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Published online: 20 March 2019 Since temperature is a key factor affecting photosynthetic and respiration rates, the rates of gross

primary production (GPP) and ecosystem respiration (ER) are expected to be lower for rivers at higher
latitudes, while the net ecosystem production (NEP) rate likely decrease in rivers at lower latitude

due to higher sensitivity of ER to temperature compared with GPP. To examine these possibilities, we
estimated the ecosystem metabolism of 30 rivers located from 43.03°N to 32.38°N in Japan during
summer using a Bayesian model with hourly changes in dissolved oxygen concentrations. In addition,
we examined latitudinal trends of GPP, ER and NEP in a global scale by compiling and analyzing river
metabolic data estimated in previous studies. Our analysis showed that both GPP and ER tended to
increase with latitude, although these rates were positively related to water temperature in Japanese
rivers. Global dataset of GPP and ER also showed increasing trend towards higher latitude. In addition,
contrary to our initial expectations, NEP decreased with latitude and most rivers were net heterotrophic
at both regional (Japanese rivers) and global scales. These results imply that the latitudinal temperature
effect on river metabolism is masked by other factors not examined in this study, such as land use in the
watershed, which play pivotal roles in explaining the latitudinal variation of river metabolism.

Ecosystem metabolism includes carbon fixation and mineralization through gross primary production (GPP)
and ecosystem respiration (ER). In rivers, the balance between GPP and ER, denoted by net ecosystem productiv-
ity (NEP), is not necessarily positive since, in addition to organic carbon fixed by autotrophs within rivers, terrige-
nous organic carbon is discharged into rivers and respired"2. This implies that river communities are sustained by
both autochthonous and allochthonous organic carbon and that the community dependency on the terrigenous
carbon is reflected by the balance of fixation and mineralization of organic carbon. Thus, GPP, ER and NEP are
important properties integrating the biological processes of communities involved and characterizing given river
ecosystems®>.

River metabolism is known to be influenced by various abiotic and biotic factors such as light>-$, tempera-
ture”®1%, nutrients''-1%, hydromorphology'*', geomorphology'®!’, and changes spatially and seasonally. Among
these, previous studies have shown that GPP is affected mainly by light’® and temperature”*'°, while ER is con-
trolled mainly by temperature®*1¢181% In addition, some studies suggested that ER is more responsive to temper-
ature compared with GPP2*?!. Thus, GPP, ER and NEP in rivers may systematically change with the latitudinal
gradient of light and temperature. If this were the case, the latitudinal gradient would be useful to build predictive
models of river ecosystem metabolism in response to warming and climate changes. However, although a few
study have examined the latitudinal variations of GPP** in rivers, no study has yet examined latitudinal variations
of ER and thus NEP.

