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Abstract
Ecosystem metabolism of freshwater ecosystems has been studied for several decades, with theory and

synthesis largely derived from temperate streams and rivers in North America and Europe. Advances in sensor
technology and modeling have opened a wider range of streams to be included to test theories beyond temper-
ate streams. In this paper, we review and synthesize ecosystem metabolism data from tropical streams and rivers
to determine to what extent the constraints of metabolism measured in temperate streams are similar in tropical
streams. We compiled 202 measurements of gross primary productivity (GPP) and ecosystem respiration
(ER) from 83 tropical streams spanning 22.2�S to 18.4�N. Overall, tropical streams were heterotrophic
(ER > GPP), with GPP ranging from 0.01 to 11.7 g O2 m−2 d−1 and ER ranging from −0.2 to −42.1 g O2 m−2 d−1,
similar on average to rates reviewed from temperate streams, but with higher maximum ER in tropical streams.
Gross primary productivity increased with watershed area; a result also observed in temperate streams. ER
decreased with elevated phosphorus and higher annual rainfall. We constructed a structural equation model
that explained greater variation of ER (74%) than GPP (26%), and reflects similar drivers, such as land-use and
watershed area, as in temperate streams. We conclude that tropical stream ecosystem metabolism has similar
drivers as temperate streams, and a warmer and wetter climate and human use of tropical lands will influence
metabolic rates in streams.

For over six decades, measuring and estimating primary pro-
ductivity and ecosystem respiration in freshwater ecosystems
(i.e., streams, rivers, lakes, and wetlands) has been a complex
theoretical and empirical task (Odum 1956). Beneath the theo-
retical and data collection approach first developed by
Odum (1956) is a complex interaction of climate, hydrologic,
geologic, and terrestrial influences on in-stream processes. The
basic stream ecosystem metabolism calculation is an oxygen
mass balance that informs carbon (C) fixation and mineraliza-
tion within the stream ecosystem in terms of oxygen concen-
tration in the water:

dO2

dt
=G+R+D

where the change in O2 (g m−3) is a balance of production
during photosynthesis (G) during day light hours, consumption

during aerobic heterotrophic respiration (R), and O2 diffusion

exchange based on the O2 partial pressure gradient between water

and atmosphere (D). Each of these volumetric O2 fluxes (G, R, D)

are scaled to the area of benthos for a particular time period, and

estimates of gross primary productivity (GPP), ecosystem respira-

tion (ER), and net ecosystem production (NEP) are derived using

a variety of quantitative approaches (Marzolf et al. 1994;

Holtgrieve et al. 2010; Grace et al. 2015; Hall and Hotchkiss 2017;

Appling et al. 2018). Data collection for stream ecosystem metabo-

lism depends on O2 sensor quality and accurate understanding of

gas exchange (Raymond et al. 2012; Hall and Ulseth 2020). Each

component driving the oxygen mass balance is mediated by a vari-

ety of geomorphological and hydrological factors, and the existing

methods and theory have been developed primarily from temperate

streams in North America and Europe.

There have been persistent arguments discussing what fun-
damental differences, or lack thereof, exist between tropical
and temperate ecosystems (Hawkins 2001), including streams
and rivers (Boulton et al. 2008; Dodds et al. 2019). Tropical
streams, defined here as streams between 0� and 23.5� North
and South latitude, experience a different climatic regime than
temperate streams, which potentially influences metabolism
in freshwaters (Lewis 2008). Tropical forests experience diverse
climate, geology, and high taxonomic diversity of organisms
(Townsend et al. 2008). For example, canopy cover and
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temporal availability of light to the stream bed are more vari-
able in temperate stream ecosystems than tropical ecosystems
(Davies et al. 2008; Dodds et al. 2019). In forested temperate
streams, canopy closure following seasonal spring leaf-out
resulted in reduced GPP due to light limitation, and canopy
opening due to leaf abscission stimulated ER from leaf mate-
rial inputs in the fall (Roberts et al. 2007), whereas tropical
streams and rivers can have closed canopies year-round. In
tropical streams, the seasonal variation of canopy closure may
not be as strong or canopy closure may persist year-round,
leaving streams light limited and with high continuous inputs
of terrestrial organic matter (Townsend et al. 2011). In tropical
streams where light availability to the benthos is high, GPP is
among the highest rates measured, up to 10-times greater than
comparable temperate streams (Davies et al. 2008). However,
no previous reviews or syntheses of tropical stream metabolic
rates has allowed for a comparison to their temperate counter
parts.

