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Appendix 1 
Supplementary methods 

Litter chemical analysis 
Prior to introduction, we assessed four components of litter chemistry to explore how abiotic and 

biotic responses change with litter chemistry, each a significant driver of decomposition rate and 

microbial colonization. We ground all leaf tissue to < 0.5 mm using a Wiley mill prior to analysis. 

We spectrophotometrically measured percent total phenolics with the Folin–Ciocalteu reagent after 

ethanol extraction (Graças et al. 2005). We assessed C:N content of the leaf litter with a CHN 

analyzer (University of Georgia Stable Isotope Laboratory). Finally, we measured percent soluble 

carbon (SC) and lignin by carbon fractionation (Moorhead and Reynolds 1993). The SC fraction 

was measured by three repeated extractions with 95% ethanol, three extractions with deionized 

water, followed by another single extraction with 95% ethanol. The sample was then dried for 24 h 

at 60°C and reweighed. The difference between initial weight and final weight was noted as SC. 

Remaining sample was then digested with 72% sulfuric acid and autoclaved to extract cellulose and 

hemicellulose, and filtered onto pre-weighed ash free filter paper. Filters with sample were 

weighed, ashed at 550°C in aluminum tins and reweighed. Lignin content was the difference of 

sample mass post-sulfuric acid digestion and ashing. 

 

Abiotic measurements 
Dissolved oxygen, pH and temperature 

We measured dissolved oxygen and pH just above the leaf litter layer in the benthos while we 

measured temperature just below the surface. However, since the litter significantly changed the 

color of the water in some treatments, which had the potential to cause temperature stratification, 

we also measured temperature just above the litter (all litter had settled to approximately the same 

depth) to assess temperature difference between the top and bottom of each mesocosm. We 

conducted all measurements with a calibrated multimeter (Multiline P4 Universal Meter, WTW). 

 

Light attenuation  



	  
	  

We recorded photosynthetic active radiation (PAR) in the water column at depths of 2 cm and 22 

cm below the water’s surface using an underwater quantum sensor (LI-COR, Lincoln, Nebraska, 

USA). We used the differences in these values to measure light attenuation using the formula 

d
LLk )/ln( 222=−  

where L2 is PAR at a depth of 2 cm, L22 is PAR at a depth of 22 cm, and d is the difference in depth 

between the two PAR measurements.  

On day 114, we excluded two experimental units from the analysis due to the presence of 

algal mats on the water surface, which generated negative attenuation values. The excluded 

measures included one no-leaf replicate and one aspen litter replicate.  

 

Biotic measurements 
We measured decay rate of leaf litter by sampling a single mesh litter bag from each mesocosm 

each month, rinsed off the detritivores and snails, and recorded the mass of the litter after drying it 

for 24 h at 65°C. We then used these values to determine the litter decay rate as the slope of mass 

loss over time (i.e. –k, sensu Petersen and Cummins 1974). Although mass loss values are 

commonly log-transformed prior, we found that untransformed values generated more precise 

estimates of decay rate. Values of –k are expressed in units per day. 

To measure chl a concentration in the water column, we sampled 200 ml of water just below 

the surface at the four cardinal directions and in the center of the mesocosm. We did this by 

plunging a 200 ml plexiglass tube sampler in each location below the water surface and capping 

both ends with a rubber ball to seal the sample as it was brought above the water surface. We 

pooled and filtered all five samples through GF/C filters, and immediately froze the filters for chl a 

analysis by fluorometry after ethanol extraction (Arar and Collins 1997).  

To measure periphyton biomass, we gently lifted one ceramic tile from each tank and 

vigorously scrubbed the surface of the top half of the tile onto a pre-weighed, oven-dried (65°C, 24 

h) GF/C filter. We dried the filters again (65°C for 24 h) and re-weighed to determine total dry mass 

of periphyton. 

We sampled zooplankton via the tube sampling method used to measure chl a concentration. 

However, to capture zooplankton that might reside lower in the water column, we collected the 

entire height of the water column in the north sample of the mesocosm by plunging a 1-m length of 

5-cm diameter PVC pipe into the water column until it touched the benthos. We pooled and filtered 

water from all five samples through a 62-µm Nitex screen (Small Parts, Miami, Florida, USA), 

preserved all zooplankton in 30% ethanol. We enumerated cladoceran and copepod individuals to 

determine their density. 



	  
	  

We sampled amphipods and isopods by collecting the individuals rinsed from the litter bags 

into a 500-µm sieve. Individuals were preserved in 70% ethanol and later counted to determine 

density. To measure total biomass of each species within a sample, we measured head length of 

individuals and converted values to individual mass by using established head length-mass 

relationships (Benke et al. 1999).   