In this study, therefore, we simultaneously estimated GPP, ER and NEP in rivers at various latitudes in Japan.
Since Japan extends over a wide range of latitudes from 24°N to 45°N, it provides an excellent location to examine
these hypothesis. In Japan, the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) has routinely
measured diurnal changes in DO and water temperature at monitoring sites of major rivers and provides these
data as an open access database (Water Information System, http://www1.river.go.jp). Using these measured DO
values with a modern statistical modelling, we estimated GPP, ER and NEP in various rivers of Japan. Then, we
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Mean GPP Mean ER NEP Mean K
ID | River Observatory Site | Latitude | Longitude |(gCm2d~")|(gCm=2d7!) | (gCm2d7") |(d7})
1 | Toyohiragawa | Horohirabashi 43.0377 141.3555 0.28 0.76 —0.47 32.80
2 Tokachigawa | Tokachibashi 42.9344 143.2033 0.17 0.04 0.13 0.30
3 Chitosegawa | Hinodebashi 42.8325 141.6597 0.50 2.16 —1.65 14.03
4 | Iwakigawa Goshogawara 40.8077 140.4375 1.89 4.30 —2.41 6.31
5 Iwakigawa Kamiiwakibashi | 40.5919 140.4169 3.17 3.98 —0.81 18.73
6 Kitakami Funada bashi 39.8355 141.1613 2.38 1.42 0.96 25.82
7 Kitakami Shiwabashi 39.5513 141.1755 2.29 2.64 —0.35 7.38
8 Kitakami Kanegasaki hashi | 39.1966 141.1272 3.82 3.73 0.09 5.58
9 | Mogamigawa | Horinouchi 38.6641 140.2730 1.07 1.01 0.06 2.15
10 | Shinanogawa | Shinanogawa 37.8816 139.0188 2.34 3.52 —1.18 1.94
11 | Kujigawa Sakakibashi 36.4963 140.5544 0.84 1.19 —0.36 7.13
12 | Tonegawa Ashikaga 36.3269 139.4530 0.77 1.20 —0.43 19.45
13 | Kisogawa Kasamatsu 35.3613 136.7569 4.70 5.75 —1.06 6.40
14 | Yuragawa Shimoamadzu 35.3555 135.1152 0.16 0.21 —0.05 3.75
15 | Nagaragawa | Oyabu ohashi 35.2966 136.6711 0.05 0.06 —0.01 1.50
16 | Shonaigawa Biwajima 35.1991 136.8747 2.63 2.83 —0.20 8.51
17 | Yahagigawa Iwatsu 35.0022 137.1666 1.55 1.50 0.05 6.58
18 | Katsuragawa | Miya Maebashi 34.9075 135.7166 1.21 1.30 —0.09 5.95
19 | Ujigawa Miyukibashi 34.8911 135.6994 1.42 2.45 —1.03 433
20 | Inagawa Ginbashi 34.8555 135.4155 2.50 1.35 1.15 18.72
21 | Yodogawa Hirakata Ohashi | 34.8125 135.6316 1.51 2.12 —0.60 2.43
22 | Toyokawa To furu/Tougo 34.8105 137.4186 0.71 0.66 0.05 1.86
23 | Ibogawa Kamikawara 34.8013 134.5630 0.90 1.22 —0.32 5.51
24 | Inagawa Gunkobashi 34.7988 135.4233 1.76 2.01 —0.25 10.39
25 | Kakogawa Kunikane 34.7975 134.8994 1.81 1.95 —0.14 1.97
26 | Kumozugawa | Kumozubashi 34.6466 136.5130 0.45 0.34 0.10 1.36
27 | Yamatogawa | Asaka 34.5858 135.5019 2.33 5.12 —2.78 11.55
28 | Miyagawa Watarai-bashi 34.4891 136.6855 0.54 0.52 0.02 2.64
29 | Chikugogawa | Kurumeohashi 33.3292 130.5261 1.64 1.51 0.13 341
30 | Mimigawa Yamagehei 32.3862 131.5264 2.99 1.61 1.39 5.04

Table 1. Mean metabolic values and reaeration constants of rivers computed by the BASE model in this study.

examined the following hypotheses: (1) GPP would decrease towards the north since both temperature and the
amount of solar radiation decrease from lower to higher latitudes, (2) ER would also be lower in areas of higher
latitude since lower temperatures reduce the respiration activity of organisms; and accordingly, and (3) river eco-
systems would become more heterotrophic in rivers located at lower latitude since ER is more sensitive to changes
in temperature than GPP?*?!. Finally, to test if the latitudinal trends of GPP, ER and NEP found in Japan rivers are
valid in a spatially larger scale, we complied and examined literature data on GPP and ER estimated in rivers at
various latitude in the world and compared the latitudinal trends with those in Japanese rivers.

Materials and Methods

Study area. The Japanese Archipelago (area: 377,880 km?) extends over approximately 2,000 km from sub-
tropical in the south to subarctic climatic conditions in the north?*?* and has four distinct seasons®. In general,
summer extends from mid-June to September, with early summer experiencing a rainy season, known as the
Tsuyu. During the late summer and autumn, typhoons strike the archipelago, which often result in heavy rains
and river flooding. In the northern areas, snowfall occurs during the winter, when river flow is generally low. In
such snow-covered areas, river flow becomes high during the spring with snowmelt runoff. As a result, river flow
fluctuates seasonally and annually depending on the rainfall and snowmelt patterns®. Geologically, Japan is char-
acterized by frequent tectonic and geothermal activity. Japanese rivers are generally short (max length: 370 km)
and steep, with flashy flow regimes and thus are sediment rich?.