Seasonal temperature variation in the tropics span a
narrower range than that of temperate streams (Janzen 1967).
Temperature regulates biological metabolism (Brown et al.
2004) and infrequent low temperatures in tropical streams, par-
ticularly in the lowland tropics, should drive higher respiration
year-round (Song et al. 2018). Temperature variability due to
elevation are stronger than temporal variation in tropical
streams compared to temperate streams (Janzen 1967; 2018). At
the organismal level, the response of heterotrophic metabolism
to increases in temperature is exponential for terrestrial tropical
taxa (Dillon et al. 2010), suggesting that increases in metabo-
lism per unit temperature increase will be higher in the tropics.
As a result, faster metabolic rates at the organismal level due to
warming temperatures associated with climate change should
result in elevated rates at the ecosystem level in the tropics
(Dillon et al. 2010). However, warmer water has lower gas solu-
bility, and combined with high metabolic rates, can lead to low
dissolved oxygen and difficulties in estimating stream ecosys-
tem metabolism (Lewis 2008). Further, temperature patterns
vary across elevation and land-use types, and the responses of
ecosystem metabolism to temperature will vary depending on a
suite of climatic and site specific characteristics (Dodds
et al. 2019). An improved understanding of how temperature
affects both GPP and ER in tropical streams will help forecast
possible feedbacks to climate change associated with a warmer
world.

In addition to temperature differences between temperate
and tropical streams and their effects on stream metabolism, a
range of abiotic drivers are of interest in tropical streams. Gen-
erally, rainfall is greater in the tropics due to the inter-tropical
convergence zone (ITCZ), which distributes heat and water
across the tropics. Increased rainfall causes greater solid and
solute fluxes through streams and rivers from weathered soils
(Lewis 2008), structures the stream benthos and primary pro-
ducer assemblages (Pringle and Hamazaki 1997), and delivers
terrestrial organic matter and nutrients downstream to the

ocean (Mayorga et al. 2010). Seasonal flooding associated with
rainfall contributes to higher turbidity, which attenuates light
penetration to the benthos and in water column. Flooding
can also structure primary producer assemblages, shifting
dominance from diatoms and blue-green algae in headwater
streams (Pringle and Hamazaki 1997) and transporting
producers from upstream reaches in larger rivers and their
floodplains (Lewis 1988).

Nutrients also influence biological processes in streams.
Nitrogen (N) and phosphorus (P) are limiting elements in
freshwaters (Dodds and Smith 2016; Paerl et al. 2016) and
their availability in tropical streams may regulate both GPP
and ER. Increased N and P can result in small increases in both
GPP and ER across different stream types and latitudes
(Mulholland et al. 2001; Bernot et al. 2006, 2010). Specific to
the effects of phosphorus in the tropics, a number of studies
have reported increased heterotrophic activity (microbes,
macroinvertebrates, and fungi) with elevated P (Rosemond
et al. 2002; Ramírez et al. 2003; Ardón et al. 2006), suggesting
a stimulatory effect of P on ER. Studies from streams across
nutrient gradients have concluded light limitation is a stron-
ger effect on GPP than nutrients (Pringle et al. 1986; Paaby
and Goldman 1992), and as is reported in temperate streams
(Hill et al. 2001; Roberts et al. 2007; Finlay 2011). However,
greater study of the combined effects of limitations from light
and nutrients on primary producers and the food webs they
support is needed.

In this paper, we review and synthesize stream ecosystem
metabolism measurements made in the tropics. Reviews on C
processing in streams, rivers, lakes, and estuaries (Bernot
et al. 2010; Marcarelli et al. 2011; Hoellein et al. 2013) and on
whole stream metabolism (Finlay 2011) have been completed,
though focused on temperate ecosystems. Greater number of
studies of freshwater metabolism from streams and rivers is
part of a growing literature in tropical ecology (Ramírez
et al. 2015; Riveros-Iregui et al. 2018) and an important contri-
bution to the field as there are increasing threats to tropical
freshwater ecosystems, including reduced hydrologic connec-
tivity, pollution, hydropower development, and biodiversity
loss (Encalada et al. 2019). Specifically, we evaluated the effect
of watershed area, nutrients, rainfall, and temperature on
stream ecosystem metabolism, evaluated potentially associated
physical and chemical parameters, and use a structural equa-
tion model to explore how multiple variables control GPP and
ER. We hypothesized that (1) as watershed area increases and
incident light increases in wider rivers, GPP will increase due
to alleviation of light limitation; (2) streams with higher nutri-
ent concentrations will have greater GPP and ER due to nutri-
ent stimulation of photosynthesis and respiration; (3) streams
that receive higher rainfall will have lower GPP and ER as a
result of scouring and elevated turbidity; and (4) GPP and ER
will be greater in streams with warmer temperatures. Further,
we also explored the upscaling of daily metabolic estimates to
annual C fluxes and light mediation of GPP and ER.
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Methods
Data selection and extraction

Our review began with a literature search in Web of Science,
using key words “tropical” in each search, either “stream” or
“river”, and “gross primary producti*”, “ecosystem respiration”,
or “metabolism” as different search words, yielding a total of
257 articles published before September 2019. Each of these
papers was assessed for inclusion of (1) stream location identi-
fied by latitude and longitude; (2) text, graphical, and/or tabular
presentation of GPP and ER, and (3) open channel methods
used to measure metabolism (e.g., single station or two-station),
and (4) dates of the measurements, resulting in 18 articles with
available data. Graphically presented data were extracted using
WebPlotDigitizer for each measurement (Rohatgi 2019). We
amended the dataset from published research with unpublished
data from our own research in Costa Rica and from publicly
available metabolism data from Rio Icacos and Quebrada
Sonadora in Puerto Rico through the StreamPULSE project
(Appling et al. 2018; Vlah and Berdanier 2020). The data in this
study are found in Data S2.

