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SUMMARY

1. Sediment and nutrient loading in freshwater systems are leading causes of aquatic

habitat degradation globally. We investigated the impacts of fine-sediment and nutrient

additions on the growth and survival of western toad (Bufo boreas) tadpoles and emergent

metamorphs in mesocosm and exclosure experiments.

2. Mesocosm tanks received weekly pulses of fine sediments to create initial concentrations

of 0, 130 and 260 mg L)1 of suspended sediment and either bi-weekly additions of

nutrients (N = 160 lg L)1, P = 10 lg L)1) or no additions in a factorial design. Within

mesocosms, tadpole exclosures allowed for quantification of tadpole grazing pressure on

periphyton biomass, chlorophyll-a and sediment deposition.

3. Tadpoles receiving sediment additions experienced slower growth rates and reduced

survival to metamorphosis, although no effects of treatment were detected on size at

metamorphosis or time to metamorphosis. Nutrient additions also lowered survival, but

had no impact on other measured parameters of tadpole fitness. Dissections and gut

content analysis revealed that tadpoles ingested sediment in large quantities altering the

proportion of the organic content of ingested food.

4. Together these results suggest that although sediment was readily consumed by

tadpoles, its presence in the larval environment had an overall negative effect on tadpole

growth and survival, although not as severe as predicted.
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Introduction

In freshwater habitats, siltation and sedimentation

from adjacent land-use practices are the leading

causes of water quality degradation across North

America (Environmental Protection Agency (EPA),

1994). Disruption of soil causes short term increases of

sediment loading (e.g. Reid & Dunne, 1984; Swift,

1988) and nutrient leaching (Correll, Jordan & Weller,

1992; Reuss, Stottlemyer & Troendle, 1997) into

aquatic habitats. Terrestrially derived soils can pro-

vide important sources of organic material and nutri-

ents for freshwater systems. However, high input

rates of inorganic sediment can degrade habitat by

filling interstitial crevices (e.g. Corn & Bury, 1989;

Welsh & Ollivier, 1998; Lowe, Nislow & Bolger, 2004),

smothering important grazing surfaces by deposition

(Power, 1990), increasing turbidity (Reid & Dunne,

1984; Wemple, Jones & Grant, 1996) and decreasing

primary production (Power, 1990; Ryan, 1991).

Freshwater and terrestrial habitat loss and degrada-

tion as a result of anthropogenic activities are consid-

ered to be the primary and most pervasive threats to

amphibian populations and have been linked with

several declines and extinctions (Wake, 1991; Hecnar &

M’Closkey, 1998). The effects of suspended and depos-

ited sediment on stream biota, particularly fish and
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invertebrates, are well known (reviewed in Newcombe

& MacDonald, 1991; Waters, 1995; Shaw & Richardson,

2001). However, sediment impacts on amphibians,

their coping mechanisms and its contribution to their

population declines, are less well understood (but see

Welsh & Ollivier, 1998; Gillespie, 2002; Green, Thomp-

son & Lemckert, 2004). Turbidity of waters in wetlands

and ponds may have fitness consequences for amphib-

ians, especially if sediment rather than algae is the main

contributing factor.

Tadpoles may be particularly sensitive to alterations

in their aquatic environment caused by changes in the

fluxes of sediment and nutrients. This sensitivity

results from their specialized feeding apparatus and

use of microhabitat niches for foraging and refuge.

Elevated sediment levels in managed landscapes are

pervasive and may have serious repercussions for

amphibian populations, thus it is important to deter-

mine whether sediment inputs affect tadpole fitness,

and the flux rates at which effects occur. Understanding

how sediments affect tadpoles, by elucidating the

mechanism responsible, can provide critical insight

for predicting how tadpoles will respond to changes in

sedimentation, identifying thresholds in their ability to

cope with varying levels of sediment input and its

impacts on the wider aquatic community.

Studies assessing the impact of sediment loading on

tadpoles have so far focused on freshwater stream

systems and species. In streams, sediment has been

shown to reduce larval anuran abundance (Corn &

Bury, 1989; Welsh & Ollivier, 1998), and growth and

development rates (Gillespie, 2002). However, sedi-

ment material with a high organic content can serve as a

food resource for tadpoles, supporting higher growth

rates (Flecker, Feifarek & Taylor, 1999; Ranvestel et al.,

2004; Solomon, Flecker & Taylor, 2004; but see Kupfer-

berg, Marks & Power, 1994). Moreover, fluxes of

nutrients commonly associated with sediment inputs

can increase primary productivity when aquatic

systems are nutrient limited (Carrick & Lowe, 1989;

Luttenton & Lowe, 2006), supporting higher rates of

tadpole growth, development and survival (Brockel-

man, 1969; Dash & Hota, 1980; Skelly & Kiesecker, 2001;

Gillespie, 2002; Mallory & Richardson, 2005).

Pond systems are critical habitats for many breed-

ing amphibians. Sediment inputs may have markedly

different impacts in pond habitats than in streams as

sediment deposition represents a more permanent

disturbance (e.g. Luo et al., 1997) due to accumulation

of successive inputs on the pond benthos. Continued

inputs over the long term can lead to more rapid pond

filling and alteration of hydroperiod (Luo et al., 1997)

making affected habitats unsuitable for a number of

species.

We investigated the interactive effects of inputs of

sediment and nutrients on tadpole growth and

survival of the western toad, Bufo boreas (Baird and

Girard 1852), in pond conditions using a combination

of mesocosm and behavioural experiments. The aim

of the experiments was twofold. First, we tested

whether sediment and nutrient inputs rates affected

tadpole fitness. Secondly, the experiments were

designed to identify potential mechanisms responsi-

ble for any observed effects of sediment on tadpoles.