In this study, we focused on the metabolic rates in August since it falls before the typhoon season and after
the early summer rainy season, and thus the weather conditions are relatively stable throughout the country. In
addition, the high temperatures in this month cause high biological activity, which likely intensifies the latitudinal
gradients.

Data collection. We collected river data in August from the database constructed by the Water Information
System (WIS: http://wwwl.river.go.jp/) developed by MLIT, except for Mimi River (ID = 30, Table 1), which was
provided by the Central Research Institute of Electric Power Industry (CRIEPI). The WIS database provides water
level, discharge, DO, pH, conductivity and water temperature data that have been measured hourly at 90 obser-
vatory river stations throughout Japan. Since these river stations were setup originally to monitor water flows and
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Figure 1. Map of Japan showing the river observatory stations where the dissolved oxygen (DO) and water
temperature data were collected. Details of each river are shown in Supplementary Table S1.

make a risk assessment of flood and water related disasters, the stations were located at the mid to down streams
of the rivers and only a limited number of river stations had periodical measurements of DO concentrations. In
addition, river stations were less located in the northern areas.

In this study, we first downloaded dataset from the years 2010-2016 and determined whether continuous
24-hour time series data were available. Unfortunately, DO data were often temporally missing, deviated from
their natural range relative to temperature (0-15mg O,/L), drifted strongly in a short period or showed tempo-
rally unchanged values, probably due to troubles or malfunctions with DO sensors. Since there were no remarks
about these troubles on DO sensors in the website, we removed days when DO showed these unusual values.
Accordingly we used data at dates when DO concentrations showed distinct diel patterns of DO as in Fig. Sla,b.

We verified the data consistency by confirming availability for at least 3 days in August of each year from 2010
to 2016. Based on the availability (number of days) and reliability (if the values were within naturally reasonable
range) of 24-hour time series data, 30 river stations from 43.03°N to 32.38°N were selected (Fig. 1, Table S1) with
a total of 110 values from multiple years at these stations.

We obtained stream order at each river station from 10 m digital elevation maps provided by the Geospatial
Information Authority of Japan (https://fgd.gsi.go.jp/download/menu.php) with the Spatial Analyst tool of
ArcMap 10.5%. Since water depth was not recorded at the MLIT observatory river stations, we estimated mean
depth (D) for each river using the discharge data (Q, m*/s) and Manning’s equation by assuming that all rivers had
a rectangular cross section. Discharge data were obtained from the WIS database, while water surface slope and
wetted width (W) were estimated remotely using the Add Path tool in Google Earth Pro. Manning’s roughness
constant for natural channels was selected from Coon?® depending on the type of channel morphology. Then, the
mean water depth D was estimated using following equations,

__Q
Vx W (1)

where V is mean water-column velocity (m/s) estimated by Manning’s equation as follows,

2 1
_ H3 x 82
n (2)

where H is hydraulic radius, S is the water surface slope, and 7 is the channel roughness constant. We used this
estimated depth rather than the depth at the pin-point location of the MLIT observatory river station since the
metabolic rate measurements are not necessarily products of the river station alone but those of upstream area
over 10-10*m?**.

Hourly data of meteorological parameters such as atmospheric temperature, pressure, precipitation, cloud
cover and irradiance were obtained from the meteorological stations of the Japan Meteorological Agency
(http://www.jma.go.jp/jma/index.html) that were closest to the river stations. Irradiance data collected at the

\4
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meteorological stations were converted to photon flux using a conversion factor of 0.46°!. According to the areal
images, all the river stations had an open canopy.