We expanded the data extraction from each reference for rele-
vant hydrological, geomorphological, physical, and chemical
parameters (Table 1). Metabolism estimates are integrative at the
ecosystem level and influenced by climate, geology, hydrology,
chemistry, and biota; therefore, we compiled parameters relevant
to each of these potential drivers. Units were standardized to
those shown in Table 1 and conversions of stream ecosystem
metabolism expressed as g C m−2 d−1 were converted to units of
O2 using a 1 : 1 M respiratory quotient (Demars et al. 2016). Dis-
solved inorganic nitrogen (DIN), if not explicitly reported, was
calculated as the sum of nitrate (NO3

−-N) and ammonium
(NH4

+-N). In studies where GPP was low, many authors report
GPP as < 0.01 g O2 m−2 d−1, and we report those data as
0.01 g O2 m−2 d−1 as a minimum threshold; studies that quanti-
tatively report GPP < 0.01 g O2 m−2 d−1 are compiled as
reported.

Climate data collection
Rainfall was collected as total annual rainfall for the year of

the GPP and ER measurements. If not reported in the papers,
location and date specific annual rainfall totals were extracted
from the TerraClimate dataset (Abatzoglou et al. 2018), which
yields total annual rainfall within a 4000 m buffer around a
given location (i.e., the coordinates of the stream extracted
from the paper). Incident downward radiation was extracted
using the CFS Reanalysis dataset (Saha et al. 2014), specific to
the coordinates and year of the metabolism estimates. We
extracted mean daily radiation (W m−2) for the year of the
measurements. Radiation values were converted to PAR fluxes
following Sager and McFarlane (1997). Each of the climate
datasets were accessed through the Climate Engine data portal
(Huntington et al. 2017).

Table 1. Parameters extracted from each reference, if available,
with associated units and percentage of whole-stream metabo-
lism measurements for each parameter.

Parameter Units

% of
measurements

filled

Latitude Decimal degree 99.1

Longitude Decimal degree 99.1

Elevation Meters above

sea level

43.6

Annual

rainfall*
mm 100

%For % forested area

in watershed

84.7

%Ag % agricultural area

in watershed

84.7

%Urb % urban area

in watershed

84.7

Canopy† Categorical: Open,

closed

83.0

Canopy cover % canopy cover 62.9

PAR μmol m−2 s−1 100

Strahler order Integer 72.3

Stream width m 82.7

Stream depth m 50

Velocity m s−1 46

Slope m m−1 44.1

Watershed area km2 74.8

Discharge m3 s−1 79.7

Temperature �C 77.7

DO mg L−1 30.7

pH Unit 39.6

Conductivity μS cm−1 48.5

NO3
−-N μg L−1 55

NH4
+-N μg L−1 21.3

Dissolved inorganic

nitrogen (DIN)

μg L−1 24.3

Total nitrogen (TN) μg L−1 23.3

Total phosphorus (TP) μg L−1 23.3
Soluble reactive

phosphorus (SRP)

μg L−1 60.9

TN : TP Molar 23.3

DIN : SRP Molar 10.4

Gas exchange (K600)
‡ d−1 86.6

GPP g O2 m−2 d−1 100

ER g O2 m−2 d−1 100

*If not reported in the study, annual rainfall at the given coordinates was
extracted from the TerraClimate dataset.
†“Closed” canopy is classified as %canopy cover ≥ 70% or ≥ 90% forested
land-cover; “Open” is %canopy cover < 50% or stream width > 5 m.
‡Standardized all reported gas exchange coefficients to a Schmidt number
of 600, following Raymond et al. (2012).
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Analysis and synthesis
Based on our hypotheses and the availability of data col-

lected in the review, we examined the drivers of GPP and ER
from tropical streams and rivers. We evaluated metabolic
space to visualize patterns in productivity, similar to previous
studies (Odum 1956; Hoellein et al. 2013). We used Student’s
t-test to evaluate GPP and ER under closed or open canopies.
We used linear regression to evaluate the effects of watershed
area, soluble reactive phosphorus (SRP), rainfall (mm), and
stream temperature (�C), which were log10 transformed to
meet assumptions of normality and better visualize the varia-
tion across the range of conditions represented in our dataset.

For parameters that were not commonly reported in our
review (less than 50% in Table 1), we used a pairwise correla-
tion matrix for chemical and geomorphological variables. We
evaluated correlation of incomplete data using the Kendall tau
statistic, using only complete pairs in our limited dataset,
which is a rank-based measure of association and are more
robust for datasets with few complete cases.