We sampled snails by sweeping an aquarium net along the soil layer from the center to the 

wall of each mesocosm, and then up along the wall of the mesocosm. This method excluded snails 

that were < 2 mm (i.e. the mesh size of aquarium net). We hand-sorted snails from the soil and 

litter, counted individuals by species, and determined total biomass of all individuals from each 

mesocosm after gently blotting the snails dry. We returned the entire content of the net sweeps, 

including the snails, to their respective mesocosms. 

For each amphibian species, we recorded time to metamorphosis, total biomass at 

metamorphosis, total biomass of remaining tadpoles, and survival to metamorphosis. Once 

metamorphosis of larval amphibians began, we checked the mesocosms daily for metamorphosing 

individuals. We removed individuals with emergent forelimbs to the lab and held them in 1-l 

containers with moist sphagnum moss. Once tails had resorbed to ≤ 2 mm, metamorphosis was 

considered complete. For each individual, we recorded time to metamorphosis, euthanized them in 

2% MS-222 (tricaine methanesulfonate), and preserved them in 10% formalin. At the end of the 

experiment, all metamorphosed individuals were weighed to determine total species biomass and 

counted to determine survival to metamorphosis. By this time, several leopard frog, spring peeper 

and gray treefrog tadpoles had not yet begun the process of metamorphosis; many had not grown 

past Gosner stage 36 (Gosner 1960). Thus, at the conclusion of the experiment (day 145), we 

collected any tadpoles remaining in the tanks, separated by species, preserved in 10% formalin, 

weighed them, and added this value to total metamorph biomass to determine total amphibian 

biomass. For these three species, we treated total metamorph biomass and total biomass (which 

included mass of remaining tadpoles) as two separate variables. 

 

Statistical analyses 
Trait-based analysis 

Biplots produced from RDA scores visualize the dominant ecological relationships, where axes are 

linear combinations of independent variables that explain the most possible variation among the 

dependent variables. The directions of arrows indicate the direction of change along that gradient. 

Hence, the cosine of an arrow with an axis or another arrow is the correlation coefficient of that 

variable with the axis and other variables, respectively. Lengths of arrows approximate the 

importance of an independent variable to the gradients (i.e. loading on axes). However, arrow 



	  
	  

lengths should not be directly interpreted as a measure of importance, since the length depends on 

the scaling of the graph. We employed Hill’s scaling in our biplots, which scales trait and response 

scores symmetrically by the square root of eigenvalues. Significance of canonical axes was 

determined using a Monte Carlo permutation test (number of permutations = 999). 

 

Litter-species based analysis 

For all analyses of variance, upon finding a significant multivariate effect, we examined univariate 

effects to determine which response variables were significantly affected by litter treatments. 

Whenever a significant time-by-treatment interaction was found, we performed ANOVAs within 

each sample date. After finding significant univariate effects, we used Tukey’s mean comparisons 

to determine which litter treatments differed. 

For all analyses, we transformed all responses as necessary to meet assumptions of 

homoscedasticity and normality. Due to multiple low values or zeros in the dataset for ram’s horn 

snail egg production and amphibian survival, these responses were rank-transformed. In the analysis 

of abiotic variables, two replicates had algal mats at the surface of the mesocosm which prevented 

us from measuring light attenuation. Likewise, there were two replicates with missing periphyton 

measurement on both the first and second sample set, and two replicates with missing values for 

zooplankton on the third sample set. When these missing values occurred, we excluded 

corresponding replicates from corresponding analyses. There was never more than one replicate 

from any treatment removed and removal had no effect on the outcome of significance tests. 

Analyses were conducted using SPSS (ver. 18.0). 

  



	  
	  

Appendix 2 

Litter decomposition 

ANOVA results: F = 49.267; DF = 9,30; p < 0.001. The figure below depicts mass loss of each litter 

species over the duration of the experiment. Data points are means of the four mesocosms. 

 

 



	  
	  

Appendix 3 

Results of the trait-based analysis 

Monte Carlo permutation tests on the significance of the first two canonical axes for each RDA and amount of response and trait-

response relation variation explained by each axis. The cumulative variation explained is simply the sum of the variation explained by 

the first two axes. 