Model estimating the metabolic rates. Various models have been developed for estimating reaeration
rate!”323 to estimate primary production and ecosystem respiration rates from daily DO profiles. Among these,
we used the BASE v2.0 (Bayesian Single Station Estimation) model developed by Grace et al. (2015) to estimate
GPP and ER because it was made publicly available and could easily compute large number of dataset in a short
period of time. In addition, our dataset including DO, water temperature and irradiance met the requirement of
the BASE model.

BASE v2.0 is a model based on the daytime regression developed by Kosinski** which describes the DO con-
centration (mg O,/L) at time step ¢+ 1 from the primary production, ecosystem respiration and reaeration rate
at preceding time step t as follows:

[DO],,, = [DO], + AI? — R(0‘" ) + K(1.02417 ") D, 3)

where AI? refers to the volumetric primary production rate (mg O, L=' d~!), A is a constant value representing
the primary production per quantum of light, I is the incident light intensity at the water surface (umol m=2s71),
p is an exponent reflecting the ability of primary producers to use incident light, R is the volumetric ecosystem
respiration rate (mg O, L' d™!), 6 is the temperature dependent factor of the respiration rate, T is water temper-
ature (°C), T is mean water temperature over the 24-h period, K (d~!) is the reaeration coefficient, and D is the
difference between the measured DO concentration and the saturated DO concentration at a given temperature,
salinity and barometric pressure.

By fitting the equation to recorded data, parameter values of production, respiration and reaeration rates (A, p,
R, 6, K) were empirically obtained. This model was called from a script in the statistical software R, which involves
JAGS to run the Markov Chain Monte Carlo (MCMC) iterations®. The program run was performed with the time
interval set to 3600 (for one-hour interval) for 20,000 to 200,000 iterations. We excluded the daily data from the
further analyses if no model convergence was obtained after the maximum MCMC iterations. We also removed
dates that showed very poor model fit of O, data even when the parameter chains converged.

The BASE v2.0 model provided the means and the standard deviations for the daily volumetric metabolic rates
and the other estimable parameters (4, p, R, 6, K), as well as instantaneous rates of volumetric GPP and ER for
each time step. The output for the diel model produced multi-panel validation plots that helped assess the conver-
gence of the model. Quantitatively, these were assessed by checking the posterior predictive p-value, R* value, and
the residual mean square error values (RMSE). Validation plots included MCMC trace plots for the parameter
values. Upon a successful convergence of the model, all five chains (4, p, R, 0, K) of parameters overlapped and
became centred (Fig. S2).

Collection of literature data. To compare river metabolic rates obtained in Japanese rivers with those in
other regions, we collected GPP and ER, and calculated NEP (GPP - ER) in rivers at various latitudes from 27
previously published studies (Table S3) and examined if these rates varied along latitudes even at a spatially larger
scale.

Statistical analysis. In this study, we converted GPP and ER values into units of carbon, assuming both
photosynthetic and respiration quotients of unity. We also converted the volumetric metabolic rates into areal
estimates by multiplying by the mean water depth, which was determined from the discharge data and Manning’s
equation. Before statistical analyses, we screened the data for outliers. Then, mean metabolic rates (GPP, ER and
NEP) in August were calculated for each site for each year during the period from 2010 to 2016.

Since the elevation and PAR data were highly skewed, we log-transformed them before the analysis. To
examine if the metabolic rates were related to latitude, we analysed these with Generalized Linear Mixed Model
(GLMM) using latitude as a fixed factor and year as a random factor by using the Imer function of the Ime4 pack-
age version 1.1% of R version 3.3.2%. Relationship between metabolic rates and latitudes were then examined by
simple regression analyses with data estimated in Japanese rivers and collected from literatures using R version
3.3.2%.

To examine the direct and indirect effects of latitude and other explanatory variables on the metabolic rates,
we performed structural equation modelling (SEM) using data obtained in Japanese rivers and considering the
causal relationships among the metabolic rates and the explanatory variables. In this analysis, we used latitude,
elevation, water temperature and PAR as explanatory variables. We excluded stream order in SEM because simple
correlation test showed no significant relationship with metabolic values. We standardized all the explanatory
variables before the analysis. Within single rivers, we treated the monthly average of metabolic rates for a year
as an independent data. Thus, we examined total 110 values for each of GPP, ER and NEP. In SEM, model fitting
was performed using maximume-likelihood estimation, and the relative importance of each path was compared
using individual path coeflicients. A chi-square test was used to quantify the overall fit of the model. SEM was
performed using the lavaan package version 0.5% of R version 3.3.2.

