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Metabolism of a tropical rainforest stream

Abstract

Gradients in photosynthesis (P) and respiration (R) were measured on an unperturbed portion of the Rio
Mameyes, a tropical stream in the Luquillo Experimental Forest, northeastern Puerto Rico. Rates of P, which
were similar to those of streams in temperate-deciduous forests, were low in the heavily canopied headwaters
(<70 g>0p m~2 y~1) and were higher (453-634 g O, m =2y~ 1) in middle and lower reaches. Periphyton
biomass did not show the expected increase as the canopy opened downstream, probably because of
increasing herbivory in downstream reaches. Rates of R, which were much higher than in most temperate

streams, also were lower in the headwaters (767 g Oy m™2 y'l) than in the middle and lower reaches

(1550-1660 g O m~2y~1). High rates of R and suppressed periphyton abundance caused annual P/R to be
<<1 from headwaters to lower reaches. Results for the Rio Mameyes suggest that intense herbivory, which is
favored by the presence of large herbivores and consistently high temperatures, may be more typical of
tropical than temperate streams. Results also show that the tropical rainforest provides the stream with
sufficient amounts of labile organic C to support high rates of respiration over long distances across the basin.
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Metabolism of a tropical rainforest stream
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Abstract. Gradients in photosynthesis (P) and respiration (R) were measured on an unperturbed
portion of the Rio Mameyes, a tropical stream in the Luquillo Experimental Forest, northeastern
Puerto Rico. Rates of P, which were similar to those of streams in temperate-deciduous forests, were
low in the heavily canopied headwaters (<70 g O, m~? y~') and were higher (453-634 g O, m2y™)
in middle and lower reaches. Periphyton biomass did not show the expected increase as the canopy
opened downstream, probably because of increasing herbivory in downstream reaches. Rates of R,
which were much higher than in most temperate streams, also were lower in the headwaters (767 g
O, m~2 y~) than in the middle and lower reaches (15501660 g 0O, m~2 y-1). High rates of R and
suppressed periphyton abundance caused annual P/R to be <1 from headwaters to lower reaches.
Results for the Rio Mameyes suggest that intense herbivory, which is favored by the presence of large
herbivores and consistently high temperatures, may be more typical of tropical than temperate
streams. Results also show that the tropical rainforest provides the stream with sufficient amounts

of labile organic C to support high rates of respiration over long distances across the basin.

Key words: stream metabolism, Rio Mameyes, Puerto Rico, tropical stream, rainforest river.

Tropical streams and rivers could be expected
to differ in their metabolism from streams and
rivers at higher latitudes because of their higher
mean temperature at a given elevation and their
greater uniformity in monthly distribution of
temperature and incident irradiance. The nature
of any such differences may not be simple. Pho-
tosynthesis and respiration are affected differ-
ently by temperature because temperature and
degree of seasonality may influence canopy cov-
er, organic C supply, and other features of ter-
restrial ecosystems linked to streams. Herbivo-
ry, which could alter the rate and balance of
photosynthesis and respiration, also may be in-
fluenced by temperature and seasonality (Benke
1993). Consistently high temperatures support-
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-ing rapid growth of herbivores throughout the

year could increase the influence of herbivory on
primary production (Benke 1993).

Interlatitudinal comparisons of streams span-
ning elevational gradients (e.g., as described by
the river continuum concept; Vannote et al.
1980) are more informative than those based on
single locations. Also, interlatitudinal compari-
sons are weak unless they extend over an entire
year because seasonal cycling is one of the most
likely differences between tropical and temper-
ate streams. Studies of tropical stream metabo-
lism covering such spatial gradients and extend-
ing for at least 1 y are scarce (Talling and Le-
moalle 1998), although a few such studies exist
(e.g., Dudgeon 1983).

The purpose of our study was to determine if
the Rio Mameyes, northeastern Puerto Rico (Fig.
1), shows a balance between photosynthesis (P)
and respiration (R) that differs from expecta-
tions based on temperate streams of similar size
and canopy cover. Two hypotheses were tested
across an elevational gradient: 1) tropical
streams, because of their perennial warmth,
have higher annual rates of P and R than tem-

769
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FiG. 1. The Rio Mameyes, Puerto Rico, study site. Qbda. = Quebrada (stream).

perate streams; and 2) P/R ratios for tropical
streams are consistently lower than for temper-
ate streams because water temperature affects R
more strongly than P.

Metabolism of mountain streams often has
been estimated in enclosures (eg., Bott et al.
1985, Findlay et al. 1997, Naiman and Link 1997,
Newbold et al. 1997), although some open-chan-
nel estimates exist (Marzolf et al. 1994). Metab-
olism data based on enclosures may be mislead-
ing because enclosures exclude hyporheic R
(Naegeli and Uehlinger 1997). We used the
open-channel method with improvements de-
veloped by Marzolf et al. (1994) that allow its
application to mountain streams such as the Rio
Mameyes.

Study Site

The Rio Mameyes is 1 of 5 rivers draining the
Luquillo Experimental Forest (LEF), a National
Science Foundation Long-Term Ecological Re-
search site (Fig. 1). The study reaches extended
from the headwaters (~1000 m asl) down to
Palmer (80 m asl). No sites were downstream of
Palmer, where municipal effluent entered the
river. Upstream of Palmer, the basin was in
nearly natural condition.

The Rio Mameyes extends 15 km from its
headwaters to the Atlantic Ocean and has a ba-
sin area of 43 km? The basin is underlain by
Cretaceous volcanoclastic rocks and dioritic in-
trusions (Seiders 1971, Pease and Briggs 1972).
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TaBLE 1. Physical characteristics of sampling reaches in the Rio Mameyes basin. Reaches are shown in order

of decreasing elevation.