 

 Permutation test Response variation explained (%) Trait-response relation variation explained (%) 

Analysis F p 1st axis 2nd axis Cumulative 1st axis 2nd axis Cumulative 

Sample 1 8.787 0.001 41.1 12.3 53.4 72.9 21.8 94.7 

Sample 2 5.917 0.001 40.2 3.7 43.9 85.0 7.9 92.9 

Sample 3 2.479 0.001 13.2 6.5 19.7 47.4 23.2 70.5 

Sample 4 2.287 0.001 10.9 6.0 16.9 42.2 23.5 65.6 

Amphibian 3.474 0.001 19.0 11.2 30.2 56.2 33.2 89.4 

 

 



	  
	  

Appendix 4 
Supplementary results 
Abiotic responses 

Light attenuation 

Univariate effects of treatment were found on all four sample dates (days 25, 55, 80 and 112; 

Table A5.2; Fig. A6.1a). On day 25, OAK and NL had lower attenuation than ELM, MIX, CH, 

TP and RM (p ≤ 0.034); BCH was less than MIX, CH, TP and RM (p ≤ 0.042); ASH, BW, ASP 

and CHER were less than CH, TP and RM (p ≤ 0.014); ELM, MIX, and CH were were less than 

TP and RM (p ≤ 0.022). On day 55, OAK had lower attenuation than NL, TP, RM and CH (p ≤ 

0.013) and TP, RM and CH had greater attenuation than all other treatments (p ≤ 0.013). On day 

80, NL had lower attenuation than BW, RM, CH and TP (p ≤ 0.010); CHER, ASH, ASP, OAK, 

BCH and ELM had greater attenuation than RM, CH and TP (p ≤ 0.025); and MIX and BW had 

lower attenuation than CH and TP (p ≤ 0.002). On day 112, NL had lower attenuation than CH, 

RM and CHER treatments (p ≥ 0.041). 

 

Dissolved oxygen 

Univariate effects of treatment were found on all four sample dates (days 19, 46, 76, 105, Table 

A5.2; Fig. A6.1b). On day 19, TP had lower dissolved oxygen than all treatments (p < 0.001); 

RM, CHER, CH, ASH and MIX were less than ASP, OAK, BW, BCH and NL (p ≤ 0.039); and 

ELM was less than BW, BCH and NL (p ≤ 0.039). On day 46, dissolved oxygen in TP remained 

lower than all treatments (p < 0.001); CH, RM, ELM and ASH were lower than BW, ASP, OAK, 

BCH and NL (p ≤ 0.047); MIX and CHER were lower than BCH and NL (p ≤ 0.024). On day 

76, CH was lower than RM, CHER, BCH, BW, ASH and NL (p ≤ 0.019); the NL treatment had 

greater dissolved oxygen than all other treatments (p ≤ 0.001). On day 105, OAK had lower 

dissolved oxygen than ASH, BW, CHER and NL (p ≤ 0.014); CH and BCH were lower than 

BW, CHER and NL (p ≤ 0.036); NL had greater dissolved oxygen than all other treatments (p ≤ 

0.002). 

 

Temperature 

Since there was a time by treatment interaction, we explored univariate effects of treatment at 

each sample date. Univariate effects of treatment were found only on the first two sample dates 



	  
	  

(days 19 and 47; Table A5.2; Fig. A6.1c). On day 19, temperature in RM was lower than all 

treatments except CH and TP (p ≤ 0.018). On day 47, no differences were detected among litter 

species treatments (p ≥ 0.095). 

 

Temperature stratification 

Univariate effects of treatment were found only on the first three sample dates (days 19, 47 and 

75; Table A5.2; Fig. A6.1d). On day 19, stratification was lower in ASH than in CH, TP and RM 

(p ≤ 0.016); ASP was lower than TP and RM (p ≤ 0.016); and stratification in RM was higher 

than all other treatments except TP (p ≤ 0.027). On day 47, stratification was lower in BCH, 

OAK, ASP, ASH, ELM and CHER relative to RM and TP (p ≤ 0.028); and NL and BW had less 

stratification than TP (p ≤ 0.027). On day 75, stratification in ELM was lower than BW and TP 

(p ≤ 0.028). 

 

pH 

Univariate effects of treatment were found on all four sample dates (days 19, 47, 75 and 105; 

Table A5.2; Fig. A6.1e). On day 19, pH was lower in TP than ELM, ASP, OAK, BW, BCH and 

NL (p ≤ 0.002); RM was lower than ASP, OAK, BW, BCH and NL (p ≤ 0.008); ASH, CHER, 

CH and MIX had lower pH than BW, BCH and NL (p ≤ 0.008); ELM had lower pH than BCH 

and NL (p ≤ 0.024); and NL had higher pH than all other treatments (p ≤ 0.001). On day 47, pH 

in RM was lower than in ASP, BCH and NL (p ≤ 0.042); CH and ELM had lower pH than BCH 

and NL (p ≤ 0.042); NL had higher pH than all other treatments (p ≤ 0.001). On days 75 and 105, 

NL had higher pH than all treatments (p ≥ 0.001). 