Results

The river observatory stations used in this study sprawled across the entire archipelago from Hokkaido to Kyushu
(Fig. 1; Table 1). The elevation of the observatory stations ranged from 1 m at the Shinano River to 181 m at the
Kitakami River (Fig. 2; Table S1). The rivers examined were mid to large sized, with stream orders ranging from
4 to 7 (Table S1). Mean DO concentration in August ranged from 4.90 to 10.58 mg O,/L and that of PAR ranged
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Figure 2. Frequency histogram of independent parameters used in the study. (a) Elevation, (b) Latitude, (c):
Stream Order, (d): Dissolved Oxygen (DO), (e): Photosynthetically Active Radiation (PAR) and (f) Water
temperature.

from 457 to 1062 pmol m~2 s~! (Fig. 3; Table S1). Mean water temperature in August ranged from 15.3°C at the
Toyohira River to 31.9 °C at the Yodo River.

We obtained a total of 646 estimates for each of gross primary production (GPP) and ecosystem respiration
(ER), with 110 mean values for August in different years and at different river stations (315 data points per river
station). Reaeration rates (K) ranged from 0.01 day ™! to 33.87 day ™!, with a mean of 7.33 day~!. GPP varied highly,
with the estimates ranging from 0.01 gC m~? d ! at the Nagara River (ID=15,n=110) t0 8.62gCm 2d " at the
Kiso River (ID =13, n=110). Similarly, ER ranged from 0.01 gC m~2 d ! at the Nagara River t0 9.68 gCm2d !
at the Kiso River. Model estimate of K was significantly and positively correlated with both GPP (r=0.32,
p <0.005) and ER (r=0.26, p < 0.005) (Fig. S4). Across all river stations, GPP covaried positively and signifi-
cantly with ER, although a few rivers, such as the Iwaki River (ID = 5) and the Yamato River (ID =27), had higher
ER values without correspondingly high GPP values (Figs 3, S3). On average, NEP ranged from —2.78gCm™2d™!
at the Yamato River to 1.39g C m~2 d ! at the Mimi River (ID = 30), and only 11 out of 30 rivers had positive NEP
(Table S1; Fig. S). GLMM showed that latitude affected significantly GPP and ER but not NEP (Table S2). In sim-
ple regression analyses, GPP was marginally and ER was significantly higher in rivers at higher latitude (Fig. 4a,b),
while no significant relationship was detected between NEP and latitude (Fig. 4c).

To test the generalities of the latitudinal trends found in Japanese rivers, we complied and examined GPP and
ER in rivers located from 18°N to ~78°N that were estimated in 27 previous studies (Table S3). Both GPP and
ER from literature and in this study ranged from 0 to 20gC m~* d~. In addition, the literature data showed that
GPP and ER increased significantly towards higher latitude in accord with the trends found in Japanese rivers
(Fig. 4d,e). Similar to Japanese rivers, most of the NEP from literature showed negative values. In the case of data
from literature, NEP tended to show significantly lower values at the higher latitude (Fig. 4f).

Structural equation modelling (SEM) explained 11% and 53% of variations in GPP and ER in Japanese rivers
with significant direct and indirect effects of explanatory variables on these metabolic rates (Fig. 5a). In the model,
latitude had a significant positive direct effect on both GPP (standardized effect =0.38) and ER (standardized
effect=0.21). Moreover, latitude had a significant indirect effect through negative effects of water temperature on
GPP (standardized effect = —0.60 x 0.39 = —0.23). Although ER was not directly affected by water temperature,
it was positively related to GPP (standardized effect =0.69) and negatively related to elevation (standardized
effect=—0.18).