We constructed a structural equation model (SEM) to better
understand multiple controls of GPP and ER in tropical
streams and rivers. These models allow for testing of causal
hypotheses and evaluation of multiple, simultaneous influ-
ences. There are many drivers of both GPP and ER, often with
high co-linearity, and the SEM approach allows for a priori
evaluation of a potentially interrelated drivers and is more
robust compared to other multivariate approaches (Bernot
et al. 2010; Lefcheck 2019). Using the SEM in Bernot
et al. (2010) as a template to evaluate controls of GPP and ER
within a hierarchy, we constructed an a priori meta-model
based on the data we compiled (Fig. S1). Our model incorpo-
rated hierarchical structure, attempting to separate drivers at
the regional (watershed area, land cover, rainfall) and local
(temperature, discharge, SRP, DIN, width, and depth) levels.
We hypothesized that correlated errors would exist at the two
levels. At regional level, we modeled temperature and rainfall
with correlated errors, as warmer temperatures correlate with
wetter conditions (Collins et al. 2013). At the local level, we

correlated errors between SRP and DIN to reflect nutrient
increases particularly from non-forested lands (Allan 2004),
and between width and depth which increase predictably with
stream size (Raymond et al. 2012).

To provide close approximation to daily metabolism esti-
mates, rainfall in the SEM was converted to mean daily rainfall
by dividing annual rainfall by 365. The SEM was fit with log10
transformed metabolic and chemical data and arcsin trans-
formed land cover data, averaged for each stream, using the
psem() function in the piecewiseSEM R package
(Lefcheck 2016). The psem() function returns standardized
and unstandardized path coefficients (ß) for all pathways and
coefficient of determination (r2) for endogenous variables. We
evaluated the goodness of fit of the SEM using the Fisher’s C
statistic, which assess the fit of the data to the model structure
and ensures no missing paths were excluded. Fisher’s C is χ2

distributed with degrees of freedom equal to two times the
number of independence claims and a model-wide p value can
be determined where p > 0.05 indicates the data support the
model structure. Further details on SEM methods are in
Data S1.

Light influence on annual GPP and ER
We upscaled median GPP and ER from each stream to

annual rates of C fixation and respiration (g C m−2 y−1). Meta-
bolic rates were converted from O2 to C using a molar respira-
tory quotient of 1 : 1 (Demars et al. 2016). As temperatures in
the tropics are less variable over time and space (Janzen 1967),
we hypothesize the upscaling of metabolic rates to annual rates
is less dependent on changes in temperature than similar esti-
mates from temperate and Arctic streams and represent changes
as a result seasonality driven by rainfall. Annual estimates of
GPP and ER from tropical streams will be useful in understand-
ing the importance of in-stream processes in the tropics.

Using upscaled annual rates, we evaluated the dependence
of fixation and respiration on mean daily light availability.
We evaluated annual metabolic rates as a function of PAR
assuming linear and nonlinear (e.g., logarithmic, logistic, or

Fig. 1. (a) Map of the tropics (jlatitudej ≤ 23.5�) and metabolism measurements in this study; (b) number of metabolism measurements made by year
compiled in this review.
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Michaelis–Menten) saturation equations. Linear and logarith-
mic models were fit using lm() in R (R Core Team 2019). Logis-
tic and Michaelis–Menten models were fit using the drc R
package (Ritz et al. 2015), using the L.3() and MM.2() self-
starter functions, respectively, within the drm() function. The
four models for each GPP and ER were compared using AIC
and AIC weights, wi. Comparing model fits allows interpreta-
tion of the effect of light directly on GPP and indirectly on
ER, through GPP.

Results
From the published studies and publicly available data, we

extracted 202 GPP and ER measurements from 83 streams and
rivers across the global tropics (Figs. 1a, 2a). Metabolism data
publicly available through the StreamPULSE data portal
(https://data.streampulse.org/) provided continuous data for
11 months in two streams in Puerto Rico (Rio Icacos and
Quebrada Sonadora) and our own unpublished data from
Costa Rica (Taconazo) were the three sources of continuous

Fig. 2. (a) Median GPP and ER from each stream, with error lines showing 95% confidence intervals; (b) all metabolic rates collected in the review, col-
ored by global region; (c) all GPP and ER data compiled in this review (blue) plotted against stream data reviewed in Hoellein et al. (2013) (red). Point
size in a) is scaled by the number of measurements in each stream. The dashed black lines are 1 : 1 lines in all panels. Note log axes.

Fig. 3. Predicted drivers of mean GPP (a–d) and mean ER (e–h) in each stream. Point size in each panel shows the number of metabolism measure-
ments from a single stream contributing to calculate the average. Error bars are standard error. Lines represent best-fit lines with 95% confidence
intervals. Note log10 transformation of y-axes and x-axes in a, b, c, e, f, and g.
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Table 2. Results of linear regression between GPP and ER, and the hypothesized drivers. Values in parentheses for intercept and esti-
mate are 95% confidence intervals.