 

Phytoplankton and periphyton responses 

Phytoplankton 

Univariate effects of treatment on chl a concentration were found on the first, second, and fourth 

sample dates (days 26, 48 and 108; Table A5.4; Fig. A6.2a). On day 26, the concentration in TP 

was lower relative to RM, MIX and CH (p ≤ 0.048). On day 48, the concentration in BW was 

lower relative to NL (p = 0.039). In contrast, on day 108 the concentration in NL was lower than 

in all treatments except CH, RM, BCH, TP and OAK (p ≤ 0.050); and the concentration in TP 

was lower relative to BW (p = 0.024). 



	  
	  

 

Periphyton 

Univariate effects of treatment on periphyton biomass were found on the first and fourth sample 

date (days 33 and 111; Table A5.4; Fig. A6.2b). On day 33, biomass in BCH was lower relative 

to ELM, RM, TP, MIX, BW and NL (p ≤ 0.049). On day 111, no significant differences were 

found among the litter species treatments (p ≥ 0.068). 

 

Zooplankton, snails, and arthropod detritivore responses 

D. pulex 

Since there was no time by treatment interaction (Table A5.5; Fig. A6.2c), we conducted 

treatment comparisons on values averaged across sample dates (days 81 and 109). The only 

difference found among litter species treatments was lower densities of D. pulex densities in 

BCH relative to CH (p = 0.055). 

 

S. oregonensis 

Since there was no time by treatment interaction (Table A5.5; Fig. A6.2c), we conducted 

treatment comparisons on values averaged across sample dates (days 81 and 109). No differences 

were found among litter species treatments (p ≥ 0.303). 

 

S. mucronata 

No effect of litter treatment was found (Table A5.5; Fig. A6.2c). 

 

Pouch snails 

There was no time by treatment interaction on pouch snail density (Table A5.5; Fig. A6.3a), so 

we conducted treatment comparisons on values averaged across sample dates (days 66 and 94). 

Densities in TP were lower than in BW, ELM, NL, OAK, BCH and ASP (p ≤ 0.002); densities in 

MIX and CH were lower than in NL, OAK, BCH and ASP (p ≤ 0.030); densities in RM and 

CHER were lower than in OAK, BCH and ASP (p ≤ 0.008); and ASH had lower densities than 

BCH and ASP (p ≤ 0.026).  

There was a marginally significant time by treatment interaction on pouch snail biomass 

(Table A5.5; Fig. A6.3b), and we found univariate effects of treatment on both sample dates 



	  
	  

(days 66 and 94; Table A5.6). On day 66, there was lower biomass in TP relative to ASP, ELM 

and OAK (p ≤ 0.009); lower biomass in MIX relative to ELM and OAK (p ≤ 0.048); and lower 

biomass in RM and CH than OAK (p ≤ 0.004). On day 94, there was lower biomass in TP 

relative to BCH, NL, BW, ASP and ELM (p ≤ 0.029); and lower biomass in CH, RM and MIX 

relative to ELM (p ≤ 0.025).  

There was a significant time by treatment interaction on pouch snail egg production 

(Table A5.5; Fig. A6.3c), and we found univariate effects of treatment on both sample dates 

(days 65 and 93; Table A5.6). On day 65, the number of eggs found on mesocosm walls was less 

in TP relative to ASP, MIX, ASH, RM, ELM, BW and CH (p ≤ 0.010); NL had fewer eggs than 

MIX, ASH, RM, ELM, BW and CH (p ≤ 0.021); and there were fewer eggs in BCH relative to 

RM, ELM, BW and CH (p ≤ 0.028). On day 93, there were fewer eggs BCH, OAK, and TP 

treatments relative to CH, ELM and CHER (p ≤ 0.030); and there were fewer eggs BW was less 

than the number in CHER (p = 0.049). 

 

Ram’s horn snail 

There was no effect of treatment on either density or biomass, but there was an effect of 

treatment and a time by treatment on egg production (Table A5.5; Fig. A6.3d). We found 

significant univariate effects on both sample dates (days 65 and 93; Table A5.6). On day 65, 

there were no differences among litter species treatments (p ≥ 0.296). On day 93, there were 

fewer eggs in NL relative to CH and TP treatments (p ≤ 0.033); and fewer eggs in OAK, BCH, 

RM and ASP treatments relative to TP (p ≤ 0.017). 

