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Geology-dependent impacts of forest conversion on stream fish diversity







# Analyses of total nitrogen and total phosphorus

Surface water samples were collected from the streamflow in each studied river and were immediately filtered through precombusted glass-microfiber filters (Whatman GF/F, GE Healthcare UK Ltd., Buckinghamshire, England) using syringes. The filtered water samples were quickly taken back to the laboratory in a cooler box with ice packs and were stored in a freezer at –15 degrees Celsius until analyses. The concentrations of total N and total P of each sample were analyzed by the colorimetric method using a continuous flow injection analyzer (AACS-4, BL-Tech Co. Ltd., Osaka, Japan) after NaOH-K2S2O8 digestion.







Fig. S1 Relationships of electrical conductivity (EC, ms/m) with total nitrogen (TN, mg/L) and total phosphorus (TP, mg/L). EC was highly and positively correlated with the water quality indices, suggesting that EC is a good proxy for nutrient enrichment in the study region. Both TN and TP were log-transformed.

# Analysis of the habitat complexity index

We employed principal component analysis (PCA) to integrate the three CVs of stream environments into one habitat complexity index. PCA showed that the variations in CVs were well explained by PC1; the proportion of the variance that was explained by PC1 was 0.64. All CVs were log-transformed before analysis. Data were analyzed using the ‘psych’ package in R (version 3.3.2).



[image: ]

Fig. S2 Relationships of the habitat complexity index (PC1) with the CVs of water depth, current velocity and substrate coarseness. The index calculated by PCA was highly and positively correlated with the CVs, suggesting that the index well represented the reach-scale habitat complexity in the study region.


# Relationships of fish diversity with abiotic factors
 
- Fine sediments
In each study reach, a typical glide reach was chosen, and surface sediment samples (samples typically were 300–500 g dry mass) were collected in the reach using a trowel, one at mid-channel and one on each side near the bank. These samples were placed into individual bags and taken back to the laboratory. The samples were stored at -10 degrees Celsius until analyses. We later thawed the sediment samples and sieved them using 20 mm, 250 μm and 40 µm mesh sieves. The samples retained on the 20 mm sieve were discarded. Each remaining sample (i.e., 40–250 μm and <40 μm sediments) was dried for at least 48 h at 60 degrees Celsius to obtain the dry mass of each size fraction. We weighed the dry samples and calculated the percentage of the dry mass of <40 μm sediments relative to the total weight of the sediment, which was obtained by combining the dry masses of the two size fractions. The mean percentage of the three sampling points in each study river was finally calculated.


- Woody cover
 In each study reach, we measured large pieces of wood (> 10 cm in diameter) and calculated the percentage of woody cover (100*total cover area/study reach area) following the methods of Kawai et al. (2014).


- Water temperature
 In the 15 study reaches, we measured the summer mean water temperature. The water temperature was measured hourly using loggers (Onset, Hobo pendant temperature logger UA-002064) from 20th June to 31st August. With the logged data, we calculated the summer mean water temperature.




Fig. S3 Relationships of fish diversity with the percentage of fine sediment, percentage of woody cover and summer mean water temperature.
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Fig. S4 Relationships between underlying geology (proportion of volcanic rocks within a 1 km buffer), stream slope and substrate coarseness. The proportion of volcanic materials was log-transformed to ensure multivariate normality for SEM.


# Relationship of benthic macroinvertebrate abundance with nutrient enrichment

 - Sampling
In March 2011, twelve invertebrate samples were collected from 27 sites in the Kitamihorobetsu River, Hokkaido. Agricultural land cover in each catchment area ranged from 0-17.9 % (see details in Sueyoshi et al. 2016; 2017). Invertebrate samples were preserved in 70% EtOH and sorted and counted in the laboratory. EC was measured on the same sampling occasion using a WM 22-EP pH meter (DKK-TOA, Hyogo, Japan).
- Data analysis
We used generalized linear models (GLMs) with a Poisson error distribution to test for relationships between invertebrate abundances and nutrient enrichment. The response variable was the total abundance of all invertebrates, Chironomidae and other taxa in each site, and the explanatory variable was EC. Coefficients of electric conductivity were tested for significance by Wald tests. We also tested for a relationship between agricultural land cover in each study catchment (Agriculture %) and nutrient enrichment using GLMs with Gaussian error distribution.