PAR also showed a significant positive indirect effect on both GPP (standardized effect =0.24 x 0.39 =0.09)
through water temperature. Latitude had a significant and negative direct effect on NEP (standardized
effect=—0.23). However, no significant effects of water temperature were found for NEP. Instead, NEP was pos-
itively related to elevation (standardized effect=0.28).
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Figure 3. River metabolic rates along the latitudinal gradient in Japan. The x-axis shows latitude (from the
south to the north), and the y-axis shows GPP (upper panel), ER (mid panel) and NEP (lower panel) in units of
carbon. Individual metabolic rates for each river are shown in Table 1.

Discussion

Since both photosynthesis and respiration rates in river ecosystems often depend on water temperature
we first hypothesized that both gross primary productivity (GPP) and ecosystem respiration (ER) would system-
atically change with latitude. However, as opposed to our hypothesis, both GPP and ER increased along the
latitude. To our knowledge, only one previous study*? examined the relationship between GPP and latitude for
rivers between 30°N and 50°N, which failed to find any significant latitudinal effects. Dataset from 27 previous
studies that examined rivers between 18°N and 78°N also showed increase in the GPP and ER at higher latitude.
Therefore, increasing trends of river GPP and ER towards the north seems to be limited not only in Japan but
occurs on much larger scales. In this study, water temperatures had positive effects on GPP in Japanese rivers,
which in turn positively affected on ER.

Thus, although latitude can indirectly affect both GPP and ER through its negative effect on water temper-
ature, other factors related with latitudinal gradients override this indirect effect. Other than temperature and
irradiance, vegetation type, biomass, and anthropogenic land uses are known to change along latitude**-*!. Thus,
positive trends of GPP and ER along latitude may be caused by land use and land covers in the river watershed.

Estimation of reaeration rate in streams is important to properly estimate the ecosystem metabolism>. In this
study, the reaeration rate was estimated by the BASE v2.0 model using the time series of DO data®**>**, BASE
v2.0 is certainly advantageous for estimating reaeration rate and thus stream metabolic rates with the statistical

4,7,9,10,16,19,38
>
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Figure 4. Gross primary production rate (GPP), ecosystem respiration rate (ER) and net ecosystem
productivity (NEP) of the rivers in Japan (a-c: regional scale) and various areas (d-f: global scale) plotted
against latitude. The results of GLMM with the statistical values are shown in Supplementary Table S3.

reliability. In general, reaeration rates estimated by model equations tend to underestimate compared with those
estimated directly by gas tracer methods and empirical equations®*‘. However, the degree of underestimation
by the model equations was found to be small when the reaeration rate was less than 50 day~!** and when the
stream was deeper than 6 cm®. In this study, river depth was greater than 6 cm, and the estimated reaeration rate
ranged from 0.01 day ! to 33.87 day ™!, with a mean of 7.33 day ™!, within the range of values reported in previous
studies***. Because we used a DO dataset measured at hourly intervals, our estimates of reaeration rates and
metabolic rates might be sensitive to the precision of the data points. To increase the accuracy of the estimation
of GPP and ER, we used the mean of the daily estimates of metabolic rates for at least three days during August
as a single data point. The estimates of gross primary production rate (0.01 to 8.62gC m~2d™!) and ER (0.01 to
9.68gC m~*d ™) in this study are within the range of previous studies, suggesting that the river metabolic rates
estimated in this study are reasonable and have not deviated greatly from the true values.

A significant indirect effect of PAR on GPP and ER through water temperature was seen in the SEM (Fig. 5). This
presence of an indirect effect of PAR along with the absence of a direct effect of PAR on metabolic values suggest that
the effect of light on the bottom of the river could have been camouflaged by other local factors such as turbidity and
cloud cover. In general, the penetration of light to the bottom of a river decreases moving downstream, if all else is
equal, because of the increasing water depth. In addition, with increasing stream order, rivers tend to receive more
suspended particles and organic matter that increase the attenuation coefficient of light. In this study, we used PAR
at the river surface and did not consider the attenuation coefficient of light in the river water**#”. Thus, the actual
light level received by the autotrophs in rivers may have been not proportional to PAR at the surface.