 

Amphipods 

There was an effect of treatment but no time by treatment interaction on both biomass and 

density (Table A5.5; Fig. A6.4a), so we conducted treatment comparisons on values averaged 

across sample dates (days 62 and 90). Density of amphipods was less in TP than in ASH, CHER, 

ELM and CH (p ≤ 0.035). Similarly, biomass was less in TP than in ASP, ASH, RM, CHER and 

CH (p ≤ 0.050). 

 

Isopods 

Neither density nor biomass were affected by litter treatment (Table A5.5; Fig. A6.4b). 



	  
	  

 

Amphibian responses 

American toads 

Univariate effects of treatment were found for survival to metamorphosis, total biomass, and 

individual mass at metamorphosis (Table A5.7; Fig. A6.5a–c). Survival to metamorphosis in TP 

was lower relative to BW, BCH and NL (p ≤ 0.030); and lower in RM and CH treatments 

relative to NL (p ≤ 0.037). Total biomass was less in TP relative to ASH, BCH, NL and BW (p ≤ 

0.031). Individual mass at metamorphosis was greater in TP relative to CH, RM and OAK (p ≤ 

0.040). 

 

Wood frogs 

Significant or marginally significant univariate effects of treatment were found for all responses 

(Table A5.7; Fig. A6.5a–d). There were no significant treatment differences for survival (p ≥ 

0.107). Total biomass in RM was lower relative to MIX, ASH and ELM (p ≤ 0.044); and lower 

in TP relative to ELM (p = 0.028). Individual mass at metamorphosis was lower in RM relative 

to all treatments except NL and BCH (p ≤ 0.028); NL had smaller metamorphs than all 

treatments except BCH and CH (p ≤ 0.028); and TP had larger metamorphs than all other 

treatments (p ≤ 0.037). Time to metamorphosis was longer in TP relative to all treatments (p < 

0.001). 

 

Leopard frogs 

Univariate effects of treatment were found for survival to metamorphosis and individual mass at 

metamorphosis (Table A5.7; Fig. A6.5a, c). Survival to metamorphosis in OAK and RM were 

higher relative to CHER, ASH, BW and ELM (p ≤ 0.042); survival in BCH was higher relative 

to ASH, BW and ELM (p ≤ 0.50). Individual mass at metamorphosis was greater in TP relative 

to all other treatments (p ≤ 0.003). 

 

Spring peepers 

There were significant or marginally significant univariate effects of treatment on survival to 

metamorphosis and total biomass (Table A5.7; Fig. A6.5a–b). Survival in TP was lower relative 



	  
	  

to all other treatments except MIX and ASH (p ≤ 0.038). Total biomass in TP was greater 

relative to NL, BCH and CHER (p ≤ 0.039). 

 

Gray tree frogs 

There were significant or marginally significant univariate effects of treatment on survival to 

metamorphosis and time to metamorphosis (Table A5.7; Fig. A6.5a, d). Survival to 

metamorphosis in BCH, CH and OAK was lower relative to ELM and TP (p ≤ 0.026); and 

survival was higher in ASP, CHER, MIX and RM relative to TP (p ≤ 0.019). Time to 

metamorphosis was shorter in RM relative to BW, ELM and ASH (p ≤ 0.012); and TP was 

shorter relative to ASH (p = 0.030). 



	  
	  

Appendix 5 
Supplementary tables 

Table A5.1. rm-ANOVA results of the 12 litter treatments on all abiotic responses. 

 Treatment  Time  Time × treatment 

 F p  F p  F p 

Repeated measure multivariate analysis   

 9.75855,142 <0.001  2697.14715,20 <0.001  3.387165,200 <0.001 

         

Univariate tests of between and within subject effects  

pH 29.80011,34 <0.001  111.4823,102 <0.001  4.52333,102 <0.001 

Dissolved oxygen 59.84811,34 <0.001  186.4753,102 <0.001  12.01833,102 <0.001 

Temperature 0.75311,34 0.682  3582.6333,102 <0.001  6.09833,102 <0.001 

Temp. 

stratification 

11.53111,34 <0.001  366.4113,102 <0.001  4.14633,102 <0.001 

Attenuation 28.60611,34 <0.001  22.7223,102 <0.001  11.91033,102 <0.001 

 

  



	  
	  

Table A5.2. Univariate results of the 12 litter treatments on all abiotic results on each sample date. 