Fig. S5 Relationship between benthic macroinvertebrate abundance and nutrient enrichment in northern Hokkaido. We found significant relationships in all models. Solid lines show estimated insect abundances and EC based on the results of GLMs. All models show a significant relationship (p<0.05) between the response and explanatory variables.

# Selection of spatial scales for calculations of land use and underlying geology

- Data analysis
We used GLMs with Gaussian error distributions to test for relationships of land use and geology with local habitat quality at both scales (reach, catchment). The response variables were EC, substrate coarseness and habitat complexity, and the explanatory variables were the percentage of agricultural land use and volcanic geology. Coefficients of the explanatory variable were tested for significance by Wald tests. The method used to measure each factor is provided in the Methods section.


- Selection of spatial scales
 Table S1 shows that 1) EC is more related to catchment-scale land use and 2) substrate coarseness is more related to reach-scale geology. Based on the analyses, we applied catchment-scale land use and reach-scale geology in the present study.




Table S1 Relationships of land use and geology with local habitat quality at both spatial scales
[image: ]
* Significant relationships (p < 0.05) are shown in boldface. 　
[image: ]Table S2 Observed and estimated species richness in each study reach. 
*Estimation of species richness (rarefaction-extrapolation analysis) was performed using the iNEXT package (Hsieh et al. 2016).

[image: ]Table S3 Water chemical variables of the study reaches.




Table S4 Abiotic and biotic data for the statistical analyses. 
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Table S4 (Continued)
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Response variable Explanatory variable (Scale) Estimates SE p-value

   EC Agriculture %  (Catchment) 0.139 0.020 1.68E-08

   EC Agriculture %  (Reach) 0.058 0.029 0.053

   Substrate coarsensess Volcanic %      (Catchment) -0.100 0.227 0.662

   Substrate coarsensess Volcanic %      (Reach) 0.544 0.180 0.005

   Habitat complexity Agriculture %  (Catchment) -0.001 0.006 0.891

   Habitat complexity Agriculture %  (Reach) 0.010 0.006 0.128


image7.emf
Site name Observed Esimated

Observed

Ratio

SE

95%

 Lower

95%

Upper

P8 2 2 100.000 0.133 2 2.282

V1 4 4 100.000 0.479 4 5.439

V2 6 6.496 92.365 1.314 6.029 14.385

V3 4 4 100.000 0.157 4 4.334

V7 4 4 100.000 0.398 4 5.012

V8 5 5.238 95.456 0.702 5.012 9.569

Nakasyunbetsu 5 7.955 62.854 4.321 5.363 29.037

Yausyubetsu 3 3.479 86.232 1.276 3.028 11.149

P9 3 3 100.000 0.173 3 3.375

Obetsu 7 7 100.000 0.537 7 8.466

Toraibetsu 5 5 100.000 0.535 5 6.63

Katamusari 4 7.6 52.632 5.817 4.391 37.177

Chiraikaribetsu-DW 4 4.467 89.546 1.247 4.027 11.974

Sattebetsu 4 4 100.000 0.349 4 4.857

Pontokotan 5 5 100.000 0.35 5 5.853

Reushinai 5 5 100.000 0.419 5 6.069

F1 4 4 100.000 0.421 4 5.084

F2 6 6 100.000 0.482 6 7.4

Hirano 4 4.492 89.047 1.304 4.029 12.327

Takkaruushi 6 6.489 92.464 1.298 6.029 14.286

Obetsu-up 3 3 100.000 0.483 3 4.503

Chiraikaribetsu-UP 3 3.489 85.985 1.298 3.029 11.286

Main-Bekan 6 6.975 86.022 2.17 6.071 19.361

Fuppoushi 4 4.485 89.186 1.29 4.029 12.235

Chinai 4 4 100.000 0.05 4 4.1

Tomikawa 5 5 100.000 0.523 5 6.576

V4 6 6.992 85.812 2.204 6.073 19.566

V5 4 4 100.000 0.48 4 5.441

V6 5 5.474 91.341 1.263 5.028 13.073

Onnebetsu 5 5.987 83.514 2.173 5.073 18.346

P11 4 4 100.000 0.505 4 5.552

Anebetsu 4 4 100.000 0.483 4 5.459

Chashikotsu 5 5 100.000 0.527 5 6.584

Etoshinai 7 7.481 93.570 1.279 7.028 15.172

Musa 8 10.98 72.860 4.434 8.358 32.768

Shura 6 8.97 66.890 4.374 6.362 30.375

Shigetaro 4 4 100.000 0.4 4 5.026

Shikarinai 5 5 100.000 0.031 5 5.061

Bettoga 5 5 100.000 0 5 5.001

F3 8 8.243 97.052 0.714 8.013 12.642

P6 4 4.986 80.225 2.14 4.074 17.104

Homakai 5 5 100.000 0.481 5 6.416
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NO3 NH4 TN PO4 TP