Primary sampling reaches Secondary sampling reaches

Rio La Puente Upper Upper

Mina Bisley Roto LaVega LaMina La Coca Mameyes Palmer
Distance from headwaters (km) 2.0 0.8 6.3 9.0 04 12 34 120
Elevation (m asl) 405 250 80 30 670 350 250 10
Reach length (m) 120 50 260 210 75 90 100 150
Mean channel width (m) 7 5 15 17 3 5 12 15
Mean channel slope (%) 8.8 25.6 23 0.6 7.7 104 53 14
Mean canopy cover (%) 72 89 39 40 80 88 57 26
Stream order 2 1 3 3 1 1 3 3
Basin area (km?) 28 04 17.8 237 02 0.7 6.0 31.0
% area riffles 70 86 81 38 84 22 60 46
% area pools 20 14 19 62 16 78 40 54
% area runs 10 0 0 0 0 0 0 0
Days since last disturbance 43 34 47 32 38 37 35 49

(mean)

Channels in the upper part of the basin are
steep, confined, and contain large boulders. In
the lower part of the basin, slope of the channel
decreases to ~1% (Table 1) and the substrate is
predominantly cobble.

Climate in the Rio Mameyes basin is strongly
influenced by elevation. Rainfall ranges from
2000 mm/y at low elevations to >4000 mm/y
at the highest elevations (Brown et al. 1983).
Rainfall occurs in every month, but it is highest
in May and from September to November; Feb-
ruary, March, and April normally are the driest
months (Fig. 2). Mean annual discharge of the

Rio Mameyes prior to the study was 1.6 m*/s
(Rio Mameyes at Route 5, USGS 50066000, 3 m
asl). Gage records prior to the study showed fre-
quent sharp increases in discharge in response
to intense rainfall in the upper basin.

Solar irradiance above the canopy of the Rio
Mameyes Basin declines with increasing eleva-
tion because of an atmospheric moisture gradi-
ent between the coast and higher elevations. The
full range of elevation in the Rio Mameyes Basin
corresponds to a reduction of ~31% in mean
annual irradiance above the canopy between the
coast and the headwaters (Bayton 1968, Odum
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FiG. 2. Mean monthly discharge between 1967 and 1995 and monthly discharge for the study period (1995-
1996) on the Rio Mameyes near the Sabana gaging station in the middle of the study area (USGS 50065500, 84

m asl).
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et al. 1970). The elevational trend in irradiance
could affect the annual rate of stream photosyn-
thesis across the elevational gradient. Mean dai-
ly water temperature of the Rio Mameyes
ranged from 22°C in February to 24°C in July in
the headwaters and from 21°C in February to
28°C in August at low elevation (Ortiz-Zayas
1998).

Methods

Studies of the Rio Mameyes were conducted
between February 1995 and April 1996. Rainfall
was below average during this period, but var-
fations in discharge allowed sampling over a
wide range of flows (Fig. 2). Four primary
reaches were sampled every 30 to 45 d, and 4
secondary reaches were sampled less frequently.

Nutrient chemistry

Concentrations of total dissolved P, NO,~-N,
and NH,*-N were measured at all sites when
data on metabolism were collected. All samples
were stored in a dark cooler for transport to the
laboratory, where they were filtered within 12 h
of collection (Whatman GF/F; nominal pore
size = 0.7 pm). NH,*-N was determined col-
orimetrically by a modified Solorzano method
(Grasshoff 1976), and NO,~-N was measured by
ion chromatography. Total dissolved P was de-
termined by a modification of the oxidation
method of Lagler and Hendrix (1982) and Vald-
errama (1981).

Irradiance

Photosynthetically active radiation (PAR) was
measured during each diel study as photosyn-
thetic photon flux density (PPFD, mol m~2 d-1)
with quantum sensors near the water surface
and just over the substrate. Canopy cover was
measured with a spherical densiometer placed
at randomly selected locations within the sam-
pling reach. In addition, canopy cover was mea-
sured at the location of the quantum sensors.

Periphyton

Epilithic periphyton was collected during the
diel studies at all sampling reaches. Submerged
rocks were selected randomly from 9 equally
spaced stream cross-sections within each reach.

J. R. ORTIZ-ZAYAS ET AL.
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Three samples were collected at each cross-sec-

tion; each sample consisted of 5 rocks. Periph-
yton samples were taken from each rock by the
method of Porter et al. (1993). Subsamples of
periphyton biomass were analyzed for both
chlorophyll a and ash-free dry mass (AFDM).
Chlorophyll 4 samples were filtered through
GF/C glass-fiber filters, placed in screwcap test
tubes, and frozen prior to analysis. Chlorophyll
a (mg/m?) was determined by an ethanol-ex-
traction method (Marker et al. 1980), and AFDM
(8/m?) was determined by the gravimetric
method of Britton and Greeson (1987).

Disturbances of the bed

Disturbance of the stream substrate, which
may affect metabolism, was assumed to coin-
cide with the discharge capable of moving the
average streambed particle. Larsen (1997) esti-
mated that the substrate was substantially dis-
turbed at discharges >22 m?/s at the Sabana
gage, although weaker disturbance could have
occurred at lower discharges. Time elapsed
since the last disturbance (d) was determined
for each field sampling date so that the response
of periphyton biomass to disturbance could be
tested.

Metabolism

P and R were estimated by the open-channel
technique of Odum (1956) as modified by Mar-
zolf et al. (1994, 1998) and Young and Huryn
(1998); estimates were corrected for the effects
of groundwater flux (McCutchan et al. 2002).
Field measurements were made of reaeration
rate coefficients, diel changes in temperature
and O, concentration, channel geometry,
groundwater flux to the channel, PAR, and pe-
riphyton biomass.