 

 First sample  Second sample  Third sample  Fourth sample 

 F p DF  F p DF  F p DF  F p DF 

Light attenuation 38.244 <0.001 11,36  25.445 <0.001 11,36  17.770 <0.001 11,36  2.562 0.017 11,34 

Dissolved oxygen 34.805 <0.001 11,36  25.256 <0.001 11,36  21.809 <0.001 11,36  11.890 <0.001 11,36 

Temperature 5.281 <0.001 11,36  2.301 0.030 11,36  1.154 0.352 11,36  1.071 0.410 11,36 

Temperature stratification 8.820 <0.001 11,36  7.991 <0.001 11,36  2.206 0.037 11,36  1.246 0.294 11,36 

pH 69.952 <0.001 11,36  12.546 <0.001 11,36  11.915 <0.001 11,36  11.346 <0.001 11,36 

 

  



	  
	  

Table A5.3. rm-ANOVA results of the 12 litter treatments on phytoplankton and periphyton responses. 

 

 Treatment  Time  Time × treatment 

 F p  F p  F p 

Repeated measure multivariate analysis  

 2.76922,66 0.001  89.1666,29 <0.001  2.00766,161 <0.001 

        

Univariate tests of between and within subject effects   

Phytoplankton 2.57611,34 0.017  127.4183,1

02 

<0.001  2.54233,102 <0.001 

Periphyton 3.07211,34 0.006  23.9293,102 <0.001  2.11933,102 0.002 

 

  



	  
	  

Table A5.4. Univariate results of the 12 litter treatments on phytoplankton and periphyton responses at each sample date. 

 

 First sample  Second sample  Third sample  Fourth sample 

 F p DF  F p DF  F p DF  F p DF 

Phytoplankton 2.629 0.014 11,36  2.180 0.039 11,36  1.492 0.177 11,36  4.739 <0.001 11,36 

Periphyton 3.789 <0.001 11,35  1.132 0.367 11,35  1.905 0.072 11,36  2.087 0.048 11,36 

 

  



	  
	  

Table A5.5. rm-MANOVA results of the 12 litter treatments on zooplankton, snails and arthropod detritivores responses. 

 Treatment  Time  Time × treatment 

 F p  F p  F p 

Repeated measure multivariate analysis  

 2.312143,205 <0.001  32.85613,22 <0.001  1.269143,205 0.059 

         

Univariate tests of between and within subject effects  

S. oregonensis 

density 

2.15611,34 0.043  62.7871,34 <0.001  1.82011,34 0.089 

S. mucronata 

density 

0.62511,34 0.794  143.8741,34 <0.001  1.18511,34 0.334 

D. pulex density 4.23411,34 0.001  7.8721,34 0.008  0.47711,34 0.905 

Pouch snail 

density 

10.94211,34 <0.001  12.4661,34 0.001  1.66811,34 0.124 

Pouch snail 

biomass 

6.89811,34 <0.001  37.2331,34 <0.001  1.93211,34 0.070 

Pouch snail egg 

mass density 

9.23711,34 <0.001  56.3771,34 <0.001  3.27711,34 0.004 

Ramshorn snail 

density 

1.27911,34 0.278  0.0391,34 0.845  0.64711,34 0.776 

Ramshorn snail 

biomass 

0.74211,34 0.692  6.8231,34 0.013  0.43611,34 0.928 

Ramshorn snail 2.34511,34 0.028  0.4711,34 0.497  3.36011,34 0.003 



	  
	  

egg mass 

density 

Amphipod 

density 

3.34311,34 0.003  17.3841,34 <0.001  1.44911,34 0.197 

Amphipod 

biomass 

3.54811,34 0.002  28.2771,34 <0.001  1.81611,34 0.090 

Isopod density 1.04611,34 0.430  40.7651,34 <0.001  1.24411,34 0.297 

Isopod biomass 1.43911,34 0.201  17.8371,34 <0.001  0.79711,34 0.642 

 

  



	  
	  

Table A5.6. Univariate results of the 12 litter treatments on zooplankton, snails, and arthropod detritivores responses. 

 

 First sample  Second sample 

 F p DF  F p DF 

S. oregonensis* -- -- --  -- -- -- 

S. mucronata* -- -- --  -- -- -- 

D. pulex* -- -- --  -- -- -- 

Pouch snail density* -- -- --  -- -- -- 

Pouch snail biomass 5.183 <0.001 11,36  4.959 <0.001 11,36 

Pouch snail egg density 7.857 <0.001 11,36  5.258 <0.001 11,36 

Ram’s horn snail density** -- -- --  -- -- -- 

Ram’s horn snail biomass** -- -- --  -- -- -- 

Ram’s horn snail egg density 1.555 0.155 11,36  3.894 0.001 11,36 

Amphipod density* -- -- --  -- -- -- 

Amphipod biomass* -- -- --  -- -- -- 

Isopod density** -- -- --  -- -- -- 

Isopod biomass** -- -- --  -- -- -- 

 