Rate Driver Intercept Estimate F value p value R2

log10 (GPP) log10 (Area) −0.22 (−0.50 to 0.05) 0.14 (− 0.02–0.30) F1,41 = 3.30 0.08 0.07

log10 (GPP) log10 (SRP) −0.49 (−0.84 to −0.14) 0.04 (− 0.23–0.32) F1,59 = 0.11 0.75 <0.01

log10 (GPP) log10 (Rainfall) 1.69 (−1.37–4.75) −0.62 (− 1.55–0.31) F1,81 = 1.76 0.19 0.02

log10 (GPP) Temperature −0.85 (−1.76–0.06) 0.02 (− 0.02–0.07) F1,75 = 1.11 0.29 0.01

log10 (ER) log10 (Area) 0.73 (0.59–0.88) −0.02 (− 0.11–0.06) F1,41 = 0.34 0.56 0.01

log10 (ER) log10 (SRP) 0.95 (0.75–1.14) −0.37 (− 0.52 to −0.22) F1,59 = 23.6 <0.01 0.29

log10 (ER) log10 (Rainfall) 3.06 (1.32–4.79) −0.76 (− 1.29 to −0.23) F1,81 = 8.23 0.01 0.09

log10 (ER) Temperature 0.69 (0.16–1.22) −0.01 (− 0.03–0.02) F1,75 = 0.18 0.68 <0.01

Fig. 4. Metabolic rates, GPP (in green) and ER (tan), under open and
closed canopies. Boxplots show the median, 25th and 75 quartiles, with
outliers at > 90 and < 10 percentiles. Note log y-axis.

Fig. 5. Cross-correlation matrix of (a) chemical and (b) geomorphologi-
cal drivers of GPP and ER. Values and colors in each box are Kendall tau,
with stronger trends in richer colors and positive associations in red and
negative associations in blue. Chemical and geomorphological drivers are
described with units in Table 1.

Fig. 6. Structural equation model examining the drivers of GPP and ER
in tropical streams and rivers. Blue arrows indicate ß > 0 and red arrows
ß < 0. Arrow size are proportional are standardized path coefficients, as
indicated in the caption. Fisher C and p value refer to model-wide good-
ness of fit, where p > 0.05 indicates the data fit the model structure. Solid
lines represent significant (p < 0.05) pathways and dashed lines refer to
pathways with p > 0.05. See Table S1 for standardized and
unstandardized coefficients, standard errors, sample size, and p values for
each pathway.

Fig. 7. (a) Scaled metabolic rates plotted against daily mean annual PAR
for each stream in the review. Brown points are ER and green are GPP,
both units as kg C m−2 yr−1. Best fit lines represent the model with
greatest AIC weight (Table 3), with 95% confidence intervals. (b)
Boxplots of mean GPP and ER from each stream. Boxplots are median
with IQR (25th to 75th percentile), and outliers are > 90th or < 10th
percentiles.
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data, in contrast to most articles that presented a few days of
data for each stream. The most daily measurements came from
the Daly River, Australia (n = 16), followed by two streams
from Puerto Rico: Puente Roto (n = 12) and Quebrada Bisley
(n = 10) (Fig. 2b), spanning multiple publications and study
years. The most measurements were made in 1995 (n = 25)
and 2016 (n = 24) (Fig. 1b). The majority of measurements
were made in headwater or first order streams (54.9%),
followed by third order (13.7%), fourth order (9.1%), and sec-
ond order (5.1%); 17% of measurements did not report stream
position data.

Streams were predominately heterotrophic (GPP < ER)
across all regions and stream sizes (Fig. 2). Across all measure-
ments, median GPP was 0.4 g O2 m−2 d−1 (range 0.01–-
11.7 g O2 m−2 d−1) and median ER was −4.30 g O2 m−2 d−1

(range −0.1 to −42.1 g O2 m−2 d−1). Only 13 measurements
(6.3%) occurred where GPP : ER > 1. Ecosystem respiration sig-
nificantly increased with GPP, but with little explanatory
power (R2 = 0.05, p < 0.01).

Hypothesized drivers explained some of the variation in
GPP and ER. Watershed area was weakly related with GPP
(R2 = 0.07, p = 0.08) (Fig. 3a, Table 2), while ER showed no
relation with watershed area (R2 = 0.01, p = 0.56) (Fig. 3b,
Table 2). Ecosystem respiration decreased at higher SRP
(R2 = 0.29, p < 0.01), while GPP showed no relationship
(R2 < 0.01, p = 0.74) (Table 2, Fig. 3b,f). Total annual rainfall
showed no relationship with GPP (R2 = 0.02, p = 0.19) but a
negative relationship with ER (R2 = 0.07, p = 0.01) (Fig. 3c,g,
Table 2). Neither GPP (R2 = 0.01, p = 0.29) nor ER (R2 < 0.01,
p = 0.68) were related with temperature (Fig. 3d,h). Gross pri-
mary productivity was 2.6-times greater under open (mean
GPP = 2.09 g O2 m−2 d−1) canopies compared to closed
(mean GPP = 0.57 g O2 m−2 d−1) canopies (t = −4.7, p < 0.01,
Fig. 4), while ER in open (− 4.74 g O2 m−2 d−1) or closed
canopies (− 6.33 g O2 m−2 d−1) showed less variation
(t = −1.77, p = 0.08).

