anion charge per unit volume
that can be titrated with a strong acid to reach the first equilib-
rium endpoint for the CO, system (Stumm and Morgan, 1981).
Alkalinity is a conservative property. The primary source of
alkalinity is the weathering of silicate and carbonate minerals;
it can be modified by addition or loss of NO,", NH,", organic
acids, and sulfuric acid from sulfide weathering and acid pre-
cipitation. Higher alkalinities tend to be associated with higher
pH values, but for a given alkalinity, the vapor pressure of CO,
controls pH.
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Figure 8 (facing page). Runoff rate—concentration graphs for
potassium ion. Additional sample characteristics are indicated
with black symbols; calcite, samples supersaturated with
respect to calcite; high chloride, samples with exceptionally
high chloride concentrations collected during huge storms; high
potassium, samples with high potassium but not high chloride;
low silica, Icacos and Guaba samples with unusually low silica
concentrations for the runoff rate. The points separated from
the watershed-average curves (F) represent the averages of
the classes of sample indicated by the superimposed character.
These samples are not included in LOADEST models.

The study-area rivers draining volcaniclastic rocks tend
to have higher alkalinities than rivers draining granitic rocks
(fig. 11). Two geologic factors may contribute to this situa-
tion: the volcanic rocks have higher concentrations of Ca*
and Mg** compared with the granitic rocks (Jolly and others,
1998; Smith and others, 1998), and minor calcite is present in
some of the volcaniclastic rocks (Murphy and others, 2012).
Negative alkalinity (that is, acidity) is observed in event
samples collected at the highest runoff rates in the Icacos and
Guaba watersheds, reflecting the importance of the various
acid inputs, such as acid rain, nitrate formation, and DOC, to
these watersheds.

The partial pressure of carbon dioxide (P_,, ), CO, satura-
tion, and the saturation index for calcite, SI_ . , Were calcu-
lated from alkalinity, temperature, and pH following Stumm
and Morgan (1981; appendix 1). These parameters are useful
in assessing the state of carbonate-system thermodynamics
and, when combined with O,, they can be used to identify
in-stream respiration. Oxygen is a bioactive gas that is readily
exchanged between water and the atmosphere and is linked to
CO, through photosynthesis, respiration, decay, and combus-
tion. Using CH,O as chemical shorthand for organic matter,
the photosynthesis reaction is simple:

«—decay, respiration
CO,+H,0 <~ CH,0+0,.
photosynthesis—

According to this biologically mediated reaction, when
the concentration (and hence degree of saturation) of CO,
rises, O, should fall (the reverse is true for combustion, decay,
and respiration). The degree of saturation of both gases should
rise with an increase in temperature.

The rivers that drain granitic bedrock (Icacos, Guaba, and
Cayaguas) have higher degrees of CO, saturation, whereas
the rivers that drain volcaniclastic bedrock (Mameyes and
Candvanas) are only slightly oversaturated or are even under-
saturated (fig. 11). The rivers that drain granitic rocks are less
steep and turbulent than those that drain volcaniclastic rocks,
and therefore they probably have greater exchange with flood
plains and sandy beds. Turbulent flow and rapid gas exchange
as rivers cascade over steep rocky beds in the volcaniclastic

watersheds would drive the water towards equilibrium with
the atmosphere. The few grab samples collected from the Ica-
cos watershed at high runoff rates are close to saturation, indi-
cating that this river equilibrates with the atmosphere when the
river is quite turbulent. The undersaturation of CO, (fig. 11),
primarily in the Candvanas watershed, is probably due to
in-channel photosynthesis by aquatic plants, which raises pH
and O, (fig. 3) and reduces CO,,. In all the other rivers, CO,

is usually supersaturated and O, undersaturated, indicating a
dominance of respiration and decay.

The undersaturation of CO, caused by in-stream photo-
synthesis appears to have driven the high-alkalinity Canovanas
water into supersaturation with respect to calcite at low-runoff
conditions (fig. 11). Evidence of calcite precipitation, such as
tufa deposits, has not been investigated. The lack of abun-
dant limestone or calcite-bearing bedrock in the Candvanas
watershed suggests that the source of the supersaturated waters
is silicate weathering, perhaps accompanied by minor cal-
cite weathering. Soil solutions equilibrate with the high-CO,
environment of soils and outgas once groundwater enters the
channel. The outgassing could lead to calcite supersaturation.

Suspended Sediment

Three sources contribute suspended sediment to the
eastern Puerto Rico WEBB watersheds: surficial erosion,
landslides, and bed and bank erosion (Larsen, 2012). This
sediment can either be transported out of the watershed by
rivers or stored in the watershed as colluvium and alluvium.
Suspended sediment concentrations in all rivers are low except
during major storms when they increase rapidly with run-
off rate (fig. 12). All of the LOADEST curves have a slight
downward curvature, except for the Icacos watershed. For
the Candvanas and Cayaguds watersheds, runoff must exceed
the 50th percentile of runoff rate before concentrations of
100 milligrams per liter are reached; for the Icacos and Guaba,
the 75th percentile must be exceeded, and for the Mameyes,
the 90th percentile must be exceeded (table 4). A few samples
from highest runoff rates in the Cayaguds, Candvanas, and the
Icacos watersheds had exceptionally high concentrations of
suspended sediment; one Icacos sample contained more than
100 grams per liter. The cause of these high concentrations is
unknown. The Icacos and Cayaguas river beds are very sandy;
in fact, sand is extracted commercially in the Rio Cayaguas.