* no significant time by treatment interaction; analyses were not conducted on individual sample dates 

**no significant treatment effect; analyses were not conducted on individual sample dates 

  



	  
	  

Table A5.7. MANOVA and univariate results of the 12 litter treatments on amphibian survival and total biomass (i.e. metamorphs and 

tadpoles) for all anuran species in the experiment. Due to several missing values resulting from complete mortality or incomplete 

development to metamorphosis for several species. individual mass at metamorphosis and time to metamorphosis were analyzed with 

separate ANOVAs. 

 

 

 

 

 

 

 

 

 

 

  

 Treatment    

 F p    

MANOVA 1.950110,21

5 

<0.001    

     

 

Survival to 

metamorphosis  

Total biomass  

(metamorphs and 

tadpoles) 

Individual mass at 

metamorphosis 

Time to metamorphosis 

Species F p  F p F p F p 

Wood frog 1.93711,36 0.067  3.36811,36 0.003 10.33211,36 <0.001 11.54911,36 <0.001 

American toad 3.63711,36 0.002  3.43011,36 0.002 2.53611,36 0.017 1.82311,36 0.086 

Leopard frog 4.70711,36 <0.001  0.82311,36 0.618 5.27811,34 <0.001 1.82711,34 0.088 

Spring peepers 4.62211,36 <0.001  2.03711,36 0.053 1.5852,5 0.293 0.1392,5 0.873 

Gray tree frogs 5.26911,36 <0.001  0.70311,36 0.727 1.7895,12 0.190 7.5145,12 0.002 



	  
	  

Table A5.8. Results of weighted planned comparisons of no-litter (NL) treatment responses with average response of all litter species 

treatments. Comparisons were only conducted on responses that exhibited a significant univariate effect of treatment. 

Responses with time by 

treatment interactions 

 Time 1  Time 2  Time 3  Time 4 

 T DF p  t DF p  t DF p  t DF p 

pH  -

24.526 

33 <0.001  -

9.508 

33 <0.001  -

10.126 

33 <0.001  -

10.213 

33 <0.001 

DO  -

10.338 

33 <0.001  -

8.210 

33 <0.001  -

13.437 

33 <0.001  -8.897 33 <0.001 

Temperature  2.737 33 0.010  1.601 33 0.119  - - -  - - - 

Temperature 

Stratification 

 1.129 33 0.267  0.118 33 0.907  -0.196 33 0.846  - - - 

Light attenuation  5.303 33 <0.001  0.132 33 0.895  5.120 33 <0.001  3.458 31 <0.001 

Phytoplankton  0.105 33 0.917  -

2.359 

33 0.024  - - -  4.653 33 <0.001 

Periphyton  -3.063 33 0.004  - - -  - - -  0.251 33 0.804 

Pouch snail egg density  - - -  - - -  4.218 33 <0.001  1.478 33 0.149 

Pouch snail biomass  - - -  - - -  0.485 33 0.631  -1.327 33 0.194 

Ram’s horn snail egg 

density 

 - - -  - - -  - - -  2.635 33 0.013 

                 

Responses without time 

by treatment 

interactions 

                

 t DF p             



	  
	  

S. oregonensis density  -0.822 31 0.417             

D. pulex density  1.134 31 0.265             

Pouch snail density  -2.066 33 0.047             

Amphipod density  1.714 33 0.096             

Amphipod biomass  2.297 33 0.028             

 

 

 

Survival to 

metamorphosis 

 Total biomass 

(metamorphs and 

tadpoles) 

 

Individual mass at 

metamorphosis 

 

Time to 

metamorphosis 

Amphibian responses  t DF p  t DF p  t DF p  t DF p 

Wood frog  - - -  1.558 33 0.129  5.964 33 <0.00

1 

 0.920 33 0.364 

American toad  -

4.033 

33 0.460  -2.042 33 0.049  0.875 33 0.338  - - - 

Leopard frog  0.302 33 0.765  - - -  0.990 31 0.330  - - - 

Spring peepers  1.406 33 0.169  1.724 33 0.094  - - -  - - - 

Gray tree frog  -

0.830 

33 0.413  - - -  - - -  -6.006 12 <0.00

1 

 

  



	  
	  

Table A5.9. Results of weighted planned comparisons of mixture treatment responses with average response of all litter species treatments. 

Comparisons were only conducted on responses that exhibited a significant univariate effect of treatment. 