The reaeration rate coefficient was measured
on 5 dates at each of the primary reaches (Kil-
patrick et al. 1989). Propane was injected at a
constant rate, and a slug of NaCl was intro-
duced at the upper end of the reach. Travel time
was estimated from temporal change in specific
conductance associated with transport of the
NaCl. Water samples for propane analysis were
collected at the top and bottom of each sam-
pling reach with a gas sampler (Kilpatrick et al.
1989). Propane in the headspace of the sample
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vials was analyzed by gas chromatography with
a flame ionization detector.

Reaeration rate coefficients for O, (Koygen, /d)
were adjusted to standard temperature (Keoxygenz20)
following Kilpatrick et al. (1989). Discharge dur-
ing reaeration and metabolism studies was es-
timated from current-meter measurements by
the velocity—cross-section method (Gordon et al.
1992).

Reaeration coefficients at primary reaches
were not determined concurrently with metab-
olism studies. Reaeration coefficient at a given
reach for any given date can be estimated if a
quantitative relationship is developed between
discharge and reaeration coefficient. Prelimi-
nary screening of various models relating dis-
charge to reaeration coefficient showed that the
energy-dissipation model (Tsivoglou and Neal
1976) gave the best results for the Rio Mameyes.
This model treats reaeration coefficient as the
product of an energy-dissipation value and an
escape coefficient, and the energy-dissipation
value is defined as the ratio of slope to water
velocity (or, equivalently, the ratio of change in
elevation to travel time across the reach). The
escape coefficient, which incorporates influences
on gas exchange not captured by the energy-
dissipation value, is determined empirically
from measured reaeration coefficients and en-
ergy-dissipation values. The relationship be-
tween reaeration coefficient, energy-dissipation
value, and escape coefficient is quantified as a
power function (Tsivoglou and Neal 1976).

The 5 reaeration measurements and accom-
panying data on slope and velocity for each pri-
mary reach were used to calculate escape coef-
ficients, which then were used to develop the
power functien relating reaeration to energy
dissipation and the escape coefficient. The pow-
er function then was used to calculate Koypenz0
on dates when metabolism measurements were
made at each primary reach.

Reaeration coefficients were not measured at
secondary reaches. For geomorphically similar
reaches in the same basin, however, the energy-
dissipation method allows estimation of K, gen20
from site-specific energy-dissipation values plus
the energy-dissipation power function for geo-
morphically similar reaches with known escape
coefficients (Tsivoglou and Neal 1976). This pro-
cedure was used to estimate reaeration coeffi-
cients for secondary reaches. A median value for
the escape coefficient (0.36/m) from the 3 pri-

TROPICAL STREAM METABOLISM
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mary upper basin reaches (Bisley, Puente Roto,
and La Mina; Fig. 1) was used to calculate reaer-
ation coefficients at secondary upper basin
reaches (Upper La Mina, Upper Mameyes, and
La Coca). The reaeration coefficient for Palmer
(primary reach, lower basin) was used for La
Vega (secondary reach, lower basin), where geo-
morphology was similar.

A total of 53 open-channel (diel) estimates of
O, metabolism were obtained at the 8 sampling
reaches. For each estimate, a logging multiprobe
sensor (Hydrolab Datasonde III), deployed in
situ for 1 to 2.d, measured temperature, dis-
solved O,, and specific conductance at intervals
of 15 to 30 min. Elevation and water tempera-
ture were used to calculate the O,-saturation
concentration from the equation of Duke and
Marsh (1973). It was assumed that barometric
pressure remained constant over the study and
that the mean daily sea level pressure was 760
mm Hg. On all dates, the mean daily sea level
pressure measured at Roosevelt Roads (20 km
east of the LEF boundary) was 760 to 763 mm
Hg (National Oceanic and Atmospheric Admin-
istration, unpublished data); variation within
this range would have affected estimates of the
O, saturation concentration by <0.4%.

Entry of groundwater within a study reach is
not likely to affect estimates of F, but can cause
bias in estimates of R if groundwater O, devi-
ates significantly from stream O, (McCutchan et
al. 2002). Rates of groundwater seepage were es-
timated from paired measurements of discharge
and were validated with salt-dilution studies
(Ortiz-Zayas 1998). Estimates of seepage for a
reach (m?/d) were divided by the area of the
stream bottom to give rates of groundwater flux
per unit area of stream bottom (m/d). The O,
concentration of ground water (4 mg/L) was es-
timated from data given by McDowell et al.
(1992).

For each diel study, net ecosystem metabolism
was estimated as follows (McCutchan et al.
2002):

P + R = Z(C,— Co)/At — (G~ CIQ,/A
-k DZ

oxygen’
where P and R are rates of photosynthesis and
respiration, respectively (g O, m~? d~'; Ris neg-
ative), Z is the mean depth of the channel (m),
C, and C, are the initial and final concentrations
of O,, respectively (g/m?), C, is the O, concen-
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FiG. 3. Concentrations of total dissolved P (A) and NO,~-N (B) at the 4 primary sampling reaches. Elevation
{(m asl) is shown with the name of each station in the legend.

tration of groundwater (g/m?), Q,/A is the flux .

of groundwater per unit area (m/ d), Koggen iS
the reaeration rate coefficient for O, (/d) at tem-
perature T (°C), and D is the saturation deficit
for O,. Mean depth of each reach was deter-
mined from channel-geometry equations for the
Rio Mameyes (Ortiz-Zayas 1998). Discharge var-
ied substantially because of rain in the head-
waters during some diel studies; thus, data for
such dates were not used to calculate metabolic
rates. Rates of P and R to be compared across
reaches were adjusted to 20°C (P,, and R,,, re-
spectively) assuming Q,, = 2.0 (D’Angelo et al.
1997). For P, rates were adjusted with mean
daytime temperature. For Ry, rates were adjust-
ed with mean temperature over 24 h. Efficiency
of primary production was considered as P/
PPFD.