Specifically, we tested whether (i) food availability; (ii)

behavioural changes or (iii) physiological costs asso-

ciated with sediment contributed to any observed

changes in tadpole fitness.

Methods

Study organism

The Western toad is a pond and lake-breeding species

with a widespread distribution in Western North

America from Baja California up to southern Alaska

and east into Colorado and Utah (Stebbins, 1985). They

occur at altitudes from sea level up to 3660 m a.s.l. and

are explosive breeders with females laying upwards of

12 000 eggs each. Despite this, in recent decades their

populations have undergone unexplained declines and

local extinctions across much of their range in the

United States (Livo & Loeffler, 2003) and also may be in

decline in British Columbia (BC). Their tadpoles are

generally non-selective bottom feeders ingesting algae

and deposited detritus. As a result, tadpoles produced

in ponds adjacent to clearcuts and logging roads, or

other land-uses may be exposed to inputs of sediments

and nutrients. In the Western toad, post-embryonic

survival has been identified as a critical life-stage for

population maintenance (Vonesh & de la Cruz, 2002)

and factors which compromise larval and juvenile

survival may affect population persistence.

Collection and husbandry

Western toad eggs (c. 3000) were collected on 26 April

2006 from two adjacent communal breeding sites,
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Edith Lake and Fawn Lake (<1 km apart), each with c.

20 pairs in amplexus. The sites were within Alice Lake

Provincial Park (49�46.617¢N, 123�06.476¢W) 13 km

north of Squamish, BC. Eggs were transported back to

facilities at the University of British Columbia (UBC)

in plastic containers filled with natal pond water and

placed in a cooler. Strings of eggs were collected from

more than 10 different clutches and combined to

reduce maternal effects. Eggs were allowed to hatch in

40 L aerated aquaria filled with aged tap water

(minimum 3 days) containing a 400 mL inoculation

of natal pond water. After hatching, tadpoles were

reared in aquaria filled with water taken from exper-

imental ponds (pH 8.3, conductivity 198 lS cm)1) on

UBC South Campus and filtered through a 63 lm

sieve. Conditions for all tadpoles were consistent

during rearing. Water was changed every 3–7 days,

depending on water clarity, by removing and replac-

ing three-quarters of the volume. Tadpoles were

raised under natural light conditions at approximately

18–23 �C.

Study design

Mesocosm experiment. We used 18 pond mesocosms

for the experiment, arrayed in three spatial blocks (six

tanks each). Mesocosms were 1136 L plastic cattle

tanks (Rubbermaid brand) 1.4 m in diameter and

0.5 m deep, in an open area bordered by trees and

away from traffic. Tanks were arranged along a north-

south axis in a 9 · 2 layout and tanks were spaced

1 m apart. Two months prior to the experiment, tanks

were filled (770 L) with municipal tap water (Ca++

1.3 mg L)1, conductivity 19 lS cm)1, NO3
)

0.08 mg L)1, pH 6.5, TP <0.5 lg L)1), 300 g of dried

leaf litter (mostly red alder and bigleaf maple) and

25 g of rabbit pellets (Hagen �, Montreal, QC,

Canada) to provide substrate and nutrients for

periphyton establishment (Barnett & Richardson,

2002). Leaf litter provided structural complexity

within which tadpoles could forage and seek shelter.

Each mesocosm received a 10 L inoculum of local

pond water [filtered through a 63 lm screen to

prevent colonisation by large predaceous inverte-

brates (Barnett & Richardson, 2002)] to provide a

colonizing community of zooplankton and phyto-

plankton. At 2 and 4 weeks after inoculation, 10 L of

water was exchanged between adjacent and diagonal

tanks, respectively, to ensure similar planktonic com-

munities (see similar protocols in Relyea & Hover-

man, 2003). Tanks were covered with 2 · 2 m wooden

frames fitted with black fibreglass mesh and heavy

construction fencing to prevent predation and ovipo-

sition by insects. Despite this, many mosquito larvae

(Culicidae) and the occasional diving beetle (Dytisci-

dae) and whirly-gig beetle (Gyrinidae) were noted in

tanks during the experiment and removed on sight.

On 5 May, free-swimming (Gosner stage 26) tadpoles

were transferred from aquaria to the mesocosms to

complete development. Tanks were each stocked with

90 tadpoles (58 tadpoles m)2) at an initial average

individual mass of 30.55 ± 0.065 (SD) mg (n = 40).

Six treatments were applied to the mesocosms in a

factorial, randomized block design. Each block of six

tanks received applications of three fine sediment

levels crossed by either ambient (NH4–N

2.6 ± 4.5 lg L)1, NO3–N 10.5 ± 1.3 lg L)1, organic-N

44.4 ± 7.9 lg L)1, PO4–P 7.8 ± 1.9 lg L)1) or aug-

mented nutrient levels (NaNO3–N 160 lg L)1,

KH2PO4–P 10 lg L)1 above background). Ambient

nutrient levels were relatively oligotrophic compared

to average TP of 0.4 lg L)1 and TN of 453 lg L)1

measured in 31 natural lakes of southern British

Columbia (Longmuir, Shurin & Clasen, 2007). Dosing

levels were chosen based on ranges used in similar

nutrient addition studies: Kraufvelin et al. (2002)

(N = 14–448 lg L)1 and P = 1.85–61.96 lg L)1) and

Marks & Power (2001) (N = 7–300 lg L)1 and P = 2–

150 lg L)1). The experiment ran for 56 days, from 9

May until 4 July. Tanks received weekly pulses of

sediment producing target suspended sediment con-

centrations of 0 mg L)1 (CONT), 130 mg L)1 (LOW)

or 260 mg L)1 (HIGH), and half the tanks received

NaNO3 and KH2PO4 nutrient additions every other

week. The control tanks also received additions of

water at the same time as the treatment tanks received

sediment to ensure similar hydraulic disturbances.

