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Introduction 

River food webs are fueled by a combination of allochthonous (production that originates outside of the river such as leaf litter from terrestrial vegetation) and autochthonous (primary production originating from within the river such as algae or macrophytes) energy sources.  Allochthonous energy sources typically dominate the carbon budgets of rivers, in some cases representing more than 99% of the available energy in a river ecosystem (Fisher and Likens 1973, Meyer and Edwards 1990).  

Since the closure of Glen Canyon Dam (GCD) and the beginning of flow regulation of the Colorado River Ecosystem through Grand Canyon (CRE) in 1963, considerable efforts have been directed toward understanding the aquatic ecology of this altered ecosystem (Blinn and Cole 1991, Blinn et al 1998, Shannon et al 1994, Benenati et al. 2000).  Closure of GCD changed the CRE from a system with highly variable discharge (e.g. pre-dam discharges at Lees Ferry were historically as high as 5600 m3·s-1 and decreased in late summer to values as low as 28 m3·s-1) and temperature (range at Lees Ferry, 0-30 ºC), and high suspended loads, to one characterized by a relatively constant flow regime (range at Lees Ferry ~142-556 m3·s-1), cold and stenothermic water temperatures (range at Lees Ferry ~8-12 ºC), and low suspended loads (Topping et al 2000).  Prior to the construction of GCD, allochthonous carbon was likely the most abundant and important carbon resource for the food web because algal production was undoubtedly low in the CRE due to the low water clarity and scouring effects associated with high-suspended sediment loads.  Presently, algal standing mass is extremely high along the upper reaches of the CRE and it is likely that much of the allochthonous material that formerly moved through the CRE is now trapped behind GCD.  However, episodic inputs of suspended inorganic sediments from tributaries such as the Paria River and the Little Colorado River (Shaver et al. 1997) still reduce water clarity and light penetration enough to limit algal production, resulting in an overall downstream decline in algal biomass (Stevens et al. 1997).  Thus, as algal production decreases downstream it is likely that allochthonous carbon becomes a more important source of carbon for the aquatic food web.

A complete understanding of the relative availability of autochthonous versus allochthonous carbon to a river ecosystem requires the construction of a carbon budget.  A carbon budget for a river ecosystem is constructed using mass balance calculations and the systematic measurement of significant inputs to, and outputs from, a river segment. Budgets quantify inputs from the land, the magnitude of input and output pathways, and storage within the river reach versus export out of the system (Figure 1).  Budgets have the potential to reveal important transformations of organic matter that occur within the study reach (e.g. Course Particulate Organic Matter (CPOM) may dominate inputs, while Fine Particulate Organic Matter (FPOM) dominates the outputs.  Furthermore, when coupled with measurements of internal fluxes (i.e. respiration rates) and experiments that identify underlying mechanisms, carbon budgets can provide a mechanistic or conceptual framework of a river system, yielding insights into processes that regulate the quantity and quality of different types of material moving through the system (Allan 1995).  

The CRE is particularly suited to using a carbon mass-balance approach.  Accurate measurements of significant carbon inputs and outputs should be tractable along the CRE because of the canyon bound region and ongoing research efforts such as the sediment sampling program, and the Downstream Integrated Water Quality Program.  Carbon budgets for streams and rivers are often inaccurate or incomplete because DOC inputs from groundwater are underestimated or not measured due to the difficulty of making such measurements (Webster and Meyer 1997).  However, groundwater DOC exchanges are likely to be insignificant along the CRE because of the confined drainage and shallow bedrock.  Current vegetation sampling and delineation efforts provide a high resolution picture of the riparian vegetation along the entire CRE; extrapolation of litter inputs for the entire CRE based on estimates from a limited number of sites should be feasible when coupled with these efforts.  Here we describe sampling designed to estimate one important element of a carbon budget: leaf litter (allochthonous carbon) entering the Colorado River from the surrounding riparian vegetation.  

Background

Webster and Meyer (1997) synthesized organic matter budgets for 35 streams and found that stream order and the geoclimatic setting were the most important predictors of organic processes in streams.  Stream size dictates the amount of light reaching the stream (small streams are shaded by riparian vegetation whereas large rivers are more open) and the quantity and quality of organic carbon delivered from upstream reaches.  The dominant influence of geoclimatic setting on organic matter processes in streams was via its effects on watershed vegetation.

Benenati et al. (2001) explored downstream patterns of fine particulate organic matter (FPOM) in the drift along the 350 km of the CRE where we are proposing to conduct this research.  They found that FPOM was predominantly detritus and that the quantity of FPOM increased with downstream distance.  This research indicates that the importance of detritus and allochthonous energy sources to the trophic economy of the river may increase downstream from the dam, as these energy sources become more abundant.