Metabolism was estimated more frequently in

the 4 primary reaches than in the 4 secondary
reaches, so data analysis was confined to pri-
mary reaches when a statistical trend analysis
was based on mean values at a given station.
Data from all reaches were used when the data
analysis involved trends for individual dates.

Results
Nutrient chemistry

Concentrations of total dissolved P and NO,--
N were consistently well above detection limits
{(Fig. 3A, B). Concentrations of NH,*-N were
consistently low (overall mean ~10 pg/L) (not
shown). The lowest concentrations for total dis-
solved P tended to occur between November
and March, when flows were lowest (Fig. 2, Fig.
3A). Patterns were less well defined for NO,~~
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N, but minimum NO,-N concentrations also
coincided with minimum flow (Fig. 2, Fig. 3B).
There were no notable differences in nutrient
concentrations among reaches related to dis-
tance from headwaters or elevation (Fig. 3A, B).
NO,~-N concentrations at Bisley were consis-
tently higher than at other stations (Fig. 3B),
probably because Bisley was most severely af-
fected by Hurricane Hugo in 1989 (Schaefer et
al. 2000).

Irradiance and periphyton biomass

Irradiance reaching the stream surface in-
. creased with basin area, except for Upper La
Mina, which had an unusually sparse canopy
for a stream of its size (Fig. 4A). Irradiance was
closely correlated with distance from headwa-
ters (r = 0.99). PAR reaching the substrate was
nearly identical to PAR at the surface of the wa-
ter because the streams were shallow and the
water was typically clear.

Periphyton biomass (as chlorophyll 4) did not
increase downstream in response to opening of
the canopy (Fig. 4B), but variance among sam-
pling dates at each reach was large. AFDM de-
creased significantly downstream (Fig. 4C).
AFDM/ chlorophyll a ratios were generally high,
indicating that AFDM included a large amount
of nonautotrophic organic matter. Chlorophyll 2
was correlated closely with AFDM (r = 0.82)
and with ash (r = 0.86). These relationships in-
dicated that periphyton and other particulate
matter (organic and inorganic) accumulated si-
multaneously.

Metabolism

The mean and range of reaeration rate coef-
ficients were directly related to elevation (Table
2). The fit of the power function associated with
the energy-dissipation model was good for all
reaches except La Vega, which had a nearly con-
stant coefficient across the observed range of
discharges; thus, a mean reaeration coefficient
was used for all dates at La Vega.

Reaeration rate coefficients for La Mina were
much higher than at any of the other primary
reaches because of its stair-step channel struc-
ture. Plunging flow produced high reaeration
rates, as expected, but the uneven distribution
of reaeration rates upstream of any given point
of measurement undermined the assumption of

TROPICAL STREAM METABOLISM
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chlorophyll a (B), and ash-free dry mass (AFDM) of
biofilm (C). PPFD = photosynthetic photon flux den-

sity.

the metabolism calculations that reaeration rate
at the measurement point accurately represent-
ed mean reaeration rate across the entire reach.
For this reason, no calculation of metabolism
was made from reaeration rates obtained at La
Mina.

Rates of P and R showed no obvious seasonal
pattern at the 3 primary reaches where esti-

S
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TABLE 2. Summary of measurements of reaeration rate coefficients at the 4 primary stations (n = 5 at each
station) and of the application of the energy-dissipation model to each station. Reaches are shown in order of
decreasing elevation. — = not statistically significant at p = 0.05.

Reaeratjon rates Power function Escape
Reach Type (range, /d) (0] coefficient
Bisley Upper basin 134168 0.49 0.360
La Mina Upper basin 161-691 0.85 0.362
Puente Roto Upper basin 32-67 0.68 0.120
La Vega Lower basin 21-27 - -

mates were possible (Fig. 5A, B). The annual
rate of P was low (69 g O, m~2 y!) at Bisley, at
the highest elevation, and was much higher at
Puente Roto (634 g O, m~2y~') and La Vega (453
g O, m~2 y1), The annual rate of R at Bisley
(767 g O, m~2 y~1) was ~% the rates of R at
Puente Roto (1550 g O, m~2 y~!) and La Vega
(1660 g O, m~2 y~*). The annual mean P/PPFD
ratio was highest at Bisley and substantially
lower at Puente Roto and La Vega (Table 3). P/
PPFD ratios varied irregularly over the year at
each of the primary reaches (Fig. 5C). P/R ratio
was higher at Puente Roto than at Bisley or La
Vega (Fig. 5D), but all values were <1.0 for the
year (Table 3). P, increased with PPFD only up
to ~5 mol m=2 d-? (15-20% of irradiance over
an unshaded stream segment; Fig. 6). All but 2
reaches (Bisley, La Coca) received >5 mol m~2
d-! PAR (Fig. 6).

P, Ry, and the P,/R,, ratio increased signif-
icantly downstream, as indicated by their posi-
tive relationships with basin area (Fig. 7 A, B,
C). In contrast, P,,/PPFD ratio decreased down-
stream (Fig. 7D). P,, was not correlated with
time since the last disturbance, but there was a
significant negative relationship between the
amount of chlorophyll 4 and time since the last
disturbance (r = —0.48, p = 0.0015) (not shown).