These sediment dosing levels were lower than

intended due to constraints preparing sediment. Thus

applications were modest in comparison with re-

ported values from managed and disturbed land-

scapes. These six sediment–nutrient combination

treatments are hereafter referred to as CONT,

CONT + N, LOW, LOW +N, HIGH and HIGH + N.

Sediment was collected from the stream bank of

Kanaka Creek in Maple Ridge, BC and was taken as

representative of a typical sample of sediment from

riparian habitats. Sediment used in the treatments was
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wet-sifted through a 63 lm sieve resulting in a fine

mixture of silt and clay particles for maximum

particulate suspension and had 8–9% organic content

determined as ash-free dry mass (AFDM). Water

samples from tanks were taken 1 day following

nutrient additions in weeks 2, 4, 6 and 8 and analysed

for total PO4–P, total nitrogen, organic-N and NH4
+.

Weekly measures of dissolved oxygen concentration

(DO, WTW Oxi330 dissolved oxygen meter, Weil-

heim, Germany), conductivity (WTW multi 350i

+MPP 350 conductivity meter, Weilheim, Germany)

and pH (Oakton phtestr� pH meter, Vernon Hills, IL,

U.S.A.) were taken, and hourly temperature readings

were recorded (n = 2 per block) throughout the

experiment (HOBO� H01-001-01 water temperature

data loggers, Pocasset, MA, U.S.A.). Turbidity was

measured on a Model 800 Turbidity meter (VWR

International, Newark, NJ, U.S.A.) daily during the

initial 5 weeks to document sediment fallout patterns

after which measures were taken only prior to and

following weekly sediment additions. Photosyntheti-

cally active radiation was measured for each tank

under the screen cover at noon on 7 July 2007 with a

LiCor light metre and quantum sensor (Model LI-250;

LiCor, Lincoln, NB, U.S.A.) to determine if there was

any systematic bias in the light environment.

Tadpole exclusion experiment. We used small-scale

exclosures within our larger mesocosm experiment

to measure the impact of sediment on periphyton

standing stock and chlorophyll-a (Chl-a) on sub-

strata surfaces. Six weeks before the start of the

mesocosm experiment, eight unglazed ceramic tiles

were placed in tanks to provide a substratum for

periphyton establishment. Once covered in biofilm,

tiles were placed in tadpole exclusion cages and

suspended in planter’s trays c. 5–10 cm below the

water’s surface at the beginning of the experiment.

Exclosures consisted of an aluminium pie plate

lined with dark plastic to reduce reflectance, fitted

with screened openings along the sides for water

circulation and sealed with a removable wire mesh

screening on the top. These tiles provided a means

of measuring food resources available to tadpoles

and the effects of deposited sediment on the

periphyton biofilm. In a few instances tadpoles

were found in exclusion cages and were immedi-

ately removed; when this occurred tiles were not

sampled that week but lack of grazing scars

suggested that tadpoles had little effect on periph-

yton standing stock on tiles in breached exclusion

cages.

Over the 8 week experiment, tiles were removed

from each tank on a weekly basis to sample for

periphyton biomass and Chl-a. Accumulated sediment

on tiles was rinsed off with distilled water and the

underlying periphyton was then scraped off with a

razor blade and toothbrush. The resultant slurry was

rinsed into a Petri-dish with distilled water and later

split into two samples for AFDM and Chl-a determi-

nation. Samples for AFDM were filtered onto pre-ashed

Whatman G/F filters (Whatman, Maidstone, U.K.),

dried for 24 h at 60 �C and ashed for 2 h at 550 �C. Chl-a

samples were filtered onto un-ashed Whatman filters

and frozen for later analysis at which time Chl-a was

extracted from filters in 90% acetone, refrigerated for

24 h, centrifuged for 5 min and measured for Chl-a on a

TD-700 Fluorometer (Turner Designs, Sunnyvale, CA,

U.S.A.). Estimates of algal biomass were not corrected

for phaeophytin concentrations.

Tadpole growth rates

Each week 10 tadpoles were removed from each tank

and individually weighed to the nearest 0.01 g using

an Ohaus Scout II electronic field scale (Ohaus�, Pine

Brook, NJ, U.S.A.) to provide a measure of growth

rates leading up to metamorphosis. Tadpoles were

collected by random dip net sweeps in tanks, then

dabbed dry on tissue paper and placed into a weighed

container of water. Tadpoles were out of water for no

more than 10 s and were returned to their original

tank. In one incident four tadpoles were accidentally

returned to the wrong tank, calculations and analysis

of survival to metamorphosis were corrected to make

adjustments for differences in changes to the initial

numbers of individuals. These four tadpoles repre-

sented c. 2.02 g of biomass and constituted only a 4%

movement of total biomass between donor and

recipient tanks. The misplaced tadpoles were thus

assumed to have had negligible effects on metamor-

phic parameters or grazing pressure on periphyton in

the affected tanks.