Shannon et al. (1996) also investigated downstream patterns of organic matter in the drift along a 350 km reach of the CRE.  They found that the composition of drift shifted from predominantly autocthonous sources to allochthonous sources along the downstream gradient.  They also noted that tributary inputs of organic matter constituted less than 0.1% of the total organic drift of the CRE, however it does not appear than sampling of tributary organic inputs was carried out during periods of flooding.  Dam operations also appeared to influence drift components.  This research also suggests that allochthonous resources may become a more significant source of energy for the food web downstream from Glen Canyon Dam, as algal-based energy sources become scarce.  

Stevens et al. (1997) and Shaver et al. (1997) investigated the role that  tributary discharge and geomorphological influences had on the composition and standing mass of algae and invertebrates on the benthos.  They reported overall downstream declines in the biomass of the benthos with abrupt decreases in the biomass of the benthos occurring immediately downstream from the confluence of two major tributaries, the Paria River and the Little Colorado River.  Their results provide evidence of the strong role that tributaries play in controlling benthic biomass, and the overall downstream declines in algal biomass and aquatic macro-invertebrates along the CRE.

Lieberman and Burke (1993) quantified POM concentration in the drift for the lower Colorado River, from Davis Dam to Yuma.  They found a consistent downstream increase in POM concentration.  POM was predominantly detrital material <25 μm in size.  They concluded that detritus was an important food resource for the aquatic food web.    

Angradi (1994) used stable isotope analysis to elucidate trophic linkages in the CRE.  He found strong evidence for an autochthonously based food web in the Glen Canyon Reach.  Downstream reaches relied on a wider variety of carbon resources including autochthonous carbon from tributaries, transported organic matter, and riparian and/or upland organic matter.  This research suggests that the carbon-basis of secondary production becomes more complex along the downstream gradient with a greater reliance on allochthonously-based carbon. 

Statement of issue:
Collectively these studies suggest that allochthonous carbon may become a more significant source of energy for the aquatic food web at downstream sites, as algal biomass/production decreases.  The proposed sampling will represent the first time that allochthonous litter inputs have been quantified along the CRE.  Results of the study will increase our understanding of the importance of terrestrial-aquatic linkages and serve as an important first step towards the construction of a carbon mass balance for the CRE.

Objectives:


To estimate terrestrial organic inputs from herbaceous plants and leaf litter from dominant woody species.  


To determine how allochthonous inputs differ between geomorphic reaches and with distance downstream.

Methods

Geographic scope. 

Organic inputs from terrestrial vegetation will be quantified in collaboration with the Terrestrial Vegetation Mapping Project by collecting leaf litter and harvesting herbaceous plant material at established GCMRC vegetation mapping sites (Ralston et al. 2002).  Current vegetation sampling and delineation efforts provide a high resolution picture of riparian vegetation along the entire CRE and extrapolation of litter inputs for the entire CRE based on estimates from a limited number of sites is feasible when coupled with other GIS remote sensing efforts.  

One hundred sampling sites will be randomly selected from the list of ~450 vegetation delineation sites (proposed sample sites on table below).  We propose to collect 10 samples in 10 geomorphic reaches, including Glen Canyon.  

Proposed sample Sites

Due to the sparse vegetation cover in the Inner Gorge and Muav Gorge, we will not sample these reaches.

	Glen Canyon
	Reach 1
	Reach 2
	Reach 3
	Reach 4
	Reach 5
	Reach 7
	Reach 8
	Reach 10
	Reach 11