Discussion

Five environmental factors may account for
mean P and R and for trends in P and R across
stations in the Rio Mameyes: streamwater nu-
trient concentrations, temperature, irradiance,
biomass removal by spates and herbivores, and
allochthonous C supply. Streamwater nutrients
can be judged by minimum concentrations in-
dicative of limitation, and temperature can be
evaluated on the basis of temperature correc-
tions with the assumption of an appropriate Q,,

Degree of accumulation of autotrophic biomass
should reflect biomass removal if nutrients are
sufficient to support growth. Abundance of la-
bile C supplies can be inferred from R and P/
R ratios as a function of distance from head-
waters.

Nutrients

Concentrations of total dissolved P and inor-
ganic N in the Rio Mameyes did not reach the
extreme degrees of depletion associated with se-
vere growth limitation (e.g., Hall and Tank
2003). Concentrations of NO,~-N were similar to
those reported by McDowell and Asbury (1994)
for nearby basins (discharge-weighted mean =
60-69 png/L NO;~-N). In contrast, concentra-
tions of total dissolved P were much higher for
the Rio Mameyes than for the rivers studied by
McDowell and Asbury (1994), who estimated a
discharge-weighted mean of 2 pg/L for total
dissolved P; however, data for soluble reactive
P reported by Mulholland et al. (2001) for the
Rio Mameyes are consistent with concentrations
of total dissolved P reported here (Fig. 3A).
Both N and P were available in sufficient
amounts to support substantial growth of au-
totrophs.

Irradiance and biomass remowal

Solar irradiance is substantially blocked in the
headwaters by canopy and, to a lesser extent, by
cloudiness. Solar irradiance is the likely cause of
the inverse relationship between P and distance
from headwaters in the Rio Mameyes. This pat-
tern is generally expected with the transition
from headwaters to intermediate reaches of
streams in forested basins (Vannote et al. 1980).

Higher P would be expected to produce high-
er chlorophyll a per unit area downstream, but
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chlorophyll 2 data showed no such increase (Fig.
4B). Thus, removal of biomass is implicated as
an explanation for low biomass accumulation in
downstream reaches. Spates of sufficient mag-
nitude to move the bed can remove periphyton

biomass (Biggs et al. 1999), but the data do not
show a positive relationship between time since
disturbance and amount of benthic chlorophyll
4. Fast recovery of periphyton in the Mameyes
(10-14 d; E Blanco and B. Bryan, University of
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TABLE 3. Annual mean (SE) daily rate of photosynthesis (P), P/ photosynthetic photon flux density (PPFD),
daily rate of ecosystem respiration (R), and P/R ratio measured with the open-channel technique at 3 primary
sampling reaches of the Rio Mameyes. PAR = photosynthetically active radiation.

P P/PPFD R
Sampling
reach g O, m2d-1 n g O,/mol PAR n g O, m2d1 n P/R ratio
Bisley 0.19 (0.03) 12 0.278 (0.157) 11 2.44 (0.52) 8 0.10 (0.03)
Puente Roto  1.77 (0.16) 12 0.173 (0.097) 11 4.07 (0.067) 10 039 (0.05)
La Vega 1.15 (0.15) 9 0.061 (0.045) 8 4.96 (0.085) 9  030(0.07)

Puerto Rico, unpublished data) might mask the
chlorophyll a-disturbance relationship, but a
group-comparison test between chlorophyll a
=14 d and >14 d after disturbance gave no in-
dication that biomass was strongly controlled by
spates. We conclude that spates do not account
for suppression of periphyton biomass.
Herbivory also could suppress periphyton
biomass accrual in the Rio Mameyes. Large
populations of herbivorous shrimp and snails
occur in streams of the LEF (Pringle et al. 1993,
Pringle and Blake 1994, Covich and McDowell
1996, Pringle 1996, March et al. 2002), and her-
bivorous fish also contribute to the loss of pe-
riphyton (Covich and McDowell 1996). In the
Rio Mameyes, herbivores generally increase in
abundance and diversity downstream from the
headwaters (Covich and McDowell 1996), but it
is unknown if intensity of herbivory also in-
creases downstream. Rates of grazing by
shrimp probably are highest at high elevations

(March et al. 2002; E. Greathouse, University of
Georgia, personal communication), but snails,
which are the dominant herbivore by mass in
the Rio Mameyes, are most abundant at low el-
evations (>500/m? of small snails cf. 20/m? of
larger snails at high elevations), suggesting
higher herbivory downstream (E Blanco, un-
published data). March et al. (2002) documented
a similar trend in the Espiritu Santo River,
which lies within the LEE A downstream gra-
dient in herbivory could be explained by gra-
dients of habitat suitability and by physical bar-
riers (e.g., cascades) that exclude or reduce the
upstream colonizing ability of some herbivores
(Covich and McDowell 1996).

Allochthonous C

The exceptionally low P/R ratios of the Rio
Mameyes indicate that R is largely disconnected
from P because the organic C that supports eco-

_ Bisley
10 i (250 m)
o Puente Roto
- C (80 m)
] % [2)
“.-'o 14 - g% o o % ®o o o LaVega
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FIG. 6. Relationship between temperature-corrected
density (PPFD).

photosynthesis (P,,) and photosynthetic photon flux
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system R must originate mainly from the basin
rather than from autochthonous producers.
Measurements of AFDM show that total amount
of biofilm decreased rather than increased
downstream (Fig. 4C). Therefore, the down-
stream increase in temperature-corrected R ap-
parently involved increased amounts of labile
organic C downstream or increasing transient
storage downstream.