Less commonly reported variables reveal potential drivers of
both GPP and ER as indicated by the Kendall τ correlation coef-
ficient. Strongest physical and chemical relationships (Fig. 5a)
for ER were pH (τ = 0.52), TN : TP (τ = −0.41), and conductivity
(τ = 0.40), while GPP had strongest associations with TN

(τ = −0.42), TP (τ = −0.37), and NO3
− (τ = −0.12) (Fig. 5a). Geo-

morphological variables related (Fig. 5b) with ER were strongest
with velocity (τ = 0.33), canopy cover (τ = −0.26), and elevation
(τ = 0.26), while GPP was associated with %canopy cover
(τ = −0.67), elevation (τ = −0.45), and stream order (τ = 0.42).

We explored both regional and site level controls of both
GPP and ER with a structural equation model (Fig. 6). From
the meta-model, a model was fit with strong support of the
hypothesized structure with no missing pathways (Fisher’s
C = 31.6, p = 0.39). The model explained more variation in ER
(r2 = 0.74) than GPP (r2 = 0.26). Strongest pathways, as mea-
sured by the standardized coefficient, for GPP was %non-for-
ested land area (ß = 0.51) and discharge (ß = 0.30), whereas ER
was driven by SRP (ß = −0.76) and GPP (ß = 0.46). Phosphorus
(r2 = 0.46) was linked to watershed area (ß = 2.10) and mean
daily rainfall (ß = −0.66). The SEM explained most variation
in discharge (r2 = 0.84), and less for temperature (r2 = 0.19),
DIN (r2 = 0.30), and SRP (r2 = 0.28).

Annual estimates of ER ranged from 27.4 to 3250 g C m−2

yr−1 and GPP ranged from 1.4 to 1587.8 g C m−2 yr−1 (Fig. 7).
Among the various models fitted, GPP was best explained by a
logistic model (wi = 0.98) and ER was best fit by a logarithmic
(wi = 0.38) and linear (wi = 0.35) models (Table 3).

Discussion
Our main finding is the similarity of metabolic rates

between tropical streams (Fig. 2c) and temperate streams
(Finlay 2011; Marcarelli et al. 2011; Hoellein et al. 2013). Spe-
cifically, Hoellein et al. (2013) found 87% (189 of 217 measure-
ments in that study) of streams with GPP : ER < 1, compared
to 97% in tropical streams, based on our analyses. In tropical
streams, GPP and ER were less related (R2 = 0.05) than temper-
ate streams (R2 = 0.23, Hoellein et al. 2013), though regression
equations had similar slopes and intercepts (this study:
ER = 0.82GPP + 4.63; Hoellein et al. 2013: ER = 0.78GPP
+ 4.8). Streams are predominately heterotrophic, following
theory that a majority of streams rely on allochthonous inputs
to fuel heterotrophic food webs (Fisher and Likens 1973; Web-
ster and Meyer 1997). Our synthesis across the tropics showed
that open canopies above streams drove greater GPP (Fig. 4),

Table 3. Saturation model fits for light on GPP and ER. Models are briefly summarized in each row and “Met” represents both GPP
and ER as described by PAR. Models were selected by comparing AIC scores, via AIC weights. Asterisks (*) designate the best model for
each GPP and ER.

GPP ER

Model AIC wi AIC wi

Logistic: Met � 1/(1 + ePAR) 1169.5 0.98* 1299.5 0.13

Logarithmic: Met � log10(PAR) 1180.3 0.00 1297.4 0.38*

Linear: Met � PAR 1178.3 0.01 1297.6 0.35

Michaelis–Menten: Met � MetmaxPAR/PAR 1182.8 0.00 1299.3 0.14
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as has been shown in Costa Rican streams (Ortega-Pieck
et al. 2017) while ER was similar across open and closed can-
opy types. While the relationship between seasonal inputs of
organic matter during the fall leaf abscission and ER in tem-
perate streams has been established (Hill et al. 2001), explora-
tion of this relationship in tropical streams is needed.

Temperature may also explain some of the differences
between temperate and tropical streams. Our review spans a
wide range of temperature (12.9–34�C) and warmer tempera-
tures than from temperate streams (3.8–27.1�C, Hoellein
et al. 2013). While there was no relationship between temper-
ature and GPP or ER (Fig. 3d,h), the SEM revealed a positive
effect of temperature on GPP (ß = 0.16) but no linkage
between temperature and ER. The limited weak effect of tem-
perature (Fig. 3h, R2 < 0.01) is in contrast to biological theory
(Brown et al. 2004; Yvon-Durocher et al. 2012; Williamson
et al. 2016) and from a study reporting nonlinear increases as
a result of warming temperatures on metabolic rates of tropi-
cal taxa (Dillon et al. 2010). In a cross-biome study of stream
ecosystem metabolism, there was a weak pathway between ER
and temperature (Bernot et al. 2010). The SEM identified a
positive linkage between GPP and temperature (ß = 0.16). This
relationship was not evaluated in other reviews (Bernot
et al. 2010; Hoellein et al. 2013), but there is evidence for
higher GPP as a result of higher N fixation caused by warmer
stream temperature (Welter et al. 2015), and we suggest these
indirect and multi-faceted interactions may be similarly true
in tropical streams. Climate change predicts warmer stream
temperatures in the tropics (0.9–3.3�C), and while we see no
direct effect of temperature, there is growing evidence of shifts
in productivity under warmer conditions (Padfield et al. 2017;
Hood et al. 2018).