	-14.5R
	1.0R
	12.3R
	24.3L
	37.7R
	62.9L
	116.2L
	128.4L
	161.2R
	214.7R

	-14.0L
	1.6L
	14.27L
	27.2L
	40.8R
	63.6L
	118.0R
	129.1L
	163.8R
	215.3L

	-12.6R
	2.17R
	16.9R
	29.0L
	41.3R
	64.4L
	118.3R
	130.3L
	166.6L
	216.5L

	-11.8L
	2.74L
	17.4R
	29.4R
	42.6L
	65.4R
	119.1L
	132.8L
	169.7L
	219.1R

	-10.7R
	3.9R
	18.0L
	30.6R
	44.0L
	66.5L
	119.9L
	133.2R
	170.8R
	219.5R

	-8.2L
	4.2L
	18.2L
	31.7L
	47.0L
	68.5R
	121.2R
	134.1R
	171.6R
	220.8R

	-7.0L
	5.2R
	19.8L
	32.8R
	49.3L
	69.8R
	122.8L
	136.1R
	173.1L
	221.7L

	-6.1R
	6.2L
	20.8R
	33.6L
	53.2R
	71.3R
	123.0L
	137.9R
	181.6R
	222.5L

	-5.7R
	7.4L
	21.3L
	34.0R
	56.1R
	72.3R
	124.3R
	138.9L
	189.3L
	223.5R

	-2.0L
	9.8L
	22.5L
	35.1L
	58.0R
	75.2R
	125.0L
	139.3R
	198.4L
	225.9L

	-.9R
	11.1L
	23.1L
	35.9R
	59.7L
	76.6R
	126.0L
	140.3R
	209.7L
	Diamond Creek




Collection Methods

During a scheduled October Terrestrial Vegetation Mapping trip, we will harvest herbaceous vegetation from four 1 m2 quadrats and collect leaf-litter from four additional 1 m2 quadrats at each of 100 allochthonous litter sampling sites.  This initial sampling period will occur at the end of the growing season, but prior to the senescence of leaves from most riparian vegetation.  Two herbaceous vegetation and two leaf-litter quadrats each will be haphazardly located above the 30,000 cfs water line, and two will be located below this stage elevation, at each site.  Samples collected below the 30,000 cfs water line will be used to estimate annual allochthonous litter inputs while samples collected above the 30,000 cfs water line will be used to estimate potential allochthonous inputs in the event of flood.  In herbaceous vegetation quadrats, all above ground herbaceous vegetation from the current growing season will be harvested.  Herbaceous vegetation plots will not be marked on vegetation map imagery for location or resampled on subsequent trips.  

The bulk of allochthonous inputs to the CRE are likely in the form of leaf-litter coming from riparian trees such as Tamarix, Prosopsis, and Acacia.  These phreatophytes are deciduous and seasonally drop litter between November-March.  Annual leaf-litter inputs will be determined by collecting all of the leaf-litter from each of the four quadrats in October.  Locations of Leaf-litter quadrats will be marked on aerial photographs.  The locations of quadrats will also be documented with digital photographs.  Quadrats will be revisited on subsequent Terrestrial Monitoring trips (January), and opportunistically with other scheduled GCMRC monitoring and research trips.  The intent is to collect litter information on a quarterly basis for one year.     

All herbaceous and leaf-litter samples will be weighed in the field to the nearest 0.1 g.  A small sub-sample of each of these weighed samples will be retained and later oven-dried and combusted in the lab for determination of ash-free dry mass. 

Analysis


Ash-free dry mass data will be combined with vegetation volume estimates based on Lidar data from GCMRC for each reach (Davis, in progress).  Additionally, the vegetation mapping project will provide an estimate of cover for each dominant species contributing to leaf litter.  Estimates of leaf litter for each reach will incorporate these data for total carbon budget estimates for each reach and for the river as a whole.   

Short Notice Flood Contingency plans

In the event of a winter BHBF, we would need to collect fall leaf litter prior to the BHBF.  We would try to participate on a scheduled trip to collect this data.  We would need to schedule a trip if our work cannot be accommodated on these trips.  Data collection efforts would follow the same methods outlined above and would visit the same sites proposed.  We would also require an additional year of collection to determine the effect of large scale disturbance on terrestrial inputs.

Research Products and deliverables

We will submit yearly progress reports.  We anticipate this work to result in at least one peer-reviewed publication submitted to Regulated rivers or other appropriate journal.  We will provide the Park with all copies of data, final reports and reprints that result from this work.  The park will be acknowledged in any publications that result from this research.

Schedule

We will collect at the proposed sites on a quarterly schedule:


Fall, Winter, Spring, Summer.  


We anticipate these collections to occur over the course of one year.


In the event of a BHBF, we would extend this period to two years.

	Fall 2003
	field collection October
	Sample drying, data entry november
	vegetation volume estimates and input calculations November/decmber
	Prep for winter collection

December

	Winter 2004
	field collection January
	sample drying, data entry february
	vegetation volume estimates and input calculations march
	Prep for winter collection March

	spring 2004
	field collection april
	sample drying, data entry May
	vegetation volume estimates and input calculations May/june
	Prep for summer collection June

	summer 2004
	field collection july (pre-monsoon)
	sample drying, data entry

july/august
	vegetation volume estimates and input calculations

august/september
	Analyze year 1 data

october

	fall 2004-December 2005
	analysis and report/paper 

october – december

collect additional year of data if needed (BHBF contingency)
	submit paper for publication

Project completed December 2005.
	
	Complete project in december 2006 with bhbf contingenty.


Collections


We will not be collecting materials for preservation.  Sub-samples will be destructive samples for ash-free dry weight analysis.

Mechanized equipment


We do not anticipate using mechanized equipment to collect litter samples.  Because we anticipate utilizing existing boat launches of GCMRC, we may travel on motorized rafts.

Ground disturbance


Within the quadrate, litter will be collected just to the ground surface.

NPS assistance


We do not anticipate requiring NPS assistance, though personnel that can volunteer to assist in the collection would be welcomed.
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