Comparison with temperate streams

P generally increases with basin area in
streams in deciduous (temperate) forests and
streams in coniferous (temperate and boreal)
forests, but the rate of increase differs between
streams of coniferous and deciduous forests
(Webster and Meyer 1997; Fig. 8A). For the Rio
Mameyes, the relationship between P and basin
area is more similar to that of deciduous forest
streams than to that of coniferous forest streams
(Fig. 8A). The relationship between R and basin
area also differs between coniferous and decid-
uous forest streams (Webster and Meyer 1997;

Fig. 8B). R in the Rio Mameyes increased with
basin area, but was consistently higher than R
in deciduous streams of similar basin area. R in
the Rio Mameyes was more similar to R in de-
ciduous forest streams than R in coniferous for-
est streams (Fig. 8B). In the Rio Mameyes, the
P/R ratio increased with basin area, as in de-
ciduous and coniferous streams, but estimates
of the P/R ratio in the Rio Mameyes were below
the trend lines for deciduous or coniferous
streams (Webster and Meyer 1997; Fig. 8C).
Our estimates of R are among the highest list-
ed by Sinsabaugh (1997) and are higher than
any estimates for temperate streams of compa-
rable basin area, excluding blackwater streams
with large floodplains. The Rio Mameyes might
be expected to show higher annual R rates than
most temperate streams, given the steady and
high supply of allochthonous organic matter as-
sociated with year-round litterfall (Ortiz-Zayas
1998) and constantly high water temperatures.
The Rio Mameyes data are consistent with an
empirical relationship between R and mean an-
nual water temperature developed by Sinsa-
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baugh (1997) for streams of boreal to subtropi- Interlatitudinal comparisons of stream meta-
cal latitudes. Thus, there appears to be a gra- bolic rates suggest differences between temper-
dient in R across latitude that is explained by ate and tropical streams. However, such com-
temperature acting as a regulator of R, the rate  parisons, especially for R, should be treated
of terrestrial C supply to streams, or both. with caution because of possible differences be-
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tween estimates based on chambers and esti-
mates based on open-channel techniques. Most
of the available literature is based on chamber
methods (Webster and Meyer 1997, Sinsabaugh
1997), which are likely to underestimate R.

In conclusion, the Rio Mameyes was strongly
heterotrophic at all study reaches. This result
was unexpected in the downstream reaches
where substantial PAR reached the stream bot-
tom. Removal of periphyton biomass by herbi-
vores appears to explain suppression of autotro-
phic biomass downstream, and low autotrophic
biomass probably reduced P in the middle and
lower reaches of the Mameyes. High R across all
* sites was consistent with a latitudinal gradient
of R, suggesting that R for tropical streams of
specific basin areas is among the highest mea-
sured for unaltered streams. Furthermore, high
R in the Rio Mameyes throughout the year dem-
onstrates an abundant external supply of labile
organic matter in its middle and lower reaches,
where autochthonous sources appear weak.

The Rio Mameyes shows the same type of
downstream gradients in P that are expected for
temperate streams because longitudinal gradi-
ents in canopy cover are similar for tropical and
temperate forests during the growing season,
but herbivory in the Rio Mameyes appears to
prevent the biomass accumulation that would be
expected at intermediate stream orders (Van-
note et al. 1980). It is unclear whether suppres-
sion of autotrophic biomass in the Rio Mameyes
is linked to its tropical latitude. Year-round high
temperature in the tropics allows constant, high
growth rates of herbivores (Benke 1993), which
may allow herbivory to be more influential than
at latitudes where herbivory cycles seasonally
(e.g., McCut¢han and Lewis 2002). Overall, the
Rio Mameyes is surprisingly heterotrophic be-
yond its headwaters, and the explanation lies in
high R coupled with suppressed P caused by
low periphyton biomass accumulation.

Acknowledgements

We thank Felix Hernandez, Gustavo Guzman,
and Coqui Kent for help with field work. US
Forest Service personnel also helped in the field
(Carlos Estrada, Don Angel Colon, and Carlos
Torres) and with laboratory analyses (Samuel
Moya, Andres Garcia, Mary Jean Sanchez, Mir-
riam Salgado, and Edwin Lopez). US Geological
Survey personnel (Pedro Diaz, Heriberto Torres,

TROPICAL STREAM METABOLISM

781

Rene Sanchez, and Jose Agis) provided further
assistance with this project. -

Literature Cited

BayTtoN, H. W. 1968. The ecology of an elfin forest in
Puerto Rico. 2. The microclimate of Pico del Oes-
te. Journal of the Arnold Arboretum, Harvard
University 49:419-430.

BENKE, A. C. 1993. Concepts and patterns of inverte-
brate production in running waters. Verhandlun-
gen der Internationalen Vereinigung fiir theoretis-
che und angewandte Limnologie 25:15-38.

BiGaGs, B. J. E, R. A. SMITH, AND M. ]. DUNCAN. 1999.
Velocity and sediment disturbance of periphyton
in headwater streams: biomass and metabolism.
Journal of the North American Benthological So-
ciety 18:222-241.

Borr, T. L., ]. T. BRocK, C. S. DUNN, R. J. NamMAN, R.
W. OVINK, AND R. C. PETERSEN. 1985. A compar-
ison of methods for measuring primary produc-
tivity and community respiration in streams. Hy-
drobiologia 60:3-12.

BRITTON, L. J., AND P. E. GREESON (editors). 1987. Tech-
niques of water-resource investigations of the
United States Geological Survey. Chapter A4,
Book 5. Methods for collection and analysis of
aquatic biological and microbiological samples.
US Geological Survey, Washington, DC.