Watershed area did not drive increases in GPP as strongly
as found in temperate streams (Finlay 2011; Hall et al. 2016).
There was weak relationship of watershed area and GPP
(Fig. 3a, Table 2). Further, the SEM identified a positive linkage
of GPP to discharge (ß = 0.30), suggesting GPP increases with
stream or river size and position downstream in a watershed,
though regression analysis do not reflect this point (Fig. 3a).
However, we reviewed data from primarily small streams and
a few from large rivers (Fig. 3a). In temperate streams, Fin-
lay (2011) and Hoellein et al. (2013) showed increasing GPP
and ER with watershed area, across a similar range of water-
shed area (0.01–10,000 km2) to this study (0.3–53,000 km2).
There were strong correlations with GPP from variables includ-
ing elevation, stream order, channel width, depth, and water
velocity (Fig. 5), which further support a causal relationship
with river size and ecosystem metabolism, as hypothesized in
the River Continuum Concept (Vannote et al. 1980) and
shown empirically (Hall et al. 2016).

Stream hydrology explained some variation in GPP and
ER. Annual rainfall was negatively related to ER and a negative
pathway in the SEM (ß = −0.65), but not GPP (Fig. 3c,f). The
SEM identified a strong linkage between mean daily rainfall to

both discharge and temperature, as we expected. The linkage
between discharge and GPP (ß = 0.30) may reflect the increase
of GPP in larger rivers, also supported by the positive relation-
ship between discharge and watershed area. However, these
data are snapshots of measurements, and generally at low
flows, when the data collection for stream ecosystem metabo-
lism is easier. Metrics like days since last rainfall or short-term
rainfall will capture rainfall driven processes (e.g., scouring,
organic matter loading, turbidity) more accurately at the
stream level and help resolve the relationship between rainfall
and metabolism. Rainfall will likely have different effects on
ecosystem metabolism depending on position in the water-
shed between mountainous streams (e.g., greater scouring)
vs. lowland rivers (e.g., greater organic matter loading and
turbidity). Turbidity was not collected in this review and is
important to consider as it relates to light penetration of the
water column of streams and rivers. Rainfall and precipita-
tion regimes, including frequency and magnitude of
extreme events, are expected to change under climate
change, highlighting the need to better understand the rela-
tionships between rainfall, discharge, and stream ecosystem
metabolism.

We did not find support for our second hypothesis that
higher nutrients would lead to higher GPP and ER. First, we
observed no relationship of GPP with SRP (Fig. 3b) and a nega-
tive relationship between SRP and ER (Fig. 3e). The highest
SRP concentrations (250 μg L−1) came from an agriculturally
influenced streams in Costa Rica (Ortega-Pieck et al. 2017),
where low ER (− 0.5 and − 0.8 g O2 m−2 d−1) were measured
relative to the overall mean ER (ER = −6.01 g O2 m−2 d−1) in
this review. The negative relationship of ER and SRP counters
research from lowland forested streams in Costa Rica, where
SRP is a driver of microbial respiration (Ramírez et al. 2003),
macroinvertebrate abundance (Rosemond et al. 2002), and leaf
litter decomposition rates (Ardón et al. 2006) across similar
hydrologic and light conditions. As each of these responses to
SRP contribute to integrative ER, we would hypothesize ER to
increase with SRP in these streams, but conflicts with results
from agriculturally influenced streams (Ortega-Pieck et al.
2017). Decreased ER in streams with higher SRP may be the
result of loading of agriculturally derived chemicals
(e.g., pollutants, pesticides) and obscuring a presumed stimu-
latory effect of SRP. Further resolution of the relationship of
SRP and ER is needed. Previous studies have had difficulty in
relating stream ecosystem metabolism with nutrients
(Mulholland et al. 2001; Bernot et al. 2010; Finlay 2011), in
part due to small sample sizes and short temporal measure-
ments. Empirical tests of the effects of nutrients on GPP and
ER are needed in both tropical and temperate streams, and the
rapid increase in the number of metabolism measurements
should allow for resolution of this effect and the effects of
nutrients compared to effects of hydrology and light. In a
recent meta-analysis, integrated ecosystem responses (which
include whole-stream measurements of GPP and ER, but also
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leaf decomposition rates) increased by 139% in response to N
and P additions (Ardón et al. 2020).