Metamorphs

As planter’s trays became empty of tiles, their depth

in the water column was adjusted to changing water
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levels to provide surfaces for emerging metamorphos-

ing toads (metamorphs) to crawl out on. Metamorphs

were collected from tanks after reaching Gosner stage

42 (i.e. all four limbs were present and tail reabsorp-

tion had begun) (Gosner, 1960) and taken into the lab

to complete metamorphosis. Metamorphs were

housed in plastic cups containing 1 cm of fresh pond

water, a piece of metal screening and sphagnum moss

until they completed tail reabsorption (Gosner 47)

which was recorded as their date of metamorphosis.

During the final days of tail reabsorption in the lab,

individuals were not fed so as to obtain unbiased

mass at emergence and because tadpoles do not

typically feed during metamorphosis. The experiment

was terminated on 12 August and any remaining

tadpoles in tanks (n = 11) were captured and released

but not included in the results. At metamorphosis, all

individuals were weighed to the nearest 0.01 g on an

electronic balance and measured for snout–urostyle

length with callipers to the nearest 0.01 cm. Three

measurements of length were taken for repeatability

and averaged. After measurements, metamorphs

were housed in terrariums filled with moist sphag-

num and a ceramic dish containing pond water to

provide access to water for hydration and were fed

drosophila (fruit flies) and pinhead crickets daily.

Metamorphs remained in terrariums no more than

14 days before being released at their natal pond.

Tadpole dissections

Two tadpoles from each mesocosm were euthanized in

MS222 in week 6 of the experiment and preserved in

10%buffered formalin for later dissection. Total length,

snout–tail base length and body width at the spiracle

were measured with callipers to the nearest 0.01 cm,

and wet mass and Gosner stage of each tadpole were

recorded. Dissections examined the oral disc and gill

tissue for signs of sediment abrasion. Gill tissues were

examined for general evidence of sediment in the food

sacks of the structures under light microscopy. Scan-

ning electron microscopy (SEM) of gill structures was

conducted to determine if sediment particles caused

visible damage to the gill tissue or structure.

The mid and hint-gut were excised, length mea-

sured and a visual quantification of gut contents (scale

of 1–5 for proportion of sediment content) was made

under a light microscope. Pale-coloured, particulate

sediment was easily identified from dark amorphous

detritus and green-coloured algae, and allowed for

easy estimation of gut content proportions.

Behavioural trials

Tadpoles from the same stock as the mesocosm

experiment were reared under identical aquarium

conditions in pond water for behavioural trials. Once

tadpoles began feeding (Gosner 26) they were fed a

diet of frozen lettuce ad libitum and Spirulina algal

Tablets (Nutrafin Max; Hagen�) for additional pro-

tein. Behavioural trials consisted of placing five

tadpoles (Gosner stages 27–36) into a 10 L aerated

glass aquarium filled 12 cm deep with filtered pond

water (or 9.6 L). Three sides of the tanks were lined

with dark plastic to limit influence of neighbouring

tanks and minimize visual disturbance. In each

aquarium, three ceramic tiles with a pre-established

layer of biofilm were then added and tadpoles left to

acclimate for 1 h prior to the start of the experiment.

Three 20 min observation periods were conducted at

0 min, 25 min and 24 h post-acclimation during

which feeding behaviour was quantified. During each

observation period the proportion of tadpoles grazing

on tiles or aquarium glass was recorded at 1 min

intervals for 20 min. After the initial 20 min observa-

tion period, 2 g of sifted sediment were added to half

of the tanks on a random basis producing turbidities

of 11–20 NTU, followed immediately by a second

observation period. The disturbance of sediment

addition was controlled for by adding an equal

amount of water poured into control aquaria. Tad-

poles were left in tanks for 24 h before conducting the

final observation period. Following this, tadpoles

were dabbed dry, staged and weighed (0.01 g).

Individuals from the same trial were placed in a

plastic container containing 1 L of filtered (0.45 lm

filter) pond water and kept for 24 h to collect faecal

matter. Faeces were later processed for AFDM to

compare organic and inorganic diet composition.

Following the completion of all the trials, tadpoles

were released to their natal pond.

Statistical analysis

Mesocosm analyses. Survivorship data were arcsine,

square root-transformed and compared in a 2 · 3

ANOVAANOVA with blocking. Individual metamorph mass,

length and emergence date were analysed using a
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2 · 3 factorial design in PROC MIXEDPROC MIXED (SASSAS version 9.1;

SAS Inc., Cary, NC, U.S.A.) blocking by tank. Only

metamorphs with known treatment history were used

in analyses (14 metamorphs escaped from temporary

cages during transportation from field to laboratory

and could not be confidently assigned to a treatment

or tank). Average tadpole growth rates were analysed

in a 2 · 3 ANCOVAANCOVA with blocking. Measures of

metamorph mass were regressed on snout–urostyle

length and the residuals taken as an index of meta-

morph condition (Schulte-Hostedde et al., 2005).

Periphyton organic matter and Chl-a on tiles from

exclosures were analysed in a 2 · 3 repeated measures

ANOVAANOVA. Organic matter was log-transformed and Chl-

a was ln-transformed to meet assumptions of normal-

ity. Dissolved nutrient levels were compared between

treatments to detect the effect of nutrient additions in

2 · 3 ANOVAANOVAs with blocking. When variances were

unequal, a Welch’s approximate degrees of freedom

ANOVAANOVA (Welch, 1938) adjustment was applied to

ensure the measure of significance was unbiased.