It is possible that the bed was substantially mobilized and that
the water intake nozzle of the sampler, which is not far above
the river bed, may have been in the boundary layer. Alter-
natively, several major events have caused landslides to fall
directly into the Icacos channel, so these high concentrations
may reflect diluted debris flows.

The suspended-sediment yields reported here are consid-
erably greater than yields reported in all previous estimates
(McDowell and Asbury, 1994; Brown and others, 1995;
Larsen, 1997; Larsen and Stallard, 2000). The yields reported
here reflect the large events captured during the Puerto
Rico WEBB program, and they allow the relation between
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Figure 9 (facing page). Runoff rate—concentration graphs for
nitrate, ammonium ion, and phosphate ions. Additional sample
characteristics are indicated with black symbols; calcite, samples
supersaturated with respect to calcite; high chloride, samples with
exceptionally high chloride concentrations collected during huge
storms; high potassium, samples with high potassium but not high
chloride; low silica, Icacos and Guaba samples with unusually low
silica concentrations for the runoff rate. The points separated from
the watershed-average curves (B, D, F) represent the averages of
the classes of sample indicated by the superimposed character.
These samples are notincluded in LOADEST models.

suspended sediment and runoff rate to be characterized at
much higher runoff rates than ever before. In addition, the
period 1996 to 2005 was a much wetter period than during
previous studies.

Sediment yields from all watersheds were considerably
greater than Saharan dust loadings of about 21+7 t km™ yr!
(Pett-Ridge and others, 2009b). This relation indicates that
Saharan dust is probably not a major component of the mass
budget in this landscape.

Conclusions

The water quality of the eastern Puerto Rico WEBB
rivers, in terms of pH, dissolved oxygen, dissolved constitu-
ents, and suspended solids, is quite good, despite evidence of
amphibian die-offs and increasing atmospheric deposition of
nitrate. Despite substantial differences in land cover, annual
runoff, or bedrock type, the water quality of these WEBB riv-
ers is not marked by extreme contrasts. The yields of constitu-
ents derived largely from bedrock weathering (Ca?*, alkalinity,
and Si(OH),), from seasalt (CI"), or from a mix of the two
sources (Na*, Mg*", K*, and SO,*) differed by a factor of less
than 2 among all watersheds, showing little relation to land
cover, annual runoff, or bedrock type. Average concentrations
of these constituents tended to be higher in the developed,
leeward watersheds (Cayaguds and Candvanas) compared
with the forested, windward watersheds (Icacos, Guaba,
and Mameyes). The developed watersheds had substantially
higher yields of nutrients (NO,”, NH,", and —PO,*) than the
forested watersheds. In-stream productivity in the Candvanas
watershed is sufficiently great to cause oxygen supersatura-
tion. It is possible that concentrations of some constituents are
higher in the rivers draining the developed, leeward water-
sheds because of lower mean-annual runoff and higher ratios
of evapotranspiration to runoff than is true in the forested,
windward watersheds. However, the developed watersheds
have higher concentrations of Na*, CI", SO, K, NO,", NH ",
and —PO,’" at a given discharge; this constituent profile,
along with the higher nutrients yields, suggests that additional
sources, most likely human activities related to agriculture and

domestic waste rather than to evapotranspiration, are causing
the difference. Suspended-sediment yields were generally low
during major storms, when a substantial amount of annual
sediment export occurred. Suspended sediment yields from
the granitic watersheds were about six times as great as from
the volcaniclastic watersheds, independent of land cover and
mean-annual runoff. The granitic watersheds generated about
2,000 t km™ yr!; this value is greater than previous estimates
of sediment yield from these watersheds and may be due to

a wetter sampling period or to the sampling of greater runoff
events (or both).

Several anomalous types of water-quality samples were
identified. Samples with very high CI” concentrations were
associated with some hurricanes and other large storms.
These samples were associated with elevated concentrations
of other ions that are abundant in seasalt (Na*, K*, Mg?,
Ca*", SO,”), and often anomalously low NO,™ concentra-
tions. This composition reflects windborne seasalt from the
ocean and a dominance of maritime, rather than continental,
air masses contributing to the storms. Hurricane Georges,
the largest storm of our study period, led to short-term and
long-term changes in water quality in the forested, windward
watersheds. The storm itself, like those described above,
produced anomalously high concentrations of seasalt-related
constituents and low NO,™ concentrations. For about 1 to 2
years after the hurricane, occasional high-K* event samples
were recovered that lacked correspondingly high concentra-
tions of Cl™ and other seasalt-related ions; therefore the K*
cannot be attributed to seasalt inputs. These samples may
indicate the release of potassium from litter deposited by the
storm, consistent with post-Hurricane Georges observations
(Ostertag and others, 2003). Prior to Hurricane Georges, but
not after, samples with anomalously low concentrations of
silica were recorded in the forested watersheds. The low-
silica events may have been caused by a change in hydrologic
pathway during some storms that resulted in shallow flow
paths; Georges may have led to the clogging or collapse of
such macropores and pipes. These anomalous samples were
not included in load and yield regressions.