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

F1 0.680 0.053 0.810 0.029 0.017

F3 0.059 0.077 0.270 0.026 0.016

P6 2.066 0.081 2.310 0.144 0.139

P8 0.153 0.050 0.270 0.045 0.035

P9 0.530 0.056 0.610 0.022 0.009

P11 0.590 0.057 0.720 0.024 0.012

Homakai 0.748 0.064 0.920 0.029 0.018

Obetsu 1.174 0.084 1.370 0.062 0.053

Toraibetsu 0.252 0.055 0.360 0.024 0.013

Katamusari 0.300 0.060 0.460 0.014 0.024

Chiraikaribetsu-DW 0.672 0.072 0.850 0.014 0.017

Sattebetsu 0.111 0.055 0.300 0.028 0.018

F2 0.563 0.068 0.720 0.031 0.019

Hirano 0.450 0.078 0.680 0.015 0.033

Takkaruushi 0.209 0.062 0.390 0.034 0.023

Obetsu-up 3.070 0.058 3.360 0.098 0.089

Chiraikaribetsu-UP 0.554 0.055 0.720 0.030 0.020

Main-Bekan 0.147 0.065 0.260 0.026 0.015

Fuppoushi 0.069 0.054 0.140 0.014 0.010

V1 1.005 0.101 1.270 0.018 0.019

V2 0.336 0.036 0.600 0.028 0.033

V3 2.416 0.037 2.700 0.031 0.028

V4 0.177 0.044 0.490 0.022 0.024

V5 0.078 0.029 0.310 0.009 0.008

V6 1.084 0.044 1.360 0.003 0.023

V7 0.504 0.029 0.580 0.029 0.023

V8 0.277 0.037 0.570 0.022 0.019

Nakasyunbetsu 2.127 0.066 2.250 0.034 0.021

Yausyubetsu 0.517 0.055 0.900 0.035 0.035

Chinai 2.238 0.067 2.410 0.006 0.023

Tomikawa 0.700 0.047 0.850 0.015 0.015

Pontokotan 1.299 0.053 1.480 0.028 0.017

Anebetsu 0.495 0.070 0.680 0.033 0.021

Onnebetsu 2.416 0.037 2.700 0.031 0.028

Chashikotsu 1.882 0.116 1.730 0.032 0.029

Etoshinai 1.214 0.047 1.380 0.022 0.018

Musa 1.140 0.041 1.250 0.020 0.016

Shura 0.480 0.089 0.690 0.031 0.025

Shigetaro 0.900 0.123 1.230 0.027 0.029

Shikarinai 1.459 0.050 1.540 0.006 0.036

Bettoga 0.536 0.033 0.920 0.018 0.011

Reushinai 1.144 0.082 1.360 0.036 0.025

Site name
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Electric Substrate  Habitat Catchment Agriculture Agriculture Volcanic Volcanic Stream

conductivity coarseness complexity size (1 km scale) (watershed) (1 km scale) (watershed) slope

(ms/m)

(km

2

)

(%) (%) (%) (%) (%)

