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Abstract


Anthropogenic increases in sedimentation in small streams can have several strong effects including alterations in the structure of the substrate and the filling of interstitial spaces.  These changes particularly alter the available habitat for many stream macroinvertebrates. Generally, increases in sedimentation have been shown to lead to a decrease in density and family richness of macroinvertebrates in streams.  To test this hypothesis we performed an experiment on two small streams, which are tributaries to the Connecticut River, in New Hampshire.  At both streams, we had a 5 meter upstream reference site and a downstream test site.  We sampled macroinvertebrate populations at each site using a Surber sampler, added sand, and then returned and took more surber samples after 3 days, and again after another week.  We also took measurements of velocity, discharge, and embeddedness to determine how the stream changed. We analyzed the macroinvertebrate samples, which were classified by family (with the exception of oligochaetes that were classified by class).  We calculated total density, family richness, and density by functional feeding groups.  We hypothesized that there would be a decrease in density and family richness after the addition of the sand and a shift down the River Continuum. However, our results show that there was an increase in total density after the sand addition and in one of our streams there was an increase in family richness, while there was not a set pattern for family richness in the other stream.  Also, there was no shift down the river continuum in that shredders remained as a dominant presence after the addition of the sand.  In conclusion, we know that increases in sedimentation have strong effects on macroinvertebrate assemblages in small streams; however, more research needs to be done to determine in what manner these factors cause increases versus decreases in density, family richness, and dominance. 
Introduction
Aquatic systems, and lotic systems in particular provide humans with a number of essential and largely irreplaceable ecosystem services. In addition to simply supplying water for agriculture, industry and domestic uses, these ecosystems purify the water that we drink, as well as supporting fisheries that are also a source of food. Healthy aquatic ecosystems also provide flood control, mitigate climate stabilization, and support recreation and tourism venues (Postel and Thompson 2005). However, as humans continue to expand into previously unaltered ecosystems and modify the natural regimes, it becomes essential that we understand how these changes affect the ability of the system to function properly. Modification of the natural flow regimes in streams and rivers alters the composition and abundance of natural animal and plant communities (Strange et al. 1999). 

One way in which humans alter the natural composition of aquatic systems is by increasing sedimentation. They clear large areas for agriculture, mining, construction and other land uses, reduce or remove riparian zones that are essential to the total health of the system, expose and move large amounts of sediments for mining, increase the velocity and amount of sediment that enters the system by creating areas covered by impervious surfaces, and completely change the shape and flow of the system by channeling and installing dams (Wood and Armitage 1997, Hartman et al. 2005, Thompson et al. 2005, Kruetzweizer et al. 2005, Maloney et al. 2005, Dance and Hynes 1980). 

Increased sedimentation can have several affects on the system. Fine sediment particles increase turbidity, reduce light penetration, and potentially decrease primary productivity, impacting the entire food chain (Wood and Armitage 1997). Sedimentation also alters the structure of the substrate, filling in interstitial spaces, homogenizing the available habitat, clogging gills and feeding apparatuses, and increasing invertebrate drift, as well as ultimately changing the species composition of the system (Wood and Armitage 1997, Sylte and Fischenich 2002, Downes et al. 2005). 

Benthic macroinvertebrates are strongly affected by sedimentation because of their small size and the location of their habitat. They utilize the interstitial spaces in the substrate for living space, reproduction, protection, feeding, and refuge from predation (Sylte and Fischenich 2002). This change in the substrate will have the most impact in small, low order, headwater streams, as they tend to naturally have substrates composed of larger rocks, cobbles and pebbles (Vannote et al. 1980), and therefore present the largest gradient of possible change due to increased sedimentation. As the physical conditions of the environment move along a gradient, the biological composition of the area should similarly change along the continuum presented by the River Continuum Concept (Vannote et al. 1980). Additionally, as they also have high velocities, recovery in these small streams should be rapid in the absence of chronic over-sedimentation, as the small particles will be transported downstream, minimizing any increases in turbidity.