Water quality measures (i.e. conductivity, temperature

and pH) were analysed in a 2 · 3 ANOVAANOVA for initial

conditions and in a repeated measures ANOVAANOVA over

weeks to assess changes over the course of the exper-

iment. If data failed Mauchly’s test of sphericity

(Mauchly, 1940), a more conservative Huynh-Feldt

adjustment was applied (Huynh & Feldt, 1976).

Tadpole dissections. Gut length of tadpoles was com-

pared amongst treatments in a 2 · 3 mixed model

ANOVAANOVA controlling for Gosner stage and body size to

evaluate gut length plasticity in response to diet.

Visual rank scorings of gut contents of the proportion

of sediment in the gut on a scale of 1–5 were

compared amongst treatments using 2 · 3 ANOVAANOVA.

Gills were examined for evidence of sediment parti-

cles on gill tissue and tissue abrasion.

Behavioural trials. Diet proportions were arcsine

square root-transformed and compared using

repeated measures ANOVAANOVA for a single fixed factor.

The model’s variance–covariance structure marginally

conformed (P = 0.08) to the Type H matrix based on

Mauchly’s (1940) W-test of sphericity. The more

conservative Huynh-Feldt adjustment (Huynh &

Feldt, 1976) was applied to this analysis to assess

significance. A Welch’s ANOVAANOVA was applied to cases

of unequal variance in foraging effort to ensure

correct analysis and Tukey–Kramer HSD post hoc tests

were used to distinguish significance among treat-

ments. To test for differences in diet composition,

organic and inorganic AFDM of faeces were com-

pared across treatments using two-tailed t-tests. All

analyses were conducted using SASSAS (SAS Inc.) and

reported results are mean ± SE (n). A type I error of

0.05 was used to assess significance in all models.

Results

Mesocosm experiment

Treatments. Water quality parameters did not vary

significantly by treatment or by block at the start of

the mesocosm experiment, except for pH which was

initially lower in one of the three blocks (F2,15 = 16.33,

P = 0.001). Conductivity, pH and temperature in

tanks all increased over the course of the experiment,

but there were no significant differences attributed to

treatments applied (Table 1). Spatial blocks along the

North–South axis all received similar incoming solar

Table 1 Repeated measures A N O V AA N O V A (2 by 3 factorial design) of

conductivity and pH measured weekly in mesocosms over

8 weeks and temperature measured daily over 75 days

Factor d.f. F-value P-value

Conductivity

Nutrients 1,10 0.73 0.41

Sediment 2,10 0.87 0.44

Nutrient · sediment 2,10 0.96 0.41

Week 9,90 188 <0.001*

Nutrient · week 9,90 0.38 0.84*

Sediment · week 18,90 1.69 0.12*

Nutrient · sediment · week 18,90 0.65 0.75*

pH

Nutrients 1,10 0.50 0.50

Sediment 2,10 0.55 0.59

Nutrient · sediment 2,10 0.93 0.43

Week 9,90 40.6 <0.001*

Nutrient · week 9,90 0.78 0.53*

Sediment · week 18,90 1.00 0.45*

Nutrient · sediment · week 18,90 0.76 0.62*

Temperature

Nutrients 1,12 0.23 0.64

Sediment 2,12 0.33 0.72

Nutrients · sediment 2,12 1.17 0.34

Week 6,72 246 <0.001*

Nutrients · week 6,72 0.96 0.41*

Sediment · week 12,72 0.56 0.73*

Nutrients · sediment · week 12,72 0.54 0.75*

There was no significant effect of blocking.

*Failed to meet Mauchly’s test of Sphericity and a Huynh-Feldt

adjustment was applied.
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radiation (F2,15 = 1.73, P = 0.21) as measured under

the protective screening at mid-day.

Sediment inputs of 0 mg L)1 (CONT), 130 mg L)1

(LOW) and 260 mg L)1 (HIGH) produced initial

turbidities of 3.57 ± 0.39, 21.1 ± 1.04 and 31.47 ± 1.36

NTU, respectively, after each weekly addition creat-

ing strong distinctions between treatments (Fig. 1a–c).

Daily measures of turbidity showed a general pattern

of sediment fallout over the initial 48 h after addition

and an elevated residual turbidity level of c. 9–

14 NTU, an effect most pronounced in HIGH treat-

ments. Bi-weekly nutrient additions of NaNO3–N and

KH2PO4–P had little impact on concentrations of

nitrogen and phosphorus remaining in the water

1 day after addition, with a few exceptions. Total

PO4
) was significantly higher in the LOW + N sedi-

ment (130 mg L)1) treatments receiving nutrient

doses than in CONT + N tanks (F5,29.3 = 3.12,

P = 0.02), but was not significantly different from

any other treatments. No other differences were

detected among treatments for NH4
+, NO3–N or total

organic-N. Across weeks, organic-N increased across

all tanks and differed significantly between weeks 2

and 6 (F3,36.7 = 4.26, P = 0.011), but decreased in week

8, likely due to arrested feeding and thus depressed

nutrient cycling via tadpoles. There was also a

significant spike of NH4
+ in week two (F3,36 = 11.49,

P < 0.0001) following a cold snap and associated algal

die off.

Tadpole survival and metamorphs. Survival rate of the

1690 tadpoles placed in the tanks averaged 78%,

with 1319 metamorphs emerging by the end of the

study. Eleven tadpoles remained in the tanks from

CONT and LOW treatments at the termination of

the experiment. The analysis of survival was run

with and without these remaining tadpoles, and the

11 were dropped as their exclusion had no effect on

the results. There was a significant interaction of

sediment and nutrient levels on survival to meta-

morphosis (F2,15 = 5.15, P = 0.013). Sediment

reduced survival rates in high sediment treatments

from 92% in CONT to 75% in HIGH treatments.