F1 12.160 2.167 0.076 12.800 48.276 47.400 0.000 7.800 0.671

F3 7.920 1.700 0.187 45.400 11.628 2.900 0.000 62.100 0.459

P6 20.920 3.033 2.108 1.700 74.118 71.000 52.331 16.100 1.477

P8 7.370 1.833 -0.443 3.800 0.000 0.600 0.000 41.300 0.689

P9 12.030 1.833 -0.443 2.300 61.628 49.700 0.000 0.000 0.619

P11 16.130 1.967 0.105 7.800 24.138 54.700 10.386 77.900 0.556

Homakai 17.840 3.867 1.299 36.900 66.279 64.600 28.719 5.100 0.322

Obetsu 19.490 1.600 0.431 35.600 6.977 57.600 0.000 1.300 0.436

Toraibetsu 12.170 1.800 -0.642 21.000 12.644 49.900 8.187 83.500 0.183

Katamusari 11.000 1.933 -0.201 19.800 52.874 15.600 0.000 0.000 0.206

Chiraikaribetsu-DW 16.420 1.333 2.430 18.800 18.605 50.400 0.000 38.000 0.401

Sattebetsu 8.940 2.233 0.775 5.000 59.302 25.200 0.000 0.000 0.520

F2 14.200 2.000 -1.988 23.300 67.442 55.800 0.000 2.100 0.325

Hirano 14.260 1.700 0.179 15.500 87.500 66.600 11.105 13.600 0.179

Takkaruushi 10.170 1.900 -0.218 27.100 2.299 23.900 2.955 39.200 0.131

Obetsu-up 23.600 4.600 1.352 2.200 72.414 72.100 10.423 8.600 1.330

Chiraikaribetsu-UP 16.610 2.533 2.156 1.700 55.172 55.600 18.457 74.100 1.595

main-Bekan 7.570 2.233 -0.278 4.000 39.080 1.400 0.000 41.800 0.406

Fuppoushi 7.130 2.000 -1.459 26.900 6.977 17.500 0.000 51.100 0.431

V1 11.500 3.600 0.510 2.900 72.093 58.700 36.858 8.200 2.045

V2 11.400 4.000 1.665 11.300 71.591 27.100 63.509 1.100 0.970

V3 18.600 2.333 -0.543 12.800 51.724 73.300 100.000 100.000 0.305

V4 10.950 2.033 -0.486 15.800 56.977 28.500 0.000 1.500 0.502

V5 8.390 5.633 -0.412 9.200 27.907 27.400 24.116 5.900 1.046

V6 16.520 1.567 -0.010 12.000 82.955 87.000 99.516 95.900 0.362

V7 9.680 3.000 0.265 8.100 50.575 70.200 28.591 82.600 0.355

V8 7.410 2.200 0.688 2.900 24.138 7.300 0.000 10.400 0.684

Nakasyunbetsu 17.100 2.567 -0.204 39.900 22.989 79.200 100.000 93.500 0.239

Yausyubetsu 13.600 2.067 -0.693 46.500 37.500 73.000 30.426 72.900 0.185

Chinai 26.400 2.467 -0.553 6.500 43.678 57.800 16.302 75.000 0.237

Tomikawa 13.530 2.500 0.078 4.900 22.989 68.600 38.304 89.000 0.443

Pontokotan 16.400 3.000 0.486 16.300 45.977 80.700 33.159 70.200 0.529

Anebetsu 16.380 2.867 0.263 16.000 47.126 68.400 0.523 72.100 0.282

Onnebetsu 20.300 2.633 -0.647 26.800 57.955 75.000 68.666 96.500 0.395

Chashikotsu 18.060 2.000 -2.256 20.000 20.690 72.100 13.108 64.700 0.250

Etoshinai 14.470 2.000 -1.621 28.400 48.276 69.300 19.117 76.600 0.331

Musa 13.050 4.700 0.526 49.900 36.364 51.600 55.183 98.700 0.455

Shura 12.240 3.633 -0.126 32.800 55.814 43.300 14.298 97.600 0.078

Shigetaro 16.500 2.000 -1.078 22.600 22.727 69.300 55.709 91.700 0.394

Shikarinai 21.700 2.267 -0.202 60.900 60.920 85.000 21.489 76.400 0.138

Bettoga 15.520 3.433 -0.073 16.800 93.103 82.600 35.109 63.700 0.661

Reushinai 14.200 2.067 -0.438 11.800 41.379 67.900 37.946 82.700 0.165

Site name
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B. barbatula  S. leucomaenis  O. masou L. reissneri Gymnogobius sp. P. tymensis Pungitius sp.  Species  Shannon Simpson Pielou’s

(log) (log) (log) (log) (log) (log) (log) richness diversity diversity Evenness

(/100 m

2

) (/100 m

2

) (/100 m

2

) (/100 m

2

) (/100 m

2

) (/100 m

2

) (/100 m

2

)