This study proposes to test, through the addition of sand to small rocky bottomed stream systems, the idea that increased sedimentation results in a shift in the abundances and species composition of the macroinvertebrate population down the River Continuum. Specifically, increased sedimentation in a low order stream should cause a decrease in the percentage and number of shredders, and an increase in the percentage and number of filter and collector-gatherer feeders (Vannote et al. 1980, Heino et al. 2005, Rosi-Marshall and Wallace 2002), as well as an overall decrease in abundance due to increased drift, and decreased total habitat heterogeneity (Wood and Armitage 1997, Sylte and Fischenich 2002). 

Methods

The study took place in two streams near Dartmouth College, in Grafton County, New Hampshire, USA. We selected one ephemeral headwater stream: Clay Brook. We also selected one slightly larger stream: Hewes Brook. The two streams are both tributaries of the Connecticut River. The sampling took place between late October and mid-November, 2005.


At each stream, we selected a 5 m long study site and a similar 5 m long section upstream from the study site to serve as a reference site. We measured stream velocity using the floating stick method, geomorphology to determine total stream discharge, and embeddedness of the substrate in order to validate the similarity between the treatment and reference sites. We took three initial macroinvertebrate samples using a 0.0976 m2 Surber sampler at each of the upstream and downstream sites. We then applied a treatment of sand to each of the study sites. Clay Brook received 22.68 kg of sand. Hewes Brook received 68.04 kg of sand, with 22.68 kg added at the top of the section, approximately 1.5 m downstream, and approximately 3 m downstream from the section. We measured embeddedness before and after the treatments, as well as at the upstream sites, using a 10x10 quadrat and visually determining whether the substrate in each quadrant was embedded.


Three and ten days after performing the treatment, we took two Surber and one drift net sample at each of the treatment and reference sites. We measured depth and stream flow at each drift net using a current meter or, in the case of current meter malfunction, by timing the passage of a stick over a known distance in the stream.


In the lab, the macroinvertebrate samples were analyzed and classified down to Family. We analyzed the data by calculating the total invertebrate density, richness, and density of functional feeding groups. For richness, we used the number of Families, with the exception of oligochaetes, which we were only able to classify down to the Class Oligochaeta. Using the program Jump, we ran unequal variance tests on the density and richness data.

Results

Discharge- Calculations of discharge show that the Clay treatment site had approximately one-half the total discharge of the upstream reference site (Table 1).  At Hewes, the discharge of the reference site was less than double the discharge of the treatment site.  The average discharge of Hewes was an order of magnitude greater than that of Clay.

Embeddedness---Both Clay and Hewes brooks had an initial average percent embeddedness of ≤1, with both test sites having a percent embeddedness of 0 (Figure 1). After the addition of the sand, percent embeddedness increased by 70x in Clay Brook, and by 25x in Hewes. At the conclusion of the experiment, percent embeddedness had decreased to 16% in Clay Brook, and had returned to 0% in Hewes Brook. Embeddedness remained constant in the upstream reference site throughout the experiment.


Total Macroinvertebrate Density—The density showed a strong increase with time at Clay Brook, where the density was lower at the treatment site than the reference site before treatment, and higher in both instances after the treatment (Figure 6 ).  The difference in density between reference and treatment site is similar, at approximately 500 insects m-2, before treatment and 10 days after it, despite the change in which site had a higher density.  Hewes Brook did not demonstrate as clear a pattern however, as treatment site density increased by one-third from pre-treatment levels to 3 days after treatment, yet dropped below initial levels 10 days after treatment, while the reference site had only a slight increase in density from 3 days to 10 days (Figure 7).


Macroinvertebrate Richness—The treatment did not have a clear effect on Family richness.  At Clay Brook, it is interesting to note that richness increased by 45% from before the treatment to 3 days after, but was the same at 3 and 10 days after the treatment (Figure 6).  However, the richness at the reference site varied widely from one sampling time to the next.  There is no recognizable relationship between the changes in richness and the changes in total density at Clay Brook.  At Hewes Brook, the richness and total density data did follow a pattern at the downstream sites (Figure 7).  Before the treatment, richness and density were both lower at the treatment site than the reference site; after 3 days they were both higher.  Both show a decrease from 3 to 10 days, although the downstream richness remained higher than the upstream richness, while upstream density was greater at 10 days than downstream density.