BrROWN, S., A. E. LUGO, S. SILANDER, AND L. LIEGEL.
1983. Research library and opportunities in the
Luquillo Experimental Forest. General Technical
Report S0—44. Southern Experimental Station, For-
est Service, US Department of Agriculture, New
Orleans, Louisiana.

CovicH, A. P, aAND W. H. MCDOWELL. 1996. The
stream community. Pages 434459 in D. . Reagan
and R. B. Waide (editors). The food web of a trop-
ical rain forest. University of Chicago Press, Chi-
cago, Illinois.

D’ANGELO, D. J., S. V. GREGORY, L. R. ASHKENAS, AND
J. L. MEYER. 1997. Physical and biological linkages
within a stream geomorphic hierarchy: a model-
ing approach. Journal of the North American Ben-
thological Society 16:480-502.

DUDGEON, D. 1983. Preliminary measurements of pri-
mary production and community respiration in a
forest stream in Hong Kong. Archiv fiir Hydro-
biologie 98:287-298.

Dukg, J. H., anD E D. MarsH. 1973. Computer pro-
gram documentation for the stream quality mod-
el DOSA G3, Volume 1. Prepared for the Systems
Development Branch, US Environmental Protec-
tion Agency, Washington, DC. (Available from:
US Environmental Protection Agency, Ariel Rios
Building, 1200 Pennsylvania Avenue N.W., Wash-
ington, DC 20460 USA.)

FINDLAY, S., G. E. LIKENS, L. HEDIN, S. G. FISHER, AND



782 J. R. ORTIZ-ZAYAS ET AL.

W. H. MCDOWELL. 1997. Organic matter dynam-
ics in Bear Brook, Hubbard Brook Experimental
Forest, New Hampshire, USA. Journal of the
North American Benthological Society 16:43-46.

GORDON, N. D, T. A. MCMAHON, AND B. L. FINLAY-
SON. 1992. Stream hydrology: an introduction for
ecologists. John Wiley and Sons, New York.

GRASSHOFF, K. 1976. Methods of seawater analysis.
Verlag Chimie, Weinheim, Germany.

HALL, R. O, AND J. L. TANK. 2003. Ecosystem metab-
olism controls nitrogen uptake in streams in
Grand Teton National Park, Wyoming. Limnolo-
8y and Oceanography 48:1120-1128.

KiteaTrRICK, E A, R.E. RATHBUN, N. YOTSUKURA, G. W,
PARKER, AND L. L. DELoONG. 1989. Techniques of
water-resources investigations of the United States
Geological Survey. Chapter A18, Book 3. Deter-
mination of stream reaeration coefficients by use of
tracers. US Geological Survey, Washington, DC.
(Available from: hitp:// smig.usgs.gov/SMIG/
tracer-methods.html)

LAGLER, C. L., AND P E HENDRIX. 1982. Evaluation of
persulfate digestion method for particulate nitro-
gen and phosphorus. Water Research 16:1451—
1454.

LarseN, M. C. 1997. Tropical geomorphology and
geomorphic work: a study of geomorphic pro-
cesses and sediment and water budgets in mon-
tane humid-tropical forested and developed wa-
tersheds, Puerto Rico. PhD Thesis, University of
Colorado, Boulder, Colorado.

MarcH, J. G, C. M. PRINGLE, M. J. TOWNSEND, AND
A. I WILSON. 2002. Effects of freshwater shrimp
assemblages on benthic communities along an al-
titudinal gradient of a fropical island stream.
Freshwater Biology 47:377-390.

MARKER, A. E H, E. A. NuscH, H. Ral, AND B. Rig-
MANN. 1980. The measurement of photosynthetic
pigments in freshwaters and standardization of
methods: conclusions and recommendations. Ar-
chiv fiir Hydrobiologie Ergebnisse der Limnolo-
gie Beiheft 14:91-106.

MarzoLF, E. R, P. J. MULLHOLAND, AND A. D. STEIN-
MAN. 1994. Improvements to the diurnal up-
stream-downstream dissolved oxygen change
technique for determining whole-stream metab-
olism in small streams. Canadian Journal of Fish-
eries and Aquatic Sciences 51:1551-1599.

MarzoLF, E. R, P, J. MULHOLLAND, AND A. D. STEIN-

MAN. 1998. Reply: improvements to the diurnal
upstream-downstream dissolved oxygen change
technique for determining whole-stream metab-
olism in small streams. Canadian Journal of Fish-
eries and Aquatic Sciences 55:1786-1787.

McCurcHaN, J. H, Jr., AND W, M. LEwis Jr. 2002. Rel-
ative importance of carbon sources for macroin-
vertebrates in a Rocky Mountain stream. Limnol-
ogy and Oceanography 47:742-752,

[Volume 24

McCurchan, J. H, Jr, J. E SAUNDERS,III, W. M.
LEWIS JR.,, AND M. C. HAYDEN. 2002. Effects of
groundwater flux on open-channel estimates of
stream metabolism. Limnology and Oceanogra-
phy 47:321-324.

McDowELL, W. H., AND C. E. AsBURY. 1994. Export of
carbon, nitrogen, and major ions from three trop-
ical montane watersheds. Limnology and Ocean-
ography 39:111-125.

McDowstLL, W. H., W. B. BOWDEN, AND C. E. ASBURY.
1992. Riparian nitrogen dynamics in two geo-
morphically distinct rain forest watersheds: sub-
surface solute patterns. Biogeochemistry 18:53—
73.

MutHoLLAND, P. |, C. S. FELLOWs, ]. L. TaNk, N. B.
GriMM, J. R. WEBSTER, S. K. HAMILTON, E. MARTI,
L. AsHKENAS, W. B. BOwDeN, W. K. Dopps, W, H.
MCcDOWELL, M. J. PAuL, AND B. J. PETERSON. 2001.
Inter-biome comparison of factors controlling
stream metabolism. Freshwater Biology 46:1503-~
1517.