Nutrient additions varied in their effect, decreasing

survival in CONT + N and LOW + N treatments

(P = 0.09, P = 0.054, respectively), but marginally

enhancing survival in HIGH + N treatments

(P = 0.85) to levels equivalent with CONT + N and

LOW + N treatments (Fig. 2). There was no signif-

icant block effect. A single tank from the LOW

sediment treatment had unusually low survivorship

to metamorphosis (>2 SD below the grand mean)

and was removed as an outlier. This removal

affected the significance making the sediment–nutri-

ent interaction significant and raising survival in

LOW tanks to levels similar with CONT.
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In analyses of mass, length and date of metamor-

phosis of metamorphs data were pooled across

nutrient treatments (P = 0.66–0.93), but showed no

significant difference amongst sediment treatments

(all P > 0.2) and wide variability (CV = 0.3). Calcula-

tions of Cohen’s d effect sizes indicated that the c. 10%

drop in mass and length (Fig. 3a,b) of metamorphs in

HIGH sediment treatments constituted a relatively

large effect size, i.e. greater than 0.8 (d = 0.87 and 1.2

respectively). Though a statistical difference may not

exist, a 10% decrease in body size in a natural context

may have important biological implications for meta-

morph survival and fitness. A strong relationship

existed between metamorphic mass and length

(r = 0.84, n = 1306, P < 0.001). Residuals from this

regression were used as an index of metamorphic

condition. There was a positive relation between

length (r = 0.21, d.f. = 1307, P < 0.001) and condition

(r = 0.3, n = 1306, P < 0.001) with the time of meta-

morphosis indicating that later emerging metamorphs

were larger, i.e. in better condition.

Growth analysis. An ANCOVAANCOVA of tadpole masses over

the first 5 weeks of the experiment (Fig. 4) revealed a

significant depression of tadpole growth rate with

sediment additions (F2,15 = 15.97, P < 0.001), but there

was also a significant interaction between block and

sediment treatment (F4,13 = 5.1, P < 0.001). Within

each block, tadpoles in CONT treatments were always

the largest and HIGH sediment treatment tadpoles

always smallest. The absolute difference between the

mass of the CONT and those of HIGH sediment

varied by block, but treatment masses were always

ranked in the same relative positions to one another.

Measures of tadpoles in week five exhibited relatively

low variability (CV = 0.12) providing good estimators

of average tadpole masses in each treatment. During

the 5 weeks, tadpoles in CONT treatments grew at a

rate of 110 ± 5.2 mg week)1, while on average LOW

sediment tadpoles grew at 94 ± 8.1 mg week)1 and

HIGH sediment tadpoles at only 85 ± 5.9 mg week)1

(based on extracted regression slopes across blocks).

Though LOW sediment tadpoles grew more slowly

they reached the same peak mass as CONT tadpoles

before entering metamorphosis, while HIGH sedi-

ment tadpoles achieved only 83% of this peak mass

before metamorphosing.
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Periphyton and chlorophyll-a. Sediment significantly

depressed periphyton standing stocks on tiles

(F2,10.2 = 10.96, P = 0.003) from LOW and HIGH

treatments (Fig. 5a), and this difference became more

pronounced over the course of the experiment

(F7,82.6 = 13.92, P < 0.0001). The opposite trend oc-

curred with Chl-a. Sediment additions in both LOW

and HIGH treatments increased the amount of Chl-a

measured on tile surfaces (Fig. 5b) (F2,31.5 = 8.01,

P = 0.002), and this difference from CONT increased

over the course of the experiment (F3,43.1 = 20.95,

P < 0.0001).

Tadpole dissections. There was no significant differ-

ence by treatment in mass, length, body width or

Gosner stage between tadpoles randomly selected

from tank mesocosms for dissection (all P > 0.4).

However, gut contents differed significantly between

treatments, with CONT tadpoles having a greater

proportion of algae in their guts than tadpoles from

LOW or HIGH sediment treatments (F2,22 = 25.52,

P < 0.001). Nearly all tadpoles from sediment-added

tanks had greater than 70% sediment in their gut

contents, whereas tadpoles from CONT treatments

had none. From qualitative assessment of the presence

or absence of sediment in gill tissues it was clear that

sediment was present in the gills of tadpoles from

both LOW and HIGH sediment treatments. Sediment

particles were observed collected in gill pouches or

entrained in strings of mucus. SEM revealed the

presence of occasional sediment particles in gill

tissues, but there was no evidence of gill abrasion or

notable differences in gill morphology readily dis-

cernable from SEM images.

Foraging behaviour

A repeated measures ANOVAANOVA on observations from

the behavioural trials indicated a strong sediment

treatment by observation period interaction

(F2,54 = 7.24, P = 0.002). Foraging decreased sharply

immediately following sediment addition (Fig. 6).

During this period, tadpoles abandoned foraging

activities and swam instead in a fast, erratic manner

in what appeared to be a flight or avoidance response.

At 24 h, foraging had recovered to pre-treatment

levels.

Tadpole faeces collected 24-h post-trial showed

strong differences in the quantity and composition
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of ingested food. Tadpoles from sediment trials

produced on average four times more faecal matter

by mass than controls (t-test, t = 8.38, P < 0.001).