Macroinvertebrate Functional Feeding Groups—The affect of the added sediment on various functional feeding groups found in the streams was examined by determining the relative percentages that each feeding group comprised in the macroinvertebrate community. In Clay Brook (Figure 2) the relative percentage of shredders decreased by 25% in the reference site, and increased by 58% in the test site over the course of the experiment. Predators remained relatively constant in the reference site, and increased by 15% in the test site from day 0 to day 3, and then decreased back to just below their original percentages by the conclusion of the experiment. Filter Feeders decreased by 18% in the reference site on day 3, but had returned to near the initial percentages by day 10. They remained fairly constant in the test site for the first 3 days, and had decreased by 8% by day 10. Collector gatherers decreased by 5% from day 0 to day 3 in the reference site, and then increased by nearly 29% by day 10. In the test site they decreased sharply by 44% from day 0 to day 3, and had decreased further by 4% by day 10. 


In Hewes Brook (Figure 3) the relative percentage of shredders in the reference site increased by 26% over the course of the experiment. In the test site they decreased by 27% from day 0 to day 3, and then increased by 15% from day 3 to day 10. Predators increased by 7% in the reference site from day 0 to day 3, and then were absent on day 10 for unknown reasons. In the test site predators increased sharply by 32% from day 0 to day 3. and then decreased back to initial percentages by day 10. Filter feeders increased by 13% over the course of the experiment in the reference site, and in the test site they increased by 7% from day 0 to day 3, and had decreased to just below initial percentages by day 10. Collector-gatherers remained relatively constant in the reference site, decreasing by only 19% over the course of the experiment. In the test site they decreased by 14% from day 0 to day 3, and the had increased by 31% by day 10. 

Feeding Group Density- In Clay Brook (Figure 4) the density of shredders increased by 184 insects/m2 in the reference site from day 0 to day 3, and decreased by 789 insects/m2 from day 3 to day 10. insects/m2. They increased by 727 insects/m2 in the test site from day 0 to day 3, and increased by 1608 insects/m2 from day 3 to day 10 insects/m2. Predators remained relatively constant in the reference site, and increased by 30 insects/m2 in the reference site from day 0 to day 3, and then decreased by 10 insects/m2 by the conclusion of the experiment. They increased by 409 insects/m2 in the reference site from day 0 to day 3, and then decreased by 277 insects/m2 by the conclusion of the experiment.  Filter Feeders decreased by 266 insects/m2 in the reference site on day 3, but had increased by 113 insects/m2 by day 10. They increased by 389 insects/m2 in the first 3 days, and had increased further by 287 insects/m2by day 10. Collector gatherers decreased by 20 insects/m2from day 0 to day 3 in the reference site, and then increased by 154 insects/m2 by day 10. In the test site they increased by 31 insects/m2 from day 0 to day 3, and had decreased by 10 insects/m2by day 10. 


In Hewes Brook (Figure 5) the density of shredders in the reference site decreased by 133 insects/m2 from day 0 to day 3, and increased by 174 insects/m2 by day 10. In the test site they decreased sharply by 369 insects/m2 from day 0 to day 3, and then increased by 61 insects/m2 from day 3 to day 10. Predators remained fairly constant in the reference site, but were absent on day 10 for unknown reasons. In the test site predators increased sharply by 102 insects/m2 from day 0 to day 3. and then decreased by 246 insects/m2 by day 10. Filter feeders decreased by 72 insects/m2 from day 0 to day 3 in the reference site, and increased back to near their initial levels by 82 insects/m2 by day 10. In the test site they decreased by 102 insects/m2from day 0 to day 3, and had decreased by 82 insects/m2 by day 10. Collector-gatherers decreased by 563 insects/m2 in the reference site from day 0 to day 3, and decreased by 133 insects/m2. In the test site they decreased by 256 insects/m2 from day 0 to day 3, and the had increased by 102 insects/m2 by the conclusion of the experiment. 

Drift—The difference in Macroinvertebrate drift from upstream to downstream decreased by more than half from 3 days to 10 days at Clay Brook (Table 2).  There was an overall decrease in drift of approximately 5-fold over the same period.  At Hewes Brook, upstream drift density was almost 6 times greater than the downstream at 3 days after the treatment was applied.  10 days afterwards, however, drift density was over 3 times greater at downstream than upstream.