Summer precipitation is generally lower in the northern areas compared to the southern areas of Japan®.
Since inflows of nutrients and organic matter into rivers are expected to be higher in areas with greater precipita-
tion, GPP and ER would be expected to be greater towards the south. However, as shown above, such latitudinal
gradients in the metabolic rates were not found. The vegetation types also differ between northern and southern
Japan*®. For example, broad-leaved evergreen trees dominate the southern region, whereas coniferous trees and
broad-leaved deciduous trees are predominant in the northern region. In addition, central and southern Japan
are more urbanized and sustain greater population density than in the north®. Such latitudinal differences in land
use and land cover may have directly or indirectly confounded the latitudinal trends in GPP and ER. Finer spatial
analysis on the watershed would be essential to uncover the actual mechanisms of the effects of land cover and
land use on river metabolism.

Among the 30 rivers examined in Japan, only 11 rivers showed positive NEP, indicating that most of these rivers
are net heterotrophic in the summer, as has been reported in various rivers in other continents>”!%!>0:31 In this
study, we hypothesized that river ecosystems are more heterotrophic in rivers located at lower latitude since ER
is more sensitive to changes in temperature than GPP2*?!. However, opposite to the hypothesis, both in regional
(Japanese rivers) and global scales, NEP showed lower values in rivers at higher latitudes. Since this spatial trend
cannot be explained by temperature, it may reflect higher allochthonous input relative to primary production in
northern rivers. Our study also showed that elevation had a significant positive direct effect on NEP, with rivers at
lower elevations exhibiting lower NEP than rivers further above sea level. These results suggest that the ecosystem
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Figure 5. Results of the structural equation model, showing direct and the indirect effects of latitude and

other factors on gross primary production rate (GPP), ecosystem respiration rate (ER) and net ecosystem
production rate (NEP) of the rivers in Japan. Strengths of effects are denoted by path coefficients (i.e., regression
coefficients). Red and blue lines indicate significantly negative and positive paths (p < 0.05), respectively, and
dashed lines indicate hypothesized pathways that were not significant in the model. The amount of variation
explained by the model is given by R? with fit statistics in each panel. Elevation and PAR are log transformed.

respiration rate relative to primary production rate increased moving downstream, where more allochthonous
organic matter from the upstream areas or the surrounding watersheds tends to accumulate. Previous studies'>>
also showed that downstream export of greater amounts of organic matter fuels heterotrophic respiration in rivers.
This study explained at most 11% and 53% of the spatial variation in summer GPP and ER of rivers in Japan
through the direct and indirect effects of latitude, PAR and water temperature and elevation, indicating factors other
than geographic position play pivotal roles in determining river metabolism. The development of epilithic algal
biomass on riverbeds is a crucial determinant of GPP and depends highly on temporal variability in the flow rate of
river waters”. The supply of nutrients associated with watershed anthropogenic activities also influences the algal
biomass in rivers®>**. ER in rivers is also affected by the allochthonous supply of organic matter from agricultural
and urban areas and riparian forests'. Thus, local environmental factors specific to individual rivers, which are
related or unrelated to latitudinal gradients, may have masked the effects of the thermal gradient on GPP and ER.
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In conclusion, although GPP and ER increased with increasing river water temperature, our analysis showed
increase in GPP and ER and decrease in NEP toward higher latitudes, indicating that effects of latitude are
not limited to temperature and are likely to include indirect effects of local environmental conditions. We first
expected that a comparison of river metabolism along latitudinal gradients may be useful to predict the effects
of putative warming on river ecosystems. However, latitudinal trends of GPP, ER and NEP found in this study
suggest that the uniqueness of each river in conjunction with the latitudinally related factors such as land use and
land cover confound the effects of temperatures on these metabolic rates. Thus, to better understand the effects of
warming on river ecosystems, we should consider both local and latitudinal environmental conditions including
vegetation types and biomass, and anthropogenic activities in the watershed.

Data Availability
Available data will be uploaded to the Dryad Digital Repository upon acceptance.
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