Faeces from sediment trials showed nearly a ninefold

increase in the amount of inorganic material rising

from 1.79 ± 0.29 lg per animal in controls to

15.64 ± 1.38 lg per animal in the sediment treatments

(t-test, t = 9.6, P < 0.001), which accounted for the

overall differences in the quantity of faeces produced

(Fig. 7). Differences in organic content were not as

marked, but organic content was 3.0 ± 0.24 lg per

animal in control treatments and 3.62 ± 0.24 lg per

animal for sediment treatments (t = 1.8, P = 0.08),

suggesting potential compensatory feeding. Yet, as a

proportion of total mass of defecated materials,

organic matter made up 63% of faecal content in

controls, but only 18% of faeces of tadpoles from

sediment treatments.

Discussion

Sediment levels applied in this study were moderate

compared to conditions reported in a number of

managed or disturbed landscapes, yet still resulted in

a number of significant impacts on the aquatic

community. Sediment additions had a negative

impact on tadpole growth and survival to metamor-

phosis, although tadpoles were frequently observed

grazing on deposited sediment materials. The magni-

tude of these effects reflects increases in sediment

loading rates. The causes underlying this drop in

growth and survival are varied but appear to be

strongly associated with the impact of sediment on

available food resources.

Growth and survival

Sediment additions substantially reduced growth

rates of tadpoles leading up to metamorphosis and

depressed the survival rate of individuals under high

sediment conditions. Thus, in still water habitats

elevated inorganic sediment levels appear to have a

negative effect on amphibian larvae. This corresponds

with results of decreased fitness observed in a number

of other stream biota from elevated sediment expo-

sure including salmon (Newcombe & MacDonald,

1991) and invertebrates (Waters, 1995), but contrasts

with results from tropical systems where highly

organic sediment acted as a food resource increasing

tadpole growth rates (Flecker et al., 1999).

Interestingly, observed differences in tadpole

growth rate of the Western toad did not translate into

strong differences in metamorph size or timing of

emergence, though a trend for decreasing size with

sediment was detected. Although Western toads

typically exhibit highly synchronous emergence, wide

variability in the timing to metamorphosis and size at

emergence, were documented both across and within

mesocosms. This suggests that changes in early

growth rate do not fully determine metamorphic

parameters.
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Compensation for slow growth rates early on can be

achieved if tadpoles alter their development rate

depending on the favourability of the larval environ-

ment (Wilbur & Collins, 1973). Fast-growing tadpoles

may delay metamorphosis to capitalize on favourable

aquatic conditions (i.e. competitive advantage or

abundant resources), while tadpoles experiencing

slower growth due to competitive disadvantage,

resource limitation or predation may enter metamor-

phosis immediately upon reaching the minimum

critical size in order to escape poor aquatic conditions.

Variability in growth patterns help to explain the

positive relationship noted between metamorph con-

dition and emergence time across treatments where

late emerging individuals were up to threefold larger

than their earlier emerging tank-mates.

Although metamorphic differences in size were not

statistically significant, they likely have biologically

important consequences for fitness. Similar differ-

ences in size of 10% and 20% in metamorphs of Rana

sylvatica LeConte and Pseudacris triseriata Wied-Neuw-

ied metamorphs, respectively, resulted in lower sur-

vival, later reproductive maturity and smaller size at

reproduction (Smith, 1987; Berven, 1990). As anuran

metamorphs are generally unable to compensate for

smaller size at emergence with high post-metamor-

phic growth (Altwegg & Reyer, 2003) similar effects in

Western toads could pose long-term fitness implica-

tions. This could have implications for western toads

as they typically exhibit size-assortative mating and

reproductive size correlates strongly with male mat-

ing success and female clutch size (Olson, Blaustein &

O’Hara, 1986).

Mechanisms

Despite moderate organic content of sediments, tad-

poles grazing on sediments experienced lower growth

and survival rates. These results suggest that there is a

cost to foraging in and on these deposited sediments

that exceeds any potential nutritional benefit of

organic material in the sediment. Below we discuss

the contribution of various potential mechanisms to

an increased energetic burden in sediment-added

environments, namely changes in (i) quantity and

quality food resources available to tadpoles; (ii)

tadpole behaviour under turbid conditions and (iii)

energy expenditure associated increased sediment in

the gills.

Food quantity and quality. The addition of fine sedi-

ment significantly depressed periphyton standing

stocks, a key food resource for tadpoles. Patterns of

sediment fallout indicated that the majority of parti-

cles in suspension were deposited during the initial

48 h after addition, but that finer particles stayed in

suspension over the intervening week. This pattern

implies that although tadpoles remove settled parti-

cles from grazing surfaces directly following addi-

tions, algae likely experienced continuous shading by

suspended particles. Increased levels of Chl-a with

sediment noted may be caused by photoacclimation of

algae which increases the density of chlorophylls

within the cell (Thomas et al., 2006) in response to

shading. Competition for limited food resources has

been correlated with reduced daily growth and

development rates in tadpoles for many species

(Wilbur & Collins, 1973; Hota & Dash, 1981; Skelly

& Kiesecker, 2001; Gillespie, 2002) and can lead to

fewer (Hota & Dash, 1981), smaller (Collins, 1979;

Hota & Dash, 1981) or later emerging metamorphs

(Brockelman, 1969; Gascon & Travis, 1992). In

Western toad tadpoles, competition arising from

reduced periphyton stocks was likely a primary factor

contributing to the decline in growth rate and survival

in sediment treatments.