NAEGELL, M. W,, AND U. UEHLINGER. 1997. Contribu-
tion of the hyporheic zone to ecosystem metabo-
lism in a prealpine gravel-bed river. Journal of the
North American Benthological Society 16:794-
804.

NamaN, R. J,, AND G. L. Link. 1997. Organic matter
dynamics in 5 subarctic streams, Quebec, Cana-
da. Journal of the North American Benthological
Society 16:33-39.

NEwsoLD, J. D, T. L. Borr, L. A. KarLAN, B. W. SWEE-
NEY, AND R. L. VANNOTE. 1997. Organic matter
dynamics in White Clay Creek, Pennsylvania,
USA. Journal of the North American Benthologi-
cal Society 16:46-50.

Opum, H. T. 1956. Primary production in flowing wa-
ters. Limnology and Oceanography 1:102-117.

OpuMm, H. T, G. DREWRY, AND J. R. KLINE. 1970. Cli-
mate at El Verde, 1963-1966. Chapter B-22 in H.
T Odum and R. E Pigeon (editors). A tropical
rain forest. National Technical Information Ser-
vice, Springfield, Virginia.

ORTIZ-ZAYAS, J. R. 1998. The metabolism of the Rio
Mameyes, Puerto Rico: carbon fluxes in a tropical
rain forest river. PhD Thesis, University of Colo-
rado, Boulder, Colorado.

PEASE, M. H, anD R. P. BriGes. 1972. Geologic map
of the Rio Grande Quadrangle, Puerto Rico. US.
Geological Survey Miscellaneous Geologic Inves-
tigations Map [-733. US Geological Survey, Wash-
ington, DC.

PORTER, 5. D,, T. E CUFFNEY, M. E. GURTZ, AND M. R.
MEADOR. 1993. Methods for collecting algae sam-
ples as part of the National Water-Quality As-
sessment Program. U.S. Geological Survey Open-
File Report 93-409. US Geological Survey, Ra-
leigh, North Carolina.

PRINGLE, C. M. 1996. Atyid shrimps (Decapoda: Atyi-



2005]

dae) influence the spatial heterogeneity of algal
communities over different spatial scales in trop-
ical montane streams, Puerto Rico. Freshwater Bi-
ology 35:101-116.

PRINGLE, C. M., AND G. A. BLAKE. 1994. Quantitative
effects of atyid shrimp (Decapoda: Atyidae) on
the depositional environment in a tropical stream:
use of electricity for experimental exclusion. Ca-
nadian Journal of Fisheries and Aquatic Sciences
51:1443-1450.

PRINGLE, C. M., G. A. BLAKE, A. P. CovicH, K. M. Buz-
BY, AND A. FINELY. 1993. Effects of omnivorous
shrimp in a montane tropical stream: sediment
removal, disturbance of sessile invertebrates and
enhancement of understory algal biomass. Oec-
ologia (Berlin) 93:1-11.

SCHAEFER, D. A, W. H. McDoweLL, E N. SCATENA,
AND C. E. Aspury. 2000. Effects of hurricane dis-
turbance on stream water concentrations and
fluxes in eight tropical forest watersheds of the
Luquillo Experimental Forest. Journal of Tropical
Ecology 16:189-207.

SEDERS, V. M. 1971. Cretaceous and lower tertiary
stratigraphy of the Burabo and El Yunque quad-
rangles, Puerto Rico. US. Geological Survey Re-
port 1294-E US Geological Survey, Washington,
DC.

TROPICAL STREAM METABOLISM

783

SINSABAUGH, R. L. 1997. Large-scale trends for stream
benthic respiration. Journal of the North Ameri-
can Benthological Society 16:119-122.

TALLING, J. E, AND J. LEMOALLE. 1998. Ecological dy-
namics of tropical inland waters. Cambridge Uni-
versity Press, Cambridge, UK.

TsivoGLOU, E. C., AND L. A. NEAL. 1976. Tracer mea-
surement of reaeration: IIl. Predicting the reaer-
ation capacity of inland streams. Journal of the
Water Pollution Control Federation 48:2669-2689.

VALDERRAMA, J. C. 1981. The simultaneous analysis of
total nitrogen and phosphorus in natural waters.
Marine Chemistry 10:109-122.

VANNOTE, R. L., G. W. MinsHALL, K. W. CUMMINS, J.
R. SepELL, AND C. E. CUSHING. 1980. The river
continuum concept. Canadian Journal of Fisheries
and Aquatic Sciences 37:130-137.

WEBSTER, J. R., AND J. L. MEYER (editors). 1997. Stream
organic matter budgets. Journal of the North
American Benthological Society 16:3-161.

YOUNG, R. G, AND A. D. HURYN. 1998. Comment: fur-
ther improvements to the diurnal upstream-
downstream dissolved oxygen change technique
for' determining whole-stream metabolism in
small streams. Canadian Journal of Fisheries and
Aquatic Sciences 55:1784-1785.

Received: 1 October 2003
Accepted: 4 August 2005



	University of Pennsylvania
	ScholarlyCommons
	December 2005

	Metabolism of a tropical rainforest stream
	Jorge R. Ortiz-Zayas
	William M. Lewis Jr.
	James F. Saunders III
	James H. McCutchan Jr.
	Frederick N. Scatena
	Recommended Citation

	Metabolism of a tropical rainforest stream
	Abstract
	Keywords
	Comments


	 Metabolism of a tropical rainforest stream