Scaling of GPP and ER to annual rates of C fixation and res-
piration were similar to previous estimates from streams and
rivers. The annual estimates of GPP are greater than reference
streams compiled in Finlay (2011), where maximum GPP
was � 100 g C m−2 d−1, in contrast to the maximum GPP in
tropical streams of 1600 g C m−2 d−1, a 16-times increase. This
increase is greater than the 10-fold difference between tropical
and temperate stream GPP stated in Davies et al. (2008). In fact,
the highest rates of GPP from tropical streams are greater than
GPP reported from human-dominated (e.g., agricultural and
urban) streams (� 750 g C m−2 d−1, Finlay 2011). Respiration
followed a similar pattern, with tropical ER rates > 75th quartile
(> 970 g C m−2 d−1) from temperate streams and comparable to
ER from human-dominated streams (> 1000 g C m−2 d−1, Fin-
lay 2011). Gross primary productivity was best explained using
a logistic saturation model, whereas ER was best fit by a loga-
rithmic model, though a linear model was similarly weighted
(Table 3). This model indicates that high light conditions leads
to GPP of around 550 g C m−2 yr−1 though several instances of
GPP greater than this prediction are present in the data. Vari-
ance around the GPP-PAR curve is driven by site characteristics,
including canopy shading of the stream surface, turbidity,
nutrient limitation, and primary producer communities. The
difference in model fits between GPP and ER reflect the influ-
ence of allochthonous material to fuel stream food webs. Light
data in this study was collected as downward shortwave radia-
tion and not PAR incident at the stream surface or benthos,
similar to the approach of Savoy et al. (2019). Measuring light
at these two scales is a fundamental difference to results from
Finlay (2011), where a PAR had a linear relationship with GPP,
and PAR was the main driver of GPP in those streams. While
the upscaled annual rates are less dependent on differences in
temperature, we note that seasonality in the tropics is dictated
by rainfall, and predominance of field work during the dry sea-
son may bias our values towards those periods. Further, several
streams only report 1 day of GPP and ER estimates and should
further be extrapolated with caution.

While this review includes a wide range of stream measure-
ments, large areas of the tropics remain unstudied or
unpublished (Fig. 1a). Specifically, metabolism data from the
Amazon basin is unrepresented, despite a large field of study
on C fluxes in the Amazon (Richey et al. 2002). While this
review focused on studies using the open channel methods
using a one- or two-station approach, we acknowledge a wide
literature of respiration estimates using bottle incubations and
18O fractionation from the Amazon basin (Quay et al. 1995;
Ward et al. 2013) and Australia (Bunn et al. 1999). Bunn
et al. (1999) report a range of GPP (2.7–6.3 g O2 m−2 d−1) and
ER (− 5.4 to − 12.2 g O2 m−2 d−1) that are similar to the esti-
mates using open channel methods summarized in this study.
Previous studies have measured CO2 fluxes from headwater in
the Amazon (Richey et al. 2002; Johnson et al. 2008), and a

large fraction of CO2 generated is from in-stream respiration
(Mayorga et al. 2005), suggesting that ER in these sites could
be a large flux. The threats to the Amazon basin from climate
change, land use change, and dam construction in montane
rivers (Anderson et al. 2018; Encalada et al. 2019) all have the
potential to drive changes in ecosystem structure and function
in the Amazon, and changes in metabolic rates can be poten-
tially used as a monitoring diagnostic to indicate changes in
freshwater ecosystems with greater understanding of the
drivers of GPP and ER (Palmer and Febria 2012). Beyond the
forested sites, more study from a broad range of urban, agricul-
tural, montane, lowland, seasonally wet, and desert streams
and rivers in the tropics will be valuable additions.

An interesting component to the studies in this review are
the connection of whole-stream processes with animals. In sev-
eral studies, the experimental removal of fishes and loss of tad-
pole populations due to fungal diseases had effects that
manifested at the ecosystem level. The loss of tadpoles in
headwater streams in Panama stimulated GPP 10× (0.001–
0.012 g O2 m−2 d−1, though these values are near the measure-
ment limits of GPP) while decreasing ER 50% (− 0.71 to
− 0.32 g O2 m−2 d−1), and altered N uptake and cycling in the
stream (Whiles et al. 2013). Experimental removal of a com-
monly harvested fish in Venezuela resulted in higher GPP and
ER, but the increase in ER was greater than the increase in GPP
and the ecosystem became more heterotrophic (Taylor
et al. 2006). While these studies explicitly measured changes in
metabolism due to the changes in stream biota, several studies
have documented changes in C cycling and top-down control
of benthic organic matter, nutrients, and algal communities in
tropical streams (Pringle and Hamazaki 1997, 1998; Davies
et al. 2008). We suggest merging metabolism measurements
with consumer and food web studies can be a fruitful area of
research (Rüegg et al. 2020), particularly in the tropics.

Our review suggests that tropical stream ecosystem metabo-
lism is driven by similar processes as temperate streams and sup-
ports findings from previous reviews though have similar
limitations of small sample sizes and coarse temporal resolution.
Our data collection shows there is a growing body of metabo-
lism data from the tropics including headwater streams to large
rivers and should be included into global assessments of the
effect of temperature. Climate change has the potential to affect
metabolic rates in tropical streams. With predicted warmer tem-
peratures from 0.9 to 3.3�C and wetter and more extreme sea-
sonal rainfall in the tropics (Collins et al. 2013), it remains
unclear how metabolic rates will respond. Our results suggest
the rapid depletions in forest cover across the tropics in favor of
open canopy agriculture or grazing land suggest faster C release
(ER) compared to C capture (GPP) from tropical streams.
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