For most constituents, the rivers show similar trends in
runoff—dissolved constituent concentration graphs, suggest-
ing considerable similarity in runoff generation and flow path
structuring despite differences in geology, soils, and land
cover. The nonbioactive, bedrock-derived and atmospheri-
cally derived constituents (Si(OH),, Ca*", Mg**, Na’, and
CI") decrease in concentration with increasing discharge. The
trends of the primary data are linear, while some curvature is
seen for smoothed data. No trends are sigmoidal. These obser-
vations are consistent with the permeability-porosity-aperture
model. All the slopes, C|, for all the bedrock- and seasalt-
derived constituents tend to be lower than for most of the riv-
ers in the Hydrologic Benchmark Network dataset (which are
mostly in the —0.15 to —0.05 range). For a given river, the vari-
ous slopes of bedrock-derived constituents are not statistically
identical. The slope of Si(OH),, which is exclusively derived
from bedrock weathering, differs considerably from that of the
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Figure 10. Runoff rate—concentration graphs for sulfate and sulfate:chloride ratio. Additional sample characteristics are indicated
with black symbols; calcite, samples supersaturated with respect to calcite; high chloride, samples with exceptionally high chloride
concentrations collected during huge storms; high potassium, samples with high potassium but not high chloride; low silica, Icacos
and Guaba samples with unusually low silica concentrations for the runoff rate. The points separated from the watershed-average
curves (B, D) represent the averages of the classes of sample indicated by the superimposed character. These samples are not
included in LOADEST models.
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Figure 11. Alkalinity, carbon dioxide saturation, and calcite saturation in the eastern Puerto Rico WEBB rivers, 1991-2005.

Additional sample characteristics are indicated with black symbols; calcite, samples supersaturated with respect to calcite;
high chloride, samples with exceptionally high chloride concentrations collected during huge storms; high potassium, samples
with high potassium but not high chloride; low silica, Icacos and Guabhé samples with unusually low silica concentrations for the
runoff rate. The points separated from the sample-average curves (B) represent the averages of the classes of sample indicated
by the superimposed character. These samples are notincluded in LOADEST models.
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Figure 12 (facing page). Runoff rate—concentration graphs

for suspended sediment. Additional sample characteristics are
indicated with black symbols; calcite, samples supersaturated
with respect to calcite; high chloride, samples with exceptionally
high chloride concentrations collected during huge storms; high
potassium, samples with high potassium but not high chloride;
low silica, Icacos and Guaba samples with unusually low silica
concentrations for the runoff rate. The points separated from

the watershed-average curves (F) represent the averages of the
classes of sample indicated by the superimposed character.

most abundant bedrock-derived ion, Ca?*. This finding is not
consistent with a single common slope for all bedrock-derived
constituents. For each river, however, the slopes of the ionic
constituents are ranked according to the relative contribution
of bedrock and seasalt, from most negative to least negative,
Ca?", Mg?*, Na*, and CI". After excluding the high-CI™ storms,
chloride has a slope of —0.20 to —0.14. Chloride is atmospheri-
cally derived, so this trend must be caused by the mixing of
old, evaporated soil waters with younger, typically more dilute
rainwater. Focusing on Si(OH),, Ca**, and Mg*" to limit seasalt
effects, the slopes of the linear relations for granitic rivers are
consistently less than for the volcaniclastic rivers, suggesting
that the physics of water flow through the different soils is
slightly different and grouped by geology. A precise physi-

cal explanation is limited by the inability to measure, in the
field, the parameters that contribute to C| in the permeability-
porosity-aperture model.

The strongly bioactive constituents typically demon-
strate two types of concentration-runoff relations. Some of
the bioactive constituents have nearly constant runoff-rate—
to—concentration relations (a chemostat), ordinarily with
considerable scatter. For DOC, and for some of the remain-
ing bioactive constituents in some rivers, concentrations
increase as runoff increases, until runoff rates reach between
3 and 10 mm h™'. At still higher runoff rates, concentra-
tions decrease. This sequence can be interpreted in terms of
a simplified soil-hydrology model. At low discharge, most
water is presumably arriving through deeper flow paths with
less-available bioactive constituents. With increasing runoff,
flow paths are more shallow, more-available constituents are
removed, and concentrations rise. At the highest runoff, over-
land flow and macropore flow become important. These paths
have less contact with the soil matrix and do not generate
waters high in bioactive constituent concentrations; accord-
ingly, stream concentrations drop. An alternate explanation,
solute depletion during storms, should cause recessions to
have lower concentrations than rises. None of the bioactive
constituents show this behavior.
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