Ingestion of inorganic sediment material also

dilutes the nutritional quality of the resources con-

sumed (Gillespie, 2002). Faecal matter of tadpoles

from sediment treatments was four times greater and

contained disproportionately larger quantities of inor-

ganic matter than controls, although similar levels of

organic material. This suggests that tadpoles in highly

sedimented environments consume proportionally

more low quality material in order to ingest sufficient

nutritional content. As a result of low quality food

resources, tadpoles may expend more time and

energy foraging and process ingested materials less

efficiently leading to greater throughput and faeces.

Gut length showed no plasticity as sometimes

observed in animals consuming food of low nutrition

value, suggesting no enhanced capacity of tadpoles to

efficiently extract nutrients from low quality food

resources.

Behavioural alterations. Behavioural changes in

response to sediment inputs have been noted to lead

to reductions in growth in aquatic species (Newcombe

& MacDonald, 1991). Results from the behaviour trials
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showed that sediment altered behaviour, disrupting

foraging under turbid conditions. Immediately

following sediment addition, tadpoles temporarily

abandoned feeding activities. The disruption was

short-term and normal activity levels were resumed

within 24 h. Changes in feeding behaviour, if repeated

or chronic (e.g. due to repeated run-off events,

predators or human disturbance), may have long

term consequences for individual growth and sur-

vival (e.g. Skelly & Werner, 1990).

Sediment addition also triggered fast and erratic

swimming behaviour in tadpoles suggestive of a

flight or avoidance response. In nature, such

responses could expose tadpoles to increased pre-

dation pressure as they become more active and

abandon refuges. There is also likely an energetic

cost to such behavioural responses. In fish, alter-

ation of foraging behaviour such as in an alarm

reaction, abandonment of cover or an avoidance

response to sediment additions are considered sub-

lethal as they relate to feeding reduction, but can

lead to increased rates of predation and slower

growth (Newcombe & Jensen, 1996). High levels of

turbidity can alternatively provide camouflage and

cover for aquatic prey, providing refuge from

predators (Gregory, 1993). Due to the low frequency

of the disturbance in the experiment (i.e. weekly)

and lack of predators, behavioural changes likely

did not contribute significantly to reductions in

growth rate or survival of tadpoles.

Physiological impacts

Gill clearing through mucus secretion, maintenance

and respiration under elevated sediment conditions

has been shown to increase the daily energetic burden

by 10–22% in small, bottom-feeding fish (Power,

1984). Gills are one of the primary locations for gas

exchange in larval amphibians (Burggren & West,

1982; Boutilier, Stiffler & Toews, 1992). Decreased

efficiency of gas exchange or osmoregulation from

physical damage by sediment abraision or clogging

could have an adverse impact on survival and growth

of the animal. Visual examination of tadpole gill

tissues from animals used in sediment treatments

revealed no apparent tissue abrasion, but particles of

sediment were observed in strings of secreted mucus.

The amount of sediment was minimal and did not

appear to vary with sediment loading rate. Thus,

sediment impacts on gills were likely marginal in their

effects on tadpole growth and survival.

Effects of nutrients. The effects of nutrient additions

were small, but they did have a significant role in their

interactive effects with sediment on rates of tadpole

survival to metamorphosis. In CONT and LOW

sediment levels, the addition of NO3
) and PO4

) had

a moderately negative impact on survival, but did not

further depress survival in HIGH sediment treat-

ments. Due to the very low dosing rates used it is

unlikely that nutrients had any toxic effect on

tadpoles (e.g. Camargo, Alonso & Salamanca, 2005).

Instead, changes in survival could be explained by a

nutrient-induced shift in the algal community to-

wards more inedible species, e.g. from nutritious

epiphytic diatoms (Kupferberg et al., 1994) to less

palatable filamentous green algae or cyanobacteria

(Savage, 1952; Waringer-Löschenkohl & Schagerl,

2001) of which large quantities were observed in

tanks at the end of the experiment.

In summary, the transfer of sediment and nutrient

materials into aquatic systems is a vital natural

process, but their loading rates can be altered by

adjacent land-use practices. Elevated levels of sedi-

ment loading are global, especially in relation to

forestry and agricultural land-use practices. This

study suggests that the loading rate of sediment

material into aquatic habitats can impact recipient

communities. Although tadpoles were able to cope

with altered conditions and experienced few delete-

rious physiological effects of sediment at low loading

rates (130 mg L)1), higher loading rates of sediment

(260 mg L)1) caused slower growth, lower survival

and moderately smaller metamorphs. Turbidity levels

produced in this experiment (c. 3, 21, 31 NTU) are

similar to levels experienced by aquatic life, but were

much lower than what can be experienced in streams

or ponds after large storm events or near agricultural

areas where turbidity levels can reach 60–200 NTU

(Tucker & Burton, 1999; Detenbeck et al., 2002).

At the moderate sediment dosing levels used in this

study, the small decrease in metamorph size in

Western toads is likely to have negative implications

for juvenile survival and future reproduction, while

higher dosing levels common in nature have the

potential for more marked responses. Demographic

modelling suggests that juvenile survival is the most

critical life-stage for population maintenance in the
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Western toad (Vonesh & de la Cruz, 2002). Survival of

smaller metamorphs may be further compromised

when emerging in harsh terrestrial environments such

as clear-cuts where their high surface area to volume

ratio makes metamorphs more vulnerable to desicca-

tion (Livo, 1998). Small metamorph size may also lead

to greater initial predation pressure as fewer preda-

tors are gape-limited during the initial month when

metamorphs lack protective bufotoxins in their skin

(Benard & Fordyce, 2003). Thus, changes in the larval

environment which have carry-over effects on later

terrestrial survival may have more profound impli-

cations for population persistence than previously

recognized.
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