Statistical Analysis—Unequal variances were determined for total density, richness, and drift data (Figures 6-8).  The t-test for drift was nearly 1 at 0.9888, while the F Ratio of the Welch Anova test of equal means was 0.9778.  The F Ratio of the total density data was double that of the drift, 1.9407.  For richness data, the F Ratio was much higher, at 7.4489.

Discussion


Our results contradict our hypothesis and other studies of the kind, in that we predicted that there would be a decrease in macroinvertebrate density (# of individuals/m2) and species richness, but we observed an actual increase in density and richness after sedimentation (Freeman and Schorr 2004).  This is interesting because sedimentation generally is detrimental to invertebrate populations since the interstitial spaces in the substrate, used for living, refuge, and other processes, are filled (Sylte and Fischenich 2002).  In addition, our hypothesis that there would be shift down the River Continuum was contradicted.  In both Clay and Hewes, we observed an increase in the percent of shredders and a decrease in the percent of collector gatherers.  However, an explanation may be that since Clay and Hewes were both small streams, the sand that we added may have caused a drastic change in habitat, such as eliminating interstitial spaces and adding flat open space, that would merit the results seen.


In Clay Brook, the observed increase in predators was most likely directly caused by the lack of refuge for the prey items.  As a result of the filled interstitial spaces, the prey organisms no longer had refuge; therefore it would be quite easy for predators to quickly snatch any prey that were drifting in the water column or sitting on top of the substrate.  The decrease in difficulty of detecting and capturing prey could cause more predators to inhabit the area.  Also, the decrease back to just below the original percentage of predators could be attributed to the fact that the sand had flushed through the system by day 10, when embeddedness decreased to 0%, and that the prey organisms were able to use the interstitial spaces again as refuges.  The similar results that were observed in Hewes Brook for predators could be attributed to the same reasons behind the results for Clay Brook.


The overall decrease in shredders in Hewes Brook is logical because the added sand covered the dead organic material, which is the shredders’ food source.  Also, as embeddedness decreased over time, there was a noted increase in shredders, which is logical because the shredders could start recolonizing the interstitial spaces that started to open up.  Additionally, the shredders had more access to the dead organic material in the benthos of the stream.


The decrease in filter feeders in Hewes Brook could be attributed to burial by the sand.  Also, the added sand could cause an increase in suspended material which would have clogged the filtering apparatuses and made it more difficult for the filter feeders to obtain their food.  In addition, the increase in predators could have caused a decrease in collector-gatherers, by predation.


The decrease in collector-gatherers, such as oligochaetes, can be attributed to the fact that the added sand probably buried many of them.  Since many collector-gatherers dwell on the bottom of streams, the sand could easily have killed most of them.  Additionally, the increase in predation pressure could have caused a decrease in collector-gatherers.

Dominance of Feeding Groups--- Aside from densities, the impacts of sedimentation reach into species composition and dominance of the streams.  In Clay, there was a shift from collector gatherers dominating to shredders.  This most likely could be attributed to the decrease in density of collector gatherers due to predation and burial.  In Hewes, there was a shift from co-dominance between shredders and collector gatherers to a predator dominated system by day 3 and a collector gatherer dominated system by day 10.  The dominance of predators in day three can be attributed to increased prey availability due to decreased interstitial spaces.  The dominance of collector-gatherers in day 10 can be attributed to their fast recovery from their previous decline.  The shredders, although not dominant, show a trend to recovery to their previous populations.  


Problems and Variability--Another cause of the anomalous results could be the limitations on scale in our experiment.  We had a small sampling size: we had two Surber samples at each site that were 0.0976 m2.  Also, there was high variability between sites.  Additionally, macroinvertebrate populations in streams are very patchy and the small amount of samples that we carried out could not compensate for patchiness (Gebler 2004).  