Responses with time by 

treatment interactions 

 Time 1  Time 2  Time 3  Time 4 

 T DF p  t DF p  t DF p  t DF p 

pH  1.485 33 0.147  1.665 33 0.105  1.130 33 0.267  0.495 33 0.624 

DO  0.626 33 0.535  0.307 33 0.761  1.399 33 0.171  0.390 33 0.699 

Temperature  0.896 33 0.377  0.208 33 0.837  - - -  - - - 

Temperature 

Stratification 

 1.252 33 0.219  1.611 33 0.117  0.083 33 0.934  - - - 

Light attenuation  0.032 33 0.975  1.264 33 0.215  1.328 33 0.193  0.860 32 0.396 

Phytoplankton  -1.857 33 0.072  0.931 33 0.358  - - -  -0.923 33 0.362 

Periphyton  -1.730 32 0.093  - - -  - - -  -1.409 33 0.168 

Pouch snail egg density  - - -  - - -  -0.980 33 0.334  -1.616 33 0.116 

Pouch snail biomass  - - -  - - -  2.529 33 0.187  1.348 33 0.187 

Ram’s horn snail egg 

density 

 - - -  - - -  - - -  -0.234 33 0.817 

                 

Responses without time 

by treatment interactions 

                

 t DF p             

S. oregonensis density  1.352 31 0.186             

D. pulex density  1.722 31 0.095             

Pouch snail density  3.023 33 0.005             

Amphipod density  -0.236 33 0.815             



	  
	  

Amphipod biomass  -0.588 33 0.561             

  

Survival to 

metamorphosis 

 Total biomass 

(metamorphs and 

tadpoles) 

 

Individual mass at 

metamorphosis 

 

Time to 

metamorphosis 

Amphibian responses  t DF p  T DF p  t DF p  t DF p 

Wood frog  - - -  -1.521 33 0.138  -

1.269 

33 0.213  0.390 33 0.699 

American toad  -

0.451 

33 0.655  -0.869 33 0.391  -

0.139 

33 0.890  - - - 

Leopard frog  -

0.740 

33 0.465  - - -  0.809 31 0.424  - - - 

Spring peepers  -

1.318 

33 0.197  0.150 33 0.881  - - -  - - - 

Gray tree frog  0.752 33 0.457  - - -  - - -  27.989 10 <0.001 

 

 



	  
	  

Appendix 6 
Figures from species-level analysis 
 

 

Figure A6.1. Abiotic responses for 10 litter monocultures, a mixed litter treatment, and a no-litter 

treatment: light attenuation (days 25, 55, 80, 112; panel a), dissolved oxygen near the benthos 

(days 19, 46, 75, 112; panel b), surface temperature (days 19, 47, 75, 105); panel c), temperature 

stratification between the top and bottom (days 19, 47, 75, 105; panel d), and pH (days 19, 47, 

75, 105; panel e). Means ± 1 SE are presented.  



	  
	  

 

 

Figure A6.2. Phytoplankton concentration (measured as chlorophyll a; days 26, 48, 81, 108; 

panel a), periphyton biomass (days 33, 59, 82, 107; panel b), and average densities for the three 

dominant zooplankton species across both sample dates (days 81 and 109) for 10 litter 

monocultures, a mixed litter treatment, and a no-litter treatment. Values for zooplankton were 

log transformed. Means ± 1 SE are presented.  



	  
	  

 

 

Figure A6.3. Average density of pouch snails across both sample dates (days 66 and 94; panel a); 

total biomass and egg density the pouch snail on both sample dates (panels b and c, 

respectively); and density of ram’s horn snail egg density on both sample dates (panel d) for 10 

litter monocultures, a mixed litter treatment, and a no-litter treatment. For ram’s horn snails, 

biomass data were square-root transformed and egg density was rank transformed. Means ± 1 SE 

are presented. 

  



	  
	  

 

 

Figure A6.4. Average density and biomass of C. psuedogracilis (panels a and b, respectively) 

across both sample dates (days 62 and 90). Note that biomass is measured as milligram of 

amphipod per gram of litter dry mass. Means ± 1 SE are presented. 

  



	  
	  

  

Figure A6.5. Survival (panel a), total biomass (i.e. tadpoles and metamorphs; panel b), individual 

metamorph biomass (panel c), and time to metamorphosis (panel d) of the five amphibian 

species for 10 litter monocultures, a mixed litter treatment, and a no-litter treatment. Spring-

breeding species are indicated by filled symbols; summer-breeding species are indicated by open 

symbols. Note that total biomass is presented on a log scale. Means ± 1 SE are presented. 