F1 0.555 1.712 0.000 0.602 0.000 0.699 0.000 4 0.681 0.327 0.492

F3 0.423 0.685 0.261 0.845 0.301 0.000 0.477 8 1.794 0.791 0.863

P6 1.328 1.899 0.000 0.301 0.000 0.301 0.000 4 0.643 0.364 0.464

P8 0.802 1.294 0.000 0.000 0.000 0.000 0.000 2 0.530 0.346 0.764

P9 0.790 0.873 0.000 0.000 0.000 0.778 0.000 3 1.093 0.663 0.995

P11 0.127 0.674 0.372 0.000 0.000 0.699 0.000 4 1.122 0.615 0.810

Homakai 1.204 0.948 0.000 1.176 0.000 1.204 0.301 5 1.107 0.599 0.688

Obetsu 0.000 0.820 0.256 0.602 0.845 0.477 1.204 7 1.656 0.768 0.851

Toraibetsu 0.421 0.772 0.539 0.000 0.000 0.602 0.000 5 1.358 0.695 0.844

Katamusari 0.182 0.309 0.000 0.301 0.000 0.301 0.000 4 1.332 0.720 0.961

Chiraikaribetsu-DW 0.226 0.811 0.000 0.699 0.477 0.000 0.000 4 1.137 0.622 0.820

Sattebetsu 0.000 1.301 0.668 1.398 0.000 0.477 0.000 4 1.053 0.606 0.760

F2 1.280 0.524 0.091 1.415 0.000 1.255 0.000 6 1.272 0.627 0.710

Hirano 1.455 0.322 0.000 0.954 0.000 0.301 0.000 4 0.609 0.310 0.439

Takkaruushi 0.449 0.181 0.309 1.447 0.000 0.699 0.000 6 1.249 0.598 0.697

Obetsu-up 2.234 1.106 0.000 0.000 0.000 0.301 0.000 3 0.296 0.139 0.269

Chiraikaribetsu-UP 0.469 1.917 0.000 0.000 0.477 0.000 0.000 3 0.287 0.126 0.262

main-Bekan 0.743 0.546 0.400 0.699 0.000 0.301 0.000 6 1.405 0.701 0.784

Fuppoushi 0.210 0.799 0.729 0.301 0.000 0.000 0.000 4 0.982 0.576 0.709

V1 1.291 1.383 1.630 0.000 0.000 0.000 0.000 4 1.133 0.643 0.817

V2 1.754 0.370 1.160 0.301 0.000 0.000 0.000 6 1.014 0.510 0.566

V3 0.000 0.943 0.607 0.778 0.000 0.699 0.000 4 1.141 0.613 0.823

V4 0.932 0.000 0.665 1.591 0.000 0.000 0.301 6 1.357 0.712 0.757

V5 1.179 0.999 1.179 0.000 0.000 0.000 0.000 4 1.146 0.665 0.827

V6 0.389 0.000 0.687 0.778 0.000 0.477 0.301 5 1.399 0.715 0.869

V7 1.043 0.638 1.249 0.000 0.000 0.000 0.000 4 1.123 0.621 0.810

V8 0.812 1.564 0.965 0.301 0.000 0.477 0.000 5 1.168 0.576 0.726

Nakasyunbetsu 0.090 1.172 0.229 0.301 0.000 0.301 0.000 5 0.418 0.171 0.259

Yausyubetsu 0.000 0.000 0.000 0.477 1.342 0.000 0.000 3 0.456 0.226 0.415

Chinai 0.827 0.408 1.162 1.146 0.000 0.000 0.000 4 1.118 0.608 0.806

Tomikawa 0.000 1.078 0.573 1.204 0.903 0.301 0.000 5 1.339 0.704 0.832

Pontokotan 0.660 1.269 0.732 0.477 0.000 0.778 0.000 5 1.072 0.545 0.666

Anebetsu 0.479 0.625 0.794 0.000 0.301 0.000 0.000 4 1.147 0.645 0.827

Onnebetsu 0.000 0.731 0.839 0.301 0.000 1.176 0.301 5 1.148 0.646 0.713

Chashikotsu 0.000 0.549 0.444 0.000 1.826 0.602 0.301 5 0.828 0.403 0.515

Etoshinai 0.263 0.378 0.107 0.602 0.954 0.477 0.699 7 1.789 0.811 0.919

Musa 0.202 0.377 1.102 0.602 0.000 0.602 0.301 8 0.792 0.344 0.381

Shura 0.544 0.047 0.962 0.301 0.000 0.602 0.301 6 0.813 0.432 0.454

Shigetaro 0.000 0.516 0.245 0.477 0.778 0.000 0.000 4 1.234 0.670 0.890

Shikarinai 1.472 0.000 1.067 1.114 0.000 1.079 0.903 5 1.017 0.529 0.632

Bettoga 1.086 0.881 1.161 1.230 0.000 1.531 0.000 5 1.467 0.746 0.912

Reushinai 0.484 1.009 0.787 0.477 0.602 0.000 0.000 5 1.306 0.669 0.811

Site name
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