Conclusion---In conclusion, anthropogenic increases in sedimentation in low order streams have strong impacts on macroinvertebrate assemblages.  While in most studies increased sedimentation has resulted in decreased densities and species richnesses, we have exhibited that increased sedimentation can also have the opposite effect, that it can cause increases densities and species richnesses.  Therefore more research should be done in this field to determine what particular circumstances and environments are conducive to decreases in density and species richness with increased sedimentation and the converse.  Finally, it cannot necessarily be concluded that increased sedimentation from anthropogenic sources results in definable changes in macroinvertebrate density and species richness, but can definitely impact species composition.
Figures and Tables

	Site
	Width (m)
	Average Depth (m)
	Discharge (m3/s)

	Clay Upstream
	1.25
	0.058
	0.006222222

	Clay Downstream
	1.22
	0.068
	0.003644444

	Hewes Upstream
	1.65
	0.077
	0.142153846

	Hewes Downstream
	2.35
	0.076
	0.081066667


Table 1. Width, depth and discharge of Clay and Hewes Brooks, with average depth the most consistent factor across sites.

	Site
	Time after treatment (d)
	Up Drift density (#/m3)
	Down Drift density (#/m3)
	Difference (Down-Up)

	Clay
	3
	24.69135802
	29.62962963
	4.938271605

	Clay
	10
	2.731851852
	4.686039886
	1.954188034

	Hewes
	3
	14.24501425
	2.469135802
	-11.77587844

	Hewes
	10
	1.348148148
	4.201329535
	2.853


Table 2. Total invertebrate drift at the two streams after the treatment was applied.
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Figure 1. Percent embeddedness over time in Clay and Hewes Brooks. After and before refer to the addition of the sand.
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Figure 2. Percentage that each macroinvertebrate functional feeding group (FFG) comprised in Clay Brook, based on Surber samples. X-axis labels correspond to the site (upper/lower) and the days since the start of sampling (0-10). The sand was added on 11/3/2005, day 3 corresponds to 11/6/2005. 
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Figure 3. Percentage that each macroinvertebrate FFG comprised in Hewes Brook, Based on Surber samples. X-axis labels correspond to the site (upper/lower) and the days since the start of sampling (0-10). The sand was added on 11/3/2005, day 3 corresponds to 11/6/2005. [image: image4.emf]0.00
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Figure 4. Density (#/m2) that each macroinvertebrate FFG occurred at in Clay Brook, based on Surber samples. X-axis labels correspond to the site (upper/lower) and the days since the start of sampling (0-10). The sand was added on 11/3/2005, day 3 corresponds to 11/6/2005.
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Figure 5. Density (#/m2) that each macroinvertebrate FFG occurred at in Hewes Brook, based on Surber samples. X-axis labels correspond to the site (upper/lower) and the days since the start of sampling (0-10). The sand was added on 11/3/2005, day 3 corresponds to 11/6/2005.

[image: image6.emf]0

200

400

600

800

1000

1200

1400

1600

1800

0 3 10

Time (d)

Density (m^-2)

Upstream

Downstream

[image: image7.emf]0

2

4

6

8

10

12

0 3 10

Time (d)

Richness

Upstream

Downstream


Figure 6. Total macroinvertebrate density and richness at Clay Brook, with a clear increase in total density with time.  Time 0 represents the data before adding the sand, while time 3 and 10 represent days after adding the sand.
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Figure 7. Total macroinvertebrate density and richness at Hewes Brook.  Time 0 represents the data before adding the sand, while time 3 and 10 represent days after adding the sand.

[image: image10.png]¥ _~ Oneway Analysis of difference By time

750
500
S o =
500 .
0 ) 3
time

¥ Tests that the Variances are Equal
Level Count  StdDev MeanAbsDifto Mean MeanAbsDifto Median

0 2 2402890 169.9100 169.9100
10 2 4854147 3432400 3432400
3 2 796980 56,3550 56,3550
Test FRatio DFNum DFDen Prob>F
OBrien[ 5] 0.0000 A 0 00000
Brown-Forsythe 1377e+17 2 3 <0001
Levene 1377e+17 2 3 <0001
Bartlett 08466 2 04289

Warning: Small sample sizes. Use Caution

Welch Anova testing Means Equal, allowing Std Devs Not
Equal

FRatio DFNum DFDen Prob>F

1.9407 2 14952 03841




Figure 8. Unequal variance for total density data.
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Figure 9. Unequal variance for richness data.
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Figure 10. Unequal variance for